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Abstract 

On the basis of precisely treating various physical effects—including 

core-valence electron correlation, scalar relativistic corrections, spin-orbit coupling, 

and extrapolation to the complete basis set limit, this study constructed the potential 

energy curves of 18 Λ-S states and the corresponding 35 Ω states of the SH
+
 ion by 

means of the optimized icMRCI+Q method. Within the all-electron 

icMRCI/cc-pCV5Z+SOC theoretical framework, the transition dipole moment curves 

of 12 pairs of transitions between 7 Ω states[including  3 
0
 
 

,  3 1
 , (1)2

1st well
(υ' = 

0–8), (2)0
+
(υ' = 0–5), (2)2

1st well
(υ' = 0–2), (2)1

1st well
(υ' = 0–2), and (3)0

+
(υ' = 0–2)] 

were calculated. Based on the aforementioned potential energy curves and transition 

dipole moment curves, the spectral data of each state and the transition data between 

Ω states were determined by solving the Schrödinger equation for nuclear motion and 

combining with the corresponding formulas, and the obtained results were in excellent 

agreement with the experimental values. In addition, the spectral characteristics of the 

12 pairs of radiative transitions were clarified, the variation trends of the radiative 

lifetimes(τυ'J') and radiation widths(Γr) of the excited Ω states were revealed, and the 

influence of the rotational quantum number(J') on the radiative lifetimes(τυ'J') of the 

(2)2
1st well

(υ' = 0–2, +), (2)1
1st well

(υ' = 0–2, +), and (3)0
+
(υ' = 0–2, +) states was 

discussed. The datasets presented in this paper, including the potential energy curves 

of 18 Λ-S and 35 Ω states, 12 pairs of transition dipole moments between the 7 Ω 

states[ 3 
0
 
 

,  3 1
 , (1)2

1st well
(υ' = 0–8), (2)0

+
(υ' = 0–5), (2)2

1st well
(υ' = 0–2), (2)1

1st 

well
(υ' = 0–2), and (3)0

+
(υ' = 0–2)], and variations of the radiative lifetimes(τυ'J') with J' 

for the (2)2
 1st well

(υ' = 0–2, +), (2)1
1st well

(υ' = 0–2, +), and (3)0
+
(υ' = 0–2, +) states of 
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1 Introduction 

SH
+
 is a crucial ion in astrophysics and interstellar chemistry

[1]
. Since 2010, 

astronomers have detected SH
+
 in various interstellar environments using advanced 

astronomical facilities
[2-6]

. For instance, Benz et al.
[2]

, Godard et al.
[3]

, and Möller et 

al.
[4]

 employed the Heterodyne Instrument for the Far Infrared (HIFI) aboard the 

Herschel Space Observatory. They conducted spectral line surveys of the massive 

star-forming region W3 IRS5
[2]

, diffuse interstellar clouds
[3]

, and the molecular cloud 

Sagittarius B2(M) near the Galactic Center
[4]

, respectively, and detected 

submillimeter-wave spectral lines of SH
+
. Additionally, Müller et al.

[5]
 and Muller et 

al.
[6]

 detected SH
+
 in the Orion Bar structure

[5]
 and in a high-redshift absorber (the 

interstellar absorber at redshift z = 0.89 in front of the quasar PKS 1830–211)
[6]

 using 

the Atacama Large Millimeter/submillimeter Array (ALMA)
[5,6]

 and the IRAM 

30-meter telescope
[5]

. Furthermore, SH
+
 serves as an ideal tracer of high-energy 

processes in the interstellar medium
[5]

. Unambiguous identification of submillimeter 

spectral lines relies on accurate spectroscopic data. Therefore, precise spectral data for 

SH
+
 are not only fundamental for deciphering the evolution of interstellar chemical 

networks but also provide indispensable key data for revealing the cosmic origin 

mechanisms of prebiotic molecules. 

In the experimental domain, advances in spectroscopic measurement techniques 

have enabled scientists to conduct high-resolution electronic, rovibrational, and pure 

rotational spectral studies of the SH
+
 ion. These studies cover the ground state (X

3
 
–
) 

and four excited states (a
1
Δ, b

1
 

+
, A

3
Π, and c

1
Π) across the submillimeter to ultraviolet 

regions using gas-phase spectroscopy. However, the reported spectral data remain 



incomplete. Regarding the submillimeter and infrared spectra of X
3
 
–[7-11]

, Savage et 

al.
[7]

 used submillimeter direct absorption/velocity modulation techniques to measure 

only the N" = 0→1 transition of SH
+
 in the X

3
 
–
(υ" = 0) state. Halfen and Ziurys

[8]
 

employed submillimeter/terahertz direct absorption spectroscopy. They measured the 

complete fine structure (J" = 0←1, 2←1, and 1←1) of the N" = 1←0 transition for 

X
3
 
–
(υ" = 0) in the 346–683 GHz frequency range and reported the B0 and D0 values for 

this state. Hovde and Saykally
[9]

 used a laser magnetic resonance (LMR) spectrometer, 

while Brown et al.
[10]

 utilized velocity-modulated infrared diode laser spectroscopy 

(VMIDLS). Both groups reported the energy level differences G0(1), Bυ", and Dυ" for 

X
3
 
–
(υ" = 0, 1). Civiš et al.

[11]
 further detected the rovibrational transitions υ" = 2←1, 

υ" = 3←2, and υ" = 4←3 for this state using VMIDLS. They also extended the 

reporting of spectral constants for the X
3
 
–
 state, including the energy level differences 

G0(1–3) for υ" = 1–3 relative to υ" = 0, as well as the Bυ" and Dυ" values for υ" = 0–3. 

Milan et al.
[12,13]

 used zero-kinetic-energy pulsed-field ionization (ZEKE-PFI) 

spectroscopy
[12]

 and two-photon resonance enhanced multiphoton ionization 

photoelectron spectroscopy (REMPI-PES)
[13]

. They reported only the B0 and D0 for the 

a
1
Δ state

[12]
, the vibrational level spacings (ΔGυ'+1/2) for a

1
Δ(υ' = 0–2) and b

1
 

+
(υ' = 0, 

1), alongside the ωe and ωexe values for these two states
[13]

. For the A
3
Π→ 

3
 
–
 

ultraviolet and visible emission spectra, Rostas et al.
[14]

 observed the A
3
Π→ 

3
 
–
 

system in a custom DC discharge source. By analyzing the (0, 0), (0, 1), and (0, 2) 

bands, they obtained rotational constants for A
3
Π(υ' = 0, 1) and X

3
 
–
(υ" = 0–2). Based 

on the molecular constants reported by Rostas et al.
[14]

, Horani et al.
[15]

 calculated the 

band heads, Franck-Condon factors, Einstein A coefficients, and oscillator strengths 

for the A
3
Π (υ' = 0, 1)–X

3
 
–
(υ" = 0–4) system, excluding rotational effects. Edwards et 

al.
[16]

 used coaxial laser/ion beam techniques to supplement observations of rotational 

transition lines for the A
3
Π→ 

3
 
–
(1, 3) band. Brzozowski et al.

[17]
 and Gustafsson et 

al.
[18]

 used high-frequency deflection (HFD) techniques to determine the radiative 

lifetimes of A
3
Π(υ' = 0)→ 

3
 
–
(υ" = 0, 1)

[17]
 and the fluorescence lifetimes of 

SH
+
(A

3
Π)

[18]
, respectively. Using high-resolution laser photofragment spectroscopy, 

Levick and Sarre
[19]

 detected the (0, 0) band of the c
1
Π–b

1
 

+
 system. They fitted only 



the B0 and D0 for the b
1
 

+
 and c

1
Π states. In summary, experimental studies

[7-19]
 have 

determined partial spectral and molecular constants for the X
3
 
–
, a

1
Δ, b

1
 

+
, A

3
Π, and 

c
1
Π states. However, spectral constants for the individual Ω states after spin-orbit 

coupling splitting, as well as  rovibrational transition data such as the Einstein A 

coefficients (Aυ'J'→υ′′J′′), vibrational branching ratios (Rυ'J'→υ′′J′′), weighted absorption 

oscillator strengths ( 'J''υ'J'υ'gf  ), radiative lifetimes (τυ'J'), and radiative widths (Γr) for 

excited Ω states, have not yet been reported. 

With the continuous development and refinement of ab initio methods, the 

accuracy of theoretical calculations for the electronic structures and spectral constants 

of ten electronic states (X
3
 
–
, a

1
Δ, b

1
 

+
, A

3
Π, c

1
Π, 2

3
 
–
, 2

3
Π, 2

1
Π, 3

3
 
–
, and 2

1
Δ) of 

the SH
+
 ion has significantly improved. Rosmus and Meyer

[20]
 and Senekowitsch et 

al.
[21]

 obtained spectral constants for the X
3
 
–
 state using the coupled electron pair 

approximation (CEPA) method. Park and Sun
[22]

 derived spectral constants for the X
3
 
–
, 

a
1
Δ, b

1
 

+
, A

3
Π, and c

1
Π states using quasi-degenerate many-body perturbation theory 

(QDMBPT). Using the restricted active space self-consistent field (RASSCF) method, 

González-Luque et al.
[23]

 reported spectral constants for the X
3
 
–
 and A

3
Π states, as 

well as the lifetimes for A
3
Π(υ' = 0, 1). Subsequently, Stancil et al.

[24]
, Shi et al.

[25]
, 

Zanchet et al.
[26,27]

, McMillan et al.
[28]

, Song et al.
[29]

, and Zhu et al.
[30]

 employed 

various methods to obtain spectral constants for the X
3
 
–
 state. These methods included 

multi-reference single and double excitation configuration interaction (MRD-CI)
[24]

, 

coupled cluster theory with single and double excitations and perturbative triple 

corrections [CCSD(T)]
[25]

, internally contracted multi-reference configuration 

interaction (icMRCI)
[26]

, icMRCI with Davidson correction (+Q) (icMRCI+Q)
[27]

, 

MRCI+Q
[28,29]

, and explicitly correlated MRCI (MRCI-F12)
[30]

. In addition, Khadri et 

al.
[31]

 calculated the potential energy curves for 18 electronic states of the SH
+
 ion at the 

icMRCI+Q/cc-pV5Z level. They reported spectral constants for the X
3
 
–
, a

1
Δ, b

1
 

+
, 

A
3
Π, c

1
Π, 2

3
 
–
, 2

3
Π, 2

1
Π, 3

3
 
–
, and 2

1
Δ states. Liu et al.

[32]
 calculated the potential 

energy curves for the X
3
 
–
, A

3
Π, and 2

3
Π states using MRCI Q/AV5Z theory, thereby 

determining the spectral and molecular constants for these three states. Xiao et al.
[33]

 



calculated the potential energy curves for 12 Λ-S states and 25 Ω states of the SH
+
 ion 

using the MRCI-F12+Q method. They determined the spectral constants for five Λ-S 

states (X
3
 
–
, a

1
Δ, b

1
 

+
, A

3
Π, and c

1
Π) and their corresponding nine Ω states. 

Furthermore, they obtained transition dipole moments, Franck-Condon factors, and 

radiative lifetimes (τυ'=0 3)for five transition pairs (a
1
Δ2–  

3 1
 , b

1
 
0
 
 
–  3 

0
 
 

, 

b
1
 
0
 
 
– 3 1

 , A
3
Π1– 

3 
0
 
 

, and A
3
Π–X

3
 
–
). However, the aforementioned theoretical 

studies
[20-33]

 did not comprehensively consider four physical effects that influence the 

accuracy of potential energy curves and spectral data: core-valence correlation, scalar 

relativistic effects, spin-orbit coupling, and the complete basis set limit. Moreover, 

spectral data for certain Λ-S and Ω states, as well as rovibrational transition data for 

many Ω state transitions-including Aυ'J'→υ′′J′′, Rυ'J'→υ′′J′′, wavelengths (λυ'J'→υ′′J′′), 

'J''υ'J'υ'gf  , τυ'J' and Γr for excited Ω states-have not been reported experimentally or 

theoretically. In light of this, this study systematically investigated the electronic and 

rovibrational structures and transition properties of 18 Λ-S states and 35 Ω states of the 

SH
+
 ion using optimized icMRCI+Q and quantum mechanical methods. 

2 Computational Methods 

We performed ab initio calculations on the electronic structure of the SH
+
 ion 

under C2v symmetry using the MOLPRO 2010.1 program package
[34]

. Specifically, we 

calculated the potential energies of 18 Λ-S states (generated from the first six 

dissociation limits of the SH
+
 ion, see Table 1) using the optimized icMRCI+Q method. 

Since appropriate basis sets and active spaces are critical for improving the accuracy of 

SA-CASSCF and icMRCI+Q calculations
[35-38]

, we determined a suitable active space 

(6e, 7o) by analyzing the variation of molecular orbital energies with bond length and 

electron transition behaviors within molecular orbitals obtained via the SA-CASSCF 

method. This active space includes the six valence electrons and seven molecular 

orbitals of the SH
+
 ion. For the 12 Λ-S states generated from the first three 

dissociation limits (see Table 1), this active space comprises the 3s, 3p, and 4p orbitals 

of the S
+
 ion and the 1s orbital of the H atom. For the six Λ-S states generated from 



the fourth to sixth dissociation limits (see Table 1), this active space includes the 3s, 

3p, and 4p orbitals of the S atom. We selected the AVXZ (X = 5, 6) basis sets
[39]

 for the 

H atom and the AV(X+d)Z (X = 5, 6) basis sets
[40]

 for the S atom. We then obtained the 

potential energies of these 18 Λ-S states at the complete basis set limit (denoted as 

icMRCI+Q/56*) using the extrapolation method of Oyeyemi et al.
[41]

. We obtained the 

potential energy contributions from scalar relativistic effects (denoted as +SR) using 

the icMRCI+Q/cc-pV5Z-DK
[42-44]

 theory combined with the third-order 

Douglas-Kroll-Hess (DKH3) approximation
[45]

. We obtained the potential energy 

contributions from core-valence correlation effects (denoted as +CV) using the 

icMRCI+Q/cc-pCVTZ
[42,46]

 theory. In frozen-core calculations, only the six valence 

electrons in the active space (6e, 7o) participated. In all-electron calculations, only the 

1s
2
 electrons of S/S

+
 were excluded. During the calculations, the step size was 0.002 nm 

for R = 0.0764–0.1744 nm and 0.02 nm for R = 0.1764–1.0564 nm. Considering these 

three physical effects, we constructed the potential energy curves for the 18 Λ-S states 

at the icMRCI+Q/56*+SR+CV level (see Figure 1). We obtained the potential energy 

contributions from spin-orbit coupling effects (denoted as +SOC) using the full 

Breit-Pauli spin-orbit coupling operator (ĤSO)
[47]

 combined with the all-electron 

icMRCI+Q/cc-pCV5Z theory. Considering all four physical effects, we obtained 

precise potential energy curves for the 35 Ω states at the 

icMRCI+Q/56*+SR+CV+SOC level (see Figure 2). Additionally, at the all-electron 

icMRCI/cc-pCV5Z+SOC level, we obtained the transition dipole moment curves for 

12 systems among seven Ω states [ 3 
0
 
 

,  3 1
 , (1)2

1st well
(υ' = 0–8), (2)0

+
(υ' = 0–5), 

(2)2
1st well

(υ' = 0–2), (2)1
1st well

(υ' = 0–2), and (3)0
+
(υ' = 0–2)] that are less perturbed by 

other Ω states, as shown in Figure 3. 

 

Table 1 Dissociation relationships for the eighteen Λ-S states of the SH
+
 ion. 



 

Note: a) denotes the arithmetic mean of the J energy levels. 

 

Fig. 1 Potential energy curves of the eighteen Λ-S states for the SH
+
 ion obtained 

using the icMRCI+Q/56*+SR+CV method. 

 

Fig. 2 Potential energy curves of the thirty-five Ω states for the SH
+
 ion obtained 

using the icMRCI+Q/56*+SR+CV+SOC method. 



 

Fig. 3 Transition dipole moment curves for the twelve transition systems of the 

SH
+
 ion. 

Based on the potential energy curves in Figures 1 and 2 and the transition dipole 

moment curves for the 12 systems in Figure 3, we solved the Schrödinger equation for 

the nuclear motion of the SH
+
 ion using the LEVEL 8.2 program

[48]
. By employing Eqs. 

(1)—(4), we obtained the spectroscopic and molecular constants for 16 bound or 

weakly bound Λ-S states (X
3
 
–
, a

1
Δ, b

1
 

+
, 1

5
 
–
, A

3
Π, c

1
Π, 2

3
 
–
, 1

3
Δ, 1

1
 
–
, 2

3
Π, 2

1
Π, 

1
3
 

+
, 3

3
 
–
, 2

1
Δ, 3

1
Π, and 3

1
 

+
) and 30 Ω states of the SH

+
 ion. Furthermore, we 

determined rovibrational transition data for the 12 systems, including Aυ'J'→υ′′J′′, 

Rυ'J'→υ′′J′′, transition wavenumbers (υ ), 'J''υ'J'υ'gf  , and λυ'J'→υ′′J′′. We also calculated the 

τυ'J' and Γr values for five excited Ω states: (1)2
1st well

 (υ' = 0–8, J' = 2, +), (2)0
+
 (υ' = 0–5, 

J' = 0, +), (2)2
1st well

 (υ' = 0–2, J' = 2, +), (2)1
1st well

 (υ' = 0–2, J' = 1, +), and (3)0
+
 (υ' = 

0–2, J' = 0, +). 

We calculated υ'J' υ''J"R  , 'J''υ'J'υgf  , υ J'τ  , and Γr using the following formulas: 

 



 

In Eq. (2), g = 2J''+1; in Eq. (3), Ai,υ′J′ denotes the total Einstein A coefficient for 

emission transitions from a given upper υ′J′ level to all υ′′J'' levels of the ith lower state. 

Based on the icMRCI+Q/56*+SR+CV theory, we also obtained the energies 

corresponding to the six dissociation limits of the SH
+
 ion (see Table 1). As shown in 

Table 1, our results agree well with the measured values reported by Sansonetti and 

Martin
[49]

. 

3 Results and Discussion 

3.1 Spectroscopic and Molecular Constants of the 16 Λ-S States 

Figure 1 shows that among the 18 Λ-S states of this ion, only the 3
3
Π and 2

1
 

+
 

states are repulsive. Table 2 presents the spectral constants, dominant valence electron 

configurations at the equilibrium internuclear distance, experimental data
[5,11-14,19]

, and 

other theoretical results
[20-33]

 for the remaining 16 bound or weakly bound Λ-S states 

obtained in this study. 

Overall, under the icMRCI+Q/56*+SR+CV theory, the spectral constants for the 

X
3
 
–
, a

1
Δ, b

1
 

+
, and A

3
Π states show the highest agreement with existing experimental 

data
[5,11,13,14]

 (see Table 2). Based on this, the following section analyzes and discusses 

the relevant spectral constants derived from the icMRCI+Q/56*+SR+CV theory. 

The ground electronic configuration of the SH
+
 ion forms the X

3
 
–
, a

1
Δ, and b

1
 

+
 

states (as listed in Table 2). The potential well depths for these three states are 

30037.08, 35122.31, and 36025.66 cm
-1

, respectively, supporting 22, 25, and 26 



vibrational states.  

Table 2 Spectral constants of sixteen Λ-S states for the SH
+
 ion. 

 

         

 



 

 

 

The G0(υ″ = 1–3) values [2459.95, 4830.22, and 7108.68 cm
-1

] for the X
3
 
–
 state in 

this study agree well with experimental measurements
[9-11,14]

. They are slightly larger 

than the G0(υ″ = 1–3) values reported by Rostas et al.
[14]

 by 10.71 cm
-1

 (0.437%), 29.18 

cm
-1

 (0.608%), and 52.95 cm
-1

 (0.751%), respectively. The calculated Bυ″ (9.15997, 

8.87823, 8.59698, 8.31643 cm
-1

) and Dυ″ (4.871×10
-4

, 4.828×10
-4

, 4.779×10
-4

, 

4.749×10
-4

 cm
-1

) for X
3
 
–
(υ″ = 0–3) in this work also align well with corresponding 

experimental values
[8-11,14]

. Specifically, the Bυ″ values for υ″ = 0–3 reported by Civiš et 

al.
[11]

 (9.13343, 8.84828, 8.56422, 8.28080 cm
-1

) are smaller than those in this study 

by 0.02654 cm
-1

 (0.291%), 0.02995 cm
-1

 (0.338%), 0.03276 cm
-1

 (0.383%), and 

0.03583 cm
-1

 (0.433%), respectively. The deviations of the calculated Dυ″ (υ″ = 0–3) 

from the corresponding values reported by Rostas et al.
[14]

 (4.912×10
-4

, 4.813×10
-4

, 

4.749×10
-4

, 4.721×10
-4

 cm
-1

) are 4.10×10
-6

 cm
-1

 (0.835%), 1.50×10
-6

 cm
-1

 (0.312%), 

3.00×10
-6

 cm
-1

 (0.632%), and 2.80× 10
-6

 cm
-1

 (0.593%), respectively. As shown in 

Table 2, the Re, ωe, Be, and De values for the X
3
 
–
 state obtained in this study are also 

quite consistent with measured values
[5,11,14]

. Specifically, the deviations of Re and De 

from the values of Rostas et al.
[14]

 are 0.00018 nm (0.132%) and 0.0241 eV (0.651%), 

respectively. The deviations of ωe and Be from the most recent experimental data
[5]

 are 

0.09 cm
-1

 (0.004%) and 0.03657 cm
-1

 (0.394%), respectively. Only the theoretical Re 

values
[25,26,29,30,32,33]

, theoretical Be values
[21-23,25,30,31,33]

, and theoretical De 



values
[25,26,29,30,32]

 are closer to the experimental values
[5,11,14]

 than the results of this 

study. 

The ΔGυ'+1/2(υ' = 0–2) [2471.18, 2384.67, 2297.82 cm
-1

] and B0 (9.16964 cm
-1

) 

for the a
1
Δ state obtained in this study agree well with the experimental measurements 

of Milan et al.
[12,13]

. The deviations of ΔGυ'+1/2(υ' = 0–2) from the corresponding values 

(2479, 2367, and 2297 cm
-1

) reported by Milan et al.
[13]

 are 7.82 cm
-1

 (0.315%), 17.67 

cm
-1

 (0.747%), and 0.82 cm
-1

 (0.036%), respectively. The obtained B0 is 0.01636 cm
-1

 

(0.178%) smaller than the experimental datum (9.186 cm
-1

) of Milan et al.
[12]

. As 

shown in Table 2, the ωe of the a
1
Δ state in this study is only 1.36 cm

-1
 (0.053%) larger 

than the experimental result of Milan et al.
[13]

. Furthermore, the ωexe in this study is 

closer to the experimental value of Milan et al.
[13]

 than the theoretical values
[22,31,33]

. 

The ΔGυ'+1/2(υ' = 0–1) values for the b
1
 

+
 state in this study are 2478.67 and 

2390.90 cm
-1

, respectively. These are 9.67 cm
-1

 (0.392%) and 16.90 cm
-1

 (0.712%) 

larger than the experimental values (2469 and 2374 cm
-1

) of Milan et al.
[13]

, 

respectively. The obtained B0 (9.17952 cm
-1

) and D0 (4.823×10
-4

 cm
-1

) are only 

0.01532 cm
-1

 (0.167%) and 3.00×10
-7

 cm
-1

 (0.062%) larger than the experimental 

results (9.1642 cm
-1

 and 4.82×10
-4

 cm
-1

) of Levick and Sarre
[19]

, respectively. The ωe 

obtained in this study is also only 3.51 cm
-1

 (0.137%) larger than the experimental 

measurement of Milan et al.
[13]

 (see Table 2). 

The first excited electronic configuration of SH
+
 originates from single-electron 

excitation from the 5σ orbital to the 2π orbital. This configuration generates the A
3
Π 

and c
1
Π molecular states (see Table 2). The potential well depths for these two states 

are 14207.03 and 6682.78 cm
-1

, respectively, supporting 16 and 11 vibrational states. 

As shown in Table 2, the deviations of the Te, Re, ωe, Be, and De values for the A
3
Π 

state obtained in this study from the corresponding values of Rostas et al.
[14]

 are 99.15 

cm
-1

 (0.327%), 0.00036 nm (0.240%), 5.36 cm
-1

 (0.321%), 0.01136 cm
-1

 (0.148%), 

and 0.0153 eV (0.861%), respectively, indicating good agreement. Only the Re and Be 

values of González-Luque et al.
[23]

 and the ωe and De values of Liu et al.
[32]

 are slightly 

closer to the experimental measurements of Rostas et al.
[14]

 than the results of this study. 

The calculated T00, T10, and T13 values are 30008.76, 31595.52, and 24486.84 cm
-1

, 



respectively. These are 100.93 cm
-1

 (0.338%), 110.45 cm
-1

 (0.351%), and 57.50 cm
-1

 

(0.235%) larger than the experimental values of Rostas et al.
[14]

 and Edwards et al.
[16]

, 

respectively. The calculated Bυ' values (7.47891, 7.14589 cm
-1

) for the vibrational 

states υ' = 0, 1 are only 0.00147 cm
-1

 (0.020%) and 0.02579 cm
-1

 (0.362%) larger than 

the corresponding values (7.47744, 7.12010 cm
-1

) of Rostas et al.
[14]

, respectively. The 

calculated Dυ' (υ' = 0, 1) values are 6.311×10
-4

 and 6.188×10
-4

 cm
-1

, respectively. Their 

deviations from the values of Rostas et al.
[14]

 (6.312×10
-4

, 6.129×10
-4

 cm
-1

) are 

1.00×10
-7

 cm
-1

 (0.016%) and 5.90×10
-6

 cm
-1

 (0.963%), respectively. 

The B0 (6.29936 cm
-1

) and D0 (6.641×10
-4

 cm
-1

) for the c
1
Π state obtained in this 

study are only 0.07076 cm
-1

 (1.136%) and 1.00×10
-7

 cm
-1

 (0.015%) larger than the 

corresponding experimental values (6.2286 cm
-1

 and 6.64×10
-4

 cm
-1

) of Levick and 

Sarre
[19]

, respectively. 

The second excited electronic configuration of the SH
+
 ion is formed by the 

transition of an electron from the 2π orbital to the 6σ orbital, resulting in the 2
3
Π and 

2
1
Π molecular states (see Table 2). The potential well depths for these two states are 

3025.24 and 1362.94 cm
-1

, respectively, supporting 9 and 6 vibrational states. The third 

excited configuration originates from two-electron excitation out of the 5σ orbital into 

the 2π orbital, resulting in the 2
1
 

+
 molecular state (repulsive state). The fourth excited 

electronic configuration arises from the excitation of an electron from the 5σ orbital to 

the 6σ orbital, resulting in the 1
5
 
–
, 2

3
 
–
, 1

3
Δ, 1

1
 
–
, 1

3
 

+
, 3

3
 
–
, 2

1
Δ, and 3

1
 

+
 states. 

The potential well depths for these eight states are 231.77, 1814.18, 293.44, 210.04, 

228.47, 1876.73, 1345.64, and 538.81 cm
-1

, respectively, supporting 4, 6, 4, 3, 3, 14, 6, 

and 7 vibrational states. The fifth excited electronic configuration is formed by the 

transition of an electron from the 4σ orbital to the 2π orbital, resulting in the repulsive 

3
3
Π state and the weakly bound 3

1
Π state. 

3.2 Spectral Constants of the 30 Ω States 

After including spin-orbit coupling effects, the first through sixth dissociation 

limits of the SH
+
 ion further split into 10 dissociation limits. Table 3 lists the 35 Ω states 

generated by these 10 dissociation limits, the dissociation limit energy intervals 



calculated in this study, the measured values
[49]

, and the theoretical values
[33]

. Table 4 

lists the spectral constants for the 30 bound/weakly bound Ω states and the composition 

of the Ω states at the equilibrium internuclear distance. As shown in Table 3, the 

dissociation limit energy intervals obtained in this study remain consistent with the 

measured values of Sansonetti and Martin
[49]

. 

 

 
 

 



 

 

 

Figure 1 shows that the X
3
 
–
, 1

3
 

+
, 2

1
Δ, 3

1
Π, and 3

1
 

+
 states do not cross with 

other electronic states in the bound region. After considering spin-orbit coupling effects, 



these five Λ-S states split into seven Ω states ( 3 
0
 
 

,  3 1
 , 1

3
 1
 , 1

3
 0 
 

, 2
1
Δ2, 3

1
 
0
 
 

, 

and 3
1
Π1). The spectral constants of these Ω states differ only slightly from the 

corresponding values of the five Λ-S states (see Tables 2 and 4). For instance, regarding 

the potential energy at Re, the  3 
0
 
 

 and  3 1
  states are lower than the X

3
 
–
 state by 

12.95 cm
-1

 and 2.20 cm
-1

, respectively. The 1
3
 1
  and 1

3
 0 
 

 states are higher than the 

1
3
 

+
 state by 22.95 cm

-1
 and 24.04 cm

-1
, respectively. The 2

1
Δ2 state is 11.41 cm

-1
 

higher than the 2
1
Δ state. The 3

1
 
0
 
 

 state is 14.92 cm
-1

 higher than the 3
1
 

+
 state, and 

the 3
1
Π1 state is 8.34 cm

-1
 higher than the 3

1
Π state. For the Re, ωe, and De values, the 

differences between 1
3
 0 
 

 and 1
3
 

+
 are 0.00012 nm, 4.202 cm

-1
, and 0.0006 eV, 

respectively. The differences between 1
3
 1
  and 1

3
 

+
 are 0.00015 nm, 9.457 cm

-1
, and 

0.0006 eV, respectively. The differences between 2
1
Δ2 and 2

1
Δ are 0.00007 nm, 0.241 

cm
-1

, and 0.0004 eV. The values for the 3
1
 
0
 
 

 state exceed those of the 3
1
 

+
 state by 

only 0.00001 nm, 0.022 cm
-1

, and 0 eV. The differences between 3
1
Π1 and 3

1
Π are 

0.00002 nm, 0.147 cm
-1

, and 0.0001 eV. 

Including spin-orbit coupling effects, the other 13 Λ-S states split into 28 Ω states 

(five Ω = 0
–
 states, seven Ω = 0

+
 states, nine Ω = 1 states, six Ω = 2 states, and one Ω = 

3 state). Figure 1 reveals complex crossings among these 13 Λ-S states. This paper 

discusses only those crossings that affect the potential energy curves of the Ω states. For 

example, the a
1
Δ and 1

5
 
–
 states intersect at R = 0.23564 nm. The b

1
 

+
 state crosses 

with the A
3
Π and 2

3
 
–
 states at R = 0.21280 nm and R = 0.24478 nm, respectively. The 

A
3
Π state also intersects with the 1

5
 
–
 and 2

3
 
–
 states at R = 0.21043 nm and R = 

0.30500 nm, respectively. The c
1
Π state intersects with the 1

5
 
–
, 2

3
 
–
, and 1

3
Δ states at 

R = 0.19560, 0.25592, and 0.37249 nm, respectively. The 2
3
Π state crosses with the 

1
5
 
–
, 2

3
 
–
, 1

3
Δ, and 1

1
 
–
 states at R = 0.13402, 0.17384, 0.19271, and 0.20010 nm, 

respectively. The 2
1
Π state intersects with the 2

3
 
–
 and 1

3
Δ states at R = 0.16183 nm 

and R = 0.17751 nm, respectively. The 3
3
 
–
 and 3

3
Π states intersect at R = 0.17495 nm. 

The 2
1
 

+
 state crosses with the 2

3
 
–
, 3

3
 
–
, and 3

3
Π states at R = 0.14225, 0.21551, and 

0.22478 nm, respectively. However, within the 28 Ω states under spin-orbit coupling, 



these crossings become avoided crossings between Ω states of the same symmetry (0
–
 

and 0
–
, 0

+
 and 0

+
, 1 and 1, 2 and 2). Consequently, except for the 1

3
Δ3, 3

3
Π2, and 

  Π   states, the shapes of the potential energy curves for the other 25 Ω states 

[including three repulsive states: (7)0
+
, (11)1, and (8)0

+
] differ significantly from those 

of the corresponding Λ-S states (see Figures 1 and 2). Furthermore, the spectral 

constants of the 22 bound or weakly bound Ω states change substantially compared to 

those of the corresponding Λ-S states (see Tables 2 and 4). Detailed analysis reveals 

that: (1) the primary Λ-S components of the (1)2
1st well

 (υ' = 0–8) and (2)0
+
 (υ' = 0–5) 

states are the a
1
Δ and b

1
 

+
 states, respectively; (2) the primary Λ-S component of the 

(2)2
1st well

 (υ' = 0–2), (2)1
1st well

 (υ' = 0–2), (3)0
+
 (υ' = 0–2), and (1)0

–
 (υ' = 0–2) states is 

the A
3
Π state. Similar to the OH

+
 ion

[38]
, the A

3
ΠΩ of the SH

+
 ion is also an inverted 

state. The Ae values obtained in this study are -210.70 cm
-1

 [(2)2
1st well

 – (2)1
1st well

] and 

-222.95 cm
-1

 [(2)1
1st well

 – (3)0
+
] (see Table 4). These values agree well with the 

measured value (-216.95 cm
-1

) reported by Rostas et al.
[14]

. 

3.3 Transition Properties 

As analyzed in Section 3.2, the seven Ω states  3 
0
 
 

,  3 1
 , (1)2

1st well
 (υ' = 0–8), 

(2)0
+
 (υ' = 0–5), (2)2

1st well
 (υ' = 0–2), (2)1

1st well
 (υ' = 0–2), and (3)0

+
 (υ' = 0–2) are 

weakly perturbed by other Ω states. In accordance with electric dipole transition 

selection rules, 12 pairs of transitions occur among these seven Ω states. Tables 5–16 

list some relatively large rovibrational transition data for (1)2
1st well

 (υ' = 0–8, J' = 2, 

+)– 3 1
 (υ'', J'' = 1, –); (2)0

+
 (υ' = 0–5, J' = 0, +)– 3 

0
 
 

(υ'', J'' = 1, –)/ 3 1
 (υ'', J'' = 1, 

–); (2)2
1st well

 (υ' = 0–2, J' = 2, +)– 3 1
 (υ'', J'' = 1, –)/(1)2

1st well
 (υ'' = 0–8, J'' = 2, –); 

(2)1
1st well

 (υ' = 0–2, J' = 1, +)– 3 
0
 
 

(υ'', J'' = 1, –)/ 3 1
 (υ'', J'' = 1, –)/(1)2

1st well
 (υ'' = 

0–8, J'' = 2, –)/(2)0
+
 (υ'' = 0–5, J'' = 1, –); and (3)0

+
 (υ' = 0–2, J' = 0, +)– 3 

0
 
 

(υ'', J'' = 

1, –)/ 3 1
 (υ'', J'' = 1, –)/(2)0

+
 (υ'' = 0–5, J'' = 1, –). Table 17 presents the τυ'J' and Γr for 

the (1)2
1st well

 (υ' = 0–8, J' = 2, +), (2)0
+
(υ' = 0–5, J' = 0, +), (2)2

1st well
 (υ' = 0–2, J' = 2, 

+), (2)1
1st well

 (υ' = 0–2, J' = 1, +), and (3)0
+
(υ' = 0–2, J' = 0, +) states. 

Of the 12 rovibronic transition systems listed in Tables 5–16, only the (1)2
1st 



well
(υ' = 0–8, J' = 2, +)– 3 1

 (υ'', J'' = 1, –) and (2)0
+
(υ' = 0–5, J' = 0, +)– 3 

0
 
 

(υ'', J'' 

= 1, –)/ 3 1
 (υ'', J'' = 1, –) transitions exhibit diagonalized Rυ'J'→υ''J'' . However, these 

three transition pairs display low spontaneous emission rates and small 'J''υ'J'υ'gf  values. 

Furthermore, Table 17 indicates that τυ'J' are excessively long. Consequently, none of 

these 12 transition pairs satisfy the criteria for laser cooling of the SH
+
 ions. 

Table 5 shows that for the (1)2
1st well

(υ' = 0–8, J' = 2, +)– 3 1
 (υ'', J'' = 1, –) 

transition, the Aυ'J'→υ''J'', Rυ'J'→υ''J'', 'J''υ'J'υ'gf  , and λυ'J'→υ''J'' values for the nine faint Δυ = 

0 rovibronic transition lines decrease monotonically as υ' increases. All nine weak 

spectral lines fall within the near-infrared wavelength range. The corresponding

'J''υ'J'υ'gf  and λυ'J'→υ''J'' ranges are 3.603×10
–8
–5.323×10

–8
 and 1022.18–1057.35 nm, 

respectively. 

Tables 6 and 7 indicate that two transition systems originating from state (2)0
+
(υ' 

= 0–5, J' = 0, +) to  3 
0
 
 

(υ'', J'' = 1, –) and  3 1
 (υ'', J'' = 1, –) each yield six weak 

rovibronic spectral lines falling within the visible wavelength range. Moreover, the 

Rυ'J'→υ''J'' and λυ'J'→υ''J'' values of these 12 weak spectral lines with Δυ = 0 also gradually 

decrease as υ' increases. 

 

 

 

 



Table 8 indicates that the 11 strong rovibronic emission lines of the (2)2
1st well

(υ' = 

0–2, J' = 2, +)– 3 1
 (υ′′, J′′ = 1, –) system are concentrated in the near-ultraviolet to 

violet region (304.34–424.17 nm). For a fixed υ', λυ'J'→υ′′J′′ increases gradually with 

rising υ′′, whereas υ decreases. The υ value for the (0, 0) band obtained in this study is 

68.66 cm
-1

 (0.231%) higher than the experimental value reported by Rostas et al.
[14]

. 

Furthermore, the calculated υ  values for the (0, 0), (0, 1), and (0, 2) bands of the 

(2)2
1st well

(υ' = 0–2, J' = 4, +)– 3 1
 (υ′′, J′′ = 4, –) system are 29731.43, 27270.92, and 

24907.63 cm
-1

, respectively. The deviations from the corresponding experimental 

values of Rostas et al.
[14]

 are only 18.89 cm
-1

 (0.064%), 4.21 cm
-1

 (0.015%), and 12.60 

cm
-1

 (0.051%), respectively. The υ  value (24168.67 cm
-1

) for the (2)2
1st well

(υ' = 1, J' 

= 3, +)– 3 1
 (υ′′ = 3, J′′ = 4, –) transition is 16.87 cm

-1
 (0.070%) lower than the 

experimental value (24185.54 cm
-1

) reported by Edwards et al.
[16]

. Table 9 shows that 

the wavelengths of the 17 weak rovibronic emission lines for the (2)2
1st well

(υ' = 0–2, J' 

= 2, +)–(1)2
1st well

(υ′′ = 0–8, J′′ = 2, –) transition cover the visible to near-infrared region 

(455.94–1261.63 nm). The corresponding 'J''υ'J'υ'gf  values range from 9.610×10
-8

 to 

2.666×10
-6

. In summary, the (2)2
1st well

(υ' = 0–2, J' = 2, +)– 3 1
 (υ′′, J′′ = 1, –) 

transition is the primary factor determining the τυ'J' of the (2)2
1st well

(υ' = 0–2, J' = 2, +) 

state. 

  



 

Table 10 indicates that the 12 strong rovibronic emission lines of the (2)1
1st well

(υ' 

= 0–2, J' = 1, +)– 3 
0
 
 

(υ", J" = 1, –) system cover the spectral range from 

near-ultraviolet to violet (302.44–420.49 nm). The corresponding 'J''υ'J'υ'gf  values 

range from 7.791×10
-5

 to 4.269×10
-3

. Furthermore, the Q-branch υ values for the 

(2)1
1st well

(υ' = 1, J' = 1–3, +)– 3 
0
 
 

(υ" = 0, J" = 1–3, –) system obtained in this study 

are 31594.50, 31586.43, and 31574.32 cm
-1

, respectively. These values are higher than 

the experimental results reported by Edwards et al.
[16]

 by 86.89 cm
-1

 (0.276%), 76.16 

cm
-1

 (0.242%), and 69.84 cm
-1

 (0.222%), respectively. In contrast, the R-branch υ

values (24539.98 and 24539.74 cm
-1

) for the (2)1
1st well

(υ' = 1, J' = 6 and 7, +)– 3 
0
 
 

(υ" 

= 3, J" = 5 and 6, –) system are lower than the experimental values of Edwards et al.
[16]

 

by 31.70 cm
-1

 (0.129%) and 48.33 cm
-1

 (0.197%), respectively. Table 11 shows that the 

19 weak rovibronic emission lines of the (2)1
1st well

(υ' = 0–2, J' = 1, +)– 3 1
 (υ", J" = 1, 

–) system, ranging from near-ultraviolet to red light, are distributed within the 

wavelength range of 302.45–623.63 nm. The corresponding 'J''υ'J'υ'gf  values range 

from 5.091×10
-9

 to 7.123×10
-7

. According to Table 12, the (2)1
1st well

(υ' = 0–2, J' = 1, 

+)–(1)2
1st well

(υ" = 0–8, J" = 2, –) system yields 12 weak rovibronic emission lines in 

the visible region. The corresponding λυ'J'→υ"J" ranges from 423.65 to 702.53 nm, and 

the 'J''υ'J'υ'gf   ranges from 2.806×10
-8

 to 9.477×10
-7

. Table 13 indicates that the (2)1
1st 

well
(υ' = 0–2, J' = 1, +)–(2)0

+
(υ" = 0–5, J" = 1, –) transition produces six weak 

rovibronic emission lines spanning the red to near-infrared region (675.08–1188.64 



nm). The corresponding 'J''υ'J'υ'gf  values range from 8.569×10
-8

 to 3.328×10
-7

. 

Therefore, the (2)1
1st well

(υ' = 0–2, J' = 1, +)– 3 
0
 
 

(υ", J" = 1, –) transition is the 

primary factor determining the τυ'J' of the (2)1
1st well

(υ' = 0–2, J' = 1, +) state. 

 

  

 

Table 14 indicates that the (3)0
+
(υ' = 0–2, J' = 0, +)– 3 1

 (υ", J" = 1, –) transition 

yields 11 strong emission lines distributed across the near-ultraviolet to violet region 

(299.77–415.38 nm). The corresponding 'J''υ'J'υ'gf  values range from 7.082×10
-5

 to 

1.442×10
-3

. Table 15 shows that the (3)0
+
(υ' = 0–2, J' = 0, +)– 3 

0
 
 

(υ", J" = 1, –) 

transition produces 16 weak emission lines extending from the near-ultraviolet to the 

green region (314.12–551.80 nm). The associated 'J''υ'J'υ'gf  values range from 



5.232×10
-8

 to 9.560×10
-7

. According to Table 16, the (3)0
+
(υ' = 0–2, J' = 0, +)–(2)0

+
(υ" 

= 0–5, J" = 1, –) transition yields 13 weak emission lines spanning from the red to the 

near-infrared region (665.45–2919.77 nm). The corresponding 'J''υ'J'υ'gf  values range 

from 1.195×10
-8

 to 6.797×10
-7

. Consequently, the (3)0
+
(υ' = 0–2, J' = 0, +)– 3 1

 (υ", J" 

= 1, –) transition is the primary contributor to the τυ'J' of the (3)0
+
(υ' = 0–2, J' = 0, +) 

state. Furthermore, for a constant υ', the λυ'J'→υ"J" values for these nine transition pairs 

from the (2)2
1st well

(υ' = 0–2, J' = 2, +), (2)1
1st well

(υ' = 0–2, J' = 1, +), and (3)0
+
(υ' = 0–2, 

J' = 0, +) states gradually increase with increasing υ". In contrast, υ gradually 

decreases as υ" increases (see Tables 8–16). 

 

 

  



 

    

As shown in Table 17, the τυ'J' values for the four states (1)2
1st well

 (υ' = 0–8, J' = 2, 

+), (2)2
1st well

 (υ' = 0–2, J' = 2, +), (2)1
1st well

 (υ' = 0–2, J' = 1, +), and (3)0
+
 (υ' = 0–2, J' = 

0, +) gradually increase with increasing υ', whereas the Γr values gradually decrease. 

The variations in τυ'J' with respect to υ' for these four states do not exceed 0.466 s, 0.225 

μs, 150.423 ns, and 118.173 ns, respectively. For the (2)0
+
 (υ' = 0–5, J' = 0, +) state, τυ'J' 

initially increases and then decreases as υ' increases, while Γr initially decreases and 

then increases. The variation range of τυ'J' for this state does not exceed 0.691 ms. 

We briefly investigated the variation of τυ'J' with the rotational quantum number J' 

for the (2)2
1st well

 (υ' = 0–2, +), (2)1
1st well

 (υ' = 0–2, +), and (3)0
+
 (υ' = 0–2, +) states (see 

Figures 4–6). Similar to the A
1
Π1 (υ' = 0 and 1, +) state of the AlH molecule 

[37]
 and the 

(2)2
1st well

 (υ' = 0–2, +), (2)1 (υ' = 0–9, +), and (1)0
–
 (υ' = 0–8, +) states of the OH

+
 ion 

[38]
, the τυ'J' values for these three states of the SH

+
 ion also gradually increase with 

increasing J'. For the (2)2
1st well

 (υ' = 0–2, +) state, the variations in τυ'J' with J' are less 

than 11.48, 5.93, and 3.91 μs when υ' = 0 with J' ≤ 38, υ' = 1 with J' ≤ 29, and υ' = 2 with 

J' ≤ 18, respectively (see Figure 4). For the (2)1
1st well

 (υ' = 0–2, +) state, the variations 

in τυ'J' with J' are less than 2.85, 1.02, and 0.47 μs when υ' = 0 with J' ≤ 39, υ' = 1 with J' 

≤ 28, and υ' = 2 with J' ≤ 16, respectively (see Figure 5). For the (3)0
+
 (υ' = 0–2, +) state, 

the variations in τυ'J' with J' do not exceed 13.02, 7.18, and 5.51 μs when υ' = 0 with J' ≤ 

39, υ' = 1 with J' ≤ 29, and υ' = 2 with J' ≤ 18, respectively (see Figure 6). All datasets 



from this study are provided in xls format in the supplementary materials. These 

include the potential energy curves for 18 Λ-S states and 35 Ω states; the 12 pairs of 

transition dipole moments among seven Ω states [ 3 
0
 
 

,  3 1
 , (1)2

1st well
 (υ' = 0–8), 

(2)0
+
 (υ' = 0–5), (2)2

1st well
 (υ' = 0–2), (2)1

1st well
 (υ' = 0–2), and (3)0

+
 (υ' = 0–2)]; and the 

variation of τυ'J' with J' for the (2)2
1st well

 (υ' = 0–2, +), (2)1
1st well

 (υ' = 0–2, +), and (3)0
+
 

(υ' = 0–2, +) states. 

 

Fig. 4 Variation of τυ'J' with J' for the (2)2
1st well

 (υ' = 0–2, +) state of the SH
+
 ion. 

 

Fig. 5 Variation of τυ'J' with J' for the (2)1
1st well

 (υ' = 0–2, +) state of the SH
+
 ion. 

 

Fig. 6 Variation of τυ'J' with J' for the (3)0
+
(υ' = 0–2, +) state of the SH

+
 ion. 

4 Conclusions 



This study investigated the spectroscopic and transition properties of 18 Λ-S states 

and 35 Ω states of the SH
+
 ion. We systematically considered various physical effects, 

including core-valence electron correlation, scalar relativistic effects, spin-orbit 

coupling, and the complete basis set limit. The calculations employed the optimized 

icMRCI+Q method combined with quantum mechanical approaches. The computed 

spectroscopic constants, molecular constants, and rovibrational transition data agree 

well with experimental measurements. These results provide data support for 

subsequent experimental studies and astronomical observations. The findings are as 

follows: 1) For a fixed υ', the τυ'J' values of five excited Ω states [(1)2
1st well

(J' = 2, +), 

(2)0
+
(J' = 0, +), (2)2

1st well
(J' = 2, +), (2)1

1st well
(J' = 1, +), and (3)0

+
(J' = 0, +)] decrease 

sequentially, while the Γr values increase sequentially. Furthermore, for the (1)2
1st well

(υ' 

= 0–8, J' = 2, +), (2)2
1st well

(υ' = 0–2, J' = 2, +), (2)1
1st well

(υ' = 0–2, J' = 1, +), and 

(3)0
+
(υ' = 0–2, J' = 0, +) states, the τυ'J' values gradually increases with increasing υ', 

whereas Γr gradually decreases. For the (2)0
+
(υ' = 0–5, J' = 0, +) state, τυ'J' first 

increases and then decreases as υ' increases, while Γr first decreases and then increases. 

2) The spontaneous radiation is strong for three systems: (2)2
1st well

(υ' = 0–2, J' = 2, 

+)/(3)0
+
(υ' = 0–2, J' = 0, +)– 3 1

 (υ′′, J"= 1, –) and (2)1
1st well

(υ' = 0–2, J' = 1, 

+)– 3 
0
 
 

(υ′′, J" = 1, –). The strong radiation is concentrated in the near-ultraviolet to 

violet region (299.77–424.17 nm). The spontaneous radiation for the other nine 

transition systems is relatively weak. 3) The τυ'J' values of the (2)2
1st well

(υ' = 0–2, +), 

(2)1
1st well

(υ' = 0–2, +), and (3)0
+
(υ' = 0–2, +) states gradually increase with increasing 

J'. 

Data Availability Statement 

The datasets supporting the findings of this study are available in the Science Data 

Bank at https://www.doi.org/10.57760/sciencedb.j00213.00233. 
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