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Carbon sulfide cation (CS™) plays a dominant role in some astrophysical atmosphere environments. In this work, the
rovibrational transition lines are computed for the lowest three electronic states, in which the internally contracted multiref-
erence configuration interaction approach (MRCI) with Davison size-extensivity correction (+Q) is employed to calculate
the potential curves and dipole moments, and then the vibrational energies and spectroscopic constants are extracted. The
Frank—Condon factors are calculated for the bands of X?Z+—AIT and X?Z+-B2Z* systems, and the band of X?>Z+-AIT
is in good agreement with the available experimental results. Transition dipole moments and the radiative lifetimes of the
low-lying three states are evaluated. The opacities of the CST™ molecule are computed at different temperatures under the
pressure of 100 atms. It is found that as temperature increases, the band systems associated with different transitions for the
three states become dim because of the increased population on the vibrational states and excited electronic states at high

temperature.

Keywords: CS™, dipole moment, transition dipole moment, opacity

PACS: 31.50.Df, 31.15.ag, 31.15.aj

1. Introduction

Carbon sulfide cation (CS™) has received considerable at-
tention owing to its dominant role in spectroscopy and astro-
physics. In astrophysics, several sulfur compounds!'~®! (CS,
CS™, HCS™, C,S, C3S, and CsS) have been observed in in-
terstellar molecular clouds, and the CS™ molecular ion is the
first sulphur-bearing molecular detected in diffuse interstellar
clouds.® Because CS™ is a short-lived and highly reactive di-
atomic molecular ion, the CS™ ion is usually considered as an
important precursor and an intermediate in the formation of
HCS™.1711I The protonated molecular ion HCS™ ! has been
detected in the interstellar medium through radio-astronomical
spectra, and has attracted extensive attention to understand the
sulfur chemistry of interstellar clouds. In spectroscopy, pre-
cise and reliable spectroscopic constants and vibrational prop-
erties of molecules are effective in investigating properties of
diatomic molecules. The molecular constants of CS™ can be
used as a diagnostic of the CS™ abundancy in outer space.

On the theoretical side, a number of previous studies
have aimed to understand the low-lying electronic states of
CS™* ion. In 1985, Larsson!®! used the complete active space
self-consistent field (CASSCF) and configuration interaction
methods to calculate potential energy curves (PECs) and spec-
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troscopic constants for the X?2F, A%I1, and B?L™ states of
CS™. Based on the CASSCF wave functions, he also obtained
the electronic transition moments for the AZI1-X22+, B2Xt—
X235+, and B2Xt—AZI1 transitions, and evaluated the radia-
tive lifetimes of the AZIT and B2X " states. In 2008, Honjou 1
studied the potential energies of the X>X*, A’I1, B>X*, and
C?x* states of CST by employing the ab initio method and
simulated the photoelectron spectrum of CS. In 2010, Chenel
et al."" studied the adiabatic potentials and couplings of the
24%, and 2*11 states in the CS™ system employing the multiref-
erence configuration interaction (MRCI) method and obtained
the charge transfer cross sections using the quantum and semi-
classical approaches. Later, the vibrational levels for X?X+
and AIT states of CS™ were determined by Wang et al.!”! and
Kaur et al.'''l at MRCI level of theory. In 2013, Li et al.!'?)
used the MRCI method with Davison size-extensivity correc-
tion (+Q) to calculate the potential energy curves of the low-
lying 18 A-S electronic states of CS™ correlating with the two
lowest dissociation limits.

On the experimental side, Coxon!'?! measured the inten-
sity and wavelength for the CS* (A’II-X?.*) band system
excited by the reaction of metastable He with CS,. Latter,
Tsuji et al.'"* and Cossart et al.!'>) measured and analyzed
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the CS* (B2XT—X2X*) emission spectrum in the 220-340 nm
region. In 2002, Liu ez al.!'! studied the absorption spectrum
of the (5,0) and (6,0) bands of the X2X " — AZII transition of
CS™ employing velocity modulation absorption spectroscopy.
Recently, Li et al.!'”] measured the absorption spectrum of the
(2,1) band in the A’TI-X?X+ system of CS™ by using the op-
tical heterodyne velocity modulation absorption spectroscopy.

Although CS™ ion has great significance in astrophysi-
cal environments, the accurate and systematic study of the
absorbed cross sections is limited and scarce. The previous
studies of CS™ are mainly limited on the basic spectroscopic
constants and molecular structure calculations. In the present
work, the PECs and transition dipole moments (TDMs) are
computed by employing the ab initio method. Based on the
calculated molecular structure data, the vibrational energy lev-
els, vibrational wave functions, and spectroscopic parameters
of bound states of CS™ are obtained by solving the nuclear
Schrodinger equations. Finally, the rovibrational transition
lines of the considered states of CS™ are calculated for dif-
ferent temperatures and pressure conditions.

This article is organized as follows. In Section 2, we
briefly outline the computational methods for the calculations
of PECs, TDMs, vibrational energy levels, and opacity. In
Section 3, we discuss our results for the spectroscopic prop-
erties of the X?L+, AT, and X?X7 states, the corresponding
vibrational energy levels, TDMs, and opacity. Finally, a brief
summary is given in Section 4.

2. Theoretical method

In this work, electronic states of CS™ are calculated with
Molpro 2010?!! suite of quantum chemical procedure. The
point group of CS™ is C..,, and all the calculations are done
in the Cp, subgroup. The electronic states of CS™ are de-
scribed by irreducible representations of Cy,, and the corre-
sponding relationship between the electronic states and irre-
ducible representations of Cy, are X+ = A, X~ = A,, [1 =
B1+Bj, and A = A;+A,. For the basis sets adopted in the
calculations, the contracted Gaussian-type basis sets aug-cc-
pwCV5Z-DK 2224l are chosen for C and S atoms, respec-
tively. To obtain the precise PECs of the low-lying states of
CS™, single point energies at a series of internuclear distances
are computed. The calculated process of single point energy
includes the following three steps. First, the molecular orbitals
(MOs) of X2+ are computed with the Hartree—Fock (HF)
self-consistent field method. Then, the 3 lowest A—S states
of CS™ are calculated by the state-averaged complete active
space self-consistent field (SA-CASSCF) (32! yusing HF MOs
as the starting orbitals. Finally, utilizing the reference wave
functions obtained from the SA-CASSCEF calculation, the in-
ternally contracted MRCI method is adopted to compute the

single point energy of the electronic state. In the above SA-
CASSCEF calculation, the selection of active space is very im-
portant for the precision of single point energy. Hence, differ-
ent active spaces have been tested, and finally eight outermost
MOs (four Aj, two By, and two B;) are selected as the ac-
tive space, corresponding to 2s2p (C) and 3s3p (S) atomic or-
bitals. In the MRCI calculation, a total of 10 electrons (2s>2p>
electrons of C and 3s?3p* electrons of S) of CS™ are taken
into account in the computation of electronic correlation en-
ergy. The Davison size-extensivity correction?’21 (+Q) is
also included in the MRCI calculation to balance the the size-
consistency error. The scalar relativistic effect is computed
with third-order Douglas-Kroll 3% and Hess*!! integrals.

Under the Born—Oppenheimer approximation, the elec-
tronic Schrodinger equation of diatomic molecules can be
written as

H.¥(r,R) = E.(R)¥(r,R), )]

in which ¥%(,R) and E.(R) are the eigen-function and eigen-
energy, respectively. A, is the Hamiltonian for the N electrons
diatomic molecules given by

n-f()£(22)

i=1

N 1 .
+’Z (r,;,->+ R )

i<j=1

where Z, and Z,, are the charge numbers of nuclei A and B.
On the basis of calculated energies of electronic states,

the eigenvalues and wave functions of vibration-rotation states

can be obtained by solving the following radical nuclear

Schrédinger equation utilizing LEVEL program:[*2
1 d2
_@ iR +E.(R)| xvi(R) =Ey;xvi(R), 3

where Ey;(R) is the vibration-rotation level.
The Einstein coefficient between two vibration-rotation
levels is defined as

4 Sy
3 3 J'J
Ay oy jr = §OC wv,j/7VNj//m, “

where « is the fine-structure constant, @, v is the tran-

J
sition frequency of two vibration-rotation levels, and line

strength (S;1;#) and Honl-London factor®®! (@ ;) are deter-

mined by
Sy = (2w IDR)| ) |* @1y (5)
J"—1, P—branch,
Q=< J", Q —branch, (6)

J"+1, R—branch.

Total internal partition function Q(T') is summed over the con-
cerned electronic state weighed by the Boltzmann factor utiliz-
ing

u Tihc
0= ; QeiQviOriexp <— T ) , (7
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in which 7; is the excitation energy of electronic state i, and
T is the environment temperature. Qe; = (2S+1)(2— 04 ).
where S is the electronic spin quantum number, 2S5 + 1 is
the multiplicity, A is the electronic orbital quantum num-
ber: 0, 1, 2, 3, ...for X, IT, A, &, ...
spectively, and & is the Kronecker delta.

electronic states, re-
Qvi X Oy is the
summation over all possible rovibrational de-excitation tran-
sitions within the electronic state i, and Qy; X QO = (2J” +
DYy Jue*AEV”J"-OO/ T where AE,» gm0 1s the excitation en-
ergy of state (i, v",J”) and 0 for the ground state.
The the
opacity, 3439 which is given by
A(2J'+1)exp(—E"hc/kT)[1 — exp(—AEyyr o0 /kT)]
8T(AEyy 00/ hc)*Q ’
(®)

where E” is the excitation energy of the lower electronic state

integrated line strength is molecular

S:

in units of cm ™!, AE,, J/ 00 1s rovibrational excitation energy of
energy level v/, J', Q(T) is the total internal partition function,
and the Einstein A-values for each line are computed using
formula (4).

3. Results and discussion

3.1. Potential energy curves, spectroscopic constants, and
vibrational levels

As plotted in Fig. 1, three electron states, namely, X2yt
AZI1, and B2Z T, are computed. All of the states that are corre-

lated to the two lowest dissociation limits C(?P) +S+(4S) and
CT(®P) + S(®P) of CS* are typically bound and calculated
with the MRCI+Q method utilizing the aug-cc-pwCV5Z-DK
basis set.

On the basis of the calculated PECs, the spectroscopic
constants are obtained with the numerical method and listed in
Table 1, including adiabatic transition energies 7, harmonic
vibrational frequencies @., anharmonic terms @, Y., rotational
constants B, and equilibrium distances R.. To verify the
accuracy of our calculation, Table 1 also gives the available
theoretical results and experimental values. For the ground
state X2XF, the B. and R. are in good agreement with the ex-

perimental results, and the deviations are 0.002046 cm™! and

—436.4

—436.5

—436.6

Potentials/a.u.

—436.7

R/a.u.

Fig. 1. Calculated potential energy curves for the X>X*, A%II, and
B2X* states of CS*.

Table 1. Computed and experimental spectroscopic constants of CS™.

State Te/cm’1 (Jl)e/cm’1 a)e)(e/cm’l Be/cm’1 Re/A
X2xt this work 0.0 1366.15 7.0507 0.8657 1.4946
Expt.? 0.0 1377.49(16) 7.812(39) 0.867746(91) 1.492156(78)
Expt.p 0.0 1384(30)
Calc.d 0.0 1358.45 7.64 0.8575 1.501
Calc.® 0.0 1369 1.503
Calc.f 0.0 1357 7.6 1.503
Calc.8 0.0 1371.6075 7.7925 0.8609 1.4981
Calc.! 1375.02 7.6416 0.8628 1.4964
AT this work 11709 1016.11 6.5751 0.7178 1.6406
Expt.2 11987.25(67) 1013.90(37) 6.842(48) 0.718739(90) 1.63955(10)
Expt.® 972(30)
Expt.° 0.7029211(14)
Calc.d 11875.8 988.34 6.41 0.7074 1.653
Calc.® 11940 1004 1.650
Calc.f 12079 1001 7.8 1.650
Calc.8 11675.8809 1014.2091 6.5497 0.7143 1.6445
Calc.! 1010.42 6.5571 0.7144 1.6442
B2yt this work 36869 929.18 8.6552 0.7050 1.6555
Expt.P 868(30)
Expt.h 36509 911(3) 6.5(1) 1.665
Calc.d 36993.5 920.6 6.44 0.6953 1.667
Calc.® 35980 907 1.670
Calc.f 35865 895 7.5 1.671
Calc.8 36131.7388 912.1725 7.6352 0.6984 1.6642

Note: For the experimental values, the inaccuracy of measurement is depicted in the bracket.

aRef. [16], PRef. [18], °Ref. [17], IRef. [8], °Ref. [19], {Ref. [9], ERef. [12], "Ref. [14], 'Ref. [7].
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Table 2. Calculated vibrational levels E, for the X2XF states of CST
(incm™).

v This work  Calc.? Calc.® Calc. Expt.d

0 682.03 677 685.61 681.3 686.84

1 2030.93 2018 2045.38 2032.8 2048.70
2 3363.61 3344 3389.79 3369.1 3394.90
3 4689.26 4655 4718.79 4690.0 4725.41

4 6003.10 6032.37 5995.6 6040.23
5 7302.46 7330.49 7285.9 7339.32
6 8586.55 8613.11 8560.8 8622.66
7 9855.21 9880.25 9820.3 9890.24
8 11108.36 11131.81 11064.4  11142.03
9 12346.01 12367.81  12293.0  12378.00
10 13567.99 13588.19  13506.1  13598.14
11 14774.28 1479293 147037  14802.42
12 15965.45 15981.98 158857  15990.82
13 17142.56 1715531 170522  17163.32
14 18306.03 18312.86 182029  18319.90
15 19454.78 1945460 193379  19460.53
16 20587.03 20580.48 204572  20585.20
17 21701.76 21690.45 215605  21693.87
18 22799.43 2278444 226480  22786.53
19  23881.06 23862.42  23719.6  23863.16

aRef. [9], PRef. [7], °Ref. [11], IRef. [16].

Table 3. Calculated vibrational levels E, for the A2IT states of CS™ (in

em™1),

v This work Calc.? Calc. Calc.¢ Expt.d

0 12492.54 12485.25 12491.05 12466.3 12492.533
1 13494.24 13469.25 13488.51 13456.8 13492.749
2 14482.80 14440.25 14472.57 14434.0  14479.281
3 15458.15 15397.25 15443.18 15397.8 15452.129
4 16421.16 16339.25 16400.31 16348.2  16411.293
5 17373.84 17267.25 17343.92  17285.0  17356.773
6 18314.97 18183.25 18273.96  18208.3 18288.569
7 19240.73 19085.25 19190.38 19117.9 19206.681
8 20150.60 19975.25  20093.09  20013.9  20111.109
9 21047.01 20982.04  20896.1  21001.853
10 21930.37 21857.15 217644 21878913
11 22799.63 2271831  22618.8  22742.289
12 23654.62 23565.43  23459.0

13 24495.41 24398.41 24285.1

14 25321.87 25217.12  25096.8

15 26133.83 26021.46  25893.9

16 26931.14 26811.28  26676.5

17 27713.71 27586.46 274442

18 28481.41 28346.88  28197.1

19 29234.14 29092.39  28934.9

aRef. [9], PRef. [7], Ref. [11], IRef. [16].

and 0.002444 A, respectively. For the low lying excited state
AZT1, the calculated transition energy T is 11709 cm~!, while
the recent experimental result is 11987.25 cm~!, the devia-

tion is only 278.25 cm™'.

Equilibrium distance R, value is
in accord with the results of experiment, with the error of
0.00105 A. For the second excited state B2Xt, the adiabatic
excitation energy is 36869 cm™!, as shown in Table 1. More-

land

over, the vertical excitation energy of B2X" is 40271 cm™
the energy gap between B?XT and AX" is 8122 cm™! at the

asymptotic region. The harmonic vibrational frequencies @,

and anharmonic terms @, Y., which are determined by the vi-
brational terms, are suitably consistent with the experimental

I and

results, within the maximum differences of 18.18 cm™
2.1552 cm™ !, respectively. The differences of 7. and R, are
0.9% and 0.6% between our results and experimental values,
respectively.

To confirm the accuracy of our calculation, the vibrational
levels of the X?>X*, A1, and B2X™ states are also given.
In Tables 2—4, our calculated results are close to both of the
experimental results and the existing theoretical values. For
the ground state X>X*, our computed vibrational levels are
up to v = 19, the results are in accord with the measure-
ment results.[!%! For the AZIT state, the maximum deviation
is 2.225% in comparing with the experimental data.['®! In ad-
dition, our calculated energy level of the B2XL* state is close
to the previously available theoretical result.[®) All the spec-
troscopy constants and vibrational levels can provide impor-
tant parameters for the calculation of the spectrum.

Table 4. Calculated vibrational levels E, for the BZX" states
of CS* (incm™!).

v This work Calc.?
0 37331.82 36956
1 38244.30 37837
2 39137.29 38701
3 40008.82 39548
4 40864.52 40378
5 41708.09 41190
6 42535.10 41984
7 43345.11 42760
8 44138.99 43517
9 44914.84 44255
10 45671.53

11 46409.47

12 47128.06

13 47820.10

14 48466.36

15 49053.60

16 49604.63

17 50134.63

18 50643.26

19 51134.21
“Ref. [9].

3.2. Electronic transition dipole moments and radiative

lifetimes

The dipole moment (DM) and TDMs of the low-lying
states are calculated by utilizing MRCI methods. The DM and
TDM curves are presented in Fig. 2. As shown in Fig. 2, the
DM for the X?L ™ state changes with the increasing bond, and
the calculated DM of the state tends to be a negative value
because of the dissociation limits C(*P) +S*(*S) of the CS*
ion. The TDMs from the XX state to the excited states A>T
and B2L* are calculated as a function of the internuclear dis-
tance, also depicted in Fig. 2. The TDM of X?Lt-B?X* is
much larger than that of X?2T—AIT as displayed in Fig. 2.
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The maximum TDM of X?2+-B2X7 is located at the distance
of R=5.48 a.u.

The Frank—Condon factors of the X?2t—A2IT and X?>X*—
B2zt systems, which are calculated with the aid of the
LEVEL program, are listed in Table 5. The computed val-
ues, whose change trends are irregular, are in good agree-
ment with the previous experimental results. As shown in
Table 5, the Frank—Condon factor of the 0—0 band is 0.0265
for X?LT—AT1, which is close to the experimental value of
0.0355. While the Frank—Condon factors for the X>X+-B2L+
system are also obtained for the first time.

- lp————————————

< ‘

~ | B . i
+ -—

= L. =TT,

g Om\‘\ ......................
2 i \ — A2I-X25+ ]
—~ Y\ e BIEE X228
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E L R i
192} ~

] ~o

g 2.0} .~ i
£ ~.

2 r RN
Q S
Q, 730 1 1 1 1 1 1 1 1
A 3 4 5 6 7 8 9 10 11

R/a.u.

Fig. 2. Transition dipole moments for different states of CS™ as a func-
tion of internuclear distance R.

Table 5. Franck—Condon factors for the A2IT -X2X* and B22T—X2% " transitions of CS+.

Transition Vv 0 1 2 3 4 5 6

APT-X25* 0 this work 0.0265 0.0828 0.1396 0.1690 0.1652 0.1386 0.1031
Expt.® 0.0355 0.1019 0.1591 0.1795 0.1641 0.1294 0.0913

Expt.® 0.0358 0.1030 0.1611 0.1809 0.1645 0.1291 0.0906

1 this work 0.1067 0.1774 0.1287 0.0408 0.0005 0.0180 0.0579

Expt.? 0.1345 0.1906 0.1114 0.0216 0.0018 0.0359 0.0772

Expt. 0.1343 0.1906 0.1110 0.0207 0.0023 0.0379 0.0797

2 this work 0.2055 0.1238 0.0044 0.0342 0.0891 0.0754 0.0266

Expt.? 0.2353 0.0977 0.0002 0.0612 0.0973 0.0573 0.0098

Expt. 0.2336 0.0974 0.0002 0.0622 0.0978 0.0564 0.0089

3 this work 0.2462 0.0116 0.0619 0.0962 0.0214 0.0054 0.0504

Expt.? 0.2525 0.0006 0.0941 0.0811 0.0042 0.0233 0.0681

Expt.® 0.2508 0.0007 0.0937 0.0812 0.0041 0.0241 0.0694

4 this work 0.2042 0.0313 0.1140 0.0066 0.0387 0.0758 0.0269

Expt.? 0.1860 0.0682 0.0984 0.0003 0.0676 0.0651 0.0074

5 this work 0.1245 0.1388 0.0276 0.0503 0.0735 0.0021 0.0327

Expt.? 0.0997 0.1756 0.0051 0.0846 0.0489 0.0030 0.0570

6 this work 0.0579 0.1842 0.0134 0.0978 0.0003 0.0595 0.0479

Expt.® 0.0403 0.1823 0.0485 0.0774 0.0087 0.0777 0.0222

B2 t-x?x+ 0 this work 0.1304 0.2511 0.2546 0.1815 0.1029 0.0488 0.0200
1 this work 0.2619 0.1377 0.0019 0.0544 0.1417 0.1582 0.1184

2 this work 0.2722 0.0008 0.1090 0.1049 0.0103 0.0212 0.0934

3 this work 0.1874 0.0783 0.1031 0.0012 0.0859 0.0818 0.0100

4 this work 0.0948 0.1815 0.0025 0.0982 0.0456 0.0085 0.0779

5 this work 0.0374 0.1748 0.0558 0.0719 0.0160 0.0873 0.0152

6 this work 0.0119 0.1065 0.1511 0.0001 0.0974 0.0085 0.0470

aRef. [16], PRef. [13].

On basis of this transitions information, the radiative life-
times of the corresponding vibrational levels are obtained. The
radiative lifetimes are determined by the summation of the
Einstein coefficients Ay~

-1
T= (ZAVIVH) .
o

The Einstein coefficient, which is a parameter for spontaneous

€))

emission between vibrational levels v/ and v”, is defined as

2
Ayryr = 2.026 x 107 °AES,,,(TDM)? ( / wwdr> ; (10)

where AE,,» is the energy gap of the vibrational levels v’ and
v in units of cm~!, TDM is the average transition dipole mo-
ment in the atomic unit, while the last term ( [y, y,dr)? is

the Frank—Condon factors for the vibrational levels v’ and v,
and the radiative lifetime is in units of second.

The concrete calculation results for the selected vibra-
tional levels for transitions of A%IT and B2X" are tabulated in
Table 6. The longest radiative lifetime of A%IT is 32.90 us ow-
ing to the small transition dipole moments of the X>XT—AIT
transition.

Table 6. Radiative lifetimes of several electronic states at low-lying
vibrational levels of CS™ (in ps).

. Radiative lifetimes of upper vibrational levels
Electronic state

V=0 V=1 V=2 V=3 V=4
AT this work 32.90 27.07 23.23 20.51 18.47
Calc.® 27.7 22.1 18.6 16.2 14.4
Calc.b 22.3 17.1 14.0 12.0 10.5
B2r* this work 1.96 2.01 2.07 2.13 2.19
Calc.* 1.99 1.69 1.47 1.32
Calc. 2.49

Ref. [20], PRef. [8].
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3.3. Opacity

The partition function and opacity of CS™ are computed
on the basis of the results of vibrational level, wavefunction,
DM, and TDM. For the partition function, which is an impor-
tant parameter in radiative transfer and spectroscopy analysis
in the astrophysical field, is calculated with different temper-
atures in the range of 10—4500 K. In this work, the values of
the partition function are obtained by summing all over the ro-
vibrational states of the lowest three states, and the results of
the partition function are listed in Table 7, and the correspond-
ing figure is rendered in Fig. 3. As shown in the results, the
partition functions augment with increase of the temperature
according to formula (7).

In our calculation, the opacity is convolved by a
Lorentzian line profile with width corresponding to collisional

g.136-381 By utilizing a canonical collisional broad-

broadenin,
ening cross section of 107!% ¢cm? with a line width propor-
tional to the pressure, figure 4 presents the opacities of CS*
at the temperatures of 300 K, 500 K, 1000 K, and 4500 K
with the pressure of 100 atms. As shown in Figs. 4(a)—4(d),
the spectra are mainly lying in the range of ultraviolet to far-
infrared, which include three bands obtaining from the transi-
tions of the three electron states, namely, X°L X252+, X2x+—
A?T1, and X?2+-B2X*, from right to left. From Figs. 4(a)
and 4(b), it is clearly observed that each band system is dif-
ferent at temperatures of 300 K and 500 K. As depicted in
Figs. 4(a) and 4(b), the band systems corresponding to X>X—
AZTI and X?L+-B?X " appear at 243 nm and 683 nm, respec-
tively, which are associated with the short-wave ultraviolet
range. For the band of X>X*-X?X, the strong pure rotational
lines are located in the range of A > 10 um. And the vibra-

tional band of Av = 1 appears near 7.3 um. It can be found
that the opacities of molecular are distinguishable and weak in
the range of 1200-3600 nm. Meanwhile, as temperature in-
creases, the cross section grows and the systems of different
bands are fuzzy, which contribute to the enhanced population
of the vibrational excited and electronic states with the high
temperature. At the same time, the pure rotational spectra are
reduced because of the decreased populations of the ground
state as the temperature increases.

Table 7. Partition function Q for CS™ as a function of temperature.

T/K 0

10 8.41
100 81.01
300 242.85
500 412.65
1000 946.04
2000 2634.11
4500 11253.22

104

103

102

10!

10! 102

T/K

103

Fig. 3. Partition function for CS™.

10716

X2ETIR2F
25— A2

X225t X25+
Av=1

1018k

Av=0
10—20

Cross section/cm?molecule~!

300 K, 100 atms

10-16 . . . .
500 K, 100 atms 1

1018

10-20

10-22 10-22
3
10-24 (a)] 10-2 (b)1
102 103 104 10° 106 107 102 102 104 10° 106 107
~ 10-16 . : : : 10-16 ; . . .
= F 1000 K, 100 atms 1 . 4500 K, 100 atms 1
£ 10715F 1 10718
S
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L 10720 { 102
o
< 3
S 1022 {1 102
ks
% E
7 107 (©] 102
o 1 1 1 1 1 1 1 1
S 102 10° 10* 10° 106 107 102 102 104 10° 106 107
Wavelength/nm Wavelength/nm

Fig. 4. Opacities of CS™ ro-vibrational transitions for temperatures of (a) 300 K, (b) 500 K, (c) 1000 K, (d) 4500 K and a pressure of 100 atms.
Note that three electronic states of X22+, AZH, and B2X" have been included in the present calculations.
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4. Conclusion

In the present work, the PECs of the X2yt state and
two excited states A’IT and X?>X* are calculated with the
MRCI+Q method. On the basis of the PECs, the corre-
sponding spectroscopic constants and vibrational levels are
obtained, which agree well with the experimental results. The
TDMs of the two excited states to the ground state X>X* are
obtained, and the radiative lifetimes of A2IT and X?X " states
are also obtained. The cross sections for the three lowest ly-
ing states are given at 300 K, 500 K, 1000 K, and 4500 K
under the pressure of 100 atms. It is shown that the spectra
are clearly separated for the temperatures of 300 K and 500 K
both for the vibrational transition and the electron transitions.
However, with the increase of the temperature, the population
on the excited states cannot be ignored, and the boundaries
of the lines become blurred. At the same time, the partition
functions are also found in the range of 10—4500 K. The accu-
racy of electronic structures and opacities of molecule for the
low-lying three states provide more information to model the
atmosphere calculation.

References

[1] Penzias A A, Solomon P M, Wilson R W and Jefferts K H 1971 Astro-
phys. J. Lett. Ed. 168 L53

[2] Thaddeus P, Guelin M and Linke R A 1981 Astrophys. J. Lett. Ed. 246
L41

[3] Saito S, Kawaguchi K, Yamamoto S, Ohishi M, Suzuki H and Kaifu N
1987 Astrophys. J. Lett. Ed. 317 L115

[4] Yamamoto S, Saito S, Kawaguchi K, Kaifu N, Suzuki H and Ohishi M
1987 Astrophys. J. Lett. Ed. 317 L119

[5] Bell M B, Avery L W and Feldman P A 1993 Astrophys. J. Lett. 417
L37

[6] Ferlet R, Roueff E, Czarny J and Felenbok P 1986 Astron. Astrophys.
168 259

[7] Wang L, Yang C L, Wang M S, Ma X G and Liu W W 2011 Comput.
Theor. Chem. 976 94

[8] Larsson M 1985 Chem. Phys. Lett. 117 331

[9]
[10]

[11]
(12]

[13]
[14]
[15]

[16]
[17]

[18]
[19]
[20]

[21]
[22]

[23]
[24]
[25]
[26]
[27]
(28]
[29]
(30]
[31]
[32]

[33]

[34]

[35]

[36]
[37]

[38]

053101-7

Honjou N 2008 Chem. Phys. 344 128

Chenel A, Mangaud E, Justum Y, Talbi D, Bacchus-Montabonel M
C and Desouter-Lecomte M 2010 J. Phys. B: At. Mol. Opt. Phys. 43
245701

Kaur R and Dhilip Kumar T J 2016 Chem. Phys. 479 36

LiR,Wei CL, Sun Q X, Sun E P, Jin M X, Xu H F and Yan B 2013
Chin. Phys. B 22 123103

Coxon J A, Marcoux P J and Setser D W 1976 Chem. Phys. 17 403
Tsuji M, Obase H and Nishimura Y 1980 J. Chem. Phys. 73 2575
Cossart D, Horani M and Vervloet M 1993 Am. Inst. Phys. Conf. Proc.
312367

Liu Y Y, Duan C X, LiuJ J, Wu L, Xu C X, Chen Y Q, Hamiltion P A
and Davies P B 2002 J. Chem. Phys. 116 9768

Li CL, Deng L H, Zhang Y, Yang X H and Chen Y Q 2010 J. Mol.
Spectrosc. 264 75

Frost D C, Lee S T and McDowell C A 1972 Chem. Phys. Lett. 17 153
Honjou N 2006 Chem. Phys. 324 413

Blocker J H, Reinsch E A, Rosmus P, Werner H J and Knowles P J
1990 Chem. Phys. 147 99

Werner H J, Knowles P J, Knizia G, et al. 2010 MOLPRO: a Package
of ab initio Programs

Kendall R A, Dunning T H and Harrison R J 1992 J. Chem. Phys. 96
6796

Peterson K A and Dunning T H 2002 J. Chem. Phys. 117 10548

Woon D E and Dunning T H 1993 J. Chem. Phys. 98 1358

Knowles P J and Werner H J 1985 Chem. Phys. Lett. 115 259

Werner H and Knowles P J 1985 J. Chem. Phys. 82 5053

Langhoff S R and Davidson E R 1974 Int. J. Quantum. Chem. 8 61
Knowles P J and Werner H J 1988 Chem. Phys. Lett. 145 514

Werner H J and Knowles P J 1988 J. Chem. Phys. 89 5803

Douglas M and Kroll N M 1974 Ann. Phys. 82 89

Hess B A 1986 Phys. Rev. A. 33 3742

Le Roy R J 2002 LEVEL 7.5: a Computer Program for Solving the
Radial Schrodinger Equation for Bound and Quasibound Levels (Uni-
versity of Waterloo, Chemical Physics Research Report CP-655)
Herzberg G 1950 Molecular Spectra and Molecular Structure, Spectra
of Diatomic Molecules (New York: Van Nostrand Reinhold)

Dulick M, Bauschlicher C W, Burrows A, Sharp C M, Ram R S and
Bernath P 2003 Astrophys. J. 594 651

Xu X S, Dai A Q, Peng Y G, Wu Y and Wang J G 2018 J. Quant
Spectrosc. Radiat Transf 206 172

Shi Y B, Stancil P C and Wang J G 2013 A&A 551 A140

Meng G W, Wang J G, Wang X R, Li J H and Zhang W Y 2016 MRE
15

Bernath P F 1995 Spectra of Atoms and Molecules (Oxford: Oxford
University Press)


https://doi.org/10.1086/180784
https://doi.org/10.1086/180784
https://doi.org/10.1086/183549
https://doi.org/10.1086/183549
https://doi.org/10.1086/184923
https://doi.org/10.1086/184924
https://doi.org/10.1086/187088
https://doi.org/10.1086/187088
http://adsabs.harvard.edu/full/1986A%26A...168..259F
http://adsabs.harvard.edu/full/1986A%26A...168..259F
https://doi.org/10.1016/j.comptc.2011.08.008
https://doi.org/10.1016/j.comptc.2011.08.008
https://doi.org/10.1016/0009-2614(85)85238-6
https://doi.org/10.1016/j.chemphys.2007.12.007
https://doi.org/10.1088/0953-4075/43/24/245701
https://doi.org/10.1088/0953-4075/43/24/245701
https://doi.org/10.1016/j.chemphys.2016.09.015
https://doi.org/10.1088/1674-1056/22/12/123103
https://doi.org/10.1088/1674-1056/22/12/123103
https://doi.org/10.1016/S0301-0104(76)80004-3
https://doi.org/10.1063/1.440493
https://doi.org/10.1063/1.46649
https://doi.org/10.1063/1.46649
https://doi.org/10.1063/1.1470201
https://doi.org/10.1016/j.jms.2010.09.006
https://doi.org/10.1016/j.jms.2010.09.006
https://doi.org/10.1016/0009-2614(72)87041-6
https://doi.org/10.1016/j.chemphys.2005.09.046
https://doi.org/10.1016/0301-0104(90)85025-R
http://www. molpro. net
http://www. molpro. net
https://doi.org/10.1063/1.462569
https://doi.org/10.1063/1.462569
https://doi.org/10.1063/1.1520138
https://doi.org/10.1063/1.464303
https://doi.org/10.1016/0009-2614(85)80025-7
https://doi.org/10.1063/1.448627
https://doi.org/10.1002/qua.560080106
https://doi.org/10.1016/0009-2614(88)87412-8
https://doi.org/10.1063/1.455556
https://doi.org/10.1016/0003-4916(74)90333-9
https://doi.org/10.1103/PhysRevA.33.3742
https://doi.org/10.1016/j.jqsrt.2016.05.028
https://doi.org/10.1016/j.jqsrt.2016.05.028
https://doi.org/10.1016/j.jqsrt.2016.05.028
http://dx.doi.org/10.1119/1.1932852
http://dx.doi.org/10.1119/1.1932852
https://doi.org/10.1086/376791
https://doi.org/10.1016/j.jqsrt.2017.11.010
https://doi.org/10.1016/j.jqsrt.2017.11.010
https://doi.org/10.1051/0004-6361/201219491
https://doi.org/10.1016/j.mre.2016.09.001
https://doi.org/10.1016/j.mre.2016.09.001
http://www.gbv.de/dms/ilmenau/toc/185969119.PDF
http://www.gbv.de/dms/ilmenau/toc/185969119.PDF

	1. Introduction
	2. Theoretical method
	3. Results and discussion
	3.1. Potential energy curves, spectroscopic constants, and vibrational levels
	3.2. Electronic transition dipole moments and radiative lifetimes
	3.3. Opacity

	4. Conclusion
	References

