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Carbon monosulfide molecular ion (CS+), which plays an important role in various research fields, has long been
attracting much interest. Because of the unstable and transient nature of CS+, its electronic states have not been well
investigated. In this paper, the electronic states of CS+ are studied by employing the internally contracted multireference
configuration interaction method, and taking into account relativistic effects (scalar plus spin–orbit coupling). The spin–
orbit coupling effects are considered via the state-interacting method with the full Breit–Pauli Hamiltonian. The potential
energy curves of 18 Λ–S states correlated with the two lowest dissociation limits of CS+ molecular ion are calculated, and
those of 10 lowest Ω states generated from the 6 lowest Λ–S states are also worked out. The spectroscopic constants of
the bound states are evaluated, and they are in good agreement with available experimental results and theoretical values.
With the aid of analysis of Λ–S composition of Ω states at different bond lengths, the avoided crossing phenomena in the
electronic states of CS+ are illuminated. Finally, the single ionization spectra of CS (X1Σ+) populating the CS+(X2Σ

+
1/2,

A2Π3/2, A2Π1/2, and B2Σ
+
1/2) states are simulated. The vertical ionization potentials for X2Σ

+
1/2, A2Π3/2, A2Π1/2, and

B2Σ
+
1/2 states are calculated to be 11.257, 12.787, 12.827, and 15.860 eV, respectively, which are accurate compared with

previous experimental results, within an error margin of 0.08 eV∼0.2 eV.

Keywords: potential energy curves, spin–orbit coupling, carbon monosulfide molecular ion (CS+), ionization
spectrum
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1. Introduction
Carbon monosulfide (CS) and its ion (CS+) are an

important molecule and molecular ion in astronomy, and
have received much attention in spectroscopy[1–15] and
astrophysics.[16–18] CS and CS+ are usually formed in plas-
mas of sulfur and carbon using ultraviolet photolysis and the
collisional dissociation of CS2.[19] Since the dominant elec-
tronic configuration for the ground state of CS+ (6σ22π47σ1)

has unpaired electrons, CS+ is a short-lived and highly reac-
tive diatomic molecular ion, and thus is usually treated as a
radical. Due to the unstable nature and high density of the
electronic states of CS+, there are a series of complicated cou-
plings among different electronic states, such as avoided cross-
ing and spin–orbit coupling. Thus, assignment of electronic
states and investigation of spectroscopic properties of CS+ are
of great potential importance for both experimental and theo-
retical studies.

As early as 1972, Frost et al.[1] observed CS+ in a vac-
uum ultra-violet photoelectron spectrum of CS by means of
He I radiation (He I PES). The ionization potentials (IPs) of

X2Σ+ (11.34 eV), A2Π (12.78 eV), B2Σ+ (15.83 eV), C2Σ+

(18.03 eV), and spin–orbit splitting of A2Π (278 cm−1) were
obtained in their experiment. Since then, a series of spectro-
scopic studies has been carried out on the low-lying electronic
states of CS+. Tsuji et al.[2] detected the CS+ (B2Σ+–X2Σ+)

emission spectrum band produced by He (23S)/CS Penning
ionization. Horani and Vervloet[18] measured the electronic
spectrum of the A2Π–X2Σ+ transition for CS+ by employing
Fourier transform spectroscopy. The (1, 0) absorption band,[6]

(5, 0) and (6, 0) absorption bands,[8] and (2, 1) absorption
band[12] of the A2Π–X2Σ+ transition for CS+ were observed
through velocity modulation detection. Bailleux et al.[11] mea-
sured the submillimeter-wave spectrum of the ground state
(X2Σ+) of CS+ by employing positive column discharge in
a CS2–Ar mixture partially cooled by a limited flow of liquid
nitrogen.

Along with experimental studies, numerous theoretical
studies were also carried out to investigate the low-lying ex-
cited states for CS+. In 1985, Larsson[3] computed poten-
tial energy curves (PECs) and spectroscopic parameters for the
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X2Σ+, A2Π, and B2Σ+ states of CS+ by using complete active
space SCF (CASSCF) and contracted configuration interaction
(CI) methods. He also calculated non-orthogonal electronic
transition moments between A–X, B–X, and B–A, and de-
duced the lifetimes of A2Π and B2Σ+ states. Later, Blöcker et
al.[4] calculated electronic transition moment functions for the
A2Π–X2Σ+, B2Σ+–X2Σ+, B2Σ+–A2Π, and C2∆–A2Π transi-
tions of CS+ using highly correlated CASSCF CI methods,
and evaluated the lifetimes of A2Π, B2Σ+, and C2∆ sates.
Honjou[9] computed the PECs and spectroscopic constants for
the 1-52Σ+ and 1-32Π states of CS+ by employing ab initio
CI methods. Subsequently, Honjou[10] calculated molecular
vibrations of X2Σ+, A2Π, B2Σ+, and C2Σ+ states of CS+ us-
ing ab initio CI calculations, and simulated the photoelectron
spectrum of CS. Liu et al.[13] calculated the PECs and spec-
troscopic properties for X2Σ+ and A2Π states of CS+ using
multi-reference CI methods. However, no theoretical studies
including spin–orbit coupling (SOC) effects of the low-lying
electronic states of CS+ have been reported in previous litera-
ture. As is well known, the SOC effects play an important part
in the spectrum and dynamics of the diatomic molecule, even
if only the first-row and second-row atoms are included. Par-
ticularly, the SOC effects could lead to the state perturbation
of different electronic states of CS+. Thus, the avoided cross-
ing phenomena of non-adiabatic PECs may occur between two
different Λ–S states with the same Ω components due to the
SOC effects.

In the present work, we use an ab initio method to cal-
culate the PECs of low-lying electronic states of CS+. In the
PEC calculations, the SOC effects are taken into considera-
tion via the state-interaction technique. Base on the calculated
PECs, we further solve the nuclear Schrödinger equations to
obtain vibrational energy levels, vibrational wave functions,
and spectroscopic parameters of bound states for CS+. Fi-
nally, the single ionization spectrum of CS is simulated.

2. Methods and computational details

In the present study, the ab initio calculations are per-
formed with Molpro2010 suite of program package, designed
by Werner et al.[20] All the calculations are performed in
the C2v subgroup of C∞v and the corresponding relationships
between the irreducible representations of the C2v and C∞v

groups are Σ+ =A1, Π=B1+B2, ∆=A1+A2, and Σ−=A2.
In all the calculations, we describe the carbon atom with the
contracted augmented correlation consistent polarized quintu-
ple zeta Gaussian-type all-electron aug-cc-pwCV5Z basis set
[15s, 9p, 5d, 4f, 3g, 2h],[21,22] and sulfur atom with the aug-
cc-pwCV5Z basis set [21s, 13p, 5d, 4f, 3g, 2h].[22,23] The
PECs of the low-lying doublet, quartet, and sextet electronic

states of CS+ are calculated with highly correlated ab initio
methods, namely state-averaged complete active space self-
consistent field (CASSCF) method[24,25] and the internally
contracted multireference configuration interaction approach
(MRCI) with Davison size-extensivity correction (+Q).[26–28]

The selection of active space plays a vital role in the CASSCF
computations, since the low-lying excited states arise from
the excitation of valence electrons into the empty valence or-
bitals and the close-by outer-shell orbitals. Hence, the ac-
tive space is comprised of 2p valence orbitals of C, 3s3p va-
lence orbitals of S, and outer-shell 4s4px4py of S. In the sub-
sequent calculations, the energies of 18 Λ–S states are calcu-
lated by MRCI + Q utilizing the CASSCF wave functions as
reference wave function. In the above calculations, the scalar
relativistic effects are taken into account through the second-
order Douglas–Kroll[29] and Hess[30] one-electron integrals.
The spin–orbit matrix elements and the spin–orbit eigenstates
are computed by employing the state interaction method with
the full Breit–Pauli Hamiltonian (HBP).[31] In the SOC ef-
fect calculations, the Ĥel matrix elements are acquired from
MRCI + Q computations, but the ĤSO matrix elements are ob-
tained from MRCI wave functions. The PECs are mapped by
linking the energy points of electronic states considering the
avoided crossing rule between the electronic states with the
same Ω symmetry.

Based on the PECs of the bound Λ–S and Ω electronic
states, the corresponding vibrational energy levels, vibrational
wave functions, Franck–Condon factors (FCFs), and spectro-
scopic parameters are obtained from the numerical solution of
nuclear Schrödinger equations by means of Le Roy’s LEVEL
procedure.[32]

3. Results and discussion
3.1. PECs of the low-lying Λ–S states

The 18 Λ–S states correlated to the two lowest disso-
ciation limits C(3P) + S+(4S) and C+(2P) + S(3P)) of CS+

are calculated with the MRCI + Q method utilizing aug-cc-
pwCV5Z basis set. The PECs for all the 18 Λ–S electronic
states are shown in Fig. 1. For clarity, the doublet Λ–S states
and the quartet/sextet Λ–S states are given in Figs. 1(a) and
1(b), respectively. For a series of given nuclear distances from
R = 1.2 Å to R = 3.7 Å, each PEC is plotted by connecting
40 energy points of Λ–S electronic states. These PECs are de-
picted in energy relative to the minimum energy point of the
ground state X2Σ+. As shown in Fig. 1, the PECs of (3)4Π and
(1)6Π states are repulsive; the PECs of (2)2Π, (3)2Π, (2)2Σ−,
and (2)4Σ− exhibit double minima due to the avoided cross-
ing phenomena between Λ–S states with the same symmetry
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and spin multiplicity; the rest of the wcalculated Λ–S PECs
are typically bound. The calculated spectroscopic constants
of CS+ are listed in Table 1, including adiabatic transition en-
ergies Te, harmonic vibrational frequencies ωe, anharmonic
terms ωexe, rotational constants Be, and equilibrium distance
Re. In Table 1 also listed are dominant electronic configura-
tions of the 18 Λ–S electronic states at internuclear distance
R = 1.50 Å. The spectroscopic constants obtained from pre-
vious experimental and theoretical studies are also listed in
Table 1 for comparison. For the ground state X2Σ+, the calcu-
lated values of ωe, ωexe, and Be accord well with experimental
data, each with an error of 5.883, 0.0195, and 0.0068 cm−1,
respectively; the difference between the latest experimental
values[8] and our calculated ones of Re is about 0.0059 Å. For
A2Π and B2Σ+ states, the calculated spectroscopic constants
Te, ωe, ωexe, Be, and Re are suitably consistent with the ex-
perimental results,[2,8,12] each with an error of 377.3 cm−1,
1.173 cm−1, 1.135 cm−1, 0.0158 cm−1, and 0.005 Å, respec-
tively. Compared with previously calculated results,[3,9,10]

the differences between experimental values and our calcu-
lated ones of the spectroscopic parameters of X2Σ+, A2Π, and
B2Σ+ states are evidently small. The above results indicate
that the MRCI + Q PECs achieve good accuracy. In an en-
ergy range of 0 ∼ 40000 cm−1, A2Π state crosses with X2Σ+

state, and (1)4Π state crosses with X2Π, (1)4Σ+, (1)4∆, and

B2Σ+ states. When the spin–orbit coupling effects are taken

into account, the state perturbation between these states may

lead to the avoided crossing phenomena. For visual clarity, the

PECs of X2Σ+, A2Π, (1)4Σ+, (1)4∆, B2Σ+, and (1)4Π states

are plotted separately in Fig. 2. The ground state X1Σ+ of CS

molecule is also computed with the MRCI + Q method using

aug-cc-pwCV5Z basis set. The dominant electronic configura-

tion of X1Σ+ is 6σ22π47σ2. From Table 1, it is found that the

ground state X2Σ+ of CS+ corresponds to the ejection of an

electron from the outermost 7σ molecular orbital (MO) of CS.

The dominant electron configuration of A2Π state originates

from the removal of an electron from the 2π MO of CS. The

dominant electron configurations of the following low-lying

excited states: (1)4Σ+, (1)4∆, and B2Σ+, correspond to the

ejection of an electron from the outermost 7σ MO and simul-

taneous promotion of the second electron from 2π MO to va-

cant 3π MO. The dominant electronic configuration of (1)4Π

(6σ22π23π17σ2) is described by the removal of an electron

from the 2π MO and simultaneous promotion of the second

electron from 2π MO to vacant 3π MO. As listed in Table 1,

the equilibrium distance of (1)4Π (2.0227 Å) is much larger

than those of other low-lying excited states including (1)4Σ+,

(1)4∆, and B2Σ+ because the 7σ MO is somewhat more non-

bonding than the 2π MO.
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Fig. 1. Calculated MRCI + Q potential energy curves of CS+ for (a) the doublet Λ–S states, and (b) the quartet/sextet Λ–S states. In
each case, the ground state is given for comparison.
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Fig. 2. (color online) Calculated MRCI + Q potential energy curves of
X2Σ+, A2Π, (1)4Σ+, (1)4∆, B2Σ+, and (1)4Π states for CS+.

As mentioned in the above section, the PECs of (2)2Π

state exhibit a double-well potential. The values of Te, ωe,
and Re for (2)2Π state deduced from the outer potential well
are 39900.9437 cm−1, 554.0741 cm−1, and 2.0033 Å. How-
ever, our calculated minimal value of the inner potential well
of (2)2Π state appears at R = 1.6288 Å, which is smaller than
that from another theoretical study, i.e., 1.685 Å.[9]

The different internuclear distances for local minimum of
inner and outer potential wells could be attributed to the varia-
tion of the leading electronic configuration. Table 1 shows that
the leading electronic configuration of (2)2Π is composed of
6σ22π43π1 (71%) at R = 1.5 Å; nevertheless, the electronic
configuration of (2)2Π is mainly described by 6σ22π23π17σ2

(81%) at R = 2.0 Å. In contrast to the 2π MO, the 7σ MO
has nonbonding property, thus, the evolution of dominant elec-
tronic configuration of (2)2Π state along the internuclear dis-
tance leads to different local minimum positions for the double
well of (2)2Π. Finally, our work identifies the bound states
(1)4Σ+, (1)4∆, (1)4Σ−, (1)2Σ−, C2∆, (2)2Π, (2)2Σ−, (1)4Π

(1)6Σ+, (2)4Π, (2)4Σ+, and (2)4Σ−, which are previously un-
characterized either theoretically or experimentally.

Table 1. Computed and experimental spectroscopic constants of low-lying electronic states of CS+.

State Te/cm−1 ωe/cm−1 ωexe/cm−1 Be/cm−1 Re/Å
Configuration at
R = 1.50 Å(%)

X2Σ+ This work 0 1371.6075 7.7925 0.8609 1.4981
6σ22π47σ1(80)

6σ22π33π17σ1(5)
Expt.a 1384(30)
Expt.b 0 1377.49(16) 7.812(39) 0.867746 (91) 1.492156 (78)
Calc.d 0 1358.45 7.64 0.8575 1.501
Calc.e 0 1369 1.503
Calc.f 0 1357 7.6 1.503

A2Π This work 11675.8809 1014.2091 6.5497 0.7143 1.6445 6σ22π37σ2(89)
Expt.a 972(30)
Expt.b 11987.25(67) 1013.90(37) 6.842(48) 0.718739 (90) 1.63955 (10)
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

(1)4Σ+ This work 26204.6239 972.5645 7.8611 0.7004 1.6605 6σ22π33π17σ1(88)
(1)4∆ This work 32730.6475 920.2092 10.7053 0.6896 1.6764 6σ22π33π17σ1(91)
B2Σ+ This work 36131.7388 912.1725 7.6352 0.6984 1.6642 6σ22π33π17σ1(58) 6σ12π47σ2(26)

Expt.a 868(30)
Expt.g 36509 911(3) 6.5(1) 1.665
Expt.b

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

(1)4Σ− This work 37381.8917 804.4624 10.7117 0.6679 1.7010 6σ22π33π17σ1(91)
(1)2Σ− This work 40569.8228 783.0202 10.1855 0.6595 1.7115 6σ22π33π17σ1(92)

C2∆ This work 41332.1500 776.7235 10.9249 0.6577 1.7138 6σ22π33π17σ1(92)
(2)2Π This work 39900.9437 554.0741 1.7495 0.4814 2.0033 6σ22π43π1(71) 6σ12π43π17σ1(9)
(2)2Σ− This work 47757.4481 589.8017 4.9367 0.6388 1.7353 6σ22π33π17σ1(89)
(1)4Π This work 34472.1167 504.9608 2.9397 0.4721 2.0227 6σ22π23π17σ2(88)
(3)2Π This work 44676.4760 475.3502 3.1518 0.4680 2.0312 6σ22π23π17σ2(87)

Calc.e 48370 1497 1.685
(1)6Σ+ This work 47086.0240 671.5008 18.7810 0.5459 1.8819 6σ22π23π27σ1(94)
(2)4Π This work 55868.0838 167.5973 0.6041 0.2425 2.8198 6σ12π43π17σ1(78) 6σ22π33π2(11)
(2)4Σ+ This work 56302.1006 248.6973 3.1229 0.2393 2.8424 6σ22π23π27σ1(86) 6σ12π33π17σ2(7)
(2)4Σ− This work 52170.1463 449.4983 6.2494 0.3009 2.5393 6σ22π23π27σ1(86) 6σ12π33π17σ2(7)

Note: For the experimental values, the inaccuracy of measurement is depicted in the bracket.
aRef. [1], bRef. [8], cRef. [12], dRef. [3], eRef. [9], fRef. [10], gRef. [2].
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3.2. PECs of the low-lying Ω states

The next step in theoretical calculations is to take into
account the SOC effects in the CS+ molecular Hamiltonian.
The Λ–S MRCI wave functions are used as a basis to solve the
eigenequation of full Breit–Pauli Hamiltonian, and the result-
ing PECs are plotted by linking the calculated eigenvalues of
the corresponding electronic state. All the Ω states obtained
from 18 Λ–S states are computed, but only the 10 lowest Ω

states generated from the 6 lowest Λ–S states in Fig. 2 are
shown in Fig. 3 for the purpose of clarity. Based on the com-
puted Ω-state PECs, the spectroscopic constants of CS+ are
evaluated numerically, which are listed in Table 2. In Table 3
are listed the Λ–S compositions of the Ω states at different
internuclear distances. When taking into account the SOC
effects, the recombination of electronic states with the same
Ω symmetry will lead to the avoided crossing phenomena.
There are four avoided crossing points located at R = 1.85 Å,
R = 1.9 Å, R = 2.05 Å, and R = 2.25 Å, namely, Av-1, Av-2,
Av-3, and Av-4, respectively, which are indicated by arrows in
Fig. 3. As shown in Table 3, the leading composition of X2Σ+

state (the (1)1/2 state in Fig. 3(a)) changes from the 2Σ+ state
to 2Π state at Av-1. Similarly, the predominant composition of
A2Σ

+
1/2 (the (5)1/2 state in Fig. 3(a)) varies from the 2Σ+ state

to 4Π state at R= 1.75 Å, and from 4Π state to 4∆ state at Av-2,
which causes the (5)1/2 state to exhibit the double-well poten-
tial centered at R = 1.6724 Å and R = 1.8624 Å, respectively.
The shallow well depths are 658 cm−1 and 988 cm−1. The
leading composition of (1)4∆1/2 (the (4)1/2 state in Fig. 3(a))
changes from 4∆ state to 4Π state at Av-2, and from 4Π state
to 2Σ+ state at Av-3, which results in the double-well po-
tential of (4)1/2 state. Figure 3(a) shows that the double-
well potential of (4)1/2 state is centered at R = 1.6767 Å and
R = 2.0 Å, respectively, with the well depths being 2129 cm−1

and 395 cm−1. The predominant composition of (1)4Σ
+
1/2

(the (3)1/2 state in Fig. 3(a)) changes from 4Σ+ state to 4Π

state at Av-3, and from 4Π state to 2Σ+ state at Av-4, which
leads to a complex potential energy curve of the (3)1/2 state.

Table 2. Computed spectroscopic constants of low-lying states of CS+.

State Te/cm−1 ωe/cm−1 ωexe/cm−1 Be/cm−1 Re/Å

X2Σ
+
1/2 (1)1/2 0 1371.0084 7.7725 0.8609 1.4981

A2Π3/2 (1)3/2 11542.4127 1020.0791 6.1290 0.7143 1.6444

A2Π1/2 (2)1/2 11811.9028 997.6023 –3.3075 0.7142 1.6444

(1)4Σ
+
3/2 (2) 3/2 26200.8157 1136.3309 27.0050 0.7004 1.6605

(1)4Σ
+
1/2 (3) 1/2 26204.9251 1132.5569 26.5573 0.7004 1.6605

(1)4∆1/2 (4) 1/2 32683.7730 765.3333 14.2032 0.6889 1.6767

(1)4∆3/2 (3) 3/2 32716.5669 764.3463 14.2635 0.6891 1.6764

(1)4∆5/2 (1) 5/2 32755.9639 735.1042 27.4263 0.6896 1.6762

(1)4∆7/2 (1) 7/2 32796.8918 925.6677 11.3729 0.6895 1.6757

B2Σ
+
1/2 (5) 1/2 35611.8988 435.1411 –11.4172 0.5087 1.8624

From Fig. 3(b), it is also found that (1)4∆3/2 ((3)3/2) has two
avoided crosses with (1)4Π3/2 state and (1)4Σ

+
3/2 ((2)3/2) state

at Av-2 and Av-3, respectively. The (3)3/2 state has a poten-
tial with double-wells of depths of 2064 cm−1 and 548 cm−1.
The doublet state A2Π and the quartet states (1)4Σ+ and (1)4∆

each have spin–orbit splitting effect. The splitting energies
of A2Π3/2–A2Π1/2, (1)4Σ

+
3/2–(1)4Σ

+
1/2, and (1)4∆1/2–(1)4∆7/2

are 269.4901, 4.1094, and 113.1188 cm−1, respectively. The
spin–orbit splitting of A2Π state (278 cm−1) has been ob-
served by Frost et al.[1] and accords well with our computed
result.

Table 3. Composition of Ω states of CS+ at different bond distances.

State r/Å 2Σ− 2Σ+ 2Π 2∆ 4Σ− 4Σ+ 4Π 4∆

X2Σ
+
1/2 1.7 99.87

1.75 99.88
1.8 76.32 23.68

1.85 100
1.9 100

1.95 100
2.0 100

2.05 100
A2Π1/2 1.7 100

1.75 100
1.8 100

1.85 23.68 76.32
1.9 100

1.95 100
2.0 100

2.05 100
A2Π3/2 1.7 100

1.75 100
1.8 100

1.85 100
1.9 100

1.95 100
2.0 100

2.05 100
(1)4Σ

+
1/2 1.7 99.99

1.75 99.99
1.8 99.98

1.85 99.97
1.9 99.94

1.95 99.86
2.0 8 91.96

2.05 99.94
2.2 99.93

2.25 99.80 0.2
(1)4Σ

+
3/2 1.7 99.94

1.75 99.94
1.8 99.93

1.85 99.93
1.9 99.91

1.95 99.86
2.0 98.89

2.05 0.92 98.98
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Table 3. (Continued)

State r/Å 2Σ− 2Σ+ 2Π 2∆ 4Σ− 4Σ+ 4Π 4∆

(1)4∆1/2 1.7 100

1.75 99.99

1.8 99.99

1.85 99.95

1.9 99.9

1.95 99.9

2.0 99.74

2.05 97.84 1.05

(1)4∆3/2 1.7 100

1.75 99.99

1.8 99.99

1.85 99.95

1.9 99.9

1.95 99.9

2.0 99.74

2.05 98.91

(1)4∆5/2 1.7 100

1.75 99.99

1.8 99.99

1.85 99.95

1.9 99.9

1.95 99.9

2.0 99.9

2.05 99.9

(1)4∆7/2 1.7 100

1.75 100

1.8 100

1.85 100

1.9 100

1.95 100

2.0 100

2.05 100

B2Σ
+
1/2 1.7 99.66

1.75 98.34 1.07 0.54

1.8 98.94

1.85 98.94

1.9 99.95

1.95 99.95

2.0 99.93

2.05 0.12 99.88

2.1 99.86
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Fig. 3. Potential energy curves with the spin–orbit coupling effects of
the low-lying electronic state of CS+ for (a) Ω = 1/2, (b) Ω = 3/2,
Ω = 5/2, and Ω = 7/2 states, respectively. The vertical line is corre-
lated to the middle of the Franck-Condon region, that is, the maximum
of the CS (X1Σ+, ν = 0) wave function.

3.3. Theoretical single ionization spectra of CS

As is well known, the photoelectron spectrum (PES) of

a molecule arising from the direct ionization of the molecule

can be simulated by the FCFs of direct ionization transi-

tion between the ground state of the molecule and the cor-

responding electronic state of the molecular ion. Thus, we

calculate the FCFs for ionization transition between the elec-

tronic states (X2Σ
+
1/2, A2Π1/2, and A2Π3/2) of CS+ and the

ground state (X1Σ+) of CS. In the calculations, we adopt “Q-

branch” approximation, meaning that only the ∆J = 0 tran-

sitions are included. Then, the singlet ionization spectra of

CS are fitted with a Gaussian function utilizing a conventional

resolution of 10 meV. The corresponding ionization spectra

are shown in Fig. 4. The horizontal axis shows the ioniza-

tion energy from the vibrational ground state of CS (X1Σ+).

Based on the potential energy curves of CS/CS+ calculated

with the aug-cc-pwCV5Z/MRCI + Q method including spin–

orbital coupling effects, the vertical IP for X2Σ
+
1/2 is calcu-
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lated to be 11.257 eV, which accords well with the experimen-

tal result of 11.34 eV.[1] Figure 4 shows that there are three

bands in the energy range of 11 eV–16.5 eV. The first band

arises from CS+ (X2Σ
+
1/2, v+)+ e−←CS (X1Σ+,v = 0)+hv

transitions. The second band stems from CS+ (A2Π3/2,

v+)+ e−←CS (X1Σ+,v = 0)+hv, and CS+ (A2Π1/2,v+)+

e− ←CS (X1Σ+,v = 0) + hv transitions. The third band is

ascribed to CS+ (B2Σ
+
1/2,v

+)+ e−←CS (X1Σ+,v = 0)+ hv

transitions. The vertical IPs for A2Π3/2, A2Π1/2, and B2Σ
+
1/2

states are calculated to be 12.787, 12.827, and 15.860 eV, re-

spectively, which are very close to the experimental results,

i.e., 12.90, 12.90, and 16.06 eV.[1] Our calculated adiabatic

IPs for A2Π3/2, A2Π1/2, and B2Σ
+
1/2 states are 12.662, 12.695,

and 15.709 eV, respectively, which are in excellent agreement

with experimental values, i.e., 12.78, 12.78, and 15.83 eV.[1]

As discussed in Subsection 3.2, the calculated spin–orbit split-

ting energy of A2Πi is suitably consistent with the experimen-

tal result,[1] with an error of less than 8 cm−1. Due to the dif-

ferent equilibrium internuclear distances between the ground

state of CS and electronic state of CS+, a relatively long vi-

brational progression is observed in the simulated spectrum.

From Fig. 4, it is found that the FCFs of X2Σ+←X1Σ+ transi-

tions are significantly larger than those of A2Πi←X1Σ+ tran-

sitions. Since the equilibrium bond distance of CS+ (X2Σ+)

state is located in the middle of the Franck–Condon region of

the ground state of neutral CS, the vibrational transitions in

CS+ (X2Σ+)←CS (X1Σ+) process are favorable due to large

Franck–Condon overlap of corresponding wave functions.
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Fig. 4. Simulation of the single ionization spectra of CS using Gaussian
function with an FWHM of 10 meV.

4. Conclusions

The potential energy curves of the ground and low-

lying excited states for CS+ molecular ion are investigated

by employing the MRCI + Q method (including the Douglas–

Kroll scalar relativistic correction) with all-electronic aug-cc-

pwCV5Z basis set. The potential energy curves of the 18

Λ–S states correlated with the two lowest dissociation limits

and the 10 lowest Ω states generated from the 6 lowest Λ–

S states are obtained, from which the spectroscopic constants

are evaluated. Our calculated values are in good accordance

with existing experimental and theoretical results. From the

potential energy curves of 18 Λ–S states, it is found that A2Π

state crosses with X2Σ+ state, and (1)4Π state crosses with

X2Π, (1)4Σ+, (1)4∆, and B2Σ+ states in an energy range of

0∼ 40000 cm−1. With the aid of analysis of Λ–S composition

of Ω states at different bond lengths, the interactions between

these crossing states are explained, illuminating the avoided

crossing phenomena of these states. Our theoretical investiga-

tion indicates that the spin–orbit coupling plays an important

role in the low-lying excited states for CS+ molecular ion, and

makes the potential energy curves of Ω states more compli-

cated. Finally, the single-ionization spectra from CS (X1Σ+

state) to CS+ (X2Σ+, A2Π3/2, A2Π1/2, and B2Σ+ states) are

simulated. The computed vertical adiabatic IPs of CS are

highly consistent with experimental results. The present the-

oretical study may add some understanding to and shed more

light on the structure and spectroscopic properties of the low-

lying electronic states of CS+ molecular ion.
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