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Molecule opacities of X2Σ+, A2Π, and B2Σ+ states of CS+∗

Xiao-He Lin(林晓贺)1,2,†, Gui-Ying Liang(梁桂颖)2,†, Jian-Guo Wang(王建国)2, Yi-Geng Peng(彭裔耕)2,
Bin Shao(邵彬)1, Rui Li(李瑞)2,3,‡, and Yong Wu(吴勇)2,4,§

1School of Physics, Beijing Institute of Technology, Beijing 100081, China
2Institute of Applied Physics and Computational Mathematics, Beijing 100088, China

3Department of Physics, College of Science, Qiqihar University, Qiqihar 161006, China
4HEDPS, Center for Applied Physics and Technology, Peking University, Beijing 100084, China

(Received 29 January 2019; revised manuscript received 28 February 2019; published online 4 April 2019)

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 X2Σ+–A2Π and X2Σ+–B2Σ+ systems, and the band of X2Σ+–A2Π

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 CS+ 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 DOI: 10.1088/1674-1056/28/5/053101

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[1–6] (CS,
CS+, HCS+, C2S, C3S, and C5S) have been observed in in-
terstellar molecular clouds, and the CS+ molecular ion is the
first sulphur-bearing molecular detected in diffuse interstellar
clouds.[6] 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+.[7,11] The protonated molecular ion HCS+ [2] 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[8] used the complete active space
self-consistent field (CASSCF) and configuration interaction
methods to calculate potential energy curves (PECs) and spec-

troscopic constants for the X2Σ+, A2Π, and B2Σ+ states of
CS+. Based on the CASSCF wave functions, he also obtained
the electronic transition moments for the A2Π–X2Σ+, B2Σ+–
X2Σ+, and B2Σ+–A2Π transitions, and evaluated the radia-
tive lifetimes of the A2Π and B2Σ+ states. In 2008, Honjou[9]

studied the potential energies of the X2Σ+, A2Π, B2Σ+, and
C2Σ+ states of CS+ by employing the ab initio method and
simulated the photoelectron spectrum of CS. In 2010, Chenel
et al.[10] studied the adiabatic potentials and couplings of the
2,4Σ and 2,4Π 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 X2Σ+

and A2Π states of CS+ were determined by Wang et al.[7] and
Kaur et al.[11] at MRCI level of theory. In 2013, Li et al.[12]

used the MRCI method with Davison size-extensivity correc-
tion (+Q) to calculate the potential energy curves of the low-
lying 18 Λ–S electronic states of CS+ correlating with the two
lowest dissociation limits.

On the experimental side, Coxon[13] measured the inten-
sity and wavelength for the CS+ (A2Π–X2Σ+) band system
excited by the reaction of metastable He with CS2. Latter,
Tsuji et al.[14] and Cossart et al.[15] measured and analyzed
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the CS+ (B2Σ+–X2Σ+) emission spectrum in the 220–340 nm
region. In 2002, Liu et al.[16] studied the absorption spectrum
of the (5,0) and (6,0) bands of the X2Σ+→ A2Π transition of
CS+ employing velocity modulation absorption spectroscopy.
Recently, Li et al.[17] measured the absorption spectrum of the
(2,1) band in the A2Π–X2Σ+ 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
Schrödinger 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 X2Σ+, A2Π, and X2Σ+ 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[21] suite of quantum chemical procedure. The
point group of CS+ is C∞v, and all the calculations are done
in the C2v subgroup. The electronic states of CS+ are de-
scribed by irreducible representations of C2v, and the corre-
sponding relationship between the electronic states and irre-
ducible representations of C2v are Σ+ = A1, Σ− = A2, Π =

B1+B2, and ∆ = A1+A2. For the basis sets adopted in the
calculations, the contracted Gaussian-type basis sets aug-cc-
pwCV5Z-DK[22–24] 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 X2Σ+ are computed with the Hartree–Fock (HF)
self-consistent field method. Then, the 3 lowest Λ–S states
of CS+ are calculated by the state-averaged complete active
space self-consistent field (SA-CASSCF)[25,26] using HF MOs
as the starting orbitals. Finally, utilizing the reference wave
functions obtained from the SA-CASSCF calculation, the in-
ternally contracted MRCI method is adopted to compute the

single point energy of the electronic state. In the above SA-
CASSCF 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 A1, two B1, and two B2) 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 (2s22p2

electrons of C and 3s23p4 electrons of S) of CS+ are taken
into account in the computation of electronic correlation en-
ergy. The Davison size-extensivity correction[27–29] (+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[30] and Hess[31] integrals.

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

ĤeΨe(r,R) = Ee(R)Ψe(r,R), (1)

in which Ψe(r,R) and Ee(R) are the eigen-function and eigen-
energy, respectively. Ĥe is the Hamiltonian for the N electrons
diatomic molecules given by

Ĥe =
N

∑
i=1

(
−1

2
∇

2
i

)
+

N

∑
i=1

(
−Za

rai
− Zb

rbi

)
+

N

∑
i< j=1

(
1
ri j

)
+

ZaZb

R
, (2)

where Za and Zb 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
Schrödinger equation utilizing LEVEL program:[32][

− 1
2µ

d2

dR2 +Ee(R)
]

χνJ(R) = EνJ χνJ(R), (3)

where EνJ(R) is the vibration-rotation level.
The Einstein coefficient between two vibration-rotation

levels is defined as

Aν ′ j′,ν ′′ j′′ =
4
3

α
3
ω

3
ν ′ j′,ν ′′ j′′

SJ′J′′

2J′′+1
, (4)

where α is the fine-structure constant, ων ′ j′,ν ′′ j′′ is the tran-
sition frequency of two vibration-rotation levels, and line
strength (SJ′J′′ ) and Hönl–London factor[33] (ϕJ′,J′′ ) are deter-
mined by

SJ′J′′ = |〈χν ′J′ |D(R)|χν ′′J′′〉|2 ϕJ′J′′ , (5)

ϕJ′,J′′ =

 J′′−1, P−branch,
J′′, Q−branch,
J′′+1, R−branch.

(6)

Total internal partition function Q(T ) is summed over the con-
cerned electronic state weighed by the Boltzmann factor utiliz-
ing

Q =
n

∑
i=1

QeiQviQri exp
(
−Tihc

kT

)
, (7)
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in which Ti is the excitation energy of electronic state i, and
T is the environment temperature. Qei = (2S+ 1)(2− δΛ ,0),
where S is the electronic spin quantum number, 2S + 1 is
the multiplicity, Λ is the electronic orbital quantum num-
ber: 0, 1, 2, 3, . . . for Σ, Π, ∆, Φ, . . . electronic states, re-
spectively, and δ is the Kronecker delta. Qvi ×Qri is the
summation over all possible rovibrational de-excitation tran-
sitions within the electronic state i, and Qvi ×Qri = (2J′′ +
1)∑ ν ′′J′′ e

−∆E
ν ′′J′′,00/kT ,where ∆Eν ′′J′′,00 is the excitation en-

ergy of state (i,ν ′′,J′′) and 0 for the ground state.
The integrated line strength is the molecular

opacity,[34–36] which is given by

S =
A(2J′+1)exp(−E ′′hc/kT )[1− exp(−∆Eν ′J′,00/kT )]

8π(∆Eν ′J′,00/hc)2Q
,

(8)

where E ′′ is the excitation energy of the lower electronic state
in units of cm−1, ∆Eν ′J′,00 is rovibrational excitation energy of
energy level ν ′,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, X2Σ+,
A2Π, and B2Σ+, are computed. All of the states that are corre-

lated to the two lowest dissociation limits C(3P) +S+(4S) and
C+(2P) + S(3P) 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 Te, harmonic
vibrational frequencies ωe, anharmonic terms ωeχe, rotational
constants Be, and equilibrium distances Re. To verify the
accuracy of our calculation, Table 1 also gives the available
theoretical results and experimental values. For the ground
state X2Σ+, the Be and Re are in good agreement with the ex-
perimental results, and the deviations are 0.002046 cm−1 and

2 3 4 5 6 7 8 9 10

-436.7
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-436.5

-436.4

B2S+

X2S+

A2P
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n
ti
a
ls
/
a
.u
.
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Fig. 1. Calculated potential energy curves for the X2Σ+, A2Π, and
B2Σ+ states of CS+.

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

State Te/cm−1 ωe/cm−1 ωeχe/cm−1 Be/cm−1 Re/Å
X2Σ+ this work 0.0 1366.15 7.0507 0.8657 1.4946

Expt.a 0.0 1377.49(16) 7.812(39) 0.867746(91) 1.492156(78)
Expt.b 0.0 1384(30)
Calc.d 0.0 1358.45 7.64 0.8575 1.501
Calc.e 0.0 1369 1.503
Calc.f 0.0 1357 7.6 1.503
Calc.g 0.0 1371.6075 7.7925 0.8609 1.4981
Calc.i 1375.02 7.6416 0.8628 1.4964

A2Π this work 11709 1016.11 6.5751 0.7178 1.6406
Expt.a 11987.25(67) 1013.90(37) 6.842(48) 0.718739(90) 1.63955(10)
Expt.b 972(30)
Expt.c 0.7029211(14)
Calc.d 11875.8 988.34 6.41 0.7074 1.653
Calc.e 11940 1004 1.650
Calc.f 12079 1001 7.8 1.650
Calc.g 11675.8809 1014.2091 6.5497 0.7143 1.6445
Calc.i 1010.42 6.5571 0.7144 1.6442

B2Σ+ this work 36869 929.18 8.6552 0.7050 1.6555
Expt.b 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.e 35980 907 1.670
Calc.f 35865 895 7.5 1.671
Calc.g 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], bRef. [18], cRef. [17], dRef. [8], eRef. [19], fRef. [9], gRef. [12], hRef. [14], iRef. [7].
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Table 2. Calculated vibrational levels Ev for the X2Σ+ states of CS+

(in cm−1).

v This work Calc.a Calc.b Calc.c 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 14792.93 14703.7 14802.42
12 15965.45 15981.98 15885.7 15990.82
13 17142.56 17155.31 17052.2 17163.32
14 18306.03 18312.86 18202.9 18319.90
15 19454.78 19454.60 19337.9 19460.53
16 20587.03 20580.48 20457.2 20585.20
17 21701.76 21690.45 21560.5 21693.87
18 22799.43 22784.44 22648.0 22786.53
19 23881.06 23862.42 23719.6 23863.16
aRef. [9], bRef. [7], cRef. [11], dRef. [16].

Table 3. Calculated vibrational levels Ev for the A2Π states of CS+ (in
cm−1).

v This work Calc.a Calc.b Calc.c 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 21764.4 21878.913
11 22799.63 22718.31 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 27444.2
18 28481.41 28346.88 28197.1
19 29234.14 29092.39 28934.9
aRef. [9], bRef. [7], cRef. [11], dRef. [16].

and 0.002444 Å, respectively. For the low lying excited state
A2Π, the calculated transition energy Te is 11709 cm−1, while
the recent experimental result is 11987.25 cm−1, the devia-
tion is only 278.25 cm−1. Equilibrium distance Re value is
in accord with the results of experiment, with the error of
0.00105 Å. For the second excited state B2Σ+, the adiabatic
excitation energy is 36869 cm−1, as shown in Table 1. More-
over, the vertical excitation energy of B2Σ+ is 40271 cm−1 and
the energy gap between B2Σ+ and A2Σ+ is 8122 cm−1 at the
asymptotic region. The harmonic vibrational frequencies ωe

and anharmonic terms ωeχe, which are determined by the vi-
brational terms, are suitably consistent with the experimental
results, within the maximum differences of 18.18 cm−1 and
2.1552 cm−1, respectively. The differences of Te and Re 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 X2Σ+, A2Π, and B2Σ+ 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 X2Σ+, our computed vibrational levels are
up to ν = 19, the results are in accord with the measure-
ment results.[16] For the A2Π state, the maximum deviation
is 2.225% in comparing with the experimental data.[16] In ad-
dition, our calculated energy level of the B2Σ+ state is close
to the previously available theoretical result.[9] All the spec-
troscopy constants and vibrational levels can provide impor-
tant parameters for the calculation of the spectrum.

Table 4. Calculated vibrational levels Ev for the B2Σ+ states
of CS+ (in cm−1).

v This work Calc.a

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
aRef. [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 X2Σ+ 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(3P) +S+(4S) of the CS+

ion. The TDMs from the X2Σ+ state to the excited states A2Π

and B2Σ+ are calculated as a function of the internuclear dis-
tance, also depicted in Fig. 2. The TDM of X2Σ+–B2Σ+ is
much larger than that of X2Σ+–A2Π as displayed in Fig. 2.
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The maximum TDM of X2Σ+–B2Σ+ is located at the distance
of R = 5.48 a.u.

The Frank–Condon factors of the X2Σ+–A2Π and X2Σ+–
B2Σ+ 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 X2Σ+–A2Π, which is close to the experimental value of
0.0355. While the Frank–Condon factors for the X2Σ+–B2Σ+

system are also obtained for the first time.
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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 A2Π –X2Σ+ and B2Σ+–X2Σ+ transitions of CS+.

Transition v′′/ν ′ 0 1 2 3 4 5 6
A2Π–X2Σ+ 0 this work 0.0265 0.0828 0.1396 0.1690 0.1652 0.1386 0.1031

Expt.a 0.0355 0.1019 0.1591 0.1795 0.1641 0.1294 0.0913
Expt.b 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.a 0.1345 0.1906 0.1114 0.0216 0.0018 0.0359 0.0772
Expt.b 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.a 0.2353 0.0977 0.0002 0.0612 0.0973 0.0573 0.0098
Expt.b 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.a 0.2525 0.0006 0.0941 0.0811 0.0042 0.0233 0.0681
Expt.b 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.a 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.a 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.a 0.0403 0.1823 0.0485 0.0774 0.0087 0.0777 0.0222

B2Σ+–X2Σ+ 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], bRef. [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 Aν ′ν ′′

τ =
(
∑
v′

Av′v′′
)−1

. (9)

The Einstein coefficient, which is a parameter for spontaneous
emission between vibrational levels ν ′ and ν ′′, is defined as

Aν ′ν ′′ = 2.026×10−6
∆E3

ν ′ν ′′(TDM)2
(∫

ψv′ψv′′dr
)2

, (10)

where ∆Eν ′ν ′′ is the energy gap of the vibrational levels ν ′ and
ν ′′ in units of cm−1, TDM is the average transition dipole mo-
ment in the atomic unit, while the last term (

∫
ψv′ψv′′dr)2 is

the Frank–Condon factors for the vibrational levels ν ′ and ν ′′,
and the radiative lifetime is in units of second.

The concrete calculation results for the selected vibra-
tional levels for transitions of A2Π and B2Σ+ are tabulated in
Table 6. The longest radiative lifetime of A2Π is 32.90 µs ow-
ing to the small transition dipole moments of the X2Σ+–A2Π

transition.

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

Electronic state
Radiative lifetimes of upper vibrational levels

v′ = 0 v′ = 1 v′ = 2 v′ = 3 v′ = 4
A2Π this work 32.90 27.07 23.23 20.51 18.47

Calc.a 27.7 22.1 18.6 16.2 14.4
Calc.b 22.3 17.1 14.0 12.0 10.5

B2Σ+ this work 1.96 2.01 2.07 2.13 2.19
Calc.a 1.99 1.69 1.47 1.32
Calc.b 2.49

aRef. [20], bRef. [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
broadening.[36–38] By utilizing a canonical collisional broad-
ening cross section of 10−16 cm2 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, X2Σ+–X2Σ+, X2Σ+–
A2Π, and X2Σ+–B2Σ+, 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 X2Σ+–
A2Π and X2Σ+–B2Σ+ appear at 243 nm and 683 nm, respec-
tively, which are associated with the short-wave ultraviolet
range. For the band of X2Σ+–X2Σ+, the strong pure rotational
lines are located in the range of λ > 10 µm. And the vibra-

tional band of ∆ν = 1 appears near 7.3 µm. 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 Q
10 8.41

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

101 102 103

101

102

103

104

Q

T/K

Fig. 3. Partition function for CS+.
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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 X2Σ+, A2Π, and B2Σ+ have been included in the present calculations.
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4. Conclusion
In the present work, the PECs of the X2Σ+ state and

two excited states A2Π and X2Σ+ 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 X2Σ+ are
obtained, and the radiative lifetimes of A2Π and X2Σ+ 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.
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