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In the wavelength range of 231−275 nm, we have studied the mass-resolved dissociation
spectra of OCS+ via B 2 Σ+ ←X 2 Π3/2 (000) and B 2 Σ+ ←X 2 Π1/2 (000, 001) transitions by
preparing OCS+ ions in the well-defined spin-orbit states. The spectroscopic constants of
ν1 (CS stretch)=828.9 (810.4) cm−1 , ν2 (bend)=491.3 cm−1 and ν3 (CO stretch)=1887.2 cm−1
for OCS+ (B 2 Σ+ ) are deduced. The observed dependence of the ν2 (bend) mode excitation
of B 2 Σ+ on the spin-orbit splitting of X 2 Π(Ω=1/2, 3/2) in the B 2 Σ+ ←X 2 Π transition can
be attributed to the K coupling between the (000)2 Π1/2 and (010)2 Σ+
1/2 vibronic levels of
X 2 Π state, which makes the B 2 Σ+ (010)←X 2 Π1/2 (000) transition possible.
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OCS+ (X 2 Π) in the B 2 Σ←X 2 Π transition, where the
B 2 Σ+ state, differing from A2 Π, has no spin-orbit splitting.

I. INTRODUCTION

The linear triatomic OCS+ ion is one of the ideal
molecules for the detailed exploration of fundamental physical processes including Fermi resonance, the
Renner-Teller effect, and spin-orbit interactions [1, 2].
The vibronic structures of OCS+ (X 2 Π, A2 Π, B 2 Σ+ and
C 2 Σ+ ) have been investigated by various experimental techniques [3−27], including photoelectron [3−9],
vacuum ultraviolet (VUV) pulsed field ionizationphotoelectron (PFI-PE) [10, 11], photoionization efficiency [12], laser-induced fluorescence emission [13,
14], photon dissociation measurements [15−20], and
resonance-enhanced multiphoton ionization (REMPI)
of the neutral OCS [21−24]. In comparison with the extensive works for the OCS+ (A2 Π) state, only a few laser
spectroscopic studies about the OCS+ (B 2 Σ+ ) state
were reported. Kakoschke et al. performed the first experiment on the one photon dissociation spectroscopy of
OCS+ via the B 2 Σ+ /A2 Π←X 2 Π transitions in 1985 by
using tunable laser and duoplasmatron ion source [17].
Liu et al. demonstrated a time-sliced velocity imaging
technique to study the mode-selected predissociation of
OCS+ (B 2 Σ+ ) ion via the B 2 Σ+ ←X 2 Π1/2 excitation by
preparing OCS+ in the X 2 Π1/2 state via [2+1] multiphoton ionization of OCS molecules [25, 26].

II. EXPERIMENTS

The experimental setup has been reported previously
[28]. The jet-cooled OCS molecules were produced by
the supersonic expansion of a mixing OCS/He gas (total pressure 3.5 mPa, OCS/He≈20%) through a pulsed
nozzle (General Valve) with a nozzle orifice diameter
of 0.5 mm into a photoionization chamber. The output of the ionization dye laser (about 2 mJ/pulse)
was focused perpendicularly on the molecular beam of
OCS by a quartz lenses with f =149 mm to produce
OCS+ ion via [3+1] resonance enhanced multi-photon
ionization of OCS molecules. The dissociation dye
laser (231−275 nm, 20−110 µJ/pulse) coaxially counterpropagated with the ionization laser was focused by
another quartz lenses with f =291 mm to excite the
OCS+ ions. Both dye lasers were temporally and spatially matched with each other at the laser-molecular
interaction point. The wavelength of the laser was calibrated using a wavemeter.
The ions were extracted and accelerated into a TOF
(time of flight) mass spectrometer and drifted along a
70 cm long TOF tube, and finally detected by a microchannel plate (MCP) detector. The signals from the
MCP output were amplified with a preamplifier (Stanford model SR240A). The mass-resolved data were collected by averaging the amplified signals for selected
mass species with a transient recorder and stored in
a personal computer (PC). The intensities of the ionization laser and the dissociation laser were monitored
simultaneously during the experiment.

In this work, we investigate the vibrational levels of OCS+ (B 2 Σ+ ) involving one quantum of bending mode by measuring the B 2 Σ+ ←X 2 Π1/2,3/2 dissociation spectra of OCS+ . Especially, we attempt
to learn the dependence of the bending mode excitation of OCS+ (B 2 Σ+ ) on the spin-orbit splitting of
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FIG. 1 The mass-resolved photodissociation spectra. The
spectra are assigned to the B 2 Σ+ (v1 v2 v3 )←X 2 Π3/2 (000) vibronic transition of OCS+ . The energy per pulse of the dissociation laser was marked at the position of the resonance
peaks in upper frame.
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FIG. 2 The mass-resolved photodissociation spectra. The
spectra are assigned to the B 2 Σ+ (v1 v2 v3 )←X 2 Π1/2 (000)
vibronic transition of OCS+ .
The marks “A” and
“b” in the lower frame represent the bands assigned
to the A2 Π1/2 (v1 v2 v3 )←X 2 Π1/2 (000) transition and the
B 2 Σ+ (v1 v2 v3 )←X 2 Π3/2 (000) transition, respectively.

III. RESULTS AND DISCUSSION

In this work, the OCS+ ions were prepared in
X Π1/2 (000), X 2 Π3/2 (000), and X 2 Π1/2 (001) states
with minimum amount of fragment ions by fixing the
wavelengths of ionization laser at λ=420, 423, and
408.4 nm, respectively. The soft ionization at these
wavelengths comes from the [3+1] REMPI process of
OCS [21−24], which can be expressed as,
2

OCS(X 1 Σ+ (000))

3hν
→ OCS(E 1 Π(000))
hν
→ OCS+ (X 2 Π3/2 (000)) (1)

OCS(X 1 Σ+ (000))

3hν
→ OCS(F 1 Π(000))
hν
→ OCS+ (X 2 Π1/2 (000)) (2)

OCS(X 1 Σ+ (000))

3hν
→ OCS(F, G(001))
hν
→ OCS+ (X 2 Π1/2 (001)) (3)

Thus, the mass-resolved photodissociation spectra
(the depletion spectrum of parent ion OCS+ and
the enhanced spectrum of fragment ion S+ ) in
Fig.1−Fig.3 were obtained by scanning the dissociation laser in the range of 231−275 nm.
With
the aid of the spectroscopy of OCS+ reported in
Ref.[11, 17], the photodissociation spectra could
be assigned as the B 2 Σ+ (v1 v2 v3 )←X 2 Π3/2 (000),
B 2 Σ+ (v1 v2 v3 )←X 2 Π1/2 (000), and B 2 Σ+ (v1 v2 v3 )←
X 2 Π1/2 (001) transitions of OCS+ , where v1 , v2 , and
DOI:10.1063/1674-0068/26/03/265-269

FIG. 3 The mass-resolved photodissociation spectra. The
spectra are assigned to the B 2 Σ+ (v1 v2 v3 )←X 2 Π1/2 (001) vibronic transition of OCS+ .

v3 represent the vibrational quantum numbers of ν1
(CS stretching), ν2 (bending), and ν3 (CO stretching)
modes, respectively. The assignments of the photodissociation spectra shown in Fig.1−Fig.3 are summarized
in Tables I−III. The pulse energy per pulse of the dissociation laser is marked at the position of resonance
peaks in upper frame of the Fig.1−Fig.3.
The doublet feature of the B 2 Σ+ (000) band, with two
lines separated by ∼72 cm−1 , is found in Fig.1−Fig.3.
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TABLE I Vibrational assignments for the B 2 Σ+ (v1 v2 v3 )← X 2 Π3/2 (000) bands of OCS+ .
(v1 v2 v3 )
(000)
(100)
(001)
(101)
(002)
a

νexp,1 a /cm−1
39170.8
39999.7
41057.2
41890.3
42920.5

∆ν a /cm−1
0.0
828.9
1886.4
2719.5
3749.7

νexp,2 /cm−1
39171 [17]
40000 [17]

(νexp,1 −νexp,2 )/cm−1
−0.2
−0.3

3729.5
2

b

∆νPFI b /cm−1
0.0
797.7
1876.9

(∆ν−∆νPFI )/cm−1
0.0
31.2
9.5
20.2

+

This work. ∆ν values are energy measured with respect to B Σ (000).
Data of PFI-PE spectra from Ref.[12].

TABLE II Vibrational assignments for the B 2 Σ+ (v1 v2 v3 )←X 2 Π1/2 (000) bands of OCS+ .
(v1 v2 v3 )
(000)
(010)
(100)
(001)
(101)
(002)
a

and

b

νexp,1 a /cm−1
38806.1
39295.5
39635.0
40696.3
41515.7
42558.9

∆ν a /cm−1
0.0
489.4
828.9
1890.2
2709.6
3752.8

νexp,2 /cm−1
38803.0 [17]
39298.0 [17]
39631.0 [17]

(νexp,1 −νexp,2 )/cm−1
3.1
−2.5
4.0

∆νPFI b /cm−1
0.0 [12]

(∆ν−∆νPFI )/cm−1
0.0

797.7 [12]
1876.9 [12]

31.2
13.3

3729.5 [12]

23.3

see Table I.

TABLE III Vibrational assignments (in cm−1 ) for the
B 2 Σ+ (v1 v2 v3 )←X 2 Π1/2 (001) bands of OCS+ .
(v1 v2 v3 )
(000)
(010)
(100)
(020)
(110)
(200)
(001)
(210)
(011)

νexp
36759.0
37253.1
37569.4
37718.1
38039.4
38378.0
38649.3
38848.9
39108.6

∆ν
0
494.1
810.4
959.1
1280.4
1619.0
1890.3
2089.9
2349.6

(v1 v2 v3 )
(101)
(021)
(400)
(201)
(002)
(500)
(420)
(102)
(003)

νexp
39460.4
39588.4
39990.4
40270.5
40489.0
40774.5
40927.0
41338.0
42337.0

∆ν
2701.4
2829.4
3231.4
3511.5
3730.0
4015.5
4168.0
4579.0
5578.0

Similar doublet structure of the B 2 Σ+ (000) band with
a space of ∼30 cm−1 was also observed in previous PFI-PE spectra [11, 27]. The difference between
the doublet splitting of ∼72 cm−1 in the this experiment and that of ∼30 cm−1 in the PFI-PE experiment [11, 27] may be attributed to the different excited ways of OCS+ (B 2 Σ+ ). In this experiment, the
doublet splitting is formed from the direct excitation
of B 2 Σ+ (000)←X 2 Π(000). In the PFI-PE experiment
the doublet splitting is formed from the decay (autoionization) of the super excitation state of neutral OCS
molecule. However, the doublet structure of the B 2 Σ+
state cannot be ascribed to a fine structure splitting.
We are not sure the origination of the doublet structure,
and “a near resonant interaction” suggested in Ref.[11]
DOI:10.1063/1674-0068/26/03/265-269

is a possible interpretation for the doublet splitting of
the B 2 Σ+ (000)←X 2 Π3/2 (000) transition in Fig.1. By
selecting the lower component of the doublet as the
origin of the B 2 Σ+ ←X 2 Π transition, the vibrationless
electronic origin of the B 2 Σ+ ←X 2 Π3/2 (000) can be determined as 39170.8 cm−1 , which is in accordance with
the value of 39171 cm−1 given in Ref.[17].
By relating the lowest excited level of a vibration mode to its vibration frequency, we can get
the frequencies of three vibration modes from Tables I−III. It is found that the ν1 value (CS
stretch) of 810.4 cm−1 for the B 2 Σ+ ←X 2 Π1/2 (001)
spectrum is 18.5 cm−1 lower than that for the
B 2 Σ+ ←X 2 Π1/2,3/2 (000) spectra (828.9 cm−1 ). This
fact suggests that the transitions from the vibrational
excited X 2 Π1/2 (001) level can make OCS+ reach a
position of the B 2 Σ+ potential surface related to
a smaller ν1 value along the CS stretching coordinate. In sum, the spectroscopic constants of ν1 (CS
stretch)=828.9 (810.4) cm−1 , ν2 (bend)=491.3 cm−1 ,
and ν3 (CO stretch)=1887.2 cm−1 for OCS+ (B 2 Σ+ ) are
deduced from the data of the B 2 Σ+ (v1 v2 v3 )←X 2 Π
transitions. In fact, we can use the data of the
B 2 Σ+ ←X 2 Π1/2 (001) spectrum in Table III to fit out
an entire set of spectral constants: ω1 =800.6 cm−1 ,
ω2 =484.4 cm−1 , ω3 =1884.5 cm−1 , x11 =1.4 cm−1 ,
x22 =−4.0 cm−1 , x33 =−9.2 cm−1 , x12 =−2.2 cm−1 ,
x13 =15.4 cm−1 , x23 =−13.1 cm−1 . By using this set
of spectral constants, the maximum errors between the
calculated wavenumbers and the experiment values in
Table III are +8.1 and −9.0 cm−1 . The frequencies of
c
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the vibrational modes for B 2 Σ+ obtained in this work
are in agreement with previous determinations [11, 17].
From the long B 2 Σ+ (v1 00, v1 =0, 1, 2, 4, 5) progression in the B 2 Σ+ ←X 2 Π1/2 (001) spectrum of Fig.3, it
is noticed that the B(500)-B(400) gap of 784.1 cm−1
is obviously smaller than other B(v1 00)−B(v1 −1,0,0)
gaps of 806.2−810.4 cm−1 for v1 =1, 2, 3, 4. We can
attribute this rapid decreasing of the CS stretching frequency at v1 =5 to the larger anharmonicity of the potential energy surfaces (PES) of OCS+ (B 2 Σ+ ) state.
As pointed by Hirst [1], the B 2 Σ+ and 4 Σ− states intersect over a wide range of CO distances when the CS
distance is at about 1.7 Å, and the intersection seam lies
at about 5000 cm−1 above the minimum of the B 2 Σ+
surface. Since the B 2 Σ+ (500) level at about 4400 cm−1
is near this intersection seam, it is possible that the interaction between the 4 Σ− and B 2 Σ+ states increases
the anharmonicity of PES of OCS+ (B 2 Σ+ ) state, which
makes the B(500)-B(400) gap much smaller than other
B(v1 00)-B(v1 −1,0,0) gaps (where v1 =1, 2, 3, 4).
In Fig.1 and Fig.2, the B 2 Σ+ ←X 2 Π3/2 (000) and
2 +
B Σ ←X 2 Π1/2 (000) spectra are very similar in spectral structure and in intensity distribution, except
there is a frequency shift (the spin-orbit splitting of
364.5 cm−1 of X 2 Π) between them. In principle,
the excitation of the bending mode for B 2 Σ+ in the
B 2 Σ+ ←X 2 Π transition has a very low intensity, as a
result of vanishing Franck-Condon factors. That is why
no B 2 Σ+ (v1 1v3 ) band appears in the B 2 Σ+ ←X 2 Π3/2
spectra. However, by observing the dissociation spectra in Fig.1−Fig.3, the B 2 Σ+ (v1 1v3 ) bands with v2 =1
appear remarkably in the B 2 Σ+ ←X 2 Π(Ω=1/2) spectra. No such band is seen in the B 2 Σ+ ←X 2 Π3/2 (000)
spectrum. Because the B 2 Σ+ state has no spin-orbit
splitting, this observation suggests a dependence of the
ν2 mode excitation of B 2 Σ+ on the spin-orbit splitting
of X 2 Π. One should notice, that the energy gap of
∼360 cm−1 between 3/2 and 1/2 components of X 2 Π
can hardly induce evident differences of the FranckCondon factors between the B 2 Σ+ ←X 2 Π(Ω=3/2) and
B 2 Σ+ ←X 2 Π(Ω=1/2) transitions. This argument is
supported by both the similar spectral structures and
similar intensity distributions in B 2 Σ+ ←X 2 Π3/2 (000)
and B 2 Σ+ ←X 2 Π1/2 (000) spectra in Fig.1 and Fig.2
(except for the B 2 Σ+ (010) band with v2 =1). Hence,
the vibronic levels of X 2 Π and their interaction should
be important to determine the correlation between the
bending ν2 mode excitation of B 2 Σ+ and the spin-orbit
splitting of X 2 Π.
For a linear molecule OCS+ (X 2 Π) with v2 bending
quanta, the vibrational angular moment along molecular axis can have values lv ~, where lv =v2 , v2 −2, . . .1, or
0. In view of the fact that the electronic orbital angular
momentum of OCS+ (X 2 Π) has a nonzero projection of
Λ~ (Λ=1) along the molecular axis, the Renner-Teller
coupling between Λ and lv can form a new quantum
number, K=|Λ±lv |, corresponding to the vibronic comDOI:10.1063/1674-0068/26/03/265-269
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ponents of OCS+ (X 2 Π) [10]. In this case, the vibronic
levels of the X 2 Π state can be identified by the quan2 −
tum number K, such as (010)2 Σ+
1/2 and (010) Σ1/2 lev2
2
els with K=0, (000) Π1/2 and (000) Π3/2 levels with
K=1, as well as (010)2 ∆3/2 and (010)2 ∆5/2 levels with
K=2. The K coupling of two vibronic levels closed
to each other has been found in many cases [10]. The
smaller the energy gap of two vibronic levels is, the
stronger the K coupling is. Referring to the calculated and observed vibronic levels of OCS+ (X 2 Π), it
is found that the energy gap of ∼45 cm−1 between
the (000)2 Π1/2 and (010)2 Σ+
1/2 vibronic levels is much
smaller than that of ∼409 cm−1 between the (000)2 Π3/2
and (010)2 Σ+
1/2 vibronic levels [10]. Obviously, the former has a much stronger K coupling than the latter.
Thus, the OCS+ ions at X 2 Π1/2 (000) level can gain a
finite bending vibration feature from the K coupling
between the (000)2 Π1/2 and (010)2 Σ+
1/2 vibronic levels
2
2 +
of the X Π state, and the B Σ (010)←X 2 Π1/2 (000)
transition becomes possible by borrowing the intensity from the allowed B 2 Σ+ (010)←X 2 Π((010)2 Σ+
1/2 )
transition. Hence, it is not surprising that the notable B 2 Σ+ (010)←X 2 Π1/2 (000) band appears in the
B 2 Σ+ ←X 2 Π1/2 (000) spectrum while no such band is
seen in the B 2 Σ+ ←X 2 Π3/2 (000) spectrum.
In addition to the main bands for B 2 Σ+ (v1 v2 v3 )←
2
X Π1/2 (000) transitions, several weak vibrational
bands, marked “b” in Fig.2, can be assigned to
the B 2 Σ+ (v1 v2 v3 )←X 2 Π3/2 (000) transitions, because
a small amount of OCS+ (X 2 Π3/2 (000)) ions were produced in the prepareration of the OCS+ (X 2 Π1/2 (000))
ions [21−24]. Other two bands marked by “A” in Fig.2
can be assigned to the A2 Π1/2 (203, 004)←X 2 Π1/2 (000)
transitions, and their rotational contours are obviously different from those of B 2 Σ+ ←X 2 Π transitions.
In comparison with the B 2 Σ+ ←X 2 Π3/2,1/2 (000) spectra in Fig.1 and Fig.2, the B 2 Σ+ ←X 2 Π1/2 (001) spectrum in Fig.3 contains more vibrational bands of
B 2 Σ+ (v1 v2 v3 ).
IV. CONCLUSION

In sum, we have obtained the mass-resolved dissociation spectra of OCS+ via B 2 Σ+ (v1 0v3 )←X 2 Π3/2 (000)
and B 2 Σ+ (v1 v2 v3 )←X 2 Π1/2 (000, 001) transitions
in the wavelength range of 231−275 nm, and the
spectroscopic constants of ν1 (CS stretch)=828.9
(810.4) cm−1 , ν2 (bend)=491.3 cm−1 and ν3 (CO
stretch)=1887.2 cm−1 for OCS+ (B 2 Σ+ ) are deduced.
It is noticed that in the dissociation
spectra the bands involving the ν2 (bend) mode of
OCS+ (B 2 Σ+ ), such as B 2 Σ+ (010), were observed in
the B 2 Σ+ (v1 v2 v3 )←X 2 Π1/2 (000, 001) progressions
but not in the B 2 Σ+ ←X 2 Π3/2 (000) progression. This
dependence of the bending ν2 mode of B 2 Σ+ on
c
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the spin-orbit splitting of X 2 Π can be attributed to
the effective K coupling between the (000)2 Π1/2 and
2
(010)2 Σ+
1/2 vibronic levels of the X Π state, which
makes the B 2 Σ+ (v1 1v3 )←X 2 Π1/2 (000) transition
becomes possible by borrowing the intensity from the
allowed B 2 Σ+ (v1 1v3 )←X 2 Π((010)2 Σ+
1/2 ) transition.
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