
Phys. Fluids 35, 027127 (2023); https://doi.org/10.1063/5.0136416 35, 027127

© 2023 Author(s).

Collision integrals for N(4S)–N(4S), N(4S)–N(2D),
and N(4S)–N(2P) interactions
Cite as: Phys. Fluids 35, 027127 (2023); https://doi.org/10.1063/5.0136416
Submitted: 25 November 2022 • Accepted: 04 February 2023 • Accepted Manuscript Online: 06 February
2023 • Published Online: 23 February 2023

 Zi Ding (丁子),  Zhi Qin (秦智) and  Linhua Liu (刘林华)

ARTICLES YOU MAY BE INTERESTED IN

High-temperature vibrational relaxation and decomposition of shock-heated nitric oxide. I.
Argon dilution from 2200 to 8700 K
Physics of Fluids 34, 116122 (2022); https://doi.org/10.1063/5.0109109

Introducing MPEC: Massively parallel electron correlation
The Journal of Chemical Physics 158, 084801 (2023); https://doi.org/10.1063/5.0135248

Transport properties for neutral C, H, N, O, and Si-containing species and mixtures from the
Gordon and McBride thermodynamic database
Physics of Fluids 34, 087106 (2022); https://doi.org/10.1063/5.0098060

https://images.scitation.org/redirect.spark?MID=176720&plid=2018882&setID=405127&channelID=0&CID=739312&banID=520939383&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=5d91e92319b40e8273ce07117804b6a567a9a5e4&location=
https://doi.org/10.1063/5.0136416
https://doi.org/10.1063/5.0136416
https://orcid.org/0000-0001-6697-4279
https://aip.scitation.org/author/Ding%2C+Zi
https://orcid.org/0000-0001-7995-0006
https://aip.scitation.org/author/Qin%2C+Zhi
https://orcid.org/0000-0002-4547-7676
https://aip.scitation.org/author/Liu%2C+Linhua
https://doi.org/10.1063/5.0136416
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0136416
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0136416&domain=aip.scitation.org&date_stamp=2023-02-23
https://aip.scitation.org/doi/10.1063/5.0109109
https://aip.scitation.org/doi/10.1063/5.0109109
https://doi.org/10.1063/5.0109109
https://aip.scitation.org/doi/10.1063/5.0135248
https://doi.org/10.1063/5.0135248
https://aip.scitation.org/doi/10.1063/5.0098060
https://aip.scitation.org/doi/10.1063/5.0098060
https://doi.org/10.1063/5.0098060


Collision integrals for N(4S)–N(4S), N(4S)–N(2D),
and N(4S)–N(2P) interactions

Cite as: Phys. Fluids 35, 027127 (2023); doi: 10.1063/5.0136416
Submitted: 25 November 2022 . Accepted: 4 February 2023 .
Published Online: 23 February 2023

Zi Ding (丁子),1,2 Zhi Qin (秦智),1,2,a) and Linhua Liu (刘林华)1,2,3,a)

AFFILIATIONS
1Optics & Thermal Radiation Research Center, Institute of Frontier and Interdisciplinary Science, Shandong University,
Qingdao 266237, China
2School of Energy and Power Engineering, Shandong University, Jinan 250061, China
3School of Energy Science and Engineering, Harbin Institute of Technology, Harbin 150001, China

Note: This paper is part of the special topic, Hypersonic Flow.
a)Authors to whom correspondence should be addressed: z.qin@sdu.edu.cn and liulinhua@sdu.edu.cn

ABSTRACT

Collision integrals for the scattering of nitrogen (N) atoms are essential to model transport properties of air plasmas, which can be highly
dependent on the species involved. At high temperatures, N atoms may exist in their excited states. Therefore, collision integrals for N atoms
are computed at the temperature range of 500–50 000K, in which the interactions between the excited [N(2D) and N(2P)] atoms and ground
N(4S) atom are considered. The interaction between the excited N(2P) atom and ground N(4S) atom is considered for the first time. A
comparison of the collision integrals from our combined-hyperbolic-inverse-power-representation (CHIPR) potential energy function with
those obtained using other analytical potential energy functions in the literature is given. The results show that the trend of potential energy
curves (PECs) in dissociated asymptotic and short-range regions has an important effect on the collision integrals. These regions are difficult
to cover in experiments. Here we seek the state-of-the-art ab initio methods for a theoretical guideline to compute the PECs of N2, which are
then modeled by the CHIPR function. PECs of some low-lying states are also refined by available experimental spectroscopic data. Overall,
our collision integrals are reliable.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0136416

I. INTRODUCTION

High-temperature plasma plays an essential role in the fields of
machining, metallurgy, chemical production, material preparation,
environmental protection, aerospace and space exploration.1–7

Especially, in the hypersonic flight, when a vehicle moves through the
Earth’s atmosphere at high supersonic speeds, high-temperature plas-
mas produce in the front of the vehicle, in which a series of complex
physicochemical processes, such as the excitation of energy level, dis-
sociation, recombination, ionization, and photochemistry for the
involved species, take place.8 These physicochemical reactions are usu-
ally accompanied by the energy conversion between thermal energy
and chemical energy, which can further modify the structure and
transport characteristics of high-temperature plasmas.9–12 Also, calcu-
lations of transport properties, such as viscosity coefficients, diffusion
coefficients, thermal conductivity, and electrical conductivity, rely on
collision integrals.13,14 Therefore, high-accuracy collision integrals are
needed for the reliable calculation of transport properties.

Levin et al.15 calculated the collision integrals of N2 using ab ini-
tio data and experimental spectroscopic data at 250–100 000K.
Capitelli et al.16 calculated the collision integrals of air species accord-
ing to the combination of Lennard–Jones (LJ) and Born–Meyer poten-
tials at 50–100 000K. Kim et al.17 proposed an elastic collision model
for direct simulating the collision integral of N2 at 2000–100 000K.
Pfeiffer18 presented a collision-averaged parameter set for the variable
soft-sphere collision model and calculated the collision integrals for a
range of air mixtures. Hirschfelder et al.19 proposed a simple phenom-
enological approach for evaluating the transport coefficients for elec-
tronically excited atoms, which is further developed by Istomin
et al.20,21 The approach is based on the varying atomic diameters of
excited electronic states and uses a simple Slater formula for the
evaluation of transport coefficients, which is helpful to calculate
the collision integral of the excited state. Based on their results,
this approach selects the influence factor fint¼ 1.328 at less than
3000 K and fint¼ 1.42 at 3000–25 000 K when calculating the trans-
port coefficients in high-temperature flows with electronically
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excited species. Buchowiecki et al.22 calculated the collision inte-
grals for the N–N interaction according to the m-6-8 and Hulburt–
Hirschfelder (HH) potentials and analyzed the difference between
both types of potential function. However, previous studies only
focused on the interactions between ground N(4S) atoms.
Concerning the interactions between the excited atoms [N(2D)
and N(2P)] and ground N(4S) atoms, a few references can be found
in the literature.23,24 In high-temperature plasmas, atoms are easily
excited to high electronic states. The interactions between the
atomic ground and excited states should not be neglected.

In addition, collision integrals were usually calculated with the
analytical potential energy function. Most frequently applied analytical
potential energy functions in previous studies include Lennard–Jones
(LJ),25,26 m-6-8, HH,27–30 Murrell–Sorbie (MS),31 and Modified Morse
(MM)32 potentials. However, these analytical potential energy func-
tions can accurately produce the potential wells of potential energy
curves (PECs), but provide different trends for the dissociated asymp-
totic and short-range regions, resulting in different results for the colli-
sion integrals. Recently, Buchowiecki et al.33 also pointed out that the
different trends for the PECs in the short-range region generated dif-
ferent collision integrals at high temperatures. Consequently, accurate
PECs are very important in the calculation of collision integrals.

Experimental spectroscopic data can only be used to reproduce
potential energy wells of some low-lying electronic states, theoretical
techniques are thus needed to give the potential energies in dissoci-
ated asymptotic and short-range regions, as well as the whole PECs
of high-lying electronic states where experimental spectroscopic
data are not available. Over the past few decades, the computational
accuracy of ab initio methods has improved significantly. Wright
et al.34 studied the transport coefficients of the weakly ionized CO2–
N2 mixture, which exhibited that the accuracy of the results from ab
initio potential energies is within 5%. In a comparative analysis of
thermophysical-properties data and scattering data, Aziz et al.35

demonstrated that the accuracy of transport properties and virial
coefficients based on ab initio potential energies for helium exceeded
the best measurement available at that time, and the results from ab
initio potential energies can be used for the calibration of the mea-
surements. Consequently, ab initio potential energy data can be
accepted as a benchmark when experimental spectroscopic data are
not available.

Taking above into consideration, the combined-hyperbolic-
inverse-power-representation (CHIPR) method36–39 is used to obtain
the PECs in this work, which can not only accurately fit ab initio
potential energy points but also allow further refinement of PECs
using available experimental spectroscopic data. Except for the experi-
mentally refined potential energy wells, this method can accurately fit
ab initio PECs in the dissociated asymptotic and short-range regions,
which can give reliable collision integrals. The primary motivation of
this work is to obtain collisional integrals of N(4S)–N(4S), N(4S)–N
(2D), and N(4S)–N(2P) interactions by adopting the CHIPR PECs.
The collisional integrals between the excited atoms [N(2D) and N(2P)]
and ground N(4S) atom are reported for the first time.

The paper is structured as follows. Section II describes the meth-
odology for computing the collision integrals, giving the source of our
ab initio PECs and the theory of the CHIPR method. Section III dis-
cusses the impact of different PECs on the collision integrals.
Conclusions are drawn in Sec. IV.

II. METHODOLOGY
A. Calculation of the collision integrals

The deflection angle of scattering atoms interacting with poten-
tial energy V(R) is expressed as follows:40

vðb; cÞ ¼ p� 2b
ð1
rc

dR= R2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2=R2 � VðRÞ=ðkTc2Þ

ph i
; (1)

where b is the impact parameter, rc is the distance of the closest
approach, R is the internuclear distance, c2¼lg2/(2kT), k is
Boltzmann constant, T is temperature, l is reduced mass, and g is rela-
tive velocity. Given the deflection angle v for an impact parameter b,
the collision cross section can be obtained by

QlðcÞ ¼ 2p
ð1
0

1� coslðb; cÞ
� �

bdb: (2)

Reduced collision integrals r2X(l,s)� can be expressed as
follows:33,41

r2Xðl;sÞ� ¼ 4

ðsþ 1Þ! 1� 1þ ð�1Þl
2ð1þ lÞ

" # ð1
0
e�c2c2sþ3QlðcÞdc; (3)

where (l,s) is the order of the collision integrals. r is the collision diam-
eter. According to the Withmer–Wigner rule,42 the interactions of two
N atoms can occur along either one of the PECs corresponding to their
dissociation limit, and the statistical collision integral is defined as
follows:

r2Xðl;sÞ� ¼
X

i
wir

2Xðl;sÞ�
iX

i
wi

; (4)

where wi and r2X(l,s)� are the statistical weight and reduced collision
integral associated with every dissociation limit at the ith electronic
state, respectively.

B. Ab initio calculations of potential energy curves

The triplet states of N2 were chosen from Qin et al.,43 who
used the valence internally contracted multireference
configuration-interaction (icMRCI) method with the Davidson cor-
rection, as well as the core-valence (CV) correction, scalar relativis-
tic correction, and basis-set extrapolation. Here, we adopted the
same treatment as Qin et al.43 to compute the PECs of quintet and
septet states for N2, where MOLPRO 2015 program suite was
employed.44,45 In this work, the aug-cc-pV5Z (AV5Z) and aug-
ccpV6Z (AV6Z) basis sets46–48 were adopted to extrapolate the
potential energies (denoted as icMRCIþQ/56). CV correlation
energy correction was obtained by the icMRCI approach using the
aug-cc-pCV5Z basis set.46 Scalar relativistic energy correction was
calculated via the third-order Douglas–Kroll–Hess (DKH3)
Hamiltonian approximation49–51 at the icMRCI level of theory. The
full point group of N2 is D1h, which cannot be used directly in
MOLPRO. The D2h symmetry, which is the largest Abelian sub-
group of the D1h, was adopted here. The reducing map of irreduc-
ible representations from D1h to D2h is as follows:
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Rþ
g ! Ag ; Rþ

u ! B1u;

R�
g ! B1g ; R�

u ! Au;Q
g ! B2g ;B3gð Þ; Q

u ! B3u;B2uð Þ;
Dg ! Ag ;B1gð Þ; Du ! B1u;Auð Þ:

(5)

In the calculations, except for the valence molecular orbitals
(MOs), we added two more rg and two more pu MOs in the active
space for better relaxation of high-lying states. Finally, 1 singlet, 11
triplet, 11 quintet, and 1 septet states are considered, corresponding to
the first three dissociation limits. These electronic states are shown in
Table I.

To further verify the reliability of our ab initio data, the calculated
PECs of the A0 5Rþ

g and C00 5Pu states are compared with those from
Hochlaf et al.52 and da Silva et al.,53 as shown in Fig. 1. For the A0 5Rþ

g

state, our calculations provide a slightly lower PEC than their results.
For C00 5Pu state, our PEC is slightly lower than previous data52,53 for
internuclear distances smaller than 2.4 Bohr. In the internuclear range
of approximately 2.4–3.3 Bohr, our PEC is lower than those of da Silva

et al.53 and essentially coincide with those of Hochlaf et al.52 In addi-
tion, our PEC lies between that from Hochlaf et al.52 and that from da
Silva et al.53 at internuclear distances beyond 3.3 Bohr. Overall, a rea-
sonable agreement between our PECs of the A0 5Rþ

g and C00 5Pu states
and those from previous calculations is observed, thus ensuring the
reliability of ab initio calculations in this work. Comparisons of our ab
initio PECs for other electronic states with those from previous calcu-
lations are in the supplementary material for brevity.

C. The CHIPRmethod

When considering the Coulomb interaction, diatomic PECs can
be modeled using the CHIPR method,54,55 given by

VðRÞ ¼ ZAZB

R

XL
k¼1

Cky
k; (6)

where ZA and ZB represent the nuclear charges of atoms A and B,
respectively. Ck is the expansion coefficient. yk in Eq. (6) can be
expanded in sequence according to the distribution origin contraction
basis set, given as follows:

yk ¼
XM
a¼1

ca/p;a; (7)

where ca is contraction coefficient, and a denotes the index of each
original function /p,a. /p,a normally takes one of the following two
forms:37

/p;a ¼ sechgaðcp;aqp;aÞ; (8)

/p;a ¼
tanhðbaRPÞ

RP

� �ra
sechgaðcp;aqp;aÞ; (9)

where cp,a is the non-linear parameter, qp,a¼Rp � Rrefp,a denotes the
deviation of the coordinate Rp relative the initial coordinate R

ref
p,a, and

the parameters ga, ra and ba are set to be the values of 1, 6, and 1/5,
respectively.56 Finally, to reduce linear dependence, the origin of the
distribution (Rrefp,a) is represented by the following expression:

Rref
p;a ¼ fðRref

p Þa�1; (10)

where the parameters of f and Rrefp should be chosen reasonably during
the fitting.

III. ANALYSIS OF RESULTS

For high-lying electronic states of N2 with no available experi-
mental spectroscopic data, the CHIPR method can provide a high-
accuracy fitting for ab initio data.36 An example is presented in Fig. 2,
which displays the fitting curve for ab initio potential energy points of
the G 3Dg state [corresponding to N(4S)–N(2D)] by the CHIPR
method. It can be observed that the fitted curve is in good agreement
with ab initio potential energy points, and the root mean square devia-
tion (RMSD) is only 8.26 cm�1.

For low-lying electronic states of N2, in which experimental spec-
troscopic data, such as the equilibrium geometry, dissociation energy,
vibrational frequency, and vibrational energy levels are available, the
CHIPR PECs can be refined using these experimental spectroscopic

TABLE I. Electronic states of N2 and their corresponding dissociation limits.

Dissociation limit Molecular electronic states

N(4S)–N(4S) X 1Rþ
g, A

3Rþ
u, A0 5Rþ

g, 1
7Rþ

u

N(4S)–N(2D) B 3Pg, W
3Du, C

3Pu, G
3Dg,

E 3Rþ
g, 2

3Rþ
u, C00 5Pu,

2 5Rþ
g, 1

5Pg, 1
5Dg, 1

5Du, 1
5Rþ

u

N(4S)–N(2P) B0 3R�
u, 1

3R�
g, 2

3Pu, 2
3Pg, 2

5Pu,
1 5R�

g, 2
5Pg, 2

5R�
u

FIG. 1. Comparison of potential energy curves for the A0 5Rþ
g and C00 5Pu states

with those from Hochlaf et al.52 and da Silva et al.53
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data.36 Figure 3 displays the experimentally refined CHIPR (Er-
CHIPR) PEC for the A 3Rþ

u state [corresponding to N(4S)–N(4S)]. In
the inset (a), the Er-CHIPR curve deviates slightly from ab initio

potential energy points after the refinement of ab initio data using
experimental spectroscopic data. The deviations of the vibrational
energy levels obtained from the Er-CHIPR PEC relative to experimen-
tal ones are within60.2 cm�1, as presented in the inset (b) of Fig. 3.

Overall, the CHIPR method can not only give a good fitting of ab
initio potential energy points along the whole internuclear region but
also can refine the obtained CHIPR PEC using available experimental
spectroscopic data. Hence, the CHIPR method is a good choice for
providing reliable analytical PECs in the calculation of collision inte-
grals. In addition, the widely used potential functions including the
HH27 and MM32 potentials are also taken into account here. The HH
potential energy function is given by

VHH Rð Þ ¼ De 1� e�a R=Re � 1ð Þð Þ2 þ b
R
Re

� 1

� �3
"

� 1þ c R=Re � 1ð Þ½ � e�2a R=Re � 1ð Þ
#
; (11)

where De is the potential well depth, re is the equilibrium separation,
and a, b, and c are the adjustable parameters obtained either from
spectroscopic data or by non-linear fitting. The MM potential energy
function is given by

VMM Rð Þ ¼ De½ð16 e�b R�Reð ÞÞ2� � De; (12)

b ¼ b0 1þ c R� Reð Þ þ k R� Reð Þ2
� �

; (13)

where the “þ” sign is for repulsive PECs, and the “�” sign is for bound
PECs. b0 and k are the adjustable parameters.

Figure 4 displays three different analytical PECs for the X 1Rþ
g

state [corresponding to N(4S)–N(4S)], along with ab initio potential
energy points. Insets (a) and (b) present the details of PECs at short-
range (about 1.0–1.6 bohr) and dissociated asymptotic (about 3.0–

FIG. 3. An experimentally refined combined-hyperbolic-inverse-power-representa-
tion potential energy curve (Er-CHIPR PEC) (indicated by a line) for the A 3Rþ

u state
[corresponding to N(4S)–N(4S)] based on the experimental spectroscopic data from
Lofthus57 and Miller.58 Ab initio data are from Qin et al.43 and expressed as circles.
The inset (a) exhibits the details of the potential well. The inset (b) depicts the devi-
ation between the vibrational energy levels obtained from the Er-CHIPR PEC and
experimental ones.

FIG. 4. Potential energy curves for the X 1Rþ
g state [corresponding to N(

4S)–N(4S)]:
Ab initio potential energy points, experimentally refined combined-hyperbolic-
inverse-power-representation potential energy curve (Er-CHIPR PEC), Hulburt–
Hirschfelder (HH) PEC, and Modified Morse (MM) PEC. Ab initio potential energy
points are from Qin et al.43 and expressed as circles. All parameters of HH and MM
PECs were adopted by Sourd et al.59 Insets (a) and (b) depict the details of the
short-range region and dissociated asymptotic region, respectively.

FIG. 2. A combined-hyperbolic-inverse-power-representation potential energy
curve (CHIPR PEC) (indicated by a line) for the G 3Dg state [corresponding to N
(4S)–N(2D)]. Ab initio data were obtained from Qin et al.43 and denoted as
circles. The inset (a) exhibits the details of the potential energy well. The inset
(b) depicts the deviation between the CHIPR PEC and ab initio potential energy
points.
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6.5 bohr) regions. The Er-CHIPR PEC was obtained by fitting ab initio
potential energy points.

Table II provides a comparison of collision integrals r2X(1,1)� for
the X 1Rþ

g state [corresponding to N(
4S)–N(4S)] calculated using three

different analytical PECs, i.e., the Er-CHIPR PEC, HH PEC, and MM
PEC. There exist significant differences for the collision integrals
obtained using these three analytical PECs at low temperatures. In par-
ticular, the collision integrals obtained from MM PEC are more than
twice that obtained from the Er-CHIPR PEC at low temperatures,
which indicates that the collision integrals at low temperatures are
more sensitive to the shape of the PECs. With the increase in tempera-
ture, such difference gradually decreases, but still exists. Recently,
Buchowiecki et al.33 pointed out the importance of accurately describ-
ing the PECs in short-range regions in calculating the collision inte-
grals. Hence, reliable analytical modeling of the PECs is desired.

In our subsequent calculation of collision integrals, the CHIPR
method was chosen to fit ab initio potential energy points. A total of
24 electronic states correlating to the N(4S)–N(4S), N(4S)–N(2D), and
N(4S)–N(2P) dissociation limits were considered and their ab initio
potential energy points were obtained by the high-level MRCI calcula-
tions and fitted using the CHIPR method. The CHIPR PECs of the
X 1Rþ

g, A
3Rþ

u, B
3Pg, W

3Du, C00 5Pu, and B0 3R�
u states were also

refined using available experimental spectroscopic data. The obtained

ab initio potential energy points and CHIPR PECs are displayed in
Figs. 5–7, in which PECs are not completely given for clarity. The
details of ab initio potential energy points, CHIPR PECs and the rele-
vant fitting parameters are given in the supplementary material.

It can be noticed that the CHIPR (or Er-CHIPR) PECs are all in
good agreement with ab initio potential energy points. In particular,
the CHIPR method can also provide a good fit for non-Morse poten-
tials, such as A0 5Rþ

u, C
3Pu, E

3Rþ
g, and 1 5Du, etc. (see Figs. S1–S3 in

the supplementary material), while the commonly used analytical
potential energy functions, such as LJ, m-6–8 HH, MS, and MM func-
tions, cannot guarantee suitable fits for these PECs. The RMSDs of the

FIG. 5. The (or experimentally refined) combined-hyperbolic-inverse-power-repre-
sentation potential energy curves (CHIPR or Er-CHIPR PECs) for the electronic
states corresponding to N(4S)–N(4S). The solid lines represent CHIPR or Er-CHIPR
PECs, where the curves of X 1Rþ

g and A 3Rþ
u were refined using available experi-

mental spectroscopic data.57,58 The triangles and circles represent ab initio data,
where data of triple states are from Qin et al.43 and data represented by circles are
computed in this work.

TABLE II. Comparison of collision integrals r2X(1,1)� (Å2) for the X 1Rþ
g state corre-

sponding to N(4S)–N(4S) system.

T (K) Er-CHIPR HH (Sourd59) MM (Sourd59)

1000 9.735 10.414 15.907
2000 7.361 9.000 13.958
5000 5.550 7.181 11.139
8000 4.968 6.285 9.692
10000 4.722 5.876 8.991
15000 4.272 5.119 7.560
20000 3.906 4.534 6.410
30000 3.263 3.623 4.728
50000 2.344 2.485 2.904

FIG. 6. The (experimentally refined) com-
bined-hyperbolic-inverse-power-represen-
tation potential energy curves (CHIPR or
Er-CHIPR PECs) for (a) triplet states and
(b) quintet states corresponding to N(4S)–
N(2D). The solid lines represent CHIPR or
Er-CHIPR PECs, where the curves of B
3Pg, W

3Du and C00 5Pu were refined
using available experimental spectro-
scopic data.57,60,61 The triangles and
circles represent ab initio data, where data
of triple states are from Qin et al.43 and
data represented by circles are computed
in this work.
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CHIPR PECs with ab initio data are less than 20 cm�1 except for the
non-Morse potentials such as A0 5Rþ

u, C
3Pu, E

3Rþ
g, and 1

5Du, etc.
Table III compares several collision integrals with those in the lit-

erature.15,22,62 The collisional integrals from Levin et al.15 were
obtained using a spline fitting of potential energy data, in which exper-
imental ones for X 1Rþ

g and A 3Rþ
u and ab initio ones for A0 5Rþ

g and
1 7Rþ

u were used.
57,63–65 Capitelli et al.62 obtained the collisional inte-

grals using the Morse potential function, LJ potential function and
exponential repulsive function, in which the LJ potential function was
used to compute collision integrals at temperatures below 1000K.
These functions were all obtained based on the experimental spectro-
scopic data for the bound states66 and theoretical potential energies for
the repulsive septet state.67 Buchowiecki et al.22 reported the collision
integrals using the HH potential energy function, which were con-
structed based on the spectroscopic data from Sourd.59 As shown in
Table III, the difference between our collision integrals and those from
Levin et al.15 is within 5% at any temperature. The maximum differ-
ence between our collisional integral and that from Capitelli et al.62

occurs at 6000K and is about 13%. Table IV presents the collision
integrals relevant to the first excited dissociation limit for N(4S)–N
(2D). The collision integrals from Laricchiuta et al.23 and Sourd et al.24

were obtained with the traditional multipotential approach. The

overall deviation is not significant, where the largest difference is 23%
at 20 000K with the results of Sourd et al.24 The main source of devia-
tion between the present work and their calculations is from the differ-
ences of the PECs in the short-range regions, which were obtained by
the different analytical potential energy functions. These deviations
make the collision integral subject to short-range and long-range inter-
actions with large uncertainties in the high and low-temperature
regions, respectively. The collision integrals of N(4S)–N(2D) and N
(4S)–N(2P) interactions were also calculated using the CHIPR PECs
for temperatures at 500–50 000K. Figure 8 illustrates the collision inte-
grals of N(4S)–N(4S), N(4S)–N(2D), and N(4S)–N(2P) systems vs the
temperature. All collision integrals decrease with the increasing tem-
perature in the temperature range of 500–50 000K. The obtained colli-
sion integrals for the N(4S)–N(4S), N(4S)–N(2D), and N(4S)–N(2P)
interactions are also tabulated in the Appendix. By using the CHIPR
method to fit high-level ab initio potential energy points of N2 and
simultaneously refining the PECs using available experimental spec-
troscopic data, we can provide reliable collision integrals in the tem-
perature interval below 50 000K.

IV. CONCLUSIONS

In this work, we have constructed the PECs of 24 electronic states
correlating to N(4S)–N(4S), N(4S)–N(2D), and N(4S)–N(2P) by the
CHIPR method, in which PECs of some low-lying electronic states
were also refined using available experimental spectroscopic data. The
analysis of collision integrals using different analytical potential energy

FIG. 7. The (experimentally refined) com-
bined-hyperbolic-inverse-power-represen-
tation potential energy curves (CHIPR or
Er-CHIPR PECs) for (a) triplet states and
(b) quintet states corresponding to N(4S)–
N(2P). The solid lines represent CHIPR or
Er-CHIPR PECs, where the curves of B0
3R�

u was refined using available experi-
mental spectroscopic data.57 The triangles
and circles represent ab initio data, where
data of triple states are from Qin et al.43

and data represented by circles are com-
puted in this work.

TABLE III. Collision integrals r2X(1,1)� (Å2) for the interaction of N(4S)–N(4S).

T (K) This work Levin15 Buchowiecki22 Capitelli62

500 7.191 7.033 7.67 7.76
1000 6.112 5.962 6.65 6.79
2000 5.157 5.145 5.69 5.25
4000 4.340 4.388 4.73 4.50
5000 4.096 4.140 4.44 4.27
6000 3.900 3.936 4.21 3.45
8000 3.596 3.614 3.85 3.26
10000 3.362 3.366 3.59 3.55
20000 2.639 2.619 2.80 2.81
50000 1.801 1.769 � � � 2.00

TABLE IV. Collision integrals r2X(2,2)� (Å2) for the interaction of N(4S)–N(2D).

T (K) Er-CHIPR Laricchiuta23 Sourd24

1000 8.043 7.0348 6.8684
2000 6.682 5.8568 5.6967
4000 5.472 4.6625 4.6980
6000 4.826 4.0365 4.1260
9000 4.211 3.4940 3.5547
10000 4.057 3.3650 3.4099
20000 3.062 2.5874 2.4890
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FIG. 8. The collision integrals of (a) N(4S)–N(4S), (b) N(4S)–N(2D), and (c) N(4S)–N(2P) obtained using (experimentally refined) combined-hyperbolic-inverse-power-represen-
tation potential energy curves (CHIPR or Er-CHIPR PECs).

TABLE V. N(4S)–N(4S) transport collision integrals (Å2).

T (K) r2X(1,1)� r2X(1,2)� r2X(1,3)� r2X(1,4)� r2X(2,2)� r2X(2,3)� r2X(2,4)� r2X(3,3)�

500 7.824 7.037 6.560 6.206 8.265 7.668 7.265 7.531
800 6.831 6.190 5.766 5.445 7.277 6.809 6.478 6.622
900 6.611 5.995 5.580 5.270 7.061 6.617 6.300 6.412
1000 6.417 5.821 5.419 5.120 6.879 6.453 6.146 6.235
1100 6.251 5.671 5.279 4.989 6.720 6.308 6.009 6.080
1200 6.100 5.537 5.155 4.874 6.578 6.180 5.888 5.940
1300 5.967 5.415 5.044 4.771 6.448 6.062 5.778 5.818
1400 5.845 5.305 4.943 4.677 6.338 5.961 5.680 5.707
1500 5.736 5.209 4.853 4.593 6.234 5.862 5.588 5.608
1600 5.632 5.117 4.770 4.516 6.137 5.775 5.507 5.517
1700 5.541 5.034 4.695 4.444 6.054 5.693 5.428 5.432
1800 5.454 4.956 4.623 4.377 5.972 5.619 5.357 5.355
1900 5.375 4.885 4.557 4.317 5.896 5.549 5.289 5.282
2000 5.297 4.818 4.496 4.257 5.828 5.481 5.223 5.216
2500 4.989 4.541 4.236 4.008 5.527 5.202 4.955 4.937
3000 4.750 4.323 4.032 3.812 5.293 4.977 4.734 4.717
3500 4.554 4.145 3.863 3.647 5.101 4.791 4.550 4.536
4000 4.395 3.998 3.721 3.508 4.938 4.631 4.392 4.382
4500 4.256 3.867 3.595 3.384 4.794 4.490 4.255 4.244
5000 4.138 3.753 3.485 3.274 4.668 4.367 4.135 4.122
5500 4.026 3.651 3.384 3.173 4.547 4.257 4.029 4.012
6000 3.929 3.558 3.292 3.080 4.452 4.158 3.934 3.911
7000 3.759 3.394 3.128 2.915 4.273 3.988 3.770 3.734
7500 3.685 3.321 3.054 2.840 4.195 3.914 3.698 3.654
8000 3.614 3.252 2.985 2.770 4.123 3.845 3.631 3.581
8500 3.548 3.187 2.921 2.704 4.055 3.780 3.566 3.511
9000 3.486 3.126 2.858 2.642 3.991 3.718 3.506 3.446
9500 3.428 3.068 2.799 2.583 3.933 3.661 3.448 3.385
10000 3.372 3.013 2.744 2.528 3.877 3.607 3.394 3.326
15000 2.936 2.578 2.313 2.106 3.440 3.169 2.952 2.877
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TABLE V. (Continued.)

T (K) r2X(1,1)� r2X(1,2)� r2X(1,3)� r2X(1,4)� r2X(2,2)� r2X(2,3)� r2X(2,4)� r2X(3,3)�

20000 2.629 2.278 2.024 1.830 3.128 2.856 2.639 2.570
25000 2.396 2.057 1.816 1.636 2.885 2.615 2.401 2.341
30000 2.214 1.885 1.657 1.490 2.689 2.423 2.215 2.163
35000 2.065 1.749 1.533 1.376 2.527 2.265 2.064 2.019
40000 1.941 1.636 1.431 1.283 2.389 2.133 1.940 1.899
45000 1.835 1.542 1.346 1.206 2.270 2.022 1.835 1.797
50000 1.744 1.461 1.274 1.140 2.167 1.925 1.746 1.710

TABLE VI. N(4S)–N(2D) transport collision integrals (Å2).

T (K) r2X(1,1)� r2X(1,2)� r2X(1,3)� r2X(1,4)� r2X(2,2)� r2X(2,3)� r2X(2,4)� r2X(3,3)�

500 8.770 7.943 7.422 7.032 9.678 8.967 8.498 8.636
800 7.704 6.995 6.496 6.100 8.516 7.967 7.568 7.579
900 7.455 6.760 6.265 5.874 8.264 7.734 7.340 7.332
1000 7.238 6.552 6.061 5.677 8.043 7.527 7.137 7.114
1100 7.042 6.366 5.880 5.506 7.848 7.341 6.953 6.922
1200 6.864 6.197 5.718 5.354 7.672 7.174 6.786 6.751
1300 6.707 6.046 5.574 5.218 7.513 7.018 6.633 6.597
1400 6.562 5.907 5.444 5.098 7.366 6.875 6.493 6.456
1500 6.426 5.781 5.326 4.986 7.230 6.744 6.365 6.328
1600 6.301 5.664 5.218 4.886 7.108 6.624 6.249 6.210
1700 6.186 5.557 5.119 4.793 6.991 6.510 6.138 6.099
1800 6.080 5.458 5.026 4.707 6.881 6.405 6.037 5.997
1900 5.977 5.365 4.940 4.627 6.778 6.305 5.942 5.903
2000 5.885 5.279 4.861 4.551 6.682 6.213 5.855 5.814
2500 5.491 4.917 4.522 4.224 6.272 5.824 5.485 5.433
3000 5.183 4.634 4.254 3.962 5.952 5.521 5.194 5.134
3500 4.934 4.402 4.030 3.742 5.690 5.272 4.955 4.888
4000 4.723 4.205 3.840 3.557 5.472 5.062 4.748 4.677
4500 4.542 4.035 3.675 3.395 5.279 4.878 4.568 4.497
5000 4.384 3.884 3.529 3.254 5.111 4.715 4.408 4.338
5500 4.243 3.749 3.399 3.127 4.961 4.570 4.267 4.196
6000 4.114 3.628 3.281 3.012 4.826 4.439 4.138 4.068
7000 3.891 3.416 3.075 2.809 4.588 4.209 3.914 3.843
7500 3.793 3.322 2.983 2.719 4.485 4.107 3.814 3.743
8000 3.702 3.235 2.897 2.633 4.387 4.012 3.721 3.649
8500 3.618 3.154 2.818 2.555 4.297 3.924 3.636 3.563
9000 3.538 3.077 2.743 2.481 4.211 3.842 3.555 3.482
9500 3.464 3.005 2.672 2.412 4.132 3.763 3.477 3.405
10000 3.393 2.937 2.606 2.346 4.057 3.690 3.404 3.332
15000 2.849 2.412 2.098 1.860 3.472 3.114 2.830 2.777
20000 2.480 2.063 1.773 1.562 3.062 2.707 2.427 2.406
25000 2.208 1.815 1.551 1.364 2.750 2.401 2.133 2.136
30000 2.000 1.631 1.390 1.224 2.499 2.164 1.913 1.930
35000 1.835 1.489 1.269 1.120 2.296 1.976 1.743 1.768
40000 1.700 1.376 1.175 1.040 2.130 1.826 1.610 1.637
45000 1.589 1.285 1.099 0.976 1.991 1.704 1.504 1.530
50000 1.496 1.209 1.037 0.924 1.873 1.602 1.417 1.440
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functions shows collision integrals are sensitive to the trend of PECs.
For PECs in dissociated asymptotic and short-range regions, experi-
mental spectroscopic data are difficult to obtain. Hence, ab initio
potential energy data can be accepted as a benchmark to guide analyti-
cal potential energy functions. This work used the CHIPR method to
fit high-level ab initio potential energy points of N2 and simulta-
neously refining the PECs using available experimental spectroscopic
data. Collision integrals are then calculated for N(4S)–N(4S), N(4S)–N
(2D), and N(4S)–N(2P) at 500–50 000K, in which the interactions
between the excited atoms N(2P) and ground N(4S) are considered for
the first time. Overall, our collision integrals are reliable and can

provide a basis for computing transport properties for N-containing
high-temperature plasmas.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed CHIPR (Er-CHIPR)
curves of N(4S)–N(4S), N(4S)–N(2D), and N(4S)–N(2P) interactions.
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APPENDIX: TRANSPORT COLLISION INTEGRALS AT
500–50000 K

Tables V–VII provide the transport collision integrals (Å2) for
N(4S)–N(4S), N(4S)–N (2D), and N(4S)–N(2P) at 500–50 000 K,
respectively.
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