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Abstract
The current work presents the collision integral data for N(4S)–N(4S, 2D, 2P) and O(3P, 1D,
1S)–O(3P, 1D, 1S) interactions in the temperature range of 500–50 000K. The collision integrals
are calculated based on high-quality potential energy curves (PECs) obtained from fitting the
high-level ab initio calculation data in a wide energy range to the neural network (NN)
functions. In the construction of PECs, the diabatic PECs are adopted when avoided crossings
exist because the diabatic paths are much more likely to be followed for such situations.
Moreover, the nonadiabatic transition effects are estimated to be negligible for PECs crossings.
The accuracy of traditional analytical formulas to fit PECs are also examined. It is found that the
collision integral calculations are sensitive to the accuracy of PECs and the NN based PECs
overwhelm the others. The contribution of inelastic excitation exchange processes to the
diffusion collision integrals are also computed by using an accurate evaluation of the differences
of PECs for gerade and ungerade pairs of excited atoms. Finally, based on the new collision
integral data, we calibrate the collision model parameters suitable for the widely used particle
simulation methods. The collision integrals and collision models developed in this work can be
used to support high-confidence simulations of weakly ionized air plasma problems.

Keywords: collision integrals, potential energy curves, air plasmas, N–N and O–O interactions,
electronic excitation

1. Introduction

There are many emerging applications, such as hypersonic
vehicles in Earth’s atmosphere [1], air breathing electric
propulsion [2], air plasma spray [3] and reactive high power
impulse magnetron sputtering [4], in which the weakly ion-
ized plasma involving the atomic nitrogen and oxygen spe-
cies plays a crucial role. Taking the hypersonic flight for
example [1], the peak gas temperature in front of a re-entry

∗
Author to whom any correspondence should be addressed.

vehicle can reach about 10 000 to 50 000K and thereby a layer
of nonequilibrium plasma is formed, causing the well-known
phenomenon of communication blackout. Due to the moderate
high temperature, almost all the diatomic nitrogen and oxy-
gen in air dissociate to the atomic nitrogen and oxygen (N and
O) but the level of ionization is relatively weak. Therefore,
the comprehensive understanding of transport properties of N
and O, along with other thermochemical processes, is of para-
mount importance for accurately predicting such nonequilib-
rium weakly ionized plasma flows.

Transport properties are usually obtained by computing
the collision integrals for the scattering of gas particles
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according to the Chapman–Enskog theory [5, 6]. Considerable
calculations of collision integrals for N and O have been car-
ried out over the past few decades. Levin et al [7] calculated
the collision integrals of N–N and O–O for temperature in
the range of 250 to 100 000K using a semi-classical method.
Later the calculation of collision integrals for high temper-
ature air species, including the N–N and O–O interactions,
was made by Capitelli et al with a classical approach [8, 9].
Analytical formulae for fitting and interpolating the calculated
collision integrals were also proposed. The classical approach
demonstrated its high degree of accuracy in calculating colli-
sion integrals of high-temperature atomic species in compar-
ison to the semi-classical or quantummethods. This has further
been confirmed by the recent work of Buchowiecki and Szabo
[10], which revealed that the collision integrals are insensit-
ive to the cross-section structure. The collision integrals from
the aforementioned works [7–9] have been widely used and
provided great support for many applications such as reentry
and laboratory plasmas [11]. However, it is noted that only
the interactions involving ground state species, e.g. N(4S) and
O(3P), were treated in these calculations.

For the temperature range of interest in this work, the
role of excited state atoms can be very important. This can
be seen by estimating the number of different excited state
atoms at a specific temperature with the Boltzmann distri-
bution (Nj/Ni = (gj/gi)e−∆Eij/kT), where N, g, k, T are the
number of particle, degeneracy, Boltzmann constant and tem-
perature, respectively, the subscripts i and j denote the ith
and jth electronic level, and ∆Eij is the energy of jth elec-
tronic level relative to that of the ith level. At 50 000K, we
have N1 ≈ 1.44N0 and N2 ≈ 0.65N0 for atomic nitrogen while
N1 ≈ 0.35N0 and N2 ≈ 0.04N0 for atomic oxygen. In addi-
tion, it has been found that the electronically excited spe-
cies can play an important role in many plasma applications,
e.g. the post-shock flow properties [12], the speed of flame
propagation in combustion [13], the discharge properties of
capacitively coupled plasmas [14], etc. For more applications,
one can refer to the recent monograph and the references
therein [15].

Kustova and Puzyreva [16] evaluated the effects of elec-
tronic excitation on the specific heats and transport properties
ofN andN2 with a generalizedChapman–Enskogmethod. The
contribution of the electronic modes to the thermal conductiv-
ity of species is predicted to be critical in the temperature of
10 000–40 000K. Moreover, the collision integrals are found
to be very important for the correct prediction of the trans-
port properties. The influence of collision diameters of excited
states on the transport coefficients is later investigated by
employing the approximate Slater formula [17, 18]. It is found
that the role of varying diameters of excited states is signific-
ant for temperature greater than about 14 000K. In addition,
their calculations showed that the model of Hirschfelder [19]
rather than the famous Eucken model for thermal conductivity
should be used in high temperature gases with electrioncally
excited species.

The calculations of collision integrals take the potential
energy curves (PECs) as input. Consequently, the quality

of PECs is a determining factor for the accuracy of col-
lision integrals. The PECs are usually obtained by fitting
the experimental data (the measured dissociation energies,
spectroscopic turning points, collision cross sections, etc)
and/or ab initio calculation results to analytical functions.
For the N–N and O–O scatterings, the most commonly used
functional forms include the exponential function, Lenard–
Jones (LJ) and its improved form (ILJ), Stockmayer, Born–
Mayer, Tang–Toennies, Hublurt–Hirschelder (HH), Murrell–
Sorbie (MS), Morse and its modified form, as well as a
combination of them [9, 20–25]. In the earlier works of col-
lision integral calculations mentioned above, the experimental
and ab initio calculated data available for function fitting
were scarce and thus limited the accuracy of those PECs,
especially for collisions participated by excited state atoms
at high temperatures. In recent years, high-level ab initio
quantum chemistry methods have become a reliable altern-
ative to generate high accuracy potential energy data, espe-
cially for the temperature in much wider range than before.
The high accuracy ab initio data are then used to parameterize
high-quality PECs and assess the capabilities of conventional
potential energy functions with relatively simple analytical
forms.

Recently, Laporta et al [26, 27] calculated the ab initio
PECs of the ground electronic state of N2 and O2, as well as
the resonant electronic states of N−

2 and O−
2 . Their work yiel-

ded valuable insights into vibrational-excitation cross sections
and rate coefficients for electron-nitrogen and electron-oxygen
collisions. Buchowiecki and Szabo recently calculated the
potential energy data for ground state hydrogen colliding with
nitrogen in both ground and low lying excited states in a wide
range of interacting distances and energies [28]. The colli-
sion integrals based on the high-quality PECs were obtained
for temperature up to 30 000K. The accurate description of
PECs at small interatomic distances (equivalently large inter-
acting energies) was found to be important for the accuracy
of collision integral results at high temperatures. Moreover,
it was concluded that the simple analytical functions were
often insufficient to provide reliable collision integral calcula-
tions for high temperature situations. The high-level ab initio
methods have also been applied to the O–O and N–N sys-
tems. Liu et al [29] carried out the high-level ab initio cal-
culations for O(3P, 1D, 1S)–O(3P, 1D, 1S) and obtained poten-
tial energy data much closer to the available experimental data
than previous calculations. However, their results were insuffi-
cient at the short-range repulsive region. Therefore, the impact
of Rydberg configurations cannot be fully considered, result-
ing in inaccurate results for the high-lying electronic states
[30–32]. Moreover, no collision integral for O–O has been cal-
culated based on these new ab initio data. Most recently, Qin
et al [33, 34] found that the widely used HH and modified
Morse functions were incapable of fitting the ab initio data for
the N(4S)–N(4S, 2D, 2P) interactions in a wide range of energy.
Instead, the PECs based on the combined-hyperbolic-inverse-
power-representation function were shown to have very high
accuracy. The collision integrals up to 40 000K were also cal-
culated [34].
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For collisions between atomswith different excitation state,
the effects of resonant exchange on transport properties can
be very important. Nyeland and Mason [35] adopted an
asymptotic approach to calculating the excitation exchange
diffusion collision integral. Taking the atomic nitrogen as an
illustration, they made the first quantitative evaluation of the
contribution of excitation exchange to the diffusion collision
integral and thermal conductivity. The results showed that the
thermal conductivity associated with diffusion was reduced by
a factor of three due to the exchange interactions of excited N
at 10 000K. This asymptotic method was shown to be quite
accurate and widely applied to study the effects of resonant
excitation exchange on collision integrals of high-temperature
air with the ever-improving PECs. Sourd et al [36] assessed
the influence of N(2D) and N(2P) on the transport proper-
ties of nitrogen with the model potentials calibrated by exper-
imental spectroscopic data. Laricchiuta et al [37–39] made
comprehensive calculations on collision integrals of electron-
ically excited atoms in air plasmas by employing suitable com-
bination of exponential (and its modified form),Morse andHH
functions guided by the experimental and ab initio informa-
tion. These calculations showed that the contribution of the
inelastic excitation exchange process to the diffusion collision
integral usually exceeds the elastic contribution considerably
at high temperatures.

The aim of this work is to present new collision integral data
with very high accuracy for N(4S)–N(4S, 2D, 2P) andO(3P, 1D,
1S)–O(3P, 1D, 1S) interactions in a wide range of temperatures
by: (1) using the high-quality PECs obtained from the high-
level ab initio calculations and neural network (NN) fitting
method; (2) including the contribution of excitation exchange
interactions to the diffusion collision integrals. For the high-
quality PECs, adequate short-range data have been calculated,
and more Rydberg configurations are included in the ab initio
calculations of O–O system. The NN method for PECs con-
struction is known for its accuracy and efficiency of fitting
large data sets as well as minimal requirement of human inter-
vention during the training process. The superiority of NN
PECs is demonstrated by comparing with the well known MS
and HH models, which were considered to be the best general
purpose atom-atom potentials [36, 40]. The inelastic resonant
excitation exchange collisions are evaluated based directly on
the high accuracy PECs, instead of the exponential functions
used in previous works [35–37, 39–41]. The rest of this paper
is structured as follows. Section 2 describes the methodology
for collision integrals and the details of the PEC calculation.
In section 3, the results of PECs and collision integrals are
presented and discussed. Finally, we conclude this study with
section 4. Finally, the conclusions are in section 4.

2. Methodology

2.1. The calculation of collision integrals

The classical mechanical approach is used to calculate the
cross sections, since it has comparable accuracy with the
semiclassical WKB (Wentzel–Kramers–Brillouin) method, as

indicated by [10]. Moreover, given that the collision integrals
are insensitive to the cross-section structure and the resonance
scattering mainly occurs at low energies, we exclude reson-
ance scattering from our analysis in this work. For the elastic
collision between atoms, the scattering angle can be related to
the potential energy function V(r) as follows [42]

χ(γ,b) = π− 2b
ˆ +∞

rm

dr/r2√
1− (b/r)2 −V(r)/kTγ2

, (1)

where b is the impact parameter, rm is the distance of closest
approach during the collision, R is the internuclear distance,
and γ =

√
mrg2/2kT (mr-reduced mass, g-relative velocity,

k-Boltzmann constant, T-temperature). Collision integrals are
then expressed as [6, 28]

σ2Ω(l,s)∗ =
4

(s+ 1)!
[
1− 1

2

(
1+(−1)l

1+l

)]
×
ˆ ∞

0

ˆ ∞

0
e−γ2

γ2s+3
(
1− coslχ

)
bdbdγ. (2)

In this work, equation (2) are numerically integrated by
using the code of O’Hara and Smith [43]. The code can effi-
ciently handle the singularities in equation (2) by change
of variables. In addition, the numerical integration is car-
ried out in dimensionless coordinates to reduce the numerical
error [44].

Furthermore, the inelastic resonant excitation-exchange
processes are needed to be considered in the calculation
for diffusion-type (or more exactly, the odd-order) collision
integrals, i.e. the collisions between N(4S)–N(2D,2P), O(3P)–
O(1D,1S), and O(1D)–O(1S). For N(2D)–N(2P) interaction, the
inelastic contribution to the whole collision integrals is small
[36] and thus not considered in this work. According to a semi-
classical approach, the equation of inelastic diffusion-type col-
lision integral σ2Ω

(1,1)∗
ex can be expressed as [35, 45]

σ2Ω(1,1)∗
ex = 4π

ˆ ∞

0

ˆ ∞

b ′
e−γ2

γ2s+3
(
b ′2/4+ sin2 (θ)b

)
dbdγ,

(3)

where b′ is the largest value of b for which θ(b) equals π/2,
and

θ =
1
h̄g

ˆ ∞

b

|Vg (r)−Vu (r) |
(r2 − b2)

1
2

rdr, (4)

where h̄ is reduced Planck constant, and the Vg(r) and Vu(r)
are the potential energy functions for a pair of symmetric
gerade and antisymmetric ungerade terms of molecular states.
Equation (3) is integrated numerically. In particular, the vari-
ables r, b and g are change to −2

√
1− (b/r)2 + 1, 2b ′/b− 1

and 2/(g+ 1)− 1 in order to handle the singularity in the
integration.

The final elastic or inelastic collision integrals can be
obtained by averaging the contributions coming from the dif-
ferent PECs (with statistical weights pn, which are equal to the
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spin multiplicity forΣmolecular states and two times the spin
multiplicity for the non-Σ molecular states) arising from the
atom-atom interaction [46], i.e.

⟨σ2Ω(l,s)∗⟩= Σnpnσ2Ω
(l,s)∗
n

Σnpn
, (5)

where n denotes different molecular electronic states. The
overall diffusion collision integrals σ2Ω(1,1)∗ that include
both elastic and inelastic contributions are evaluated as
follows [37],

⟨σ2Ω(1,1)∗⟩=
√
⟨σ2Ω

(1,1)∗
el ⟩2 + ⟨σ2Ω

(1,1)∗
ex ⟩2. (6)

In order to precisely describe the PECs appeared in
equations (1) and (4), the NN method [47] is used to fit the
potential energy data from the ab initio calculation in this
work. The fitting equations can be expressed as

V(r) = G2

(
m∑
i=1

w2i f(w1iG1 (r)+ b1i)+ b2

)
, (7)

where f is the sigmoid activation function in this study, andG1

and G2 are normalized and denormalized functions, respect-
ively. w1i and b1i are the corresponding weights and biases
for neuron i, and w2i and b2 are the parameters for the output
layer. The present NN model contains one hidden layer with
m ( = 10) neurons, which has been proved to be suffi-
cient for atom-atom interactions. The root-mean-square errors
(RMSEs) of the fitting PECs are below 0.005 eV for most
molecular states, and they are around 0.05 eV for molecular
states that contain irregular regions (due to the presence of
avoided crossings and potential barriers). Apart from the NN
model, the HH [21] andMS [22] analytical potential functions
are also used for comparison in this work. The HH and MS
functions can be expressed, respectively, as

VHH (r) = De

(
1− e−α(r/re−1)

2

+β (r/re−1)
3
(1+ γ (r/re−1))e

−2α(r/re−1) − 1
)
,

(8)

VMS(r)=−De(1+ a0 + a1(r− re)+ a2(r− re)
2 + a3(r− re)

3

+ a4(r− re)
4)e−a5(r−re), (9)

where De and re are the potential well and equilibrium dis-
tance, respectively.α, β, γ and a0−5 are parameters to be fitted.

2.2. Ab initio calculations of PECs

In this study, the MOLPRO 2022 package [48, 49] is used
for the ab initio calculations of PECs. All of the N–N
and O–O PECs are calculated by the complete active space
self-consistent field (CASSCF) method [50] followed by
the valence internally contracted MRCI (icMRCI) [51, 52]
approach with the Davidson correction [53]. In CASSCF, the
state-averaged technique is employed for the electronic states

with the same spin and symmetry. For extrapolating the poten-
tial energies to the complete basis set limit, the basis-set extra-
polation method, the same as Qin et al [54, 55], is used
in this work with aug-cc-pVQZ (AVQZ) and aug-cc-pV5Z
(AV5Z) basis sets [56, 57]. The N2 and O2 molecules are
homonuclear diatomic molecules, which have the D∞h sym-
metry. The D∞h symmetry is converted to D2h symmetry for
the calculation in MOLPRO 2022 package, which only allows
Abelian point-group symmetries. Specifically, the above con-
version results in the mapping of irreducible representations,
i.e. Σ+

g →Ag, Σ−
g →B1g, Σ+

u →B1u, Σ−
u →Au, Πg→B2g+B3g,

Πu→B2u+B3u, ∆g→Ag+B1g, and ∆u→Au+B1u. The elec-
trons in the 2s2p shell of N and O atoms are placed in the act-
ive space, consisting of full valence space. In the calculation
of N-N interactions, in addition to the valence molecular orbit-
als (MOs), one more σg and two more πu MOs are included
into the active space to better treat the Rydberg character of the
electronic states [31, 32], especially for the higher-lying elec-
tronic states. For the O-O case, a similar treatment is applied.
All of the calculated electronic states correlating to different
dissociation limits of N2 and O2 are listed in table 1.

As will be seen in the ab initio results in section 3, the
avoided crossings exist in the PECs of N2 and O2 which have
same symmetry and spin [32, 58–61]. In principle, either the
adiabatic or diabatic representation can be used to describe
the PECs with avoided crossing. However, the adiabatic PECs
have singularities near the crossing points [62], leading to
lower fitting accuracy of the PECs and less numerical robust-
ness in collision integral calculations. Moreover, based on the
Landau–Zener method [63], an earlier calculation for nitro-
gen showed that the diabatic paths in collisions are much
more likely to be followed than the adiabatic paths through
the avoided crossing [58]. Therefore, in this paper, we cal-
culate the diabatic PECs, based on which the collision integ-
rals are evaluated. In general, the diabatic PECs are calculated
by transforming the adiabatic representation into the diabatic
representation [64]. For the two-state systems (Va1 andVa2 are
the two adiabatic PECs), the transformation can be described
by a unitary matrix U as [64]

Vd(R) = U†Va(R)U=

[
Vd1(R) Vd12(R

Vd12(R) Vd2(R)

]
=

[
Va1 cos

2 θ+Va2 sin
2 θ 1

2 (V
a
2 −Va1)sin(2θ)

1
2 (V

a
2 −Va1)sin(2θ) Va1 sin

2 θ+Va2 cos
2 θ

]
,

(10)

where the superscripts d and a refer to the diabatic and adia-
batic bases, respectively, and θ is the nonadiabatic mixing
angle which can be calculated by integrating the nonadia-
batic coupling terms (NACTs) ⟨Ψad

i |∂/∂R|Ψad
j ⟩ or the CI vec-

tor method [62, 65, 66]. In this work, the CI vectors method
is used for the avoided crossings due to the two-state coup-
ling. To be more specific, to implement the CI vector method,
we use the quasi-diabatization procedure [67] implemented
in MOLPRO 2022 package, and the symmetry is reduced
from D∞h to C2v in the diabatic calculations. In contrast,
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Table 1. Valence states of N2 and O2 and their dissociation limits.

Dissociation limit Molecular states

N(4S)-N(4S) X1Σ+
g A3Σ+

u A ′5Σ+
g 17Σ+

u

N(2D)-N(4S) B3Πg W3∆u C3Πu G3∆g E3Σ+
g

23Σ+
u C ′ ′5Πu 25Σ+

g 15Πg 15∆g

15∆u 15Σ+
u

N(2P)-N(4S) B ′3Σ−
u 13Σ−

g 23Πu 23Πg

25Πu 15Σ−
g 25Πg 25Σ−

u

O(3P)-O(3P) X3Σ−
g (b,2)1Σ+

g c1Σ−
u 11Πg 11Πu

a1∆g (A,2)3Σ+
u 13Πg 13Πu C3∆u

(1,2)5Σ+
g

5Σ−
u 15Πg 15Πu

5∆g

O(3P)-O(1D) 3Σ+
g (2,3)3Σ−

g 33Σ+
u (B,2)3Σ−

u 13Φg

(2,3,4)3Πg (2,3,4)3Πu (1,2)3∆g (2,3)3∆u 13Φu

O(1D)-O(1D) (3,4,5)1Σ+
g (2,3)1Σ−

u (2,3)1Πg (2,3)1Πu (2,3)1∆g

11∆u 11Φg 11Φu 11Γg
O(3P)-O(1S) 43Σ−

g 33Σ−
u 53Πg 53Πu

O(1D)-O(1S) 61Σ+
g 11Σ+

u 41Πg 41Πu 41∆g

21∆u

O(1S)-O(1S) 71Σ+
g

for the multiple-states coupling cases, we either reduce the
configuration spaces to decrease the number of crossings and
obtain diabatic PECs [67] or simply interchange the adia-
batic points [58]. In addition, for each state where an avoided
crossing occurs, we calculate three higher excited states that
share the same symmetry and spin characteristics. In most
cases within the N–N system, the first five states are computed
for the symmetry featuring an avoided crossing. For the O–
O system, we extend our calculations to encompass the first
seven states.

3. Results and discussion

3.1. PECs based on ab initio calculations

3.1.1. PECs of N2. The present PECs of N2 in the diabatic
representation are shown in figure 1. The results of Qin et al
[33, 34] in the adiabatic representation are also shown for
comparison and good agreements are achieved for most of
the states. However, for the 17Σ+

u , 2
5Σ+

g , and 23Πg states,
the differences are found in the short range where the present
energies are smaller. It is noted that the results of Qin et al
[33, 34] in the short range for these states were obtained
by extrapolation. Besides, for the E3Σ+

g , C
3Πu, 23Πu, 15Σ+

u ,
15∆u and 25Σ−

u states, avoided crossings occur in these states
so significant differences are found between the present PECs
and those of Qin et al [33, 34], with the latter showing
unsmooth behavior near the avoided crossings. Specifically,
for the C3Πu state, avoided crossing is found at 2.59 a.u. of
N2 bond distance, which is consistent with the one repor-
ted in references [32, 58]. This crossing point is below the
dissociation limit, and the coupling energy is 0.1025 eV. For
the 23Πu state, avoided crossing occurs at 3.90 a.u. and is
higher than the dissociation limit, with the coupling energy
being 0.0056 eV. For the E3Σ+

g , 1
5Σ+

u , 1
5∆u and 25Σ−

u states,
avoided crossings occur at 3.44 a.u., 3.05 a.u., 2.90 a.u., and

2.98 a.u., respectively, and the coupling energies are 0.042 eV,
0.075 eV, 0.049 eV, and 0.050 eV, respectively. To describe the
avoided crossings more clearly, the adiabatic PECs, diabatic
PECs, and NACTs for avoided crossings are shown in figure 2.
It shows that the non-zero NACTs are found at the crossings,
and the diabatic representations of the PECs (dashed lines) are
smoothed through the matrix transformation in equation (10).

Table 2 presents the potential wells, equilibrium distances,
and vertical excitation energies of selected N2 electronic
states, compared to the available experimental data [68–70].
For the X1Σ+

g and A3Σ+
u states relating to the N(4S)-N(4S)

dissociation limit, the differences of the potential wells De

between the present calculation and the experimental data [68]
are 0.007 eV and 0.013 eV, respectively. For the B3Πg,W3∆u,
and C3Πu states relating to the dissociation limit of N(4S)-
N(2D) as well as B ′3Σ−

u associated to N(4S)-N(2P), the differ-
ences ofDe are all smaller than 0.02 eV compared to the exper-
imental data [68]. The differences between the calculated equi-
librium distance Re and the experimental value are all below
0.01Å. Moreover, the differences of vertical excitation ener-
gies Eve (excitation energies from the X1Σ+

g electronic ground
state) are smaller than 0.05 eV for all excited states compared
to the experimental data [69]. It is noted that this is a better
agreement than the result in [70] where the cc-pVQZ basis
set is employed. Furthermore, the calculated energy separa-
tion between N(4S) and N(2D) is 2.392 eV and that between
N(4S) and N(2P) is 3.589 eV while the experimental data are
found to be 2.383 eV and 3.575 eV, respectively [68, 71]. All
the above comparisons suggest the reliability of the present
ab initio results.

We then use the MS, HH, and NN potential energy func-
tions to fit the ab initio points to PECs. The fitting accuracies
of the above three formulas are compared in figure 3 for the
typical states, i.e. X1Σ+

g , A
′5Σ+

g , and 2
3Σ+

u states, with the last
one having a potential barrier. For the X1Σ+

g state, the RMSEs
of the NN, MS, and HH PECs are 0.0005 eV, 0.2021 eV, and
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Figure 1. The PECs of N2. The solid lines are the results of this work in the diabatic representation, and the dotted lines are the results of
Ding et al [34] in the adiabatic representation. (a) The states corresponding to N(4S)-N(4S). (b) The triplet states corresponding to
N(4S)–N(2D). (c) The quintet states corresponding to N(4S)–N(2D). (d) The states corresponding to N(4S)–N(2P).

0.2529 eV, respectively. Moreover, the RMSE of NN, MS, and
HH PECs are 0.0091 eV, 0.0867 eV, and 0.0963 eV for the
A ′5Σ+

g state, and 0.0542 eV, 0.2655 eV, and 0.2981 eV for the
23Σ+

u state. Specifically, for the 23Σ+
u state, significant dif-

ferences can be seen near the barrier region for the MS and
HH PECs, while the NN PEC performs well and its deviation
from the ab initio data is below 0.1 eV in this region. Overall,
the NN PECs have much higher accuracy than the MS and HH
PECs.

3.1.2. PECs of O2. The present PECs for the O(3P)–O(3P),
O(3P)–O(1D), O(1D)–O(1D), and O(1S)–O(3P,1D,1S) interac-
tions in the diabatic representation are shown in figures 4–8,
respectively. Good agreements are found between the present

PECs and those in adiabatic representation developed by
Liu et al [29], with the current ab initio data being extended
to the shorter range and covering the energy range of −6 −
15 eV. For the O(3P)-O(3P) interaction, the avoided crossings
are found at 3.10 a.u., 3.55 a.u., 3.00 a.u., and 3.20 a.u. for the
21Σ+

g , 2
3Σ+

u , 1
1Πg, and 13Πg states, respectively, with the

coupling energies being 0.041 eV, 0.033 eV, 0.0457 eV, and
0.056 eV, respectively. For these avoided crossings, the adia-
batic PECs, diabatic PECs, and NACTs are shown in figure 5.
It also shows that the NACTs are non-zero at the crossings,
and the diabatic representations of the PECs (dashed lines) are
smoothed through diabatization procedure. The avoided cross-
ings occurring in the 11Πg and 13Πg are also found to be about
3.00 a.u. in [10]. Moreover, it is also seen in figures 4–8 that
the avoided crossings exist in the PECs of the 23∆u and 33Σ+

u

6
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Figure 2. Illustration of avoided crossings in the N-N system. The red and blue solid lines are the adiabatic PECs, the dotted lines are the
diabatic PECs, and the black solid lines correspond to the nonadiabatic coupling terms. (a) Avoided crossing between C3Πu and 23Πu. (b)
Avoided crossing between 23Πu and 33Πu. (c) Avoided crossing between E3Σ+

g and 23Σ+
g . (d) Avoided crossing between 15Σ+

u and 25Σ+
u .

Table 2. The potential wells De (in eV), equilibrium distances Re (in Å), and vertical excitation energies Eve (in eV) at equilibrium bond
length R = 1.0977 Å of N2 electronic states.

State De(Present) De(Expt.) Re(Present) Re(Expt.) Eve(Present) Eve(Expt.)

X1Σ+
g 9.912 9.905a 1.0980 1.0977a

A3Σ+
u 3.693 3.680a 1.2965 1.2866a 7.79 7.75b

B3Πg 4.878 4.896a 1.2171 1.2126a 8.08 8.04b

W3∆u 4.865 4.873a 1.2806 1.2796a 8.91 8.88b

B ′3Σ−
u 5.260 5.264a 1.2806 1.2784a 9.72 9.67b

C3Πu 1.250 1.237a 1.1483 1.1487a 11.20 11.19 b

a Lofthus and Krupenie [68].
b Oddershede et al [69].

states for the O(3P)–O(1D) interaction, of the 21∆g, 31Σ+
g ,

41Σ+
g , 5

1Σ+
g , and 11Γg for the O(1D)–O(1D) interaction, and

of the 61Σ+
g state for the O(1D)-O(1S) interaction.

Table 3 reports the potential well depthsDe and equilibrium
distances Re for the selected states of the O(3P)–O(3P) inter-
action The available experimental data [72, 73] and numerical

7
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Figure 3. The PECs for the X1Σ+
g (circles), A ′5Σ+

g (triangles), and 23Σ+
u (squares) states of the N–N system. (a) The comparison of the NN

(solid lines), MS (dashed lines), and HH (dotted lines) PECs. (b) The deviation between the present ab initio data and the fitting PECs.

Figure 4. The PECs of the O(3P)–O(3P) interactions. The solid lines are the results of this work in the diabatic representation, and the
dotted lines are the results of Liu et al [29] in the adiabatic representation. (a) The PECs of the Σ states. (b) The PECs of the Π and∆ states.

results by Saxon et al [74] are also included for comparison. It
can be seen that the difference of De is 0.009 eV between the
present values and the experimental data [73] for the ground
state X3Σ−

g , and this agreement is much better than the res-
ults of Saxon et al [74]. The high accuracy of present cal-
culation is also found for the equilibrium distance Re, with
a difference of only 0.004 Å compared to the experimental
data [73]. For the c1Σ−

u , C
3∆u, and A3Σ+

u states, compared to
the available experimental data [72], the differences are less
than 0.003 eV for De and 0.01Å for Re. For the a1∆g and
b1Σ+

g states, the differences are slightly larger than 0.025 eV
and 0.039 eV for De. Furthermore, in the present ab initio cal-
culations, the energy separations between O(3P) and O(1D)

(or O(1S)) is 1.953 eV (or 4.156 eV), which agrees well with
the experimental data [75, 76] of 1.967 eV (or 4.190 eV). All
the above comparisons suggest the reliability of the present
ab initio results of O2.

By adopting the aforementioned MS, HH, and NN poten-
tial energy functions, we also fit the ab initio points to the
PECs of O2. The fitting accuracy for the above functions is
shown in figure 9, in which the results of the piecewise fit-
ting curves of Levin et al [7] and the exponential and Mores
form PECs developed by Laricchiuta et al [37] are also com-
pared. In figures 9(a) and (b), the NN PECs (solid lines)
are first compared to the PECs developed by Levin et al [7]
(dashed lines) and Laricchiuta et al [37] (dotted lines) for the

8
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Figure 5. Illustration of avoided crossings for O(3P)–O(3P) interactions. The red and blue solid lines are the adiabatic PECs, the dotted
lines are the diabatic PECs, and the black solid lines correspond to the nonadiabatic coupling terms. (a) Avoided crossing between 11Πg and
21Πg. (b) Avoided crossing between 13Πg and 23Πg. (c) Avoided crossing between 23Σ+

u and 23∆u. (d) Avoided crossing between 21Σ+
g

and 21∆g.

X3Σ−
g , C

3∆u, and 1Πu states. It is seen that the present NN
PECs are overall very well-fitted to the ab initio data compared
to the other curves. The RMSEs of Levin’s PECs with respect
to the NN PECs are 0.2537 eV, 0.6837 eV and 0.1146 eV for
the X3Σ−

g ,
1Πu and C3∆u states, respectively, while those of

Laricchiuta’s PECs are 0.8743 eV, 1.2670 eV and 0.3691 eV.
So, for the PECs of the X3Σ−

g and C3∆u states, the PECs by
Levin et al [7] are closer to the ab initio data and the NN
PECs, since the authors [7] combined the spectroscopic and
other experimental data and theoretical ab initio data to con-
struct the PECs. However, for the 1Πu state, the PECs of Levin
et al [7] and Laricchiuta et al [37] are close to each other,
but both of them deviate significantly from the present high-
accuracy ab initio data in the repulsive region. The reason

is likely to be that the PECs of Levin and Laricchiuta were
fitted to the low-level ab initio data obtained using fewer
configuration state functions and basis sets as the computing
resources were limited at that time [74]. The fitting accur-
acy of NN (solid lines) is then compared to the MS (dashed
lines) and HH (dotted lines) PECs in figures 9(c) and (d). For
the X3Σ−

g state, the RMSE of NN, MS, and HH PECs are
0.0001 eV, 0.1291 eV, and 0.2251 eV, respectively. For the 1Πu

(and C3∆u) states, the RMSE of NN, MS, and HH PECs are
0.0118 eV, 0.1567 eV, and 0.1705 eV (0.0010 eV, 0.0280 eV,
and 0.0454 eV), respectively.

In summary, the results of the O–O as well as N–N systems
above have demonstrated the extremely high accuracy of the
NN PECs in fitting the ab initio calculation data.

9
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Figure 6. The PECs of the O(3P)–O(1D) interactions. The solid lines are the results of this work in the diabatic representation, and the
dotted lines are the results of Liu et al [29] in the adiabatic representation. (a) The PECs of the Σ and∆ states. (b) The PECs of the Π and Φ
states.

Figure 7. The PECs of the O(1D)–O(1D) interactions. The solid lines are the results of this work in the diabatic representation, and the dotted
lines are the results of Liu et al [29] in the adiabatic representation. (a) The PECs of the Σ and∆ states. (b) The PECs of the Π and Φ states.

3.1.3. Nonadiabatic transitions at crossings and avoided
crossings. For the crossings and avoided crossings in the N–
N and O–O PECs, it is interesting to evaluate the nonadiabatic
transition probabilities and examine the rationality of using
the diabatic PECs in this paper. The Zhu–Nakamura theory
[77, 78] is used in this work for both crossings and avoided
crossings, which are further divided into two categories
[77–79], i.e. the crossing curves with the same (Landau–Zener
case, LZ) and different (Nonadiabatic Tunneling case, NT)
sign slopes. Only the contributions coming from the collid-
ing particles having kinetic energy E larger than the potential
energy Ex at the crossing point in the LZ case [78, 79] and lar-
ger than the upper adiabatic potential energy Eb in the NT case

[77] need to be considered. Specifically, in the LZ case, the
nonadiabatic transition probability for one passage of avoided
crossing point (or the survival probability for one passage of
crossing point) p can be expressed as

[78]

p= exp

[
− π

4a

(
2

b2 +
√
b4 + 0.4a2 + 0.7

)1/2
]

(11)

with

a2 =
h̄2

2m
F(F1 −F2)

8V3
x

⩾0,b2 = (E−Ex)
F1 −F2

2FVx
, (12)
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Figure 8. The PECs of the O(1S)–O(3P,1D,1S) interactions. The solid lines are the results of this work in the diabatic representation, and the
dotted lines are the results of Liu et al [29] in the adiabatic representation. (a) The PECs for the O(1S)–O(3P) interactions. (b) The PECs for
the O(1S)–O(1D,1S) interactions.

Table 3. The potential well depths De (in eV) and equilibrium bond lengths Re (in Å ) of the present PECs, and the available experimental
data [72, 73] and the calculated data of Saxon et al [74] are also given.

State De (Saxon) De (Present) De (Expt.) Re (Saxon) Re (Present) Re (Expt.)

X3Σ−
g 4.957a 5.222 5.213b 1.236a 1.204 1.208b

a1∆g 3.857a 4.257 4.232c 1.250a 1.217 1.216c

b1Σ+
g 3.168a 3.616 3.577c 1.267a 1.230 1.227c

c1Σ−
u 1.062a 1.116 1.114c 1.555a 1.508 1.517c

C3∆u 0.825a 0.904 0.907c 1.550a 1.508
A3Σ+

u 0.745a 0.826 0.824c 1.558a 1.521 1.521c

a Saxon et al [74].
b Herzberg et al [73].
c Krupenie et al [72].

Fi = dVdi (rx)/dr−
h̄2

2m
(l+ 1) l
r3x

, (13)

where E is the kinetic energy of colliding particles, Vx is the
coupling energy of the two crossing PECs (Vd1 and V

d
2) at cross-

ing point rx, F is
√
|F1F2|, l is the orbital angular momentum

quantum number, and m is the reduced mass of colliding
particles. In the NT case, the probability p can be expressed
as [77]

p= exp

[
− π

4a

(
2

b2 +
√
b4 + 0.62a1.43 − 0.72

)1/2
]
, (14)

where the definitions of a and b are given in equation (12).
Figure 10 shows the crossing (marker 1) between the B3Πg

and W3∆u states of the N-N system and the avoided cross-
ing (marker 2) between the 13Πg and 23Πg states in adiabatic
representations of the O–O system. For crossing 1, the coup-
ling energy Vx is set to 100 cm−1 (a high coupling constant
for low-mass atoms like nitrogen, compared to the metals) in
calculating the survival probability. This yields a2 > 100 and

p larger than 99%, indicating the colliding particles take the
adiabatic path at the crossing point. Furthermore, the survival
probabilities p (Vx chosen to be 100 cm−1) are all larger than
95% for the crossings of the N–N and O–O PECs, except for
the crossing between the 23Πg and 25Πu PECs, which gives
p≈ 80% due to the small F1 −F2. Therefore, the contribution
of the nonadiabatic effects can be negligible for the present
PEC crossings in the following collision integral calculations.

For the avoided crossing 2 in figure 10, the coupling energy
is 0.056 eV, which gives intermediate coupling (a2 < 5) and
nonadiabatic transition probability p lagger than 90% when
E> 2.0 eV. Accordingly, the colliding particles prefer the non-
adiabatic path at the avoided crossing point. Moreover, the
nonadiabatic transition probabilities p are more than 90% for
the avoided crossings of the N–N and O–O PECs, except for
the one occurring between the C3Πu and 23Πu PECs of the N–
N system, which gives p≈ 60% when E= 1.0 eV due to the
largest coupling energy of 0.1025 eV. Therefore, the analysis
made above suggests that the diabatic PECs are much more
likely to be followed for the avoided crossings encountered
in the present N–N and O–O interactions. This justifies the
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Figure 9. The PECs for the X3Σ−
g (circles), C3∆u (triangles), and 1Πu (squares) states of the O–O system. (a) The comparison of the NN

PECs (solid lines) and PECs of Levin et al [7] (dashed lines) and of Laricchiuta et al [37] (dotted lines). (b) The deviation between different
PECs and the present ab initio data. (c) The comparison of the NN (solid lines), MS (dashed lines), and HH (dotted lines) PECs. (d) The
deviation between the fitting PECs and present ab initio data.

choice of diabatic PECs to calculate the collision integral in
this work. Moreover, our argument is consistent with the dis-
cussion of Guberman [58].

3.2. Discussion of collision integrals

The present diffusion collision integrals σ2Ω(1,1)∗ have con-
sidered the inelastic contribution of resonant excitation pro-
cesses. Therefore, we first examine the present program for
calculating the inelastic contribution by comparing the res-
ults with the ones of Laricchiuta et al [37] for the O–O sys-
tem. The same form and parameters of the PECs, given in
[37], for the O(3P)–O(3P) and O(3P)–O(1D) interactions are
adopted, and the results of σ2Ω(1,1)∗ (involving elastic and

inelastic contributions) are shown in table 4. It is seen that the
present results are in good agreement with the values reported
by Laricchiuta et al [37], and the relative error is below 1% for
the temperature of 2000 − 20 000K.

Next, we test the impact of the PEC fitting accuracy on the
collision integrals. By using the MS, HH, and NN PECs fit-
ted in section 3.1, the viscous collision integrals σ2Ω(2,2)∗ of
the X1Σ+

g , A
′5Σ+

g , and 23Σ+
u states of the N–N system (see

figure 3 for the fitting details) and the X3Σ−
g , C

3∆u, and 1Πu

states of the O–O system (see figure 9 for the fitting details),
and the results are shown in table 5. For the X1Σ+

g state of N2,
the differences of σ2Ω(2,2)∗ between the MS and NN PECs
are around 7% (500K) at low temperatures and become smal-
ler as the temperature increases. In contrast, the results of the
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Figure 10. The crossing (1) between the B3Πg and W3∆u states in
the N–N system, and the avoided crossing (2) between the 13Πg and
23Πg states in adiabatic representations of the O–O system. The
pink arrow denotes the adiabatic path and the purple arrow denotes
the nonadiabatic path.

HH PEC significantly differ from the MS and NN PECs, with
more than 20% differences for T less than 5000K. The reason
for the significant differences can be inferred from figure 3
that the HH curve does not fit well the ab initio data in the
long-range region, which is essential for calculating the colli-
sion integrals at low temperatures. A similar situation happens
for the A ′5Σ+

g of N2 with slightly larger differences between
the MS and NN PECs for T less than 5000K. However, for the
23Σ+

u state of N2, the results of both HH andMS PECs notice-
ably deviate from the NN ones for all the reported temperat-
ures; the reason for this can also be inferred from figure 3 that
the HH and MS functions both have significant fitting errors
for the 23Σ+

u state, which exhibits a barrier before potential
well. Therefore, it is evident that the fitting accuracy of PECs
dramatically influences the results of collision integrals, espe-
cially at lower temperatures.

In addition, for the X3Σ−
g state of O2, the results of the HH

PEC again differ significantly from those of the MS and NN
PECs, with more than 30% differences for T less than 5000K.
The big differences are explained by figure 9 that the long-
range behavior of the HH PEC is poor. Overall, the HH formu-
lation performs worse than the MS one in fitting the ab initio
data of O2 since the former has fewer fitting parameters. For
the C3∆u and 1Πu states of O2, the results of σ2Ω(2,2)∗ calcu-
lated based on the MS PECs are close to those from the NN
PECs, with a error of 5% at most at low temperatures because
of the high fitting accuracy for both models. Furthermore, it
is noted from the results above that the collision integrals are
less sensitive to the exact shape of PEC at high temperatures,
which was also pointed out in [28].

In summary, the high-accuracy fitting method is important
for reproducing the ab initio data and calculating accurate col-
lision integrals. Therefore, the NN PECs are used in the fol-
lowing calculations of collision integrals for the N–N andO–O
interactions.

3.2.1. The collision integrals for N–N and O–O interactions.
The collision integrals calculated with the present NN PECs
for the N(4S)–N(4S,2D,2P) interactions are shown in table 6. It
can be seen that the differences between the present and avail-
able data in the literature (Ding et al [34] and Levin et al [7])
are below 1% at T⩾ 5000K for the N(4S)–N(4S) interaction
and about 7% at T⩽ 2000K. For collisions involving excited
N atoms, namely N(4S)–N(2D) and N(4S)–N(2P), the present
results of σ2Ω(2,2)∗ and elastic contribution of σ2Ω(1,1)∗ are in
good agreement with those reported by Ding et al [34] (note
that Levin et al [7] only reported the results of N(4S)-N(4S)
interaction) except for very low temperatures. At low temper-
atures, the collision energy of particles is close to the PEC’s
fitting error, so the medium and long-range fitting accuracy
would significantly influence the collision cross section. In
addition to the elastic contribution, the inelastic contribution to
diffusion collision integrals from the resonant excitation pro-
cesses is also shown in table 6. To compute the inelastic con-
tribution, we apply the NN function to fit the differences of
the PECs for gerade and ungerade pairs. This is a more accur-
ate way than the previous works [36, 37] which assumes the
difference of PECs having an exponential functional form. It
is obviously seen that the inelastic contribution to σ2Ω(1,1) is
considerable and non-negligible, and its proportion increases
as temperature increases (take up over 80% of the total values
at high temperatures). Therefore, the present data of σ2Ω(1,1)

are much greater than those of [34], which did not take the
excitation exchange process (important for the excited atomic
collisions) into account.

Similar comparisons are made for the O(3P)–O(3P),
O(3P)–O(1D), and O(1D)–O(1D) interactions, and the results
of collision integrals are shown in table 6. For theO(3P)–O(3P)
interaction, it is observed that the differences between the
present results and those of Levin et al [7] are below 4% except
for T⩾ 500K. The difference between the data of Laricchiuta
et al [37] and the present work is over 10%–27% for in the
temperature range of 2000K to 20 000K. Differences between
the present results and the data of Laricchiuta et al [37] are
also found for the O(3P)–O(1D) and O(1D)–O(1D) interac-
tions, which are about 16%–53% for viscous collision integ-
rals in the same temperature. The discrepancies arise because
of the lower accuracy of the PECs (see figure 9) used in [37].
Besides, the inelastic contribution (coming from the resonant
excitation processes) to σ2Ω(1,1) is again remarkable for the
O–O interactions, as seen from the results of the O(3P)–O(1D)
collision in table 6.

In summary, all collision integrals results are tabulated
in appendix, which includes the N(4S, 2D, 2P)–N(4S) and
O(3P, 1D, 1S)–O(3P, 1D, 1S) interactions (with considering
the inelastic contribution of σ2Ω(1,1)) for a broad temperature
range of 500–50 000K.
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Table 4. Comparison of the diffusion collision integrals σ2Ω(1,1)∗ (in Å2) , denoted as (1,1), for the O(3P)–O(3P) and O(3P)–O(1D)
interactions between the present results and the ones of Laricchiuta et al [37].

O(3P)–O(3P) O(3P)–O(1D)

T(K) (1,1)a (1,1)b (1,1)a (1,1)b

2000 6.014 6.046 11.967 11.980
6000 4.257 4.248 9.982 9.980
10 000 3.525 3.516 9.217 9.218
18 000 2.770 2.788 8.452 8.472
20 000 2.645 2.652 8.327 8.332
a Laricchiuta et al [37]
b Present work.

Table 5. The viscous collision integrals σ2Ω(2,2)∗ (in Å2) for the X1Σ+
g A ′5Σ+

g , and 23Σ+
u states of the N–N system and the X3Σ−

g , C
3∆u,

and 1Πu states of the O–O system.

N–N

X1Σ+
g A ′5Σ+

g 23Σ+
u

T(K) HH MS NN HH MS NN HH MS NN

500 11.75 7.71 8.29 7.16 5.76 5.09 8.50 12.62 7.30
2000 8.45 6.18 6.49 5.09 4.48 3.57 5.97 7.06 5.31
5000 6.55 5.21 5.28 3.34 3.18 3.01 4.76 5.02 4.22
10 000 5.34 4.52 4.47 2.36 2.32 2.35 3.49 3.70 3.38
20 000 4.37 3.91 3.89 1.83 1.82 1.84 2.10 2.27 2.34
40 000 3.22 3.05 3.08 1.51 1.51 1.51 1.26 1.34 1.48

O–O

X3Σ−
g

1Πu C3∆u

T(K) HH MS NN HH MS NN HH MS NN

500 11.22 7.57 7.23 5.80 8.05 8.16 7.53 5.91 6.34
2000 8.06 6.00 5.27 4.62 5.36 5.67 5.42 4.70 4.54
5000 6.27 5.01 4.41 3.84 4.07 4.33 4.03 3.75 3.62
10 000 5.18 4.34 3.97 3.24 3.29 3.36 2.77 2.70 2.68
20 000 3.93 3.54 3.43 2.58 2.57 2.55 1.93 1.91 1.91
40 000 2.42 2.33 2.34 1.82 1.81 1.79 1.47 1.46 1.46

3.2.2. The collision model parameters for particle simulation.
In many applications involving nonequilibrium weakly ion-
ized plasma flows, the particle simulation methods, such as
the direct simulationMonte Carlo (DSMC) and particle-in-cell
with Monte Carlo collision (PIC-MCC), have to be adopted.
In particle simulations, a specific collision model (collision
cross section and scattering law), instead of the collision integ-
ral, is employed. However, reliable collision models for N–N
and O–O interactions involving electronically excited states
at high temperatures are lacking. For example, recent PIC-
MCC simulation studies of capacitively coupled oxygen dis-
charges assumed scattering of O atoms by O atoms to be half
of the cross section for scattering of O atoms by O2 molecules
because of lacking reliable data [14, 80]. In a most recent work
of developing collisionmodels suitable for DSMC simulations
of weakly ionized air, the contribution of excited state atoms
was not taken into account [81].

In DSMCor PIC-MCC, the variable hard sphere (VHS) and
variable soft sphere (VSS) models are the most widely used

models for collisions between neutral particles. The total cross
section (σT ) and scattering angle (χ) for VHS and VSSmodels
are given as,

σT (g) = Cπd2refg
−2ν , (15)

χ = 2cos−1
(
R1/α
f

)
, (16)

where C is a constant, g is the relative speed of the collision
pair, and Rf is the ratio of the impact parameter to the sum
of the radii of two colliding particles, which is a number ran-
domly distributed in the range [0,1] in VHS and VSS models.
dref, ν and α in equations (15) and (16) are the collision para-
meters to be determined. It is worth noting that the VSS model
is reduced to the VHSmodel by letting α= 1. For more details
about VHS andVSSmodels, one can refer to Chapter 6 in [82].

With the collision integrals calculated in the last section, we
can re-parameterize VHS and VSS models for N–N and O–
O collision pairs with the contribution of excited state atoms
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Table 6. The collision integrals (in Å2) for the N–N and O–O interactions, where (1,1) and (2,2) represent the diffusion collision integrals
σ2Ω(1,1)∗ and the viscous collision integrals σ2Ω(2,2)∗, respectively. Subscript ex is the inelastic contributions, and subscript el is the elastic
contributions.

N(4S)–N(4S) N(4S)–N(2D)

T(K) (2,2)a (2,2)b (2,2)c (2,2)b (2,2)c (1,1)b (1,1)el
c (1,1)exc (1,1)c

500 7.94 8.27 7.44 9.68 8.02 8.77 6.90 9.79 11.98
2000 5.82 5.83 5.66 6.68 6.22 5.89 5.35 9.46 10.87
5000 4.70 4.67 4.65 5.11 4.94 4.38 4.24 9.26 10.19
10 000 3.88 3.88 3.88 4.06 4.00 3.39 3.37 9.01 9.62
20 000 3.11 3.13 3.13 3.06 3.09 2.48 2.52 8.66 9.02
40 000 2.39 2.39 2.40 2.13 2.21 1.70 1.76 8.26 8.45
50 000 2.18 2.17 2.18 1.87 1.96 1.50 1.55 8.13 8.28

N(4S)–N(4S) N(4S)–N(2P)

T(K) (1,1)a (1,1)b (1,1)c (2,2)b (2,2)c (1,1)b (1,1)el
c (1,1)exc (1,1)c

500 7.03 7.82 6.42 9.55 7.70 8.68 6.73 9.63 11.75
2000 5.15 5.23 4.91 6.45 5.84 5.72 5.09 9.12 10.49
5000 4.14 4.14 4.07 4.98 4.70 4.34 4.03 8.82 9.70
10 000 3.37 3.37 3.36 4.06 3.90 3.42 3.25 8.48 9.08
20 000 2.62 2.63 2.63 3.17 3.02 2.54 2.42 8.15 8.51
40 000 1.96 1.94 1.95 2.21 2.11 1.73 1.67 7.85 8.03
50 000 1.77 1.74 1.74 1.93 1.86 1.52 1.47 7.75 7.88

O(3P)–O(3P) O(3P)–O(1D)

T(K) (2,2)a (2,2)d (2,2)c (2,2)d (2,2)c (1,1)d (1,1)el
c (1,1)exc (1,1)c

500 8.22 7.36 7.49 6.46 10.16 12.04
2000 5.58 6.97 5.46 8.58 5.41 11.97 4.65 9.18 10.29
4000 4.67 5.74 4.61 6.90 4.59 10.66 3.90 8.70 9.54
8000 3.88 4.59 3.84 5.40 3.86 9.54 3.23 8.23 8.85
20 000 2.91 3.24 2.94 3.71 3.00 8.33 2.46 7.67 8.05
40 000 2.26 2.33 2.43 1.95 7.26 7.51
50 000 2.07 2.14 2.25 1.79 7.12 7.34

O(3P)–O(3P) O(1D)–O(1D)

T(K) (1,1)a (1,1)d (1,1)c (2,2)d (2,2)c (1,1)d (1,1)c

500 7.28 6.41 7.04 6.16
2000 4.84 6.01 4.68 8.21 5.35 7.02 4.63
4000 4.00 4.88 3.94 6.53 4.52 5.43 3.85
8000 3.27 3.84 3.25 5.00 3.73 4.05 3.13
20 000 2.39 2.65 2.42 3.32 2.85 2.60 2.34
40 000 1.81 1.87 2.29 1.84
50 000 1.64 1.71 2.12 1.69
a Levin et al [7].
b Ding et al [34].
c Present work.
d Laricchiuta et al [37].

included. For the VSS model, the viscous and diffusion colli-
sion integrals can be expressed as

σ2Ω(2,2)∗ =
αd2ref

(α+ 1)(α+ 2)

(
Tref
T

)ν
Γ(4− ν)

Γ(2− ν)
, (17)

σ2Ω(1,1)∗ =
d2ref

(α+ 1)

(
Tref
T

)ν
Γ(3− ν)

Γ(2− ν)
, (18)

where Γ is the gamma function, and T ref is the reference tem-
perature usually set to be 273K. The collision model para-
meters dref, α, and ν are obtained by matching equations (15)
and (16) against the corresponding collision integrals obtained
in the last section.We find that a single set ofmodel parameters
can not fit the collision integral data well in the entire temper-
ature range. Therefore, the temperature range is divided into
three parts, i.e. 500–10 000K, 10 000–20 000K, and 20 000–
50 000K. The new model parameters are reported in table 7.

15



Plasma Sources Sci. Technol. 32 (2023) 125002 W Zhao et al

Table 7. Collision model parameters of VHS and VSS models for the N–N and O–O systems (T×104 K).

VHS VSS

Collision type dref(Å
2) v α Err.a Err.b dref(Å

2) v α Err.a Err.b T

N(4S)–N(4S) 3.205 0.211 1.000 3% 30% 3.157 0.211 1.403 3% 3% 0.05−1
3.936 0.308 1.000 1% 30% 3.883 0.308 1.535 1% 2% 1−2
4.894 0.390 1.000 1% 45% 4.850 0.390 1.749 1% 4% 2−5

N(4S)–N(2D) 3.330 0.240 1.000 6% 52% 3.830 0.229 0.503 6% 21% 0.05−1
4.628 0.371 1.000 1% 60% 5.702 0.371 0.347 1% 9% 1−2
6.398 0.493 1.000 1% 71% 8.635 0.493 0.261 1% 17% 2−5

N(4S)–N(2P) 3.328 0.227 1.000 3% 52% 3.739 0.227 0.490 3% 19% 0.05−1
4.492 0.364 1.000 1% 59% 5.520 0.364 0.351 1% 9% 1−2
6.980 0.529 1.000 1% 71% 9.302 0.529 0.271 1% 19% 2−5

O(3P)–O(3P) 3.29 0.236 1.000 2% 32% 3.219 0.238 1.457 2% 4% 0.05−1
3.691 0.295 1.000 1% 35% 3.645 0.295 1.597 1% 2% 1−2
4.206 0.345 1.000 1% 42% 4.167 0.345 1.735 1% 2% 2−5

O(3P)–O(1D) 3.277 0.239 1.000 2% 54% 3.735 0.239 0.461 2% 18% 0.05−1
3.539 0.275 1.000 1% 59% 4.390 0.275 0.339 1% 6% 1−2
3.920 0.314 1.000 1% 65% 5.112 0.314 0.289 1% 9% 2−5

O(1D)–O(1D) 3.200 0.232 1.000 4% 34% 3.154 0.232 1.442 4% 7% 0.05−1
3.639 0.296 1.000 1% 35% 3.594 0.296 1.610 1% 1% 1−2
3.870 0.319 1.000 1% 40% 3.831 0.319 1.707 1% 2% 2−5

O(3P)–O(1S) 2.891 0.183 1.000 1% 52% 3.320 0.183 0.448 1% 12% 0.05−1
3.126 0.218 1.000 1% 55% 3.786 0.218 0.368 1% 4% 1−2
3.937 0.306 1.000 1% 61% 4.927 0.306 0.330 1% 8% 2−5

O(1D)–O(1S) 3.330 0.240 1.000 2% 68% 3.848 0.240 0.437 2% 22% 0.05−1
3.608 0.279 1.000 1% 63% 4.652 0.279 0.300 1% 6% 1−2
3.779 0.296 1.000 1% 68% 5.124 0.296 0.257 1% 8% 2−5

O(1S)–O(1S) 2.697 0.147 1.000 1% 23% 2.660 0.147 1.308 1% 4% 0.05−1
2.924 0.185 1.000 1% 28% 2.882 0.185 1.431 1% 1% 1−2
3.346 0.236 1.000 1% 33% 3.301 0.236 1.548 1% 2% 2−5

a the fitting errors for viscous collision integrals.
b the fitting errors for diffusion collision integrals.

It can be seen that the fitting errors of viscous collision integ-
rals are below 5% for both VHS and VSS models. The fit-
ting errors of diffusion collision integrals are below 22% for
the VSS model, while those for the VHS model are more
than 50%.

4. Conclusions

The present work reports a complete set of high-accuracy colli-
sion integral data for N(4S)–N(4S, 2D, 2P) and O(3P, 1D, 1S)–
O(3P, 1D, 1S) interactions in the temperature range of 500–
50 000 K. Recent studies have highlighted the pivotal role of
the quality of PECs in the accuracy of collision integral cal-
culations in such a wide temperature range. The construc-
tion of high-quality PECs relies on both accurate potential
energy data and function fitting method. In the present work,
the potential energy data are computed by using the icMRCI
method with the Davidson correction and basis-set extrapola-
tion. The extrapolation adopts the aug-cc-pVQZ and aug-cc-
pV5Z basis sets. Special attentions have been paid to include
more Rydberg configurations and to expand the calculation to
short-range regions to ensure the accuracy of collision integ-
rals at high temperatures. In light of the existence of avoided

crossings, the diabatic representation of the PECs is chosen
in the present work because its fitting accuracy and robust-
ness in collision integral calculations outperform the adia-
batic representation. More importantly, based on the Zhu-
Nakamura theory [77, 78], the present study showed that the
diabatic paths in collisions are much more likely to be fol-
lowed than the adiabatic paths through the avoided cross-
ings. The potential energy data calculated by the high-level
ab initiomethod are compared with the available experimental
data and an excellent agreement is achieved. The HH, MS,
and NN models are used to fit the potential energy data.
Though considered to be the best general purpose atom-atom
potentials, the HH and MS models are found to be incap-
able of accurately fitting the data in a wide energy range
for all the electronic states, especially when multiple extrema
exist in the PECs. Instead, the NN can achieve very high fit-
ting accuracy for all interactions considered in the present
work.

The newly developed high-quality NN PECs are then
applied to calculate the collision integrals. When the atoms
in different electronically excited states are involved, it is
important to consider the contribution of inelastic resonant
excitation exchange interactions to the diffusion collision
integrals, which can take up over 80% of the total values at
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high temperatures. To compute the excitation exchange colli-
sion integrals, one needs the differences of PECs for gerade
and ungerade pairs. Almost all previous works assumed the
difference of PECs to have an exponential functional form.
However, it is found that the exponential function is crude
to represent all relevant interactions. In order to achieve high
accuracy also in the calculation of excitation exchange colli-
sion integrals, we again apply the NN function to fit the dif-
ferences of the PECs for gerade and ungerade pairs.

By taking all measures mentioned above to ensure high
accuracy, the collision integral calculations in this work are
believed to be highly reliable. The reported data supplement
the database of high-accuracy collision integrals as well as the
transport properties of atomic species in both ground and elec-
tronically excited states in weakly ionized air plasmas. Work
is in progress for other important interactions in air plasmas,

such as the collisions between atomic N and O as well as those
involving charged species.
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Appendix. Collision integrals

Table A1. The collision integrals (Å2) for N(4S)–N(4S) interaction.

T(K) σ2Ω(1,1)∗ σ2Ω(1,2)∗ σ2Ω(1,3)∗ σ2Ω(1,4)∗ σ2Ω(2,2)∗ σ2Ω(2,3)∗ σ2Ω(2,4)∗ σ2Ω(3,3)∗

500 6.42 6.00 5.69 5.46 7.44 7.05 6.76 6.62
800 5.84 5.46 5.19 5.00 6.76 6.42 6.17 6.03
1000 5.59 5.23 4.99 4.81 6.47 6.15 5.91 5.78
1200 5.40 5.06 4.83 4.66 6.24 5.93 5.71 5.59
1400 5.24 4.92 4.70 4.53 6.06 5.76 5.55 5.44
1600 5.12 4.80 4.59 4.42 5.90 5.62 5.41 5.31
1800 5.01 4.70 4.48 4.31 5.77 5.50 5.29 5.19
2000 4.91 4.61 4.39 4.21 5.66 5.39 5.18 5.09
2500 4.71 4.41 4.18 3.99 5.42 5.15 4.94 4.87
3000 4.55 4.24 4.01 3.81 5.23 4.95 4.73 4.68
3500 4.40 4.09 3.85 3.65 5.06 4.78 4.55 4.51
4000 4.28 3.96 3.71 3.51 4.90 4.62 4.39 4.37
4500 4.17 3.84 3.59 3.39 4.77 4.49 4.25 4.24
5000 4.07 3.74 3.48 3.28 4.65 4.37 4.13 4.12
5500 3.97 3.64 3.38 3.18 4.54 4.26 4.03 4.01
6000 3.88 3.55 3.29 3.08 4.44 4.16 3.93 3.91
7000 3.73 3.39 3.13 2.92 4.27 3.99 3.77 3.73
8000 3.59 3.25 2.99 2.77 4.12 3.84 3.63 3.58
9000 3.47 3.13 2.86 2.65 3.99 3.72 3.50 3.45
10 000 3.36 3.01 2.75 2.53 3.88 3.60 3.39 3.33
12 000 3.17 2.82 2.55 2.34 3.68 3.41 3.19 3.13
14 000 3.01 2.66 2.39 2.19 3.51 3.24 3.03 2.96
16 000 2.87 2.52 2.26 2.05 3.37 3.10 2.88 2.81
18 000 2.74 2.39 2.14 1.94 3.24 2.97 2.76 2.69
20 000 2.63 2.29 2.03 1.84 3.13 2.86 2.65 2.58
25 000 2.40 2.07 1.82 1.64 2.89 2.63 2.42 2.35
30 000 2.22 1.89 1.66 1.49 2.70 2.44 2.24 2.17
35 000 2.07 1.75 1.53 1.36 2.54 2.28 2.08 2.02
40 000 1.95 1.64 1.42 1.26 2.40 2.15 1.95 1.90
45 000 1.84 1.54 1.33 1.18 2.29 2.04 1.84 1.80
50 000 1.74 1.45 1.25 1.11 2.18 1.93 1.74 1.71
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Table A2. The collision integrals (Å2) for N(4S)–N(2D) interaction.

T(K) σ2Ω
(1,1)∗
el σ2Ω(1,1)∗ σ2Ω(1,2)∗ σ2Ω(1,3)∗ σ2Ω(1,4)∗ σ2Ω(2,2)∗ σ2Ω(2,3)∗ σ2Ω(2,4)∗ σ2Ω(3,3)∗

500 6.90 11.98 6.57 6.32 6.11 8.02 7.75 7.52 7.23
800 6.42 11.57 6.06 5.77 5.53 7.48 7.17 6.90 6.69
1000 6.18 11.39 5.80 5.50 5.25 7.19 6.86 6.58 6.40
1200 5.97 11.25 5.58 5.27 5.02 6.95 6.60 6.31 6.17
1400 5.78 11.13 5.39 5.08 4.83 6.73 6.37 6.08 5.97
1600 5.62 11.03 5.22 4.92 4.67 6.54 6.18 5.89 5.79
1800 5.48 10.94 5.08 4.77 4.53 6.37 6.01 5.72 5.63
2000 5.35 10.87 4.95 4.65 4.40 6.22 5.86 5.57 5.49
2500 5.09 10.71 4.68 4.37 4.13 5.90 5.54 5.27 5.19
3000 4.87 10.58 4.46 4.15 3.90 5.64 5.29 5.02 4.94
3500 4.67 10.46 4.27 3.96 3.70 5.43 5.09 4.81 4.73
4000 4.51 10.36 4.10 3.79 3.54 5.25 4.90 4.63 4.55
4500 4.37 10.27 3.95 3.64 3.39 5.09 4.74 4.47 4.40
5000 4.23 10.19 3.82 3.51 3.25 4.94 4.60 4.33 4.25
5500 4.12 10.11 3.70 3.39 3.14 4.81 4.47 4.20 4.12
6000 4.01 10.04 3.59 3.28 3.03 4.69 4.35 4.08 4.01
7000 3.82 9.92 3.40 3.09 2.84 4.48 4.14 3.87 3.80
8000 3.65 9.81 3.23 2.92 2.67 4.30 3.96 3.70 3.62
9000 3.50 9.71 3.08 2.77 2.53 4.14 3.81 3.54 3.46
10 000 3.37 9.62 2.95 2.64 2.40 4.00 3.67 3.41 3.32
12 000 3.14 9.47 2.73 2.42 2.18 3.76 3.43 3.17 3.09
14 000 2.95 9.33 2.54 2.24 2.00 3.56 3.23 2.97 2.89
16 000 2.79 9.22 2.38 2.08 1.86 3.38 3.05 2.79 2.72
18 000 2.64 9.11 2.24 1.95 1.73 3.23 2.90 2.64 2.58
20 000 2.52 9.02 2.12 1.84 1.63 3.09 2.76 2.50 2.45
25 000 2.26 8.83 1.88 1.62 1.43 2.80 2.47 2.22 2.19
30 000 2.05 8.68 1.69 1.45 1.28 2.57 2.25 2.01 1.99
35 000 1.89 8.55 1.55 1.32 1.16 2.37 2.07 1.84 1.84
40 000 1.76 8.45 1.43 1.22 1.07 2.21 1.92 1.70 1.71
45 000 1.64 8.36 1.34 1.14 1.00 2.08 1.79 1.59 1.60
50 000 1.55 8.28 1.25 1.07 0.94 1.96 1.69 1.49 1.51
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Table A3. The collision integrals (Å2) for N(4S)–N(2P) interaction.

T(K) σ2Ω
(1,1)∗
el σ2Ω(1,1)∗ σ2Ω(1,2)∗ σ2Ω(1,3)∗ σ2Ω(1,4)∗ σ2Ω(2,2)∗ σ2Ω(2,3)∗ σ2Ω(2,4)∗ σ2Ω(3,3)∗

500 6.73 11.75 6.39 6.11 5.86 7.70 7.42 7.17 6.95
800 6.21 11.31 5.82 5.50 5.24 7.12 6.78 6.49 6.34
1000 5.94 11.10 5.53 5.21 4.96 6.81 6.46 6.17 6.03
1200 5.71 10.93 5.30 4.99 4.74 6.55 6.19 5.91 5.79
1400 5.52 10.79 5.11 4.80 4.57 6.33 5.98 5.70 5.58
1600 5.36 10.68 4.95 4.65 4.42 6.14 5.80 5.53 5.41
1800 5.21 10.57 4.81 4.51 4.29 5.98 5.64 5.38 5.26
2000 5.09 10.49 4.68 4.39 4.17 5.84 5.50 5.25 5.13
2500 4.82 10.30 4.43 4.15 3.93 5.54 5.22 4.98 4.86
3000 4.61 10.14 4.22 3.95 3.73 5.32 5.00 4.77 4.64
3500 4.43 10.01 4.05 3.78 3.56 5.13 4.82 4.59 4.46
4000 4.28 9.90 3.91 3.63 3.41 4.97 4.67 4.44 4.31
4500 4.15 9.79 3.78 3.50 3.28 4.83 4.53 4.30 4.17
5000 4.03 9.70 3.66 3.38 3.16 4.70 4.41 4.18 4.05
5500 3.92 9.62 3.55 3.27 3.04 4.59 4.30 4.07 3.94
6000 3.83 9.54 3.45 3.17 2.94 4.49 4.20 3.97 3.84
7000 3.65 9.40 3.28 2.99 2.76 4.31 4.02 3.79 3.65
8000 3.50 9.28 3.13 2.83 2.59 4.16 3.87 3.63 3.49
9000 3.37 9.18 2.99 2.69 2.45 4.02 3.73 3.49 3.35
10 000 3.25 9.08 2.86 2.56 2.31 3.90 3.60 3.36 3.22
12 000 3.03 8.93 2.64 2.34 2.09 3.68 3.37 3.12 2.99
14 000 2.85 8.80 2.45 2.15 1.91 3.49 3.17 2.91 2.80
16 000 2.69 8.68 2.29 1.99 1.76 3.32 2.99 2.72 2.64
18 000 2.55 8.59 2.15 1.86 1.63 3.16 2.83 2.56 2.49
20 000 2.42 8.51 2.03 1.74 1.53 3.02 2.69 2.41 2.37
25 000 2.16 8.34 1.78 1.52 1.34 2.72 2.38 2.11 2.11
30 000 1.96 8.21 1.60 1.36 1.20 2.48 2.15 1.89 1.91
35 000 1.80 8.11 1.46 1.24 1.10 2.28 1.96 1.73 1.75
40 000 1.67 8.03 1.35 1.15 1.02 2.11 1.81 1.59 1.62
45 000 1.56 7.97 1.26 1.08 0.96 1.97 1.69 1.49 1.52
50 000 1.47 7.88 1.19 1.02 0.91 1.86 1.59 1.40 1.43
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Table A4. The collision integrals (Å2) for O(3P)–O(3P) interaction.

T(K) σ2Ω(1,1)∗ σ2Ω(1,2)∗ σ2Ω(1,3)∗ σ2Ω(1,4)∗ σ2Ω(2,2)∗ σ2Ω(2,3)∗ σ2Ω(2,4)∗ σ2Ω(3,3)∗

500 6.41 5.96 5.63 5.38 7.36 7.03 6.76 6.52
800 5.78 5.35 5.04 4.80 6.71 6.36 6.08 5.89
1000 5.50 5.09 4.78 4.56 6.41 6.05 5.77 5.61
1200 5.28 4.87 4.58 4.36 6.14 5.79 5.52 5.38
1400 5.10 4.70 4.42 4.20 5.94 5.59 5.32 5.19
1600 4.93 4.54 4.27 4.06 5.74 5.41 5.15 5.03
1800 4.80 4.42 4.15 3.94 5.59 5.26 5.01 4.89
2000 4.68 4.31 4.04 3.83 5.46 5.13 4.88 4.77
2500 4.44 4.07 3.81 3.61 5.17 4.86 4.62 4.51
3000 4.24 3.88 3.63 3.43 4.95 4.65 4.42 4.30
3500 4.08 3.73 3.48 3.28 4.77 4.47 4.25 4.13
4000 3.94 3.59 3.35 3.15 4.61 4.32 4.10 3.99
4500 3.82 3.48 3.23 3.04 4.48 4.19 3.97 3.87
5000 3.71 3.37 3.13 2.94 4.36 4.08 3.86 3.75
5500 3.61 3.28 3.04 2.86 4.25 3.97 3.76 3.66
6000 3.53 3.20 2.96 2.78 4.16 3.88 3.66 3.57
7000 3.38 3.05 2.82 2.64 3.99 3.72 3.51 3.41
8000 3.25 2.93 2.70 2.53 3.84 3.58 3.37 3.28
9000 3.14 2.82 2.60 2.42 3.72 3.46 3.26 3.16
10 000 3.04 2.73 2.51 2.34 3.61 3.36 3.16 3.06
12 000 2.87 2.57 2.35 2.18 3.43 3.18 2.99 2.89
14 000 2.73 2.44 2.22 2.06 3.28 3.04 2.85 2.75
16 000 2.62 2.32 2.12 1.95 3.15 2.91 2.73 2.63
18 000 2.51 2.23 2.02 1.86 3.04 2.80 2.62 2.53
20 000 2.42 2.14 1.94 1.79 2.94 2.71 2.53 2.43
25 000 2.24 1.97 1.77 1.63 2.74 2.51 2.34 2.25
30 000 2.09 1.83 1.64 1.50 2.57 2.36 2.19 2.10
35 000 1.97 1.71 1.54 1.40 2.44 2.23 2.06 1.98
40 000 1.87 1.62 1.45 1.32 2.33 2.12 1.95 1.88
45 000 1.78 1.54 1.37 1.25 2.23 2.02 1.86 1.80
50 000 1.71 1.47 1.31 1.19 2.14 1.94 1.78 1.72
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Table A5. The collision integrals (Å2) for O(3P)–O(1D) interaction.

T(K) σ2Ω
(1,1)∗
el σ2Ω(1,1)∗ σ2Ω(1,2)∗ σ2Ω(1,3)∗ σ2Ω(1,4)∗ σ2Ω(2,2)∗ σ2Ω(2,3)∗ σ2Ω(2,4)∗ σ2Ω(3,3)∗

500 6.46 12.04 6.00 5.63 5.37 7.49 7.09 6.78 6.58
800 5.80 11.40 5.36 5.00 4.77 6.75 6.30 6.00 5.86
1000 5.50 11.12 5.07 4.75 4.52 6.38 5.98 5.70 5.56
1200 5.28 10.90 4.83 4.55 4.33 6.09 5.73 5.46 5.32
1400 5.06 10.70 4.66 4.38 4.17 5.88 5.53 5.27 5.13
1600 4.89 10.54 4.51 4.24 4.03 5.69 5.36 5.11 4.96
1800 4.77 10.41 4.38 4.12 3.91 5.54 5.22 4.98 4.82
2000 4.65 10.29 4.27 4.01 3.80 5.41 5.09 4.85 4.70
2500 4.40 10.04 4.04 3.78 3.57 5.13 4.83 4.60 4.45
3000 4.21 9.85 3.85 3.60 3.40 4.92 4.63 4.40 4.25
3500 4.05 9.68 3.70 3.45 3.26 4.74 4.46 4.24 4.09
4000 3.90 9.54 3.56 3.32 3.13 4.59 4.32 4.10 3.95
4500 3.79 9.42 3.45 3.21 3.03 4.46 4.19 3.98 3.83
5000 3.68 9.31 3.35 3.12 2.94 4.35 4.08 3.87 3.72
5500 3.59 9.21 3.26 3.03 2.86 4.24 3.98 3.77 3.63
6000 3.50 9.12 3.18 2.96 2.78 4.15 3.89 3.69 3.55
7000 3.36 8.97 3.05 2.83 2.66 3.99 3.74 3.54 3.40
8000 3.23 8.85 2.93 2.72 2.55 3.86 3.61 3.42 3.28
9000 3.13 8.74 2.83 2.62 2.46 3.74 3.50 3.31 3.17
10 000 3.03 8.64 2.74 2.54 2.38 3.64 3.40 3.21 3.08
12 000 2.88 8.48 2.59 2.39 2.24 3.47 3.23 3.05 2.92
14 000 2.75 8.35 2.47 2.28 2.13 3.32 3.09 2.92 2.80
16 000 2.64 8.24 2.37 2.18 2.03 3.20 2.98 2.81 2.69
18 000 2.55 8.14 2.28 2.09 1.95 3.10 2.88 2.71 2.59
20 000 2.46 8.05 2.20 2.02 1.87 3.01 2.79 2.62 2.51
25 000 2.29 7.87 2.04 1.86 1.72 2.82 2.61 2.44 2.33
30 000 2.15 7.73 1.91 1.73 1.60 2.66 2.46 2.30 2.20
35 000 2.04 7.61 1.80 1.63 1.50 2.54 2.33 2.18 2.08
40 000 1.95 7.51 1.71 1.54 1.42 2.43 2.23 2.07 1.99
45 000 1.86 7.42 1.63 1.47 1.34 2.34 2.14 1.98 1.90
50 000 1.79 7.34 1.57 1.40 1.28 2.25 2.05 1.90 1.83
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Table A6. The collision integrals (Å2) for O(1D)–O(1D) interaction.

T(K) σ2Ω(1,1)∗ σ2Ω(1,2)∗ σ2Ω(1,3)∗ σ2Ω(1,4)∗ σ2Ω(2,2)∗ σ2Ω(2,3)∗ σ2Ω(2,4)∗ σ2Ω(3,3)∗

500 6.16 5.84 5.58 5.35 7.04 6.76 6.52 6.35
800 5.67 5.31 5.02 4.79 6.48 6.18 5.93 5.78
1000 5.44 5.06 4.76 4.52 6.21 5.90 5.65 5.51
1200 5.22 4.84 4.55 4.31 5.98 5.67 5.42 5.28
1400 5.04 4.66 4.37 4.14 5.79 5.48 5.23 5.09
1600 4.89 4.50 4.22 3.99 5.62 5.32 5.07 4.93
1800 4.76 4.37 4.08 3.86 5.48 5.17 4.93 4.79
2000 4.63 4.25 3.97 3.75 5.35 5.04 4.80 4.67
2500 4.38 4.00 3.72 3.50 5.08 4.78 4.54 4.40
3000 4.17 3.80 3.52 3.31 4.86 4.56 4.33 4.19
3500 4.00 3.63 3.36 3.16 4.68 4.38 4.15 4.02
4000 3.85 3.49 3.23 3.02 4.52 4.22 3.99 3.87
4500 3.73 3.37 3.11 2.91 4.38 4.09 3.86 3.74
5000 3.61 3.26 3.01 2.82 4.26 3.97 3.74 3.62
5500 3.51 3.16 2.92 2.73 4.15 3.86 3.64 3.52
6000 3.42 3.08 2.84 2.66 4.05 3.77 3.55 3.43
7000 3.27 2.93 2.70 2.53 3.88 3.60 3.39 3.28
8000 3.13 2.81 2.59 2.42 3.73 3.46 3.26 3.15
9000 3.02 2.71 2.49 2.33 3.61 3.34 3.15 3.04
10 000 2.92 2.62 2.41 2.25 3.50 3.24 3.05 2.94
12 000 2.76 2.47 2.27 2.12 3.31 3.07 2.89 2.78
14 000 2.63 2.35 2.15 2.01 3.17 2.93 2.76 2.65
16 000 2.52 2.25 2.06 1.92 3.04 2.82 2.65 2.54
18 000 2.42 2.16 1.98 1.84 2.94 2.72 2.55 2.45
20 000 2.34 2.08 1.90 1.77 2.85 2.63 2.47 2.37
25 000 2.17 1.93 1.76 1.62 2.66 2.46 2.30 2.20
30 000 2.04 1.80 1.64 1.51 2.51 2.32 2.16 2.07
35 000 1.93 1.70 1.54 1.41 2.39 2.20 2.05 1.96
40 000 1.84 1.62 1.46 1.34 2.29 2.10 1.95 1.87
45 000 1.76 1.54 1.39 1.27 2.20 2.01 1.86 1.79
50 000 1.69 1.48 1.33 1.21 2.12 1.93 1.79 1.72
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Table A7. The collision integrals (Å2) for O(3P)–O(1S) interaction.

T(K) σ2Ω
(1,1)∗
el σ2Ω(1,1)∗ σ2Ω(1,2)∗ σ2Ω(1,3)∗ σ2Ω(1,4)∗ σ2Ω(2,2)∗ σ2Ω(2,3)∗ σ2Ω(2,4)∗ σ2Ω(3,3)∗

500 5.62 10.59 5.25 4.99 4.80 6.38 6.08 5.86 5.67
800 5.13 10.21 4.80 4.57 4.40 5.85 5.58 5.38 5.21
1000 4.91 10.06 4.60 4.38 4.22 5.62 5.36 5.17 5.00
1200 4.75 9.94 4.45 4.24 4.08 5.43 5.19 5.00 4.84
1400 4.61 9.84 4.32 4.12 3.96 5.28 5.04 4.86 4.70
1600 4.49 9.74 4.21 4.01 3.86 5.16 4.92 4.75 4.59
1800 4.40 9.65 4.12 3.92 3.77 5.05 4.82 4.65 4.49
2000 4.31 9.57 4.04 3.85 3.70 4.95 4.73 4.56 4.40
2500 4.13 9.39 3.87 3.68 3.53 4.76 4.55 4.38 4.22
3000 3.99 9.23 3.73 3.55 3.40 4.61 4.40 4.24 4.08
3500 3.87 9.09 3.62 3.43 3.29 4.48 4.28 4.12 3.96
4000 3.77 8.97 3.52 3.34 3.19 4.37 4.18 4.02 3.85
4500 3.68 8.86 3.43 3.25 3.11 4.28 4.09 3.93 3.76
5000 3.60 8.76 3.36 3.18 3.03 4.20 4.01 3.85 3.69
5500 3.53 8.68 3.29 3.11 2.96 4.12 3.93 3.78 3.61
6000 3.47 8.60 3.23 3.05 2.90 4.06 3.87 3.71 3.55
7000 3.36 8.47 3.11 2.93 2.79 3.94 3.75 3.60 3.43
8000 3.26 8.35 3.02 2.84 2.69 3.84 3.65 3.50 3.34
9000 3.18 8.25 2.93 2.75 2.61 3.75 3.56 3.41 3.25
10 000 3.10 8.17 2.86 2.68 2.53 3.67 3.48 3.34 3.17
12 000 2.97 8.02 2.72 2.54 2.39 3.54 3.35 3.20 3.03
14 000 2.85 7.89 2.61 2.42 2.27 3.42 3.24 3.09 2.92
16 000 2.76 7.78 2.51 2.32 2.16 3.32 3.14 2.98 2.81
18 000 2.67 7.69 2.42 2.23 2.07 3.23 3.04 2.89 2.72
20 000 2.59 7.56 2.34 2.14 1.98 3.15 2.96 2.80 2.64
25 000 2.42 7.43 2.16 1.97 1.81 2.98 2.77 2.60 2.47
30 000 2.28 7.28 2.02 1.82 1.67 2.83 2.61 2.44 2.32
35 000 2.16 7.16 1.90 1.71 1.57 2.69 2.48 2.30 2.20
40 000 2.06 7.06 1.80 1.62 1.48 2.58 2.36 2.17 2.10
45 000 1.97 6.97 1.71 1.54 1.40 2.47 2.25 2.07 2.01
50 000 1.89 6.89 1.64 1.47 1.34 2.38 2.15 1.98 1.93
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Table A8. The collision integrals (Å2) for O(1D)–O(1S) interaction.

T(K) σ2Ω
(1,1)∗
el σ2Ω(1,1)∗ σ2Ω(1,2)∗ σ2Ω(1,3)∗ σ2Ω(1,4)∗ σ2Ω(2,2)∗ σ2Ω(2,3)∗ σ2Ω(2,4)∗ σ2Ω(3,3)∗

500 6.59 12.19 6.20 5.88 5.62 7.63 7.30 7.01 6.80
800 6.01 11.80 5.59 5.26 5.00 6.96 6.58 6.27 6.14
1000 5.73 11.63 5.29 4.97 4.72 6.62 6.24 5.93 5.82
1200 5.49 11.49 5.06 4.75 4.51 6.34 5.96 5.66 5.56
1400 5.29 11.37 4.87 4.57 4.34 6.11 5.74 5.45 5.36
1600 5.13 11.28 4.71 4.42 4.19 5.91 5.55 5.28 5.18
1800 4.98 11.19 4.58 4.29 4.07 5.74 5.39 5.13 5.03
2000 4.85 11.12 4.46 4.17 3.96 5.60 5.26 5.00 4.90
2500 4.59 10.96 4.21 3.93 3.72 5.30 4.98 4.74 4.62
3000 4.38 10.84 4.01 3.74 3.53 5.08 4.77 4.54 4.41
3500 4.21 10.73 3.84 3.58 3.37 4.89 4.59 4.37 4.23
4000 4.07 10.63 3.70 3.44 3.24 4.73 4.44 4.22 4.08
4500 3.94 10.54 3.58 3.32 3.12 4.60 4.31 4.09 3.96
5000 3.83 10.46 3.47 3.22 3.03 4.48 4.19 3.97 3.84
5500 3.73 10.38 3.38 3.13 2.94 4.37 4.09 3.87 3.74
6000 3.63 10.31 3.29 3.05 2.86 4.27 3.99 3.77 3.65
7000 3.48 10.18 3.14 2.91 2.73 4.10 3.83 3.61 3.50
8000 3.35 10.06 3.02 2.79 2.62 3.96 3.69 3.48 3.37
9000 3.23 9.96 2.92 2.70 2.53 3.83 3.57 3.37 3.26
10 000 3.13 9.86 2.82 2.61 2.45 3.72 3.46 3.27 3.16
12 000 2.97 9.68 2.67 2.47 2.32 3.54 3.29 3.11 2.99
14 000 2.83 9.53 2.55 2.35 2.21 3.39 3.15 2.98 2.86
16 000 2.72 9.40 2.45 2.26 2.11 3.26 3.04 2.87 2.75
18 000 2.63 9.29 2.36 2.17 2.03 3.16 2.94 2.77 2.66
20 000 2.54 9.18 2.28 2.10 1.96 3.07 2.85 2.69 2.58
25 000 2.37 8.96 2.12 1.95 1.81 2.88 2.67 2.52 2.41
30 000 2.24 8.79 2.00 1.83 1.69 2.73 2.53 2.38 2.27
35 000 2.13 8.64 1.89 1.73 1.60 2.61 2.41 2.26 2.17
40 000 2.03 8.52 1.80 1.64 1.52 2.51 2.31 2.16 2.07
45 000 1.95 8.23 1.73 1.57 1.45 2.42 2.22 2.07 1.99
50 000 1.88 8.13 1.66 1.51 1.40 2.33 2.14 1.99 1.92
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Table A9. The collision integrals (Å2) for O(1S)–O(1S) interaction.

T(K) σ2Ω(1,1)∗ σ2Ω(1,2)∗ σ2Ω(1,3)∗ σ2Ω(1,4)∗ σ2Ω(2,2)∗ σ2Ω(2,3)∗ σ2Ω(2,4)∗ σ2Ω(3,3)∗

500 5.32 5.01 4.81 4.66 5.89 5.63 5.44 5.33
800 4.92 4.65 4.47 4.34 5.45 5.24 5.09 4.95
1000 4.75 4.50 4.32 4.19 5.27 5.08 4.94 4.78
1200 4.61 4.37 4.20 4.07 5.13 4.95 4.82 4.66
1400 4.50 4.27 4.10 3.97 5.02 4.85 4.72 4.56
1600 4.41 4.18 4.02 3.89 4.93 4.76 4.63 4.47
1800 4.33 4.10 3.94 3.81 4.85 4.68 4.55 4.39
2000 4.26 4.04 3.87 3.75 4.78 4.62 4.49 4.32
2500 4.11 3.89 3.73 3.61 4.63 4.47 4.34 4.18
3000 3.99 3.78 3.62 3.49 4.52 4.35 4.23 4.06
3500 3.89 3.68 3.52 3.39 4.42 4.26 4.13 3.96
4000 3.81 3.59 3.43 3.31 4.33 4.17 4.04 3.88
4500 3.73 3.52 3.36 3.23 4.25 4.09 3.97 3.80
5000 3.66 3.45 3.29 3.17 4.19 4.03 3.90 3.74
5500 3.60 3.39 3.23 3.11 4.13 3.97 3.84 3.68
6000 3.55 3.34 3.18 3.05 4.07 3.91 3.78 3.62
7000 3.45 3.24 3.08 2.95 3.97 3.81 3.68 3.52
8000 3.36 3.15 2.99 2.86 3.89 3.73 3.60 3.44
9000 3.29 3.08 2.92 2.79 3.81 3.65 3.52 3.36
10 000 3.22 3.01 2.85 2.72 3.74 3.58 3.45 3.29
12 000 3.11 2.89 2.73 2.60 3.63 3.47 3.34 3.17
14 000 3.01 2.79 2.63 2.49 3.53 3.36 3.23 3.07
16 000 2.92 2.70 2.54 2.41 3.44 3.28 3.14 2.98
18 000 2.84 2.63 2.46 2.33 3.36 3.20 3.06 2.91
20 000 2.77 2.56 2.39 2.26 3.29 3.13 2.99 2.84
25 000 2.63 2.41 2.24 2.11 3.14 2.97 2.83 2.69
30 000 2.51 2.29 2.12 1.99 3.02 2.84 2.70 2.57
35 000 2.40 2.18 2.02 1.89 2.91 2.73 2.58 2.46
40 000 2.32 2.10 1.93 1.81 2.81 2.63 2.48 2.37
45 000 2.24 2.02 1.86 1.74 2.73 2.54 2.39 2.30
50 000 2.17 1.95 1.80 1.68 2.65 2.46 2.31 2.23
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