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Mechanism of SO2 photoionization at 193 and 308 nm in a supersonic jet
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Abstract

In the present study, the photoionization spectrum of the SO2 molecule in a molecular beam was studied in detail using radiation of the
ArF (λ = 193 nm) and XeCl(λ = 308 nm) excimer lasers. No signals corresponding to the Van der Waals complexes or clusters of the
SO2 could be detected. The profile of the SO+ and S+ peaks at 193 nm could be fitted by superposition of two Gaussian functions, while at
308 nm a single Gaussian was sufficient. Power dependencies studied show that photoionization is a multiphotonic process in both cases.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Optical excitation of Van der Waals (VdW) complexes and
clusters gives an unique opportunity to study the dynamics
of relaxation processes within an environment containing a
limited number of particles. While it is in principle possible
to control the size of the VdW clusters by adjusting the
expansion conditions, it is inherently difficult to mass-select
neutral clusters [1–9]. To some extent, the problem may be
simplified by judiciously choosing the monomer to form the
clusters. In the present paper, we studied the photoionization
time of flight (TOF) mass spectra (MS) of SO2 in pulsed
molecular beams for mixtures containing 2–25% SO2. The
SO2 molecule was photoionized by radiation of the ArF
(λ = 193 nm) or XeCl(λ = 308 nm) excimer laser. The SO2
VdW complex and cluster formation should be significant
in the experimental conditions used.

UV radiation at 193 and 308 nm induces multiphoton pro-
cesses in the SO2 molecule, involving theC̃1B2 ← X̃1A1
andB̃1B1← X̃1A1 transitions as the first step. Okabe [10]
showed that the SO2 photodecomposition under excitation of
the C̃1B2← X̃1A1 transition proceeds as a predissociation
process, induced by nonadiabatic interaction between levels
of theC̃1B2 andX̃1A1 states. This conclusion was obtained
by analyzing the wavelength dependence of the fluorescence
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quantum yield. In particular, the fluorescence quantum yield
was falling off very sharply beyond 219 nm. This conclusion
has been confirmed by Hui and Rice [11], who found that
at lower wavelengths the fluorescence quantum yield goes
down accompanied by the fluorescence lifetime decrease
from 40 to 8 ns as the excitation energy becomes higher
than the predissociation energy. Analysis of the fluores-
cence excitation spectrum of SO2 in collisionless conditions
allows one to determine exactly the predissociation energy
interval of SO2, the low limit of which corresponds to
543 kJ/mol (45 400 cm−1) [12]. Studying population of the
spin-sublevels of the SO(X̃3�−) radical, the predissociation
process was shown [13] to involve the3A′ state, i.e. crossing
of the singlet and triplet surfaces of the SO2 molecule. Abe
and Hayashi [14] studied magnetic field influence on the
SO2 fluorescence under excitation of this molecule close to
the predissociation limit. They showed [14] that the mag-
netic field effect increases with increase of the excess of the
vibrational energy above the (0,0,0)C̃1B2 level, almost van-
ishing at excitation energies higher than the predissociation
limit. The observed data have been explained using the di-
rect mechanism theory [15,16] in the frameworks of which
an external magnetic field induces coupling between levels
of the excited and ground states. The magnetic field effect
disappears when the rate of the magnetic field-induced
processes becomes much smaller than that of the natural
predissociation process. Note that under excitation of the
SO2 molecule below the predissociation limit the quantum
beat effects have been observed for the distinct rovibronic
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levels excited [17]. These effects have been explained using
an interaction scheme, whereby levels of the excited and
ground states are coupled by intramolecular interactions.

Study of the photodissociation processes of the SO2
molecule excited by radiation of the ArF excimer laser
(λ = 193 nm) was carried out by Freedman et al. [18] and
Kawasaki and Sato [19]. These authors studied photodis-
sociation process of the SO2 molecule using the molecular
beam (MB) and time of flight mass-spectrometry (TOF
MS) methods, measuring velocity distribution of the pho-
todissociation products. The SO2 photofragmentation from
theC̃1B2 state was shown to occur via predissociation from
discrete levels of thẽC1B2 state to the dissociative contin-
uum of theX̃1A1 ground state. However, possible role of
intermediate singlet and triplet states has not been ruled out.

Two-photon dissociation of SO2 excited by radiation
of the KrF and XeCl excimer lasers has been studied by
Effenhauser et al. [20]. In these cases, the SO and O inter-
mediates may be produced in different states, excited states
including (SO(X̃3�−), (ã1�), (b̃1�+); O(3P) and (1D)),
i.e. products of the SO2 photodissociation may consist en-
ergy excess distributed by different degrees of freedom of
SO and O. Besides, the process

SO2+ 2hνKrF → S+O2 (1)

is possible under excitation of SO2 by radiation of the KrF
excimer laser(λ = 248 nm). Here, the S and O2 species
may be produced as well in different states. Note that these
processes have not been studied in detail yet.

The two-photon ionization mechanism of the SO2 is
poorly known. The only work by Wang and Lee [21] stud-
ied photocurrent induced by radiation of the ArF excimer
laser in the 250 Torr N2 + 33.6 mTorr SO2 mixtures. They
determined the cross-section value of the two-photon ion-
ization of SO2 at 193 nm. Thus, it should be of interest to
study the detailed mechanism of two-photon ionization of
SO2, as well as the dynamics of the VdW complex and
cluster formation for the SO2, using two-photon ionization
to detect these particles.

Here, we studied the SO2 photoionization using radiation
of the ArF and XeCl excimer lasers, a collimated pulsed
molecular beam and TOF MS detection. The TOF mass spec-
tra were taken in different experimental conditions. The data
obtained were qualitatively explained by concurrent pho-
todissociation and photoionization of the VdW complexes
and clusters as well as of the SO2 molecule.

2. Experimental

General schematic representation of our experimental
setup is shown in Fig. 1a. The laser radiation entered the
work region of the vacuum chamber via stainless steel
tubes covered by quartz windows mounted at 60◦ to the
tube axis. Laser radiation was perpendicular to the molec-
ular beam direction. Products were detected in a direction

perpendicular to both the laser radiation and the molecular
beams. Ions produced by laser radiation were separated and
detected by a home-made time of flight mass-spectrometer
(TOF MS), schematic representation of which is shown in
Fig. 1b. The resolution of the TOF MS was about 350. A
VEU-7 secondary electron multiplier and an MCP (20 mm
inlet aperture, Hamamatsu) were used for ion detection.
Multiphoton ionization was initiated by a home-made ArF
laser and an LPX-200 XeCl laser (Lambda-Physics). The
laser pulse duration was 5–7 and 15–20 ns, and the maxi-
mum pulse energy was 0.5 and 170 mJ, for the respective
ArF and XeCl systems. A lens system was used for fo-
cusing the laser beam into the photoionization volume of
the TOF MS system. The photoionization volume had a
cross-section of 1.0×0.5 mm2. Home-made electrodynamic
and commercial electromagnetic (general valve series 9)
pulsed valves were used to shape the gas pulse, achieving
pulse duration of 250�s. The sonic nozzle diameter was
250�m, with 15 mm nozzle to skimmer inlet aperture dis-
tance. The skimmer aperture was about 2 mm in diameter,
with the aperture to the photoionization region distance
of 60 mm. Molecular beam was generated using different
buffer gases (He, Ne, Ar, Kr, N2, CH4) containing between
2 and 25% of the SO2. The total pressure was varied in
the range 1–4 atm. Translational axial temperature was
measured using an optical method described earlier [22],
yielding values between 1 K (Ar+ 25%SO2; P0 = 1.2 atm)
and 3 K (Ne+ 25%SO2; P0 = 2 atm).

Data acquisition was performed using DVK-3 PDP-
compatible and pentium PC microcomputers, connected to
an ADC, LeCroy oscilloscope, boxcar integrator, and other
devices via a CAMAC or GPIB interface. Time resolution of
the detection system was 12.5 or 2.5 ns. Measured TOF MS
data were normalized to the total energy of the laser pulse.
The TOF signals were recorded both with and without the
sample,Is(t) andIb(t), respectively, and the TOF mass spec-
trum subsequently calculated asIs(t)− Ib(t). The SO2 was
obtained using the reaction of Na2SO3 with H2SO4, and pu-
rified by vacuum trap to trap distillation. Commercial SO2
(Air Products) was used without additional purification.

3. Results

In the present study, the TOF mass spectra (MSP) of the
X + 20%SO2 mixtures were measured in different experi-
mental conditions for X= He, Ne, Ar, Kr, N2, CH4 buffer
gases. Laser power curves were taken for different spectral
peaks.

3.1. Time of flight mass spectra

The TOF MSP were recorded under different experimen-
tal conditions. A typical spectrum obtained for the Ar+
20%SO2 mixture atP0 = 1 atm andλ = 193 nm is shown
in Fig. 2a. As it can be seen, the spectrum contains only
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Fig. 1. Schematic representation of the experimental setup: (a) the vacuum chamber and the TOF MS; (b) the TOF MS scheme.
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Fig. 2. The SO2 TOF mass spectra obtained for the Ar+20%SO2 mixture
at P0 = 1 atm andλ = 193 nm: (a) the complete spectrum; (b) detailed
structure of the SO+ peak; (c) S+ peak.

three main peaks corresponding to the32S isotope—32 amu
(32S+), 48 amu (32SO+) and 64 amu(32SO2

+), with 16:97:6
relative intensities. No peaks of VdW complexes or clus-
ters were observed in the range of experimental conditions
used. High-resolved TOF MSP of the 48 amu (32SO+) and

Fig. 3. The SO2 TOF mass spectra obtained for the Ar+20%SO2 mixture
at P0 = 1 atm andλ = 308 nm: (a) the complete spectrum; (b) detailed
structure of the SO+ peak; (c) S+ peak.

32 amu (32S+) peaks are shown in Fig. 2b and c, respec-
tively, demonstrating a complex structure. Each of these
peaks may be represented by a sum of two Gaussian com-
ponents shifted by 18 and 25 ns for the respective 32 amu
(32S+) and 48 amu (32SO+) peaks. We shall discuss possi-
ble nature and reasons concerning this structure later.
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Fig. 4. Dependences of the peak intensity on the laser power measured for
the Ar+20%SO2 mixture atλ = 193 nm,P0 = 1 atm: (a) 1—background,
2—64 amu peak(SO2

+); (b) 1, 2—first and second components of the
48 amu peak (SO+); (c) 1, 2—first and second components of the 32 amu
peak (S+).

Typical spectrum taken for the Ar+ 20%SO2 mixture
at P0 = 1 atm andλ = 308 nm is shown in Fig. 3a. This
spectrum was shifted into the time range of Fig. 2a. The
TOF spectrum contains only three main peaks correspond-
ing to the32S isotope—32 amu (32S+), 48 amu (32SO+) and
64 amu(32SO2

+), with 10:97:26 relative intensities. Once
more, no peaks attributable to VdW complexes or clusters
were observed. High-resolved spectra of the 48 amu (32SO+)
and 32 amu (32S+) peaks are shown in Fig. 3b and c, re-
spectively. This time each peak may be described by a sin-
gle Gaussian component. Thus the results are qualitatively
different for the two ionization wavelengths employed.

3.2. Peak intensity as a function of the laser power

Dependences of the peak intensity on the laser power
were measured in the present study. Typical curves obtained
for the Ar+ 20%SO2 mixture atλ = 193 nm,P0 = 1 atm
are shown in Fig. 4. Fig. 4a shows the intensity curves for
the background (1) and the 64 amu (2) signals; Fig. 4b—
those for the first (1) and second (2) components of the
48 amu signal, and Fig. 4c—for the first (1) and second
(2) components of the 32 amu signal. All the curves are
complex functions of the laser power to be analyzed in detail
later. Here, the first and second components mean the first
and second (by the time scale) peaks of the 48 and 32 amu
signals. Power dependences forλ = 308 nm are shown in
Fig. 5a–c for the respective SO2

+, SO+ and S+ signals. The
respective plots present monotonous curves, making the two
wavelengths qualitatively different.

4. Data analysis and discussion

This section will present a qualitative analysis of the ex-
perimental results.

4.1. The TOF mass spectra

Spectra recorded both at 193 and 308 nm only contain sig-
nals corresponding to the SO2

+, SO+ and S+ ions, without
any signals attributable to VdW complexes or clusters. Note
also that the amplitude of the SO2

+ signal is much smaller
than that of SO+, comprising about half of the S+ signal
at 193 nm. However, the relationship between amplitudes
of the SO+ and S+ peaks is reversed atλ = 308 nm. To
explain the absence of the VdW complexes and clusters, we
assume that the photoionized VdW complexes and clusters
get excited and becoming unstable, decompose quickly in a
few picoseconds, producing the observable SO2

+, SO+ or
S+ ions and neutral particles. Given our best time resolution
of 2.5 ns, we are unable to observe such phenomena directly.

Note also that atλ = 193 nm, absorption of the first
photon enables the photopredissociation process [10,12,13]:

SO2
∗ → SO+O (2)
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Fig. 5. Dependences of the peak intensity on the laser power measured
for the Ar+ 20%SO2 mixture at λ = 308 nm,P0 = 1 atm: (a) 2—the
64 amu peak(SO2

+); (b) 2—the 48 amu peak (SO+); (c) 2—the 32 amu
peak (S+).

while absorption of two photons atλ = 308 nm induces
direct dissociation of SO2. Thus, the structure of the SO+
and S+ peaks of Figs. 2b and 3b should provide important
information. Also after photoionization of SO2 usingλ =
193 nm, the SO2+ and SO+ consist excess of energy, which
can be enough for predissociation or dissociation of these
ions (SO2

+ → SO+ + O; SO+ → S+ + O). As follows
from Fig. 3b and c, the SO+ and S+ peaks can be fitted by a
single Gaussian at 308 nm, while at 193 nm the SO+ and S+
peaks require at least two Gaussian components each, with
the respective shift of 25 and 18 ns between components. To
provide a qualitative explanation, let us recall that the SO2
predissociation process at 193 nm proceeds on the nanosec-
ond time scale, while the direct photodissociation after ab-
sorption of the second photon at 193 nm develops on the
picosecond time scale. This issue cannot be analyzed quan-
titatively at the moment due to insufficient time resolution.

4.2. Peak amplitude as function of the laser power

4.2.1. Photoionization at 308 nm
In this case, all dependences studied are monotonous

curves, which can be fitted by the following expressions, for
SO2

+, SO+ and S+, respectively:

ASO2
+(W) = W3(a0 + b0W + c0W

2)

1+W3(a′0 + b′0W + c′0W2)
(3)

ASO+(W) = W4(a1+ b1W + c1W
2)

1+W4(a′1+ b′1W + c′1W2)
(4)

AS+(W) = W5(a2+ b2W + c2W
2)

1+W4(a′2+ b′2W + c′2W2)
(5)

Here,ai , bi , ci , a′i , b′i andc′i (i = 0, 1, 2) are experimental
constants. As follows from the above expressions, SO2

+
is produced by a third-order process of the laser power at
low W, SO+ is produced by a fourth-order process, and S+
is produced by a fifth-order process. The saturation effects
for these ion-yielding reactions may be interpreted taking
into account possible saturation of theÃ1A2← X̃1A1 and
B̃1B1 ← X̃1A1 optical transitions in SO2 induced by the
308 nm radiation, along with the photodecomposition of the
SO2

+ and SO+ ions.

4.2.2. Photoionization at 193 nm
The low laser power section of experimental curves may

be fitted by the following expressions, for SO2
+, the two

peaks of the SO+ ion, and the two peaks of the S+ ion,
respectively:

ASO2
+(W) = a3W

2 (6)

A
(1)

SO+(W) = a4W
3 (7)

A
(2)

SO+(W) = a′4W
3 (8)

A
(1)

S+(W) = a5W
3 (9)
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A
(2)

S+(W) = a′5W
3 (10)

At higher laser radiation power, maximums appear in every
curve. Similar effects have been observed in power depen-
dence of the SO2 LIF spectrum induced by UV radiation in
the 234–237 nm region [23], explained by saturation of the
C̃1B2← X̃1A1 optical transition in SO2, and by biphotonic
photoionization of the molecule.

5. Conclusions

In the present study, the photoionization spectrum of SO2
in a molecular beam was studied in detail using radiation
of ArF (λ = 193 nm) and XeCl (λ = 308 nm) excimer
lasers. No signals corresponding to the VdW complexes
and clusters of the SO2 could be detected. The profile of
the SO+ and S+ peaks could be fitted by a superposition
of two Gaussian components for 193 nm photoionization,
whereas a single component is for 308 nm excitation. Laser
power dependences confirm the multiphotonic nature of
photoionization at both wavelengths.
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