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ABSTRACT
Produced by both nature and human activities, sulfur dioxide (SO2) is an important species in the earth’s atmosphere. SO2 has also been
found in the atmospheres of other planets and satellites in the solar system. The photoabsorption cross sections and photodissociation of
SO2 have been studied for several decades. In this paper, we reported the experimental results for photodissociation dynamics of SO2 via the
G̃1B1 state. By analyzing the images from the time-sliced velocity map ion imaging method, the vibrational state population distributions and
anisotropy parameters were obtained for the O(1D2) + SO(X3Σ−, a1Δ, b1Σ+) and O(1S0) + SO(X3Σ−) channels, and the branching ratios for
the channels O(1D2) + SO(X3Σ−), O(1D2) + SO(a1Δ), and O(1D2) + SO(b1Σ+) were determined to be ∼0.3, ∼0.6, and ∼0.1, respectively. The
SO products were dominant in electronically and rovibrationally excited states, which may have yet unrecognized roles in the upper planetary
atmosphere.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0208090

I. INTRODUCTION

The SO2 molecule is of great interest for a variety of scientific
disciplines and for a range of different reasons. The photodissocia-
tion and absorption cross sections of SO2 have consequently been
studied for many years, not only in experiments1–13 but also in the-
oretical calculations.14–35 Since its presence as a pollutant in the
earth’s atmosphere leads to acid rain, SO2 is extremely important
in environmental and atmospheric chemistry. SO2 enters the atmo-
sphere through various processes, including natural processes (e.g.,
volcanic eruptions, forest fires, and biological decay) and human
activity (e.g., burning of fossil fuels and chemical engineering). Fur-
thermore, SO2 has been widely identified in the interstellar medium
(ISM),36–40 as well as in the atmosphere of Venus41,42 and Io,43–46 due
to its unusually strong spectroscopic signature. In fact, it is so strong

that the researchers are often faced with the problem of having to
“weed out” the SO2 signature from spectral data, in order to correctly
identify other molecular species that are also present. For this pur-
pose, accurate and comprehensive spectral lines of SO2 have been
studied,10–13,19–25,47–51 especially for different isotopologues.26–29,52

Simultaneously, it was found that the SO2 molecules act an impor-
tant role in a marked sulfur isotope mass independent fractionation
(S-MIF) effect,53–56 which timely coincided with the great oxida-
tion event,36,54 so the scientists pay more and more attention to the
photodissociation of SO2.3–7,16,57–60

As shown in Fig. 1, the absorption spectrum of electronically
excited SO2 exhibits many structures in the UV and vacuum ultra-
violet (VUV) regions, and the range from 220 to 390 nm is not
displayed here due to its nature of non-dissociation. In the near UV
region, there are three absorption bands for SO2.47 The first band
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FIG. 1. Absorption spectrum of SO2 in the vacuum ultraviolet region (the data
adapted from Ref. 47). The inset shows the wavelength region studied in this
experiment, in which the photolysis excitation wavelengths are marked by the red
downward arrows.

with extremely weak intensity and ranging from 390 to 340 nm
is assigned to the spin-forbidden ã3B1 ← X̃1A1 transition. The
stronger second band from 340 to 260 nm is attributed to combined
Ã1B1← X̃1A1 and B̃1A2← X̃1A1 transitions. The B̃1A2← X̃1A1 tran-
sition is dipole forbidden but becomes allowed thanks to the strong
non-adiabatic couplings between the B̃1A2 and Ã1B1 states. Known
as the Clements bands,61 the complex vibrational progression in the
second band is difficult to assign due to the nonadiabatic mixing.
The third band located in the 240–180 nm region is assigned to the
C̃1B2/D̃1A1 ← X̃1A1 transition, which is the most complex and has
been heavily investigated by several groups due to its strong rela-
tion with the S-MIF.23,28,60 In its high energy wing (<218 nm), the
molecule is predissociative to O(3P) + SO(X3Σ−)1. The vibrational
structure in this absorption band has also been calculated quantum
mechanically and is reasonably regular and assignable.18–20,26 About
the dissociation happened on this state, there are three disputable
dissociation mechanisms: internal conversion to quasi-bound con-
tinuum levels of the X̃ ground state,32 intersystem crossing onto the
repulsive 23A1 surface, and a crossing with the D̃ state,16 resulting in
the O(3P) + SO(X3Σ−) channel.

At shorter wavelengths, another absorption band appears in
the range of ∼138–162 nm, shown a well-defined progression in
the low energy region, followed by more complex structures, which
is assigned to the Ẽ1A2 state. Whether they all relate to the same
electronic origin is unclear due to less attention paid by scientists.
The next range of ∼130–135 nm belongs to the first Rydberg state
(F̃1A1) converging to the SO2

+ 3sX̃ state. From this state, Svoboda
et al.62 observed a rapid decay with a time constant of ∼80 fs in both
photo-ion and photoelectron yields. The observed time-dependent
photoelectron angular distributions were consistent with the F̃ band
corresponding to a Rydberg state of dominant s character. At around
120 nm, the vibrational progression has the maximal absorption
cross section along the whole spectral region, which is assigned to
the G̃ Rydberg states (4pxX̃+),63 and is selected as the research object

in this work. In the region of wavelength shorter than 120 nm, a
series of vibrational progressions are ascribed to the H̃–K̃ Rydberg
states, not tired in words here.

Although a series of studies have been performed to enhance
our understanding of the photodissociation mechanism of SO2, pri-
marily due to its significance in the atmospheric sulfur cycle and
its application as a test system for chemical physics, the major-
ity of previous studies only concentrated on the photodissociation
dynamics of SO2 via the C̃ state. In contrast, the dissociation pro-
cesses occurred on the higher potential energy surfaces (PESs) have
received few investigations so far. In this paper, we reported the
experimental results of SO2 photodissociation via the G̃ state. By
analyzing the images from the time-sliced velocity map ion imag-
ing experiments, the vibrational state population distributions and
anisotropy parameters were obtained for the O(1D2) + SO(X3Σ−,
a1Δ, b1Σ+) and O(1S0) + SO(X3Σ−) channels, as well as the fraction
ratios of SO(X3Σ−, a1Δ, b1Σ+) products.

II. EXPERIMENTAL METHODS
The experimental setup of the VUV pump–VUV probe time-

sliced velocity map ion imaging (TSVMI) apparatus has been
described previously,64–67 but combined with the resonant sum-
frequency four-wave mixing method,68–70 as shown in Fig. 2. Briefly,
the apparatus consisted of two independently tunable VUV lasers:
one was generated by the free electron laser (denoted as VUV-
FEL) from the Dalian Coherent Light Source (DCLS)71 acting as the
photolysis laser, and the other was produced by the resonant sum-
frequency four-wave mixing (denoted as VUV-SFWM) method
from the table-top lasers and served as the probe laser. All the lasers
had a horizontal polarization vector, which was parallel to the front
face of the microchannel plate (MCP) detector.

The VUV-FEL ran in the high gain harmonic generation
(HGHG) mode72 and was able to yield VUV laser beam with pulse
energies >200 μJ, duration ∼1.5 ps, and a repetition rate of 10 Hz at
any user selected wavelength in the range of 50 ≤ λ ≤ 150 nm. The
typical spectral bandwidths were in the range of 30–70 cm−1.

The O(1D2) atoms produced in the VUV photodissociation
of SO2 were ionized by a VUV-SFWM laser via the autoioniza-
tion line at 92.201 nm (O∗[2s22p3(2D○3/2)3d (1F○3)] ← O(1D2)).73

The 92.201 nm light came from the resonant sum-frequency
(2ω1+ ω2) four-wave mixing by using Xe as the nonlinear medium,
in which ω1 was set at the two-photon resonant frequency for the
Xe [5p5(2P○1/2)6p 2[1/2]0 ← 5p6 1S0] transition, i.e., 222.568 nm, and
ω2 was scanned back and forth equally around 537.671 nm to cover
the Doppler profile. The Xe gas was sprayed into a T-shape tube
by the general valve with a bore diameter of 1 mm, in which the
SFWM process occurred when the fundamental laser and Xe gas
arrived synchronously. The laser light at λ = 222.568 nm (∼1 mJ) was
obtained by tripling the output of a 532 nm (Nd:YAG laser, Contin-
uum PL-9030) pumped dye laser (Sirah, PESC-G-18) operating at
λ ∼ 667 nm. The 355 nm output of the same Nd:YAG laser was used
to pump another dye laser (Sirah, PESC-G-24) which operated at
λ = 537.671 nm (∼8–10 mJ).

The detection of O(1S0) atoms was also via the autoioniza-
tion method, but at 121.765 nm for the O∗[2s22p3(2P○)3s (1P○1)]
← O(1S0) transition.73 The 121.765 nm laser was generated by
the resonant difference-frequency (2ω′1 − ω′2) four-wave mix-

J. Chem. Phys. 160, 164311 (2024); doi: 10.1063/5.0208090 160, 164311-2

Published under an exclusive license by AIP Publishing

 26 Septem
ber 2024 02:50:31

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

FIG. 2. Schematic view of the VUV pump–VUV probe combined with the time-sliced velocity map ion imaging experimental setup.

ing (DFWM) method in the Kr/Ar mixture (volume ratio = 1:3),
in which ω′1 was set at 212.556 nm corresponding to the two-
photon resonant frequency for the Kr [4s24p5(2P3/2)5p 2[1/2]0
← 4s24p6 1S0] transition. In order to guarantee equal detection sen-
sitivity of all product velocities, ω′2 was also scanned back and forth
equally around 835.671 nm to cover the Doppler profile. The light at
λ = 212.556 nm (∼1 mJ) was produced by doubling the output of
a dye laser (Sirah, PESC-G-24) operating at λ ∼ 425 nm, which
was pumped by the 355 nm Nd:YAG laser (Continuum PL-9030).
The 532 nm output of the same Nd:YAG laser was used to pump
another dye laser (Sirah, PESC-G-24) to obtainω′2 at λ = 835.671 nm
(∼8–10 mJ). To avoid the O(1S0) atom from the secondary disso-
ciation, an off-axis biconvex LiF lens was applied to disperse the
212.556 nm light from the direction of 121.765 nm beam.

The 1% SO2 was seeded in Ar and expanded into the source
chamber by a general valve. The supersonic molecular beam entered
the ion optics assembly74 (23-plate ion optics) after running through
a skimmer (mounted between the source chamber and the reaction
chamber) and a 2 mm hole in the first electrode and then prop-
agated along the center axis of the ion optics assembly equipped
in the reaction chamber. The molecular beam was intersected per-
pendicularly by the photolysis and probe lasers between the second
and third plates of the ion optics assembly. The O(1D2)/O(1S0) pho-
toproducts from the photodissociation of SO2 by the VUV-FEL
were subsequently probed by one photon excitation at λ = 92.201
or 121.765 nm; the resulting O+ ions were accelerated through the
remaining ion optics and detected by a dual microchannel plate
(MCP) detector coupled with a P47 phosphor screen. In the cur-
rent experiments, the detector was gated to select m/z = 16 with a

pulse width of about 20 ns. The signals exclusively from one of the
VUV laser beams were quite small and have been subtracted from
the two-color VUV pump–VUV probe signals. The relative timings
of the pulsed molecular beam, the pump and probe lasers, the detec-
tor gate pulse, and the CCD camera were controlled by two digital
delay generators (DG645, Stanford Research Systems), and the typ-
ical delay between the photodissociation and photoionization laser
beams was in the range of 10–20 ns. The speed of the product was
calibrated using the O+ signal from the photodissociation of O2 at
225.0 nm.74,75

III. RESULTS AND DISCUSSIONS
A. The O(1D2) + SO (X3Σ−, a1Δ, b1Σ+) photoproduct
channels
1. The raw images and corresponding total kinetic
energy release distributions

The O(1D2) product ion images from SO2 photodissociation
have been recorded at six wavelengths shown by red downward
arrows in Fig. 1, namely, 131.0, 127.1, 125.9, 125.2, 124.4, and
121.6 nm, and the corresponding raw images are shown in Fig. 3.
In these images, the electric vectors of the dissociation and ion-
ization lasers are pointing in the same direction, i.e., parallel to
the face of the microchannel plate detector, which are shown as
the double headed red arrow in Fig. 3. The velocity of the O(1D2)
product has been measured by the time-sliced velocity map ion
imaging method.74,75 In the center-of-mass frame, the conservation
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FIG. 3. Raw images of the O(1D2) atoms produced in the photodissociation of SO2
after excitation by the VUV lasers at (a) 131.0 nm, (b) 127.1 nm, (c) 125.9 nm, (d)
125.2 nm, (e) 124.4 nm, and (f) 121.6 nm. The double headed red arrow represents
the polarization direction of the photolysis laser.

of momentum is tenable during the photodissociation process; we
have

mO(1D2)vO(1D2) = mSOvSO, (1)

where m and v represent the mass and velocity of photofragments as
shown in the subscript, respectively. Thus, the total kinetic energy of
O(1D2) and SO photofragments can be written as

ET = 1
2

mO(1D2)v
2
O(1D2) +

1
2

mSOv
2
SO = 1

2
mSO2

mSO
mO(1D2)v

2
O(1D2). (2)

According to the law of conservation of energy, the vibrational level
of the SO fragment is related to the translational energy,

ET = hv −D0(SO −O) − EO(1D2) − ESO, (3)

where hv is the photon energy, D0(SO–O) is the SO2 dissociation
energy, 45 725.3 ± 0.1 cm−1, to form SO(X̃ 3Σ−) + O(3P2).9 EO(1D2)

is the internal energy of the O(1D2) atom, which is constant with
a value of 15 867.862 cm−1, and ESO is the SO internal energy. The
total kinetic energy release distributions (TKERs) extracted from the
images are shown in Fig. 4, which are obtained by integrating the sig-
nals of the image over the full angular range. Based on Eq. (3) and
the term values of the SO energy levels,76 the well-resolved struc-
tures in the TKERs have been assigned to the vibrational levels of
the SO(X3Σ−), SO(a1Δ), and SO(b1Σ+) products, which are marked
by orange, blue, and green drop lines, respectively.

Obviously, the spin-allowed dissociation channel O(1D2)
+ SO(a1Δ) is dominant because of the excellent agreement between
the energy threshold of this channel and the onset of the signals for
all experimental wavelengths. The spin-forbidden channel O(1D2)
+ SO(X3Σ−) seems to be minor by reason of the absent signals from
its energy threshold to the onset of the O(1D2) + SO(a1Δ) chan-
nel in the TKERs. However, when we check the assignments of
SO(a1Δ) vibrational structures carefully, which become more and
more mismatched with the increase in vibrational quantum num-
bers, in particular, the vibrational structures become bimodal in the
region of TKER ≤ 5000 cm−1, which requires further analysis to the
assignments of these vibrational structures. The SO(b1Σ+) products
should be taken into account due to its appropriate energy threshold;
however, the vibrational levels of SO(b1Σ+) do not match well with
the bimodal vibrational structures in the low TKER region. Thus,
we have to consider the vibrational levels of SO(X3Σ−). Indeed, the
onset of each vibrational level of SO(X3Σ−) product is in excellent
agreement with the right profile of the bimodal structure. Therefore,
the spin-forbidden channel O(1D2) + SO(X3Σ−) should be present,
with the SO(X3Σ−) products being highly vibrationally excited.

To obtain information on the product state distributions, a
systematic approach was used to extract the SO(v, N) distribu-
tions from each O(1D2) image. A homemade software application
was used to fit the TKERs, in which the SO internal energies were
calculated according to the reports from Yu and Bian76 The SO
vibration–rotation internal energies were converted into TKER,
using the conservation of energy, as shown by the drop lines in
Fig. 4. During the simulation of TKERs, the rotational distributions
of each SO vibrational state obey the Gaussian distributions as far
as possible, and the intensities were varied until the best fit to the
experimental data was obtained. The results are shown as red curves
in Fig. 4, which are the sum of individual simulated vibrational
peaks exhibited as orange, blue, and green dotted lines for SO(X3Σ−),
SO(a1Δ), and SO(b1Σ+), respectively.

In our simulations of the TKERs, the peak of the rotational state
populations for each vibrational state is slightly increasing with the
increase in the vibrational quantum number and has an average of
N ∼ 20, corresponding to about 300 cm−1 rotational excitation (the
rotation temperature of ∼400 K), which means that only 1.5% of
the available energy is deposited into purely rotational excitation.
Such a low rotational excitation ratio indicates that the bond angle
of the SO2 transient structure changes little during the dissociation
process.

2. The vibrational distributions
and the branching ratios

Integrating the rotational distributions, the vibrational state
population distributions of the SO(X3Σ−), SO(a1Δ), and SO(b1Σ+)
products in the O(1D2) + SO channels have been obtained and
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FIG. 4. (a)–(f) Total kinetic energy release (TKER) spectra (black open-circle curves) derived from the raw images shown in Fig. 3. The orange, blue, and green drop lines
on the TKER spectra designate the vibrational levels of the SO(X3Σ−), SO(a1Δ), and SO(b1Σ+) products, respectively. The vibrational state assignments are based on the
simulated vibrational distributions (red curves), which represent the sum of individual simulated vibrational peaks (orange, blue, and green dotted lines).
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FIG. 5. Vibrational state distributions of the (a) SO(X3Σ−), (b) SO(a1Δ), and (c) SO(b1Σ+) products in the O(1D2) product channels from the SO2 photodissociation, extracted
from the simulation shown in Fig. 4.

are shown in Fig. 5. The vibrational distributions were found to
be inverted, with the population peaking at high vibrational levels
close to the energy threshold for each dissociation channel. The same
vibrational distributions of the SO(X3Σ−), SO(a1Δ), and SO(b1Σ+)
products indicate that they are probably produced through the sim-
ilar dynamical mechanisms. The simulations return the branching
ratios for the different channels observed in this work. It is clear
that the branching ratios show a weak dependence of the photolysis
wavelength (Fig. 6). The relative branching ratios for the channels
O(1D2) + SO(X3Σ−), O(1D2) + SO(a1Δ), and O(1D2) + SO(b1Σ+)
are determined to be ∼0.3, ∼0.6, and ∼0.1, respectively.

3. Anisotropy parameters
In a molecular photodissociation process, the photodissoci-

ation product detected at an angle in the center-of-mass frame
relative to the photolysis laser polarization can be represented by the
following formula:77

ψ(ET, θ) = σ(ET){1 + β(ET)P2(cos θ)}, (4)

where σ(ET) is the product translational energy distribution and
β(ET) is the energy-dependent anisotropy parameter. θ represents
the angle between the direction of the recoil velocity of the disso-
ciative products and the polarization axis of the linearly polarized
photolysis laser. P2(cos θ) is the second-order Legendre polynomial.

Angular distributions were obtained for the O(1D2) product
channel at six wavelengths by integrating the imaging signals over
the radius (Fig. 7). Due to the partial overlap between the vibrational
profiles, the vibrational state-dependent anisotropy parameters can-
not be extracted from the images exactly; here, we provide the
average β values as a function of the photolysis wavelength. By fit-
ting the angular distributions with Eq. (4), the averaged anisotropy
parameters over the product velocity distribution are determined to
be 0.22, 0.58, 0.57, 0.60, 0.10, and 0.37 at wavelengths of 131.0, 127.1,
125.9, 125.2, 124.4, and 121.6 nm, respectively. Within the error bar,
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FIG. 6. Branching ratios of SO(X3Σ−), SO(a1Δ), and SO(b1Σ+) products for the
O(1D2) + SO channels at six photolysis wavelengths. The sum of the branching
ratios at each photolysis wavelength is normalized to be unity.

these values are all positive and slightly dependent on the wavelength
but seem to be irregular. The lowest value of β parameter appears
at 124.4 nm with a value of 0.1, which shows an almost isotropic
angular distribution and indicates a quite slow dissociation process.
The same β parameters of around 0.6 at 127.1, 125.9, and 125.2 nm
suggest a relatively fast (compared to rotation) dissociation process
from parallel electronic excitation.

FIG. 7. (a)–(f) Angular distributions obtained for the O(1D2) product channels at
six different photolysis wavelengths between 121.6 and 131.0 nm (open dots). A
fit (solid line) to the obtained data yields slightly changed anisotropy parameters.

B. The O(1S0) + SO(X3Σ−) photoproduct channel
At the Lyman-αwavelength (121.6 nm), the O(1S0)+ SO(X3Σ−)

photoproduct channel is also energetically allowed11 and has been
studied by detecting O(1S0) using the wavelength of 121.765 nm via
the O∗[2s22p3(2P○)3s (1P○1)] ← O(1S0) transition. The raw images
and the corresponding TKERs are shown in Fig. 8. A series of struc-
tures are observed, and the main peaks match with the onsets of the
vibrational states of the SO(X3Σ−) products very well. The profiles
of the vibrational states indicate that the SO(X3Σ−) products may
have a bimodal rotational state distribution. The simulation based
on the above-mentioned method has been performed, and the rela-
tive vibrational state populations of SO(X3Σ−) and the β parameters
as a function of vibrational states are displayed in Table I. Almost
half of the SO(X3Σ−) products are populated in the v = 1 vibra-
tional state, illustrating the relatively moderate vibrational excitation
of SO(X3Σ−) in this dissociation channel. As shown in Table I, the
β parameters increase linearly from 0.25 to 0.54 with the vibrational
state increasing from v = 0 to v = 2, which suggests that a bent tran-
sition state may be involved in the formation of products at higher
vibrational states.

C. Dissociation mechanisms
As shown in the inset of Fig. 1, Suto et al.11 measured the fluo-

rescence yields from the photodissociation of SO2 at 106–133 nm,
in which a photoabsorption spectrum with better resolution was
obtained and the vibrational progressions were ascribed to the bend-
ing vibrational excitation. They assigned the G̃ state to a transition
from the 8a1 to the 4s orbital and provided an A1 symmetry. Later,
the two-photon experiments by Xue et al.63 identified that the tran-
sition is, in fact, from the 8a1 to 4p orbital. This discovery gave three
different possibilities for the symmetry of the G̃ state, namely, A1,
B1, or B2. According to the calculation by Palmer et al.,21 only one
1B1 Rydberg state originating from 9.674 eV (128.159 nm) exists in
this energy range, which is in excellent agreement with the origin of
the G̃ state (9.768 eV).11 In addition, the G̃ band contains a com-
plex shoulder; Palmer et al.21 denoted it as G̃ ′. However, the G̃ state
and its shoulder (G̃ ′) have the same vibrational progression of fre-
quency ∼380 cm−l11 and the same dissociation dynamics (this work);
all these make us believe that this shoulder is the extend of the G̃
state rather than a new electronically excited state. Thus, our exper-
imental wavelengths mainly concentrate on the bending vibrational
excitation of the G̃1B1 state except for 131.0 nm, which located in the
F̃ Rydberg state (originate from 9.1832 eV, 135.009 nm).21

The present work provides a state-resolved picture of the pri-
mary photochemical processes O(1D2) + SO(X3Σ−, a1Δ, b1Σ+) after
the excitation of SO2 into the G̃ state. The non-selectivity (with
respect to electron spin) suggests that the potential energy surface
crossings and strong spin–orbit coupling are effective. However, the
detailed dissociation mechanism is hard to illustrate clearly due to
the absence of PESs of the high-lying electronic states as well as
the complex couplings between the PESs. Tokue and Nanbu20 and
Katagiri et al.16 calculated the potential energy curves of SO2 → SO
+ O(3P/1D) and illuminated that there are three 1A′ states and two
1A′′ states correlating with the O(1D2) + SO(b1Σ+) channel, five 1A′

states and five 1A′′ states correlating with the O(1D2) + SO(a1Δ)
channel, and two 3A′ states and three 3A′′ states correlating with
the O(1D2) + SO(X3Σ−) channel.
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FIG. 8. Time-sliced velocity map ion images for O(1S0) photofragments from SO2 photodissociation recorded at 121.765 nm and its corresponding TKER spectra. The
orange drop lines on the TKER spectra designate the vibrational levels of the SO(X3Σ−) products. The vibrational state assignments are based on the simulated vibrational
distributions (red line), which represents the sum of individual simulated vibrational peaks (orange dotted lines).

For instance, theoretical calculations33 suggested that the 31A′

state is quasi-bound but has an avoided crossing with 41A′, which
lies only ∼0.5 eV higher in energy, leading to the 31A′ state being
dissociative and correlating with the ground state SO(X3Σ−) +O(3P)
dissociation channel, while the avoided crossing leads the 41A′ state
to correlate with the O(1D2) + SO(a1Δ) dissociation channel. Mean-
while, the 21A′ state originally correlates with O(1D2) + SO(a1Δ),
but it exhibits the crossing seams with the repulsive singlet 31A′ and
triplet 23A′ states in the long bond length region, which gives rise to
the electronically ground state SO(X3Σ−) + O(3P) products. How-
ever, Katagiri et al.16 concluded that the interaction between the 21A′

state and the singlet or triplet states occurs around a narrow energy
region and is very weak. At a high excitation energy, dissociation
through the 21A′ state should lead to O(1D2) + SO(a1Δ) products.
No experimental signals for O(3P) + SO(X3Σ−) channels observed in
this work confirm this assumption. In addition, the 31A′′ and 21A′′

states also adiabatically lead to the O(1D2) + SO(a1Δ) dissociation
channel.

Thus, the initial excited SO2 molecules to the G̃ state may cou-
ple to the singlet low-lying electronic states, like the 41A′, 31A′′, and
21A′ state, by multistep internal conversions, and then dissociate on
these low-lying states, leading to the O(1D2) + SO(a1Δ) dissociation
channel. In addition, the singlet states such as 31A′′ and 41A′ may
further cross with several repulsive triplet states along the dissocia-
tion coordinate by intersystem crossings and generate electronically

TABLE I. Relative vibrational state populations of SO(X3Σ−) and the vibrational state
dependences of the β parameters for the O(1S0) product channel observed in the
photodissociation of SO2 at 121.765 nm.

SO(X3Σ−, v) v = 0 v = 1 v = 2

Relative populations 0.23 0.46 0.31
β Parameters 0.25 0.43 0.54

ground state SO(X3Σ−) products. The O(1D2) + SO(b1Σ+) chan-
nel has more complicated dissociation mechanisms, and no further
discussion is given here without the detailed PES information. The
high vibrational excitation and cold rotational excitation of SO prod-
ucts observed in this work demonstrate that the S–O bond of SO2 is
stretched extremely and the bond angle of O–S–O changes little dur-
ing dissociation. The photon at 131.0 nm excites the SO2 molecules
to the F̃ state, and the dissociation on this state has the same dynam-
ical picture with the G̃ state, suggesting that highly excited SO2 has
common dissociation dynamics, i.e., undergoing multistep internal
conversions to low-lying states, and then dissociates on low-lying
states.

As for the O(1S0) + SO(X3Σ−) product channel, only one wave-
length is investigated due to its high energy threshold, and the TKER
exhibits the bimodal rotational state distributions of each vibrational
state, indicating that there may be two different dissociation path-
ways. In addition, the v = 0 products have a nearly isotropic angular
distribution, while the v = 2 products have obvious anisotropy, illus-
trating the complex nature of the photodissociation mechanism of
SO2 in the VUV region. The detailed dissociation mechanism still
awaits further theoretical investigations.

The SO molecules are widely observed in the ISM and regarded
as the production from SO2 photochemistry.39,78–81 In this work,
the SO molecules from the photodissociation of SO2 in the VUV
region are substantially electronically and rovibrationally excited,
which means that these species are highly reactive. Thus, the produc-
tion of O(1D2/1S0) atoms and SO radicals from the VUV irradiation
of SO2 could be an important driver in the evolution of the earliest
atmosphere.

IV. CONCLUSIONS
In this study, the photodissociation of SO2 molecule via the G̃

state has been investigated by using the VUV pump–VUV probe
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combined with the time-sliced velocity map ion imaging appara-
tus. The O(1D2) + SO and O(1S0) + SO dissociation channels were
measured. The branching ratios for O(1D2) + SO(X3Σ−), O(1D2)
+ SO(a1Δ), and O(1D2) + SO(b1Σ+) have been derived from the sim-
ulation of TKERs and determined to be ∼0.3, ∼0.6, and ∼0.1. The
initial excited SO2 molecules should couple to the low-lying sin-
glet electronic states by multistep internal conversions and mainly
produce the O(1D2) + SO(a1Δ) products. The intersystem cross-
ings between the singlet states and triplet states cause some SO2
molecules dissociating via the repulsive triplet PESs to produce
O(1D2) + SO(X3Σ−). We hope that this work can stimulate further
theoretical calculations to demonstrate the dissociation mechanism.
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