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ABSTRACT

Transport collision integrals of interacting atoms or ions play a crucial role in modeling transport properties of high-temperature gases and
plasmas. Here, we obtained the potential energy curves (PECs) of CH™ using the internally contracted multireference configuration interac-
tion method with the Davidson correction (icMRCI4-Q) method. The PECs were then used to investigate the transport cross sections and
transport collision integrals for the CT(*P)-H(S), CCCP)-HT('S), C(*D)-HT('S), and C(*P)-H(*S) interactions using the classical mechani-
cal approach and a quantum mechanical treatment of the scattering with Wentzel-Kramers-Brillouin approximations of the scattering phase
shifts. The transport cross sections were obtained in the collision energy of 10~ °~1 hartree, which were used to compute transport collision
integrals for C-H" and C"-H systems over the temperature range of 500-40 000 K. The C( ID)-H"(!S) and C"(*P)-H(*S) interactions are
considered for the first time. Our transport collision integrals can provide data references for computing transport properties of high-
temperature plasmas involving C and H atoms/ions.
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I. INTRODUCTION

The methylidyne cation, CH™, has been detected in a variety of
astronomical environments, including the Orion Bar photodissociation
region (PDR)," interstellar medium (ISM),” envelope of the Red
Rectangle,” planetary nebula NGC 7027, the massive star-forming
region DR21,” Herbig Be star HD 100546,° distant high-mass star-
forming regions (SFRs),” diffuse molecular clouds,”” and Titan atmo-
sphere.'” CH™ is quite abundant in the interstellar space, which is
believed to be one of the most important building blocks of interstellar
organic molecules'’ and to be of great significance in astrophys-
ics.”'”"'* CH™ has also attracted great attention in the industry. For
example, the CH" plasma is closely linked to the critical fusion reactor
design issue of tritium codeposition in tokamaks with carbon as wall
material.* Modeling the astronomical environments containing C and
H atoms/ions or the related plasmas usually requires their transport
coefficients, including the viscosity, thermal conductivity, electrical
conductivity, and so on.

Transport coefficients at high temperatures are very difficult to
measure in experiments; thus, theoretical calculations are widely
used.'® For the heteronuclear neutral-ion interactions (e.g. XT-Y and
X-Y" interactions), the transport coefficients can be determined using
the transport collision integrals, which can be obtained based on the
transport cross sections,”” *’ such as the momentum-transfer cross
section (MTCS) and viscosity cross section (VCS). The charge
exchange cross sections for collisions between heteronuclear neutrals
and ions are small compared to the elastic transport collision integrals
(including MTCS and VCS) and can be neglected.”' To obtain the first
order approximation of diffusion coefficient and viscosity coefficient,
the MTCS and the VCS are required, respectively. For the second or
third order approximation of transport coefficients, such as electrical
conductivity and thermal conductivities, the third moment cross sec-
tion Q¥ is required.

As early as 2002, Schultz and Krsti¢”” reported transport cross
sections for the C('P)-H " ('S) interaction using one-channel quantum
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mechanical (QM) method based on ab initio PECs in the energy range
of 0.1-200eV. Sourd et al.”” determined transport cross sections and
transport collision integrals for the interactions of 12 atoms and atomic
ions in e/C/H/N/O mixtures, which were used to obtain their transport
coefficients in the temperature range of 9000-20 000K at p=1bar
and 11000-20000K at p=10bar, in which C*(*P)-H(*S) and C
(P)-H"('S) interactions were considered. Transport cross sections for
the CT(*P)-H(®S) and C(’P)-H™('S) interactions were investigated by
Liu et al”* using the multichannel quantal molecular orbital close-
coupling (QMOCC) method based on ab initio PECs in the energy
range of 10 *~10eV. Sanon and Baronnet™ calculated the transport
coefficients for the thermal plasma composed of Ar/C/H/O/N in the
temperature range from 1000 to 15000 K based on the transport colli-
sion integrals for 595 interactions, including CT(*P)-H(*S) and C
(P)-H™('S) interactions. Subsequently, a systematic study of high-
temperature transport coefficients of the carbon and water mixtures
was undertaken by Wang et al.,”® who computed the transport coeffi-
cients for the CCP)-H™('S) interaction using the transport collision
integrals from Sourd et al.”’ The investigations mentioned above only
focused on the CT(*P)-H(%S) and C(*P)-H™('S) interactions and did
not present the specific values of transport collision integrals. Other
possible interactions between the atomic ground and excited states in
the related plasmas, such as C('D)-H™('S) and CT(*P)-H(?S) interac-
tions, are also of paramount importance at high temperatures because
the high-temperature environment can trigger off the formation of
excited-state neutrals and ions, whose numbers increase with increas-
ing temperature.”’

The quantum approach and the classical mechanical (CM)
approach are used frequently to calculate the transport cross sections.
Recently, Buchowiecki and Szabé™* computed the transport cross sec-
tions and transport collision integrals of the N-H, N-H", H-N", and
0-0 systems using the CM approach and a quantum mechanical
treatment of the scattering with Wentzel-Kramers-Brillouin (WKB)
approximations of the scattering phase shifts (named QM-WKB in
this work), considering the temperature range of 300-1000 K. For the
considered most temperatures, the discrepancies between the collision
integrals obtained by both methods are less than 1% and the collision
integrals for the repulsive potentials computed by the CM and
QM-WKB methods show good agreement. Note that the accuracy of
transport cross sections and transport collision integrals is not only
influenced by the theoretical and computational methods but also
strongly relies on the reliability of the underlying potential energy
curves (PECs).

The analytical potential energy functions used frequently to
calculate the transport collision integrals, including Lennard-Jones
wp,” m-6-8,777° Hulburt-Hirschfelder (HH),>*"*
Murrell-Sorbie (MS),”” and modified morse (MM)*’ potentials, rely
on the experimental spectroscopic data and can produce accurate
potential wells of PECs. However, it is questionable in the resulting
transport collision integrals due to the uncertainty of PECs in both the
dissociated asymptotic and short-range regions. In addition, the
excited states, particularly repulsive ones, are believed to have a signifi-
cant impact on determining the transport collision integrals.””
Buchowiecki and Szab6*' concluded that using a simple exponential
function to represent the repulsive PECs is not suitable for accurately
calculating transport collision integrals across a wide range of tempera-
tures. They also compared the transport collision integrals computed
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using the CM method based on various PECs, such as HH, MS, and ab
initio PECs, and pointed out that high-quality ab initio potential
energy points are needed to obtain reliable transport collision integrals.
To mitigate the issues stated above, it is essential to adopt accurate
PECs across the whole internuclear distance, which can be used to
obtain reliable transport collision integrals and then effectively predict
transport properties.

With the development of quantum chemistry methods,””** the
computational accuracy of ab initio PECs has improved significantly.
Ab initio potential energy data can be accepted as a baseline when
experimental spectroscopic data are not available. As early as 1995,
Aziz et al.'® obtained the transport properties and virial coefficients of
helium based on the state-of-the-art ab initio PECs. Transport collision
integrals for the N(*$)-H(*S), N(*D)-H(*S), and N(*P)-H(*S) interac-
tions together with the H-N*, N-H", N*"-H, and N"-H" interac-
tions are calculated and analyzed by Buchowiecki and Szabé™”*' based
on ab initio PECs. The transport cross sections and integrated cross
sections for interactions of hydrogen and nitrogen atoms and ions in
their ground and excited states are also obtained by Buchowiecki'’
using the CM approach and the QM-WKB method based on extrapo-
lated ab initio PECs. In our group, Ding et al.** calculated transport
collision integrals for N(*S)-N(*S), N(*S)-N(*D), and N(*S)-N(*P)
interactions using the analytically fitted the combined-hyperbolic-
inverse-power-representation (CHIPR)"* ™’ functions to high-level ab
initio potential energy points of N,. The CHIPR method can give
nearly the same transport collision integrals as those from the interpo-
lation and extrapolation of ab initio potential energy points, but this
method may cost huge time on fitting PECs for all the electronic states.
The collision data, including the resonant charge exchange and elastic
cross sections as well as the inelastic, elastic, and total transport colli-
sion integrals, for the N(*S)-N1(*P) and N(*S)-N"('D) interactions,
were also obtained by Ding et al.” using the QM-WKB method based
on ab initio potential energy points. Hou et al.”’ obtained the transport
collision integrals for the CCP)-H(S), C(S)-H(?S), C(*S)-H(*S), and
C('D)-H(®S) interactions based on the extrapolated ab initio PECs of
CH over the temperature range of 500-50 000 K. Therefore, using the
ab initio potential energy points is a significant ingredient for accurate
calculations of transport collision integrals.”””**

Given the above consideration, this work aims to use QM-WKB
and CM methods to calculate the transport cross sections for elastic
collisions of carbon and hydrogen atoms and ions (C*-H and C-H™)
based on the state-of-the-art ab initio PECs and then to determine
transport collision integrals for CT(*P)-H(S), CCP)-HT(!s), C
('D)-H"('S), and C*(*P)-H(*S) interactions. Section 11 provides the
theory and methods for computing PECs, transport cross sections, and

TABLE |. Statistical weights for the electronic states of CH™.

CT(*P)-H(®S)  C(CP)-H™('S) C(D)-H™('S) CT(*P)-H(*S)

State w; State w; State w; State w;

Xzt o112 1% 39 2zt 15 2% 324
AT 2/12 2°%1 6/9 1'A 2/5  3°M  6/24
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TABLE II. Electronic states of CH™ and their corresponding dissociation limits. The irreducible representation of the C,, point group is (A;, By, B,, and
A,), and its corresponding relationship to the C,, point group can be
Dissociation limit Molecular electronic states described as follows: =© — A;, 2~ — Ay, IT — (B, By), A — (A}, A,).
CH(P)-HES) 235 331,155, and 1 °11 To calculate the PECs for singlet and triplet electronic states, the
C('D)-H*('9) 2'=%,1'A,and 2 '
CCP)-H"('s) 1% and 2°I1
CT(*P)-H(*S) X2, AL, a0, and 1327

transport collision integrals. Section III discusses the corresponding
results. Finally, a conclusion is drawn in Sec. V.

Il. THEORY AND METHODS
A. Ab initio calculations of potential energy curves

For CH™, PECs of 13 electronic states, including the X 'E¥, A
L2 'S5, 1A, 20,2 °TL, 1°2Y, 1°27, 2%, 2°2 7, 3 °1L, 1°°% 7,
and 1 °TI states, correlating with the first four dissociation channels
were calculated with the MOLPRO 2015 quantum chemistry pack-
age.””" The PECs are obtained using the state-averaged complete
active space self-consistent field (SA-CASSCF) approach,”*“” followed
by internally contracted multireference configuration interaction
method with the Davidson correction (icMRCI+Q),** " which is
widely used to study the PECs of diatomic molecules.”””* CH"
belongs to the C,.,, symmetry. Our calculation of the PECs for CH™ is
performed in its largest Abelian subgroup (C,,) because MOLPRO
cannot deal with the non-Abelian (such as C,,) symmetry.

V(r) (Hartree)
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FIG. 2. Panel (a) represents our PECs for CH™ correlating with the C(2P)-H(%S)
FIG. 1. Potential energy curves of CH" calculated using the icMRCI method with dissociation limit. The differences between our PECs and those from Biglari etal,”
the aug-cc-pwCV5Z-DK basis set for the C atom/ion and the aug-cc-pV5Z basis set Mbiba Touedebe et al.,”* Saxon et al.,** Green et al.,** and Liu et al.*" are shown
for the H atom/ion. in panels (b)—(f), respectively.
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electrons in the 1s shell of C are put into one closed-shell orbital with
one a; orbital, no b, orbital, b, orbital, and a, orbital. The remaining
four electrons are placed into 11 outermost MOs, which constitute the
active space: five a, orbitals, three b, orbitals, three b, orbitals, and no
a, orbital. The orbitals of active space are called (5, 3, 3, 0). For the cal-
culation of the PECs for quintet states, one MOs (1, 0, 0, 0) is kept
closed in the reference space, and an extra two a,; orbitals are added in
the active space to describe the excited quintet states. The aug-cc-
pwCV5Z-DK basis set is selected for describing the C atom/ion,

(@ ]

V(r) (Hartree)

Difference (10 Hartree)

r(A)

FIG. 3. Panel (a) represents our PECs for CH™ correlating with the C(*P)-H™('S)
dissociation limit. The differences between our PECs and those from Biglari et al.,”"
Mbiba Touedebe et al.,** Schultz and Krstié,* and Liu et al.** are shown in panels
(b)-(e), respectively.
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considering the core-valence (CV) correction. The aug-cc-pV5Z basis
set is adopted for representing the H atom/ion. Scalar relativistic energy
correction was calculated via the third-order Douglas—Kroll-Hess
(DKH3) Hamiltonian approximation”” " at the icMRCI level of the-
ory. The basis-set extrapolation is not considered in this work. The
PECs of singlet electronic states were computed at the internuclear dis-
tances from 0.2 to 9.5 A with step sizes of 0.05 A for 0.2-04, 0.9-1.2,
and 2-4 A, 0.02A for 0.4-0.9 and 12-24, 0.1 A for 4-5A, and 0.5A
for 5-9.5 A. The PECs of triplet electronic states were computed at the
internuclear distances from 0.2 to 9.5 A with step sizes of 0.05A for
02-03, 0.9-1.2, and 2-4 A, 0.02A for 0.3-09 and 1.2-2A, 0.1 A for
4-5A, and 0.5A for 5-9.5A. The PECs for quintet states were com-
puted at the internuclear distances from 0.2 to 9.5 A with step sizes of
0.05A for 0.2-1.2 and 2-4 A, 0.02 A for 1.2-2A, 0.1 A for 4-54, and
05A for 5-95A.

For the calculation of collision integrals, ab initio potential energy
points need to be extrapolated over the short and long ranges of inter-
nuclear distance r. In this work, the potential energy points were
extrapolated by the following function for the short-range region at
R<02A:

V(r) = Aexp (—Br) + C, (1)

where A, B, and C are fitting parameters. The cubic spline was used to
interpolate the ab initio points. The total root mean square (RMS)
errors of the cubic spline interpolation functions to ab initio potential

g
o

@

V(r) (Hartree)

-11.0

Difference (10~ Hartree)

— 2y —2' @
1 2 3 4
r (&)

FIG. 4. Panel (a) represents our PECs for CH™ correlating with the C('D)-H*('S)
dissociation limit. The differences between our PECs and those from Biglari et al.,”’
Mbiba Touedebe et al,*” and Saxon et al.” are shown in panels (b)-(d),
respectively.

Phys. Fluids 35, 107139 (2023); doi: 10.1063/5.0171776
Published under an exclusive license by AIP Publishing

35, 107139-4

1¥'9G°L L €202 1890100 G2


pubs.aip.org/aip/phf

Physics of Fluids

energy points do not exceed 107 cm™'. To ensure continuous and
smooth PECs, the long-range region at R > 9.5 A was extrapolated by
the following function:
G G

V(T):—ﬁ—ﬁ+ V(r —o0), 2
where Cs and C, are state-dependent coefficients, which were esti-
mated by fitting ab initio points. The fitting parameters to PECs of
CH™ in Egs. (1) and (2) are listed in Tables IV and V in the Appendix.

B. Quantum and classical approaches for determining
cross sections

A quantum mechanical description of the scattering with WKB
approximations to the scattering phase shifts was used to obtain trans-

ARTICLE pubs.aip.org/aip/pof

2 —
Q<s>(E):4;; 31+ 1)(B+2-1)

2I—1)(2l +5) sin® (01 = dr1)

NgE

I

Il
S

I+ 1) +2)(1+3)
(21+3)(21+5)

sinz(éz — 5l+3)] , (5)

where ¢, is the scattering phase shift related to the Ith partial wave,
k = \/2uE, E is the collision energy, and y is the reduced mass of the
interacting atoms. The scattering phase shifts J, can be obtained from
the WKB approximation,

8)(E) = k lim J \/1 V) (412

r'—o0 re E k*r?
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port cross sections. The quantum mechanical cross sections’® related _ Jr 1— Mdr , (6)
to transport properties, such as diffusion coefficient and viscosity coef- (+1/2)/k ker?
ficient, are MTCS,
QW(E) = @i(u 1) sin®(6; — 941) (3)  TABLE Ill. Compari i i *
=73 i 1+1), . Comparison of spectroscopic constants for electronic states of CH™.
1=0
and VCS, State Ref. T.(cm™) D. (cm™) ro(A)
an & (I+1)(1+2) | Xzt This work 0.0 34 333.0835 1.13
QUE) =5 oias S0 dua), ) Exp. 0.0 34363 1.130 88"
=0 Ref. 81 0.0 34227 1.13
and the third moment cross section Q® is as follows: Ref. 83 0.0 33391 1.129
Ref. 85 0.0 oo 1.1404
0.8 . Ref. 86 0.0 37585 1.1250
- — (a) A Thiswork 241934216  10167.6752 123
g 06k —_ %y Exp. 24119° 10 308" 1.23505"
E —_1 5y Ref. 81 24236 9992 1.239
= o4l — 171 Ref. 85 23366 13118
X Ref. 86 s 12340 1.2055
1'A This work 52737.4055 10 860.0761 1.23
Exp. 52534° 10 865° 1.2325°
Ref. 81 52897 10815 1.234
Ref. 85 53016 s 1.2864
0 Ref. 86 = 12663 1.2086
B a’ll This work ~ 9808.3827 244972990  1.13
= Exp. e e 1.1348"
:9 Ref. 81 9708 24519 1.135
S Ref.85 8804 . 1.1473
g Ref. 86 . 27745 1.1261
g 1°2”  Thiswork  39408.7770  14741.6840  1.25
A Exp. e e 1.2416"
Ref. 81 38689 14783 1.244
Ref. 85 36681 cee 1.2954
1°% This work 66 820.0457 14 258.9846 1.47
Ref. 81 63058 14241 1.477
Ref. 85 58 608 s 1.5018
r (&)
“Ref. 88.
FIG. 5. Panel (a) represents our PECs for CH* correlating with the C*(*P)-H(%S) PRef. 87.
dissociation limit. The differences between our PECs and those from Biglari et al.”" “Ref. 89.
and Mbiba Touedebe et al.** are shown in panels (b) and (c), respectively. “Ref. 90.
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where V(r) is the potential energy function describing interatomic
interaction, E is the collision energy, and r, is the classical turning
point, namely, the distance of the closest approach.
In classical mechanics, the cross sections are expressed by inte-
grating over the impact parameter b,
o0

Q"(E) =27 [ b(1 — cos[y(b, E)])db, (7)

Jo
with the deflection angle

o dr

T 2 ’
<2 /l_b_z_V(”)
r E

If two particles interact according to more than one PEC, the
transport cross section is defined as the weighted average,””””

E wiQi(E)
! i
Qav (E) - Z W ) (9)

$(b.E) =7 zb[ (®)

where w; are the statistical weights according to molecular term sym-
bols™® " and listed in Table 1. Qf (E) is the (CM or QM-WKB) trans-
port cross sections associated with each dissociation limit at the ith
electronic state.

pubs.aip.org/aip/pof

From the (CM or QM-WKB) transport cross sections, the
reduced transport collision integrals can be calculated by

QU — 1
114 (-1)
s+2 | e S
(kgT) " "m(s+ 1)1 PR
x J e FDpt1Ql (E)dE. (10)
0

lll. RESULTS AND DISCUSSION

In this work, 13 electronic states of CH" are considered and
shown in Table I, together with their corresponding dissociation lim-
its. Figure 1 shows the computed PECs of these 13 electronic states.
There exist four electronic states correlating with the CT(®P)-H(%S)
dissociation limit, including the X "%, A 'TT, a °TT, and 1 *Z7 states.
It is worth noting that the 1 X state is repulsive while the X 'Z", A
'T1, and a *TI states possess potential wells of varying depths. The 1
3%~ state is bound with a potential well of about 0.07 hartree, the 2 1
state is repulsive, and both states converge to the CCP)-H'('S)
asymptote. The 2 'S7, 1 'A, and 2 'IT states correlate with the C
(*D)-H*(*S) dissociation limit. The 1 'A state possesses a potential
well of about 0.05 hartree, and the 2 'IT state is repulsive, while the 2
'S state presents a potential well and a potential barrier emerges

(a) C*(P)-H(S) (b) CCP)-H'('S)
10°
T 21l
&) 10
3
10t
100 1 | | | |
10°F
& 1P
)
101 F
100 1 | 1 | 1 | 1 1 1 1
10° 10° 10* 10° 102 10! 10° 10° 10° 10* 10° 102 10 10°

E (Hartree)

E (Hartree)
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U S——— above its dissociation limit. There are four electronic states that con-

verge to the C"(*P)-H(®S) asymptote, including the 2 *X~, 3 °TI,

C+(2P)—H(ZS) 1°%7, and 1 °IT states. The 1 X" state has a potential well of about

0.07 hartree, while the 2 X7, 3 °IT, and 1 °IT states are repulsive. Our

calculated maximum ab initio potential energies of the 13 electronic

states lie at 0.2 A and are more than 7 hartree above their dissociation

500 | i limits, which enables accurate calculation of transport cross sections
and transport collision integrals.

Comparisons between our PECs correlating with the first four
dissociation channels of CH" and those computed by other research-
ers are made to verify the reliability of our ab initio data, which are
shown in Figs. 2-5. Panel (a) of Figs. 2-5 represent our PECs calcu-
lated using the icMRCI method with the aug-cc-pwCV5Z-DK basis set
for the C atom/ion and the aug-cc-pV5Z basis set for the H atom/ion.
Panel (b) of Figs. 2-5 represents the differences between PECs calcu-
lated by Biglari et al.*' using the MRCI method with the cc-pV5Z basis
set and our PECs. Panel (c) of Figs. 2-5 shows the differences between
PECs calculated by Mbiba Touedebe et al.** using the MRCI method
17 109 g 1073 a2 10! 10° with the cc-pV6Z basis set and our PECs. Panel (d) of Figs. 2 and 4

E (Hartree) represents the differences between PECs computed by Saxon et al.*’
using the configuration interaction (CI) method and the extended

FIG. 9. The difference between MTCSs for the C*(?P)-H(?S) interaction obtained Slater-type basis and our PECs. Panel (d) of Fig. 2 represents the differ-
by the QM-WKB and CM methods. ences between PECs calculated by Green et al** in the CI calculations
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with the Slater-type basis and our PECs. Panel (f) of Fig. 2 and panel
(e) of Fig. 3 represent the differences between PECs computed by Liu
et al.”* using the multireference single- and double-excitation configu-
ration interaction (MRD-CI) method with the cc-pVQZ basis set and
our PECs. Panel (d) of Fig. 3 shows the differences between PECs cal-
culated by Schultz and Krsti¢*” using the MRD-CI method with the
atomic orbital basis sets that consisted of contracted Cartesian
Gaussian functions. The PECs of these 13 electronic states of CH™"
show reasonable agreement with previous calculations,”’** especially
the more recent ones, except for those of the 2 T and 2 'S states
obtained by Saxon et al,” and 13X state from Liu ef al.,”* which
may result from the difference in the optimization of orbitals or differ-
ent basis sets adopted. The spectroscopic constants computed in the
present work are compared with those of the previous studies®"***%°
and with the experimental values” ”’ in Table I1I. Our adiabatic exci-
tation energy (T,) and dissociation energy (D,) for X 1", A ', and

Physics of Fluids ARTICLE

pubs.aip.org/aip/pof

1 'A states are closer to the experimental values. The equilibrium inter-
nuclear distance (r.) for the X '™, A 'IT, a °II, 1 'A, 1 27, and
1 >Z" states shows reasonable agreement with previous calculations.
Overall, our ab initio PECs of CH" are reliable and can be used to cal-
culate the corresponding transport collision integrals.

The obtained PECs of CH were used to calculate the transport
cross sections for the CT(*P)-H(S), C(’P)-H"(!S), C(*D)-H"('S),
and CT(*P)-H(®S) interactions using QM-WKB and CM methods,
which are shown in Figs. 6-8 for MTCS Q, VCS Q?, and the third
moment cross section Q™ respectively. The transport cross sections
computed by the QM-WKB and CM methods are nearly identical in
the high collision energy regions. For example, the MTCSs for the C
(*P)-H™('S) interaction obtained by the QM-WKB method are almost
the same as those obtained by the CM method in the collision energy
of 0.02-1hartree. The transport cross sections obtained by the QM-
WKB method oscillate around ones determined from the CM method
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FIG. 11. Transport collision integrals of the (a) C*(2P)-H(%S), (b) CCP)-H*('S), (c) C('D)-H*('S), and (d) C*(*P}-H(3S) interactions calculated with the QM-WKB method.
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in the low collision energy regions. For collision energies below about
4.5 x 10> hartree, the QM-WKB transport cross sections show more
significant deviations from the CM results. For example, the MTCS for
the CCP)-HT('S) interaction obtained by the QM-WKB method is
about twice that obtained by the CM method at the considered lowest
energy of 10~ hartree. Figure 9 shows an example of the differences
between MTCSs for the CT(*P)-H(*S) interaction obtained by both
methods. As shown, there are slight differences in the high collision
energy regions and huge differences in the low collision energy regions.
The transport cross sections are not only influenced by the transport
cross sections of related electronic states, but also influenced by the
number of electronic (both bound and repulsive) states, and their sta-
tistical weights correlating with their dissociation limits.

Figure 10 shows the comparisons between our transport cross
sections for the CT(*P)-H(®S), CCP)-H"('S) interactions and those

pubs.aip.org/aip/pof

computed by other researchers.””** Our transport cross sections for
the C™(*P)-H(*S) interaction are close to those from Schultz and
Krstié,”” and Liu et al”* in the collision energy of 0.04-1 hartree as
shown in Fig. 10. Differences are visible between the transport cross
sections for the CT(*P)-H(*S), C(’P)-H " ('S) interactions obtained in
this work and those from Schultz and Krsti¢,”> and Liu et al.”* in the
low collision energy ranges, which may be caused by the different
methods of calculating transport cross sections and the difference of
PECs.

The transport cross sections for the CT(P)-H(S), C
CP)-H™('S), C('D)-H™('S), and CT(*P)-H(*S) interactions were
used to calculate the transport collision integrals over the temperature
range of 500-40 000 K. Figure 11 shows transport collision integrals
for the C*(*P)-H(*S), CCP)-H"('S), C('D)-H'('S), and C*(*P)-H
(®S) interactions computed with the QM-WKB method, and Fig. 12

1¥'9G°L | €202 1890100 G2
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FIG. 12. Transport collision integrals of the (a) C*(2P)-H(®S), (b) C(P)-H™('S), (c) C('D)-H*(*S), and (d) C*(*P)-H(%S) interactions calculated with the CM method.
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FIG. 13. Differences of transport collision integrals for the (a) C*(P)-H(S), (b) C(*P)-H*("S), (c) C('D)-H*('S), and (d) C*(*P)-H(*S) interactions between the QM-WKB

and CM methods.

displays those calculated with the CM method. All transport collision
integrals decrease with increasing temperature over the whole temper-
ature range considered here. The QM-WKB and CM methods pro-
duce significantly different transport cross sections in the low collision
energy regions, while the resulting transport collision integrals are very
similar. All the discrepancies between the transport collision integrals
obtained using QM-WKB and CM methods are less than 1% in the
temperature range of about 2500-40 000K except for 6°Q>" of the
CT(*P)-H(®S) interaction. The maximum deviation for o?Q®®" of
C"(®P)-H(®S) interaction obtained using QM-WKB and CM methods
is 3.22% at 500 K. Figure 13 presents the differences of transport colli-
sion integrals for the CT(*P)-H(*S), CCP)-H'('S), C(‘'D)-H"('S),
and CT(*P)-H(*S) interactions between the QM-WKB and CM meth-
ods. There are larger differences of the transport collision integrals
obtained using QM-WKB and CM methods in low-temperature
ranges, which may be caused by the different transport cross sections
obtained by the QM-WKB and CM methods in the low collision
energy regions. The discrepancies of the transport collision integrals
obtained using those two methods are getting smaller with increasing
temperature. Buchowiecki and Szabé"' pointed out that the maximum
difference of transport collision integrals computed using the CM
method introduced by various PECs, such as HH, MS, and ab initio
PECs, may exceed 20%, which means that the inaccuracy of transport
collision integrals introduced by the QM-WKB and CM approaches is
possibly smaller than the that introduced by the PECs. Detailed data
on our calculated transport collision integrals are given in the supple-
mentary material.

Here, we take the collision between carbon atoms and H ions as
an example to explain the effect of the excited states on the transport
properties. It is assumed that the C atoms and H ions in a plasma mix-
ture with a certain pressure are in thermodynamic equilibrium and
their numbers in ground and excited states satisfy the Boltzmann dis-
tribution equation. Carbon atoms in ground and excited states as a
proportion of the total number of carbon atoms can be estimated at a
temperature of T,

n; = nT—gi ¢ bi/ksT (11)

Z(T)

where #; is the number density of ith atomic excited state, g; is the
degeneracy of ith atomic excited state, E; is the energy of ith atomic
excited state, nr is the total number density of atomic carbon, and Z
(T) is the electronic partition function of carbon atoms. At 40 000K,
the number of carbon atoms in the first excited state constitutes 19%
of the total carbon atoms (1, =0.1917). The excitation of hydrogen
ions can be ignored in the considered temperature range. Based on the
predicted numbers of C in ground and excited states, the percentage of
the contributions of transport collision integrals ¢?Q""* obtained
using QM-WKB method for CCP)-H'('S) interaction at 4000K is
98.69%, which is 1.31% for the C("D)-H™('S) interaction, whose sum
is 100%. The percentages of the contributions of transport collision
integrals 2QUY* for the CCP)-H'(*S) and C(*D)-H"('S) interac-
tions at 10000 K are 91.38% and 8.62%, respectively. At 40000K, the
percentages of the contributions of transport collision integrals
2QUY* for the CCP)-H' (!S) interaction dropped to 78.76%, which
is up to 21.24% for the C("D)-H ™ ('S) interaction. Therefore, transport
collision integrals of the interactions between the atomic/ionic ground
and excited states should not be ignored in plasma modeling at high
temperatures.

IV. CONCLUSIONS

In this work, we have used the QM-WKB and CM methods to
carry out a comprehensive theoretical investigation of the transport
cross sections and transport collision integrals for the C*(*P)-H(*S),
CCP)-HT('S), C('D)-HT('S), and CT(*P)-H(*S) interactions based
on the extrapolated ab initio PECs of 13 electronic states over the tem-
perature range of 500-40000 K. The C('D)-H('S), and CT(*P)-H
(®S) interactions are considered for the first time. The PECs of CH"
are obtained using the icMRCI4-Q method with the aug-cc-pwCV5Z-
DK basis set for the C atom/ion and the aug-cc-pV5Z basis set for the
H atom/ion and are then compared with those computed by other
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TABLE IV. The fitting parameters to PECs of CH™ in Eq. (1).
State A (10%) B C State A (10°) B C
X1zt 8.351 366 9.000 043 168 850.817 1'A 8.037 792 8.772 560 190404.264
A'Tl 8.212616 8.914 629 195977.013 21 8.409 095 9.266 317 319261.385
a’ll 8.302 057 8.956 658 175057.465 232~ 8.306 408 9.217 285 285172.984
17z 8.307 786 9.218 960 328 597.580 3°11 8.009 288 8.911 096 292 897.207
132 8.104 211 8.833373 191 951.962 1°%° 8.281 009 9.231 146 248269.326
2311 8.403 502 9.306 602 298 424.300 1°T1 8.277 381 9.119653 370862.305
2% 8.014 863 8.774219 208 444.841

researchers to verify the reliability of our ab initio PECs, which shows
that our ab initio PECs are reliable. The resulting transport cross sec-
tions and transport collision integrals are of great importance for com-
puting the transport properties of high-temperature plasmas involving
C and H atoms/ions.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of transport collision
integrals.
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APPENDIX: THE FITTING PARAMETERS TO PECS

The fitting parameters to PECs of CH™ in Egs. (1) and (2) are
shown in Tables IV and V, respectively. The units of V(r) in Egs.
(1) and (2) are cm ™.

TABLE V. The fitting parameters to PECs of CH™ in Eq. (2).

State  Cs (10°) C,(107)  State  Cs(10°) C, (107)

X!t —4.626885 41.64196 1'A 04427110 —3.984399
AT  —8.020060 72.18054 2'I1 —40.05657  360.5092
a’Il  —1.368664 1231798 233~ —0.1516112 1.364500
1°2" 0.06806009 0.6125408 3°I1 —0.06844461 0.6160015
1°2 0.5881133 —5293019 1°X~ —2.029053  18.26148
23 —2352907 21.17616 1°T1 —1.557744  14.01969
213" —36.81274 331.3147
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