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Two-photon photodtssociatton of SO2 through the B ‘B, state at 286-309 nm has been studted by a perfect focusing mass 

spectroscopy and a photofragment imagmg technique. Sulfur atoms were detected as photofragments by a resonance-enhanced 

multiphoton ionization technique. The lower limits of the anisotropy parameters for angular distributions are 0.42? 0.06 for 

S( ‘D) and 0.50 + 0.05 for S( ‘P). The velocity distributions of the S( ‘D and 3P) photofragments are analyzed assuming dissocia- 

tion pathways: S02+2ho+S( ‘D and ‘P) +O,(a ‘A and X ‘Z; ). The two-photon excited state of SO* around the 8 eV region is 
asstgned to be B ‘B, with Clv symmetry. 

1. Introduction 

When sufficient amount of energy is put into an 
SOI molecule by a two-photon absorption, dissocia- 
tion takes place into an S( ‘D or 3P) atom and an O2 
molecule as well as an SO molecule and an 0 atom 
[ l-3 1. It has previously been shown that at 193 nm 
one-photon dissociation exclusively leads to SO + 0 
[4,5] but at the shorter wavelengths, 123.6 ( 10.0 eV) 
and 147.0 nm (8.4 eV), dissociation to S+O1 was 
also found [ 6 1, 

SOz+SO(X3C;)+0(3Por’D), 

AH= 5.7 or 7.7 eV , 

+S(3Por’D)+02.(X3Cg), 

AH= 5.9 or 7.0 eV , 

+S(3Por’D)+Oz(a’A), 

AH= 6.9 or 8.0 eV . 

Correspondence to. M. Kawasaki, Institute of Electronics 

Science, Hokkardo Umversity, N 12W6, Sapporo 060, Japan 

Wilson et al. [ 1 ] and Venkitachalam and Bersohn [ 21 
reported in their emission and laser induced-fluores- 
cence study that two-photon absorptions at 248 nm 
and 285-3 11 nm produce S( 3P) and S( ‘D) atoms as 
well as SO molecules as primary products. Effenhau- 
ser et al. [ 3 ] reported two-photon absorption of SO2 
at 248 and 308 nm. Their kinetic energy measure- 

ment by time-of-flight spectra showed formation of S 
atoms via the S + 0, process. 

Left unanswered are two questions. First, what 
symmetry does the molecule have after the sequen- 
tial absorption of two photons that reach the energy 
region of vacuum UV photon? Second, what dynam- 
ics govern the dissociation processes? To answer these 
questions, both angular and energy resolved data are 
required for the photofragments. With perfect focus- 
ing mass spectroscopy, angular distributions of pho- 
tofragments have been previously measured for mul- 
tiphoton dissociation processes; NO molecules from 
NOz [ 7 1, sulfur atoms from CS, [ 8 1, and CH: ions 
from CH31 [ 9 1. Chandler and co-workers [ 10 ] have 
demonstrated that the photofragment imaging tech- 
nique is very powerful for simultaneous observation 
of both angular and velocity distributions of photo- 
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fragments. In this paper, we have applied these tech- 
niques to study of two-photon dissociation of SO2 at 
the ultraviolet region. 

2. Experimental 

2.1. Photojiiagment imaging 

Fig. 1 shows the experimental setup of our two-di- 
mensional photofragment imaging. This technique is 
similar to the photofragment imaging technique re- 
ported by Chandler and co-workers [ lo]. Experi- 
mental details are described elsewhere [ 111. A polar- 
ized UV laser beam (frequency doubled by a BBO 
crystal, < 0.1 mJ/pulse, 0.3 cm- ’ ) focused with a 
quartz lens cf= 200 mm) propagates along the Y axis, 
dissociates parent molecules, and also ionizes pho- 
tofragments by a multiphoton ionization process. The 
ions produced by the laser beam are then pulled into 
a plane, at a certain distance from the ionization cen- 
ter, by an electric field. The masses of ions are sepa- 
rated by their time-of-flight spectra. The image of the 
ions on the XY plane is detected by a multichannel 
plate. If the photofragments are monoenergetic, the 
image will have an outer edge of radius r given by 
r = L’,& = ( u :: + L’ zy ) “‘t where t is the time of flight. 

VACUUM CHAMBER 
WALL 

Fug. 1. Schematics of two-dimensional photofragment spectrom- 
eter. A nozzle of SO2 effusive beam lies along detector (z) axrs. 

(A) Focused laser beam for both dissoctation of SO2 and detec- 

tion of photofragments by resonant-enhanced multiphoton tom- 

zation. (B) Acceleration electrodes. (C) Multichannel plates. (D) 

Phosphor screen. (E) Window for the vacuum chamber. (F) 
Two-dimensional image. (G) CCD camera with a gated image- 

intensifier. 

The dependence of the intensity of the image on the 
polar angle 8 gives the angular distribution of the 
photofragments. The image intensity projected on the 
magic angle axis is independent of the angular distri- 
bution of photofragments while it contains informa- 
tion of the translational energy distribution of the 
photofragments. In this way it is possible to record, 
at one time, the two-dimensional velocity distribu- 
tion of a state-selected photofragment. 

After the photofragments are selectively ionized for 
a given internal state, they are directed through an 
acceleration zone (86 mm long) with four electrodes 
and then into a time-of-flight tube (500 mm long). 
The acceleration voltage is typically 1.6 kV. The de- 
tector consists of a microchannel plate assembly 
(Hamamatsu, F12 17-03, 40 mm diameter) backed 
by a phosphor plastic screen (50 ns lifetime). For high 
resolution mass spectroscopy, a fast phosphor ( < 5 
ns) is used. When taking an image, a gated image in- 
tensifier (Hamamatsu, C2925S-2,3 ns resolution) is 
used to detect only the ions of interest. By opening 
the shutter on the detector for variable periods of 
time, the signals are averaged typically for 3k laser 
shots through a CCD camera (Sony, XC-77CE). In 
order to test energy resolution of our imaging spec- 
trometer, thermal nitric oxide in an effusive beam is 
ionized by a (2 + 1) resonance enhanced multipho- 
ton ionization technique [ 111. The obtained image 
of NO, ~(0, 0) at 226.3 nm has a diameter of 0.74 
mm small enough to assure spatial resolution. 

Sulfur dioxide (Matheson) was introduced into a 
vacuum chamber through an effusive molecular beam 
with a stainless steel nozzle. The pressure of the 
chamber was maintained at 8 x 1 O-‘j Torr during op- 
eration. In this one-color laser experiment, the line- 
arly (X) polarized UV laser light was focused at 2 
mm below the nozzle and used both as a dissociation 
laser and a probe one. For the measurement of 2D 
photofragment images, the laser intensity was re- 
duced until only a few tens of ions were detected per 
laser shot in order to eliminate (a) the saturation ef- 
fect, (b) the space charge effect among the ions pro- 
duced, and (c) additional multiphoton processes. The 
two-photon resonant enhanced three-photon ioniza- 
tion (REMPI) signals of sulfur atoms were observed 
at 286-309 nm as listed in table 1. The flat back- 
ground signals are subtracted from the imagings which 
are to be analyzed. 
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Amsotropy parameter for angular distribution, maximum and averaged translational energies of S atoms from two-photon dissociation 

of SO1 in one-color UV laser experiment 

I(nm) a) Two-photon transition P,“’ J%(S) (eV) 

of S atoms 
max. c) averaged d, 

288.19 e).f) 4 ‘F3-3 ‘D 0.40*0.05 

291.24 e’ 6 ‘PI-3 ‘D 0.44 * 0.05 _ 

29 1.49 e),F) 4 ‘PI-3 ‘D 0.42 * 0.05 0.28 kO.05 0.09 

308.20 ” 4 3Pz-3 SP2 0.50f 0.05 0.70+0.05 0.2 1 

a1 Laser wavelength for two-photon dissociation of SO, and (2 + 1) resonance-enhanced multiphoton-ionization probing of S atoms. 

b, An anisotropy parameter for eq. ( 1). These values are lower limits (see text). 

‘) Maximum translational energy of S atoms from fig. 5. 

d, Averaged translational energy of S atoms from fig. 5. 

e, Experimental results by perfect focusing mass spectroscopy. Assignment is taken from ref. [ 281. 

f, Experimental results by a photofragment imaging technique. 

2.2. Perfect focusing spectroscopy 3. Results 

By means of a canonical transformation, Iwata 
[ 121 shown that a perfect three-dimensional fo- 
cusing field is realized by the use of a combination of 
an electrostatic and an uniform magnetic field. Once 
the ions are scattered from the interaction point of 
the molecule and the focused laser light, all charged 
particles of the same effective mass converge per- 
fectly to a focusing point (detection point) indepen- 
dent of the initial velocity vector. Our home-made 
mass spectrometer used to obtain mass spectra and 
angular distributions is identical with that reported 
previously [ 13 1. In brief, the polarized light pulse 
from an excimer laser-pumped dye laser was focused 
on an effusive beam of SO2 by an f= 150 mm lens. 
The effusive beam emerged through a needle of 0.3 
mm diameter. The vacuum vessel was pumped by a 
diffusion pump to a base pressure of lop6 Torr. 

3. I. Formation of sulfur atoms in the ‘P and ‘D 
levels 

Since SO, has substantial photoabsorption in the 
UV region, photodissociation takes place by the UV 
probe laser light itself. Photofragment sulfur atoms 
in the ‘P or ‘D level are ionized by the same laser 
light. Firstly, the m/e=32 ions are collected in the 
perfect focusing mass spectrometer as a function of 
the probe laser wavelength. The m/e= 32 ions are also 
observed by the photofragment imaging technique. 
Strong signals are observed at 288.19 and 308.20 nm, 
which are identified as belonging to the transitions 
from S( 3 ‘D) and S( 3 3PZ) to the two-photon al- 
lowed states, respectively, 

By changing the electric field strength, we obtain 
mass spectra. For the measurement of angular distri- 
butions, a cone-type collimator is placed in front of 
the detector. The dimensions of the collimator are di- 
ameter=0.7 mm and length=2.0 mm, and it has a 
half-angle of 10’ for a detector (Spiraltron, Galileo). 
Monitoring the signal intensity of positive ions, the 
angular distribution was obtained by rotating the 
electric vector of the laser light with respect to the 
effective detector direction. 

S(3 ‘D)- 2hw S(4 ‘F3, 43P,, 4 ‘P$%+ 

S(33P2)% 
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Ftg. 2. A part of excitation spectrum of m/e= 32 signals obtained 

m two-photon dtssociatton of SO] by a perfect focusmg mass 

spectrometer. 

tion of sulfur atoms is the subsequent excitation of 

SO(X 3C-) state to the high lying Rydberg states 
which could predissociate to give S ( 3P) and 0 (3P and 
‘D) [ 141. Although the ionization potential of SO is 
2.6 and 2.1 eV below the energy of three 288 and 308 
nm quanta, respectively, no SO+ signals were ob- 
served. Other molecules, in addition to SOZ, could be 
used as “donors” of SO. Such a molecule is SOC12, 
which has an absorption at 1< 290 nm and may dis- 
sociate into SO+2Cl [ 151. We have observed no 

REMPI spectra of S atoms when SOC12 was intro- 
duced into the chamber. It is concluded that an SO 
molecule is not a significant precursor of the S atom. 
Steadman and Baer [ 16 ] reported the formation of 
S( ‘D) and H2 (v= 10-14) in two-photon dissocia- 
tion of H2S at = 300 nm while no formation of S( 3P) 

Table 2 

Energettcs of dissociation processes of SO2 

was observed. In our experiment, both S( ‘D) and 

S (‘P) are detected. Hence, H,S could not be a source 
of the S atoms. Since neither impurities nor SO are 
indicated as the principal source of the S atoms, it 
remains that the sulfur atoms observed must be a pri- 
mary photoproduct of SO*. 

Here, we consider the possibility of three-body dis- 
sociation of SO1 into S+O+O. For three-body dis- 
sociation, three photons at 286-309 nm are needed 
while two photons are enough for dissociation into 
S + 0,. Furthermore, the laser intensity is reduced so 
that only a few tens of ions are detected for each laser 
pulse. This may reduce the possibility of three-pho- 
ton absorption for the three body dissociation of SOZ. 
This implies that the excited SOI state dissociates 
mostly through the two-body dissociation; S + OZ. 
Table 2 shows the energetics of these dissociation 
channels. 

Two-dimensional images of the photofragments on 
the phosphor screen were observed at 291.49 and 
308.20 nm for S( ‘D) and S(3P,) as shown in figs. 3a 
and 3b, respectively. The shapes of these images are 
attributed to the energy and angular distributions of 
photofragments. Fig. 3a for S( ‘D) has a smaller di- 
ameter than fig. 3b for S ( 3P). These spectra are char- 
acterized by a maximum intensity along the direc- 
tion of the electronic vector of the dissociation laser. 

In the wavelength range 286-309 nm, when laser 

intensity was five times increased, weak structured 
signals were detected in the MPI spectra for the mass 
number m/e= 32 along with strong REMPI signals 
of sulfur atoms. The isotope ratios were measured for 
the m/e= 32 signals by the TOF mass spectroscopy. 
We found that the m/e=32133134 ratio for these 

Primary process AH (eV) a’ E (eV) b, C, eXCCSI t’max 

singlet channel S(‘D)+O,(X’Z,) 7.0 15 7 

S(‘D)+O*(a’A) 8.0 0.5 2 

triplet channel s(3P)+oz(x3z;) 5.9 2.1 11 

S(‘P)+Oz(a’A) 6.9 1.1 6 

S(3P)+0,(b’Z:) 7.5 0.5 2 

a) Ref. [3]. 

b, 2k0- AH for one-color laser dissoctatton. 2fiw 1s 8.5 eV for the singlet channel (1~291.49 nm) and is 8.0 eV for the triplet channel 

(%=308.20nm). 

‘) Maximum vtbratronal quantum numbers of Oz photofragments. 
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Magic 
angle Y 

I,. t 

Ftg. 3. Two-dimenstonal images observed at two different laser 

wavelengths for resonant enhanced (2+ 1) multiphoton iomza- 

tion spectra of sulfur photofragments from two-photon dissocia- 

tton of SOZ. X-axis 1s along the dtrectton of electnc vector of dis- 

sociationlaserlight. (a)S(‘D)at291,49nm. (b)S(‘P)at308.20 

nm. 

weak signals is 0.96lO.O 1 IO.03 and is the same as for 
S ( ID) and S ( 3P). This ratio is in agreement with the 
isotopic composition of sulfur atoms (0.9502/ 
0.0075/0.0422) and not with those of oxygen mole- 
cules (0.9952/0.0004/0.0020). By higher multipho- 
ton processes, S ions are generated even at off-reso- 
nant laser wavelengths. However, contribution of 
these higher multiphoton processes are quite small in 
intensity. 

3.2. Angular distributions ofphotofragments 
observed by perfect focusing mass spectrometry 

By choosing appropriate wavelengths for REMPI 
of S(3P,, ‘D), the intensity of S+ was also measured 
as a function of the angle 0 between the detection axis 
and the direction of the electric vector of dissociation 
laser light in the perfect focusing mass spectrometer. 
An example is shown in fig. 4. The experimentally 
obtained angular distribution is analyzed, assuming 
the center-of-mass angular distribution f( 0) [ 17 1, 

f(e)‘x1+p~~,(COSe)+~‘J~(COS~) / (1) 

where P,(cos 0) is the rnth order Legendre polyno- 
mial. In order to avoid reduction of the anisotropy 
by saturation effect, the laser power was reduced un- 
til the /? value reached an asymptotic value. The curve 
drawn through the set of data in fig. 4 shows the least- 

l- 

II 

f 

0’1 ’ ’ ’ c I’ 
-180 -90 0 90 180 

Lab. Angle, @/degree 

Fig. 4. Angular dtstribution of S( ID) photofragments obtained 

m two-photon dtssociatton of SO2 at 291.49 nm by the perfect 

focusing mass spectrometer. The solid smooth line 1s a simulated 

curveofeq. (1) wrtha=0.50and/14=0. 

squares fit of eq. ( 1) to the data. Other sets of data 
were also analyzed by this method. The /I2 value was 
0.50?0.05 while the /$ value was found to be zero 
for all sets of data. Since this two-photon transition 
is a sequential two-photon process, the angular dis- 
tribution reflects only the second one-photoexcita- 
tion process. That is why p4 is zero. 

The formation of S( ‘D) or S( 3P) from SOZ is en- 
ergetically possible at the two-photon energies reso- 
nant with the sulfur atomic transitions as listed in ta- 
ble 2. When the complementary photofragment O2 is 
vibrationally excited and hence small excess energy 
is left for the S atom, the anisotropy in the angular 
distribution may be smeared out because of (a) mo- 
lecular rotation of the parent molecule, (b) a finite 
lifetime of the dissociative state. and also (c) mixing 
of parallel and perpendicular transitions. Hence, the 
/I2 values obtained from the angular distributions of 
S( ‘D) and S( 3P) are considered to be the lower 
limits. 

3.3. Translatronal energy and angular distributions 
ofphotofragments observed by photofragment 
imaging method 

Images recorded using the photofragment imaging 
technique are two-dimensional projections of the 
three-dimensional photofragmentation velocity and 
angular distributions. The cylindrical symmetry of the 
velocities around the polarization axis of the photo- 
dissociation laser allows one to reconstruct the entire 
three-dimensional velocity distribution by perform- 
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ing an inverse Abel transformation [ lo]. Instead, we 
performed a best-fit method for data analysis. The 
images projected on the I axis (Z= X. Y, or the magic 
angle) have the angular distribution 

dU’(u/) 
~ = ;)- [1+p0,,P~(cos8’)P,(cos0)] , 

du[ , 
(2) 

where U, is the velocity vector of a photofragment 
projected on the I axis, U, is the velocity of photofrag- 
ment, and 8’ is the angle between the electric vector 
of the dissociation laser light and the 1 axis. The im- 
age is projected along the magic angle axis that is 
shown in fig. 3. Since p4 is zero, the magic angle is 
defined for the one-photon angular distribution. Put- 
ting 8’ = 54.7” into eq. (2) eliminates the anisotropy 
of the photofragments and hence, one can extract the 
energy distribution from the images projected on the 
magic angle in a manner analogous to extracting them 
from the Doppler profile. In our calculation, first we 
project the images along X and Y axes as shown in 
fig. 6. Then, we take a sum of one part of the pro- 
jected images with 8’ =O” and two parts with 8’ = 90”) 
that is, Z(8’=54.7”)=[Z(8’=O”)+2Z(8’=90°)]/ 
3. The least-squares lit is shown by solid lines in fig. 
6 for the images of the S( ‘D) and S(3P) atoms, in 
which an appropriate flz value is assumed, that is, 
Z&=0.42 for S(‘D) and 0.50 for S(3P). Because of 
the distribution in the images, some errors arise, 
which are shown in the error bars in fig. 5. As listed 
in table 1, assuming the S + O2 molecular processes, 
the maximum total translation energy is 0.56 ?_ 0.10 
eV for the S ( ‘D) + 0, process, which is in agreement 

with E,,,,,, (0.5 eV) for the formation of 
S(‘D)+O,(a’A)andismuchlowerthanE,,,,,,(1.5 
eV) for S( ‘D) +02(X3C) (see table 2). The maxi- 
mum translational energy for S( 3P) + O2 is 1.4 * 0.1 
eV which is in fair agreement with E,,,,,, (1.1 eV) 
for the S ( 3P) + O2 (a ‘A) process. However, this value 
is much lower than Eexcess (2.1 eV) for S(3P) + 
O2 (X 3C, ). The low translational energy compo- 
nents of the images suggest that the complementary 
fragment O2 should be internally excited. Assuming 
these molecular processes, fig. 5 shows that P(E,) 
peaks at low vibrational levels for O2 (a ‘A) and high 
vibrational levels for O2 (X 3C, ) . 

With these energy distributions and suitable Bobs 
values, the best-fit curves are calculated for the im- 
ages projected on the Y axis as in fig. 6 when the angle 

10 5 
I 1 3 I 1 I ? 02(X) 

0 
SC3P) I : I / I , I O,(a) 

5 0 
I ( 1 0 

S(‘D) 2 o 
I O*(X) 

1 I 02(a) 
I r 5 , 

$;[, ‘yk , ; 
0.5 1.0 

Translational Energy of S atom /ev 

Fig. 5. Translational energy distribution of the S(3P) and S( ‘D) 

atoms obtained from fig. 3. Upper scales represent vlbrational 

levels of the O2 (X ‘Z-, a ‘A, and b ‘Z: ) states, assuming molec- 

ular dissoclatlon process. S+ 02. Error bars are shown by vertical 
lines. Below 0.1 eV, the error bars are small. 

0’ in eq. (2 ) is 0”. The images projected on the Y axis 

peak at 0= 90” while those projected on the X axis 
(or 0’ = 90” ) peak at f&O”. This is indicative of a 
parallel transition with respect to the velocity vector 
of the sulfur photofragments. The best-fit /.Iobs values 
are 0.42 * 0.06 for S( ‘D) and 0.50 & 0.05 for S( 3P2). 
The value for S( ‘D) is in good agreement with that 

obtained by the perfect focusing mass spectrometry. 

The anisotropy parameter for slow S atoms may be 
lowered by rotation of the parent molecules. If the 
molecule is in fact rotating, then two sorts of effects 
occur both of which diminish the observed pz. First, 
the dissociation may not be instantaneous and has an 
average lifetime r before dissociating, then, p2 is re- 

duced by a factor of ( 1 + w%~)/ ( 1 +402r2) where 
o is the angular velocity of the parent molecule. The 
average lifetime 7 is defined by the probability (l/ 
r)exp( -f/r) that the molecule has not dissociated 
in a time t [ 18 1. Secondly, when the molecule does 
at last dissociate. the velocity of separation may be 

sufficiently low so that the molecule rotates appreci- 
ably during the dissociation. In other words, the tan- 
gential velocity of the fragments during rotation may 
not be negligible compared to the axial velocity of re- 
coil, thus substantially altering their asymptotic ve- 
locity. This effect has been treated for a diatomic 
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ET (S)/eV 

Distance/ mm 

Ftg. 6. Photofragment images of S(‘D) (bottom) and S(3P) 

(top) following two-photon photodtssoctation of SOz at 29 1.49 

and 308.20 nm. respectively. Dots represent the imaging mten- 

sity projected on the Y axis (perpendicular axis to the electric 

vector of dissociatton laser light). Open squares represent the in- 

tensity projected on the Xaxts (parallel one). Solid lines are sim- 

ulated curves assummg (a) energy distribution of the photofrag- 

ment sulfur atoms of fig. 5, and (b) eq. ( 1) with /X,=0 and PZ 

valuesof0.42forS(‘D)and0.50forS(3P). 

molecule that has a finite dissociation lifetime r with 
the result that the anisotropy parameter pZ becomes 

1191 

p = P2[P ( 2 cosa)+c02r2-3c0rsinffcosa] 
obs 

1+ h2T2 

(3) 

sina!=v,/u. (4) 

where u is the c.m. velocity and v, the tangential ve- 
locity. The v, vector tips the velocity vector along the 
dissociation axis by an angle (Y with respect to the 
molecular axis. When u is small, the angular distri- 
bution is diminished. The value of v, is calculated to 
be 230 m/s for SO2 molecules at room temperature, 
using v,= or’ where o is the averaged angular veloc- 
ity (o= 3.2x lOI s-r) and r’, the distance of the 
center of mass of S from that of SO2 (r’ co.99 A) in 
the B state. Table 1 shows that the average transla- 

tional energy is 0.09 eV, and then, ti is 740 m/s and 
c-uis18” ofS(‘D).Basedoneq. (3)andputtingthe 
maximum value b2 = 2, jJbs is reduced to 0.42 for T= 1 
ps and 1 .O for T= 0.1 ps. Because of this, the observed 
anisotropy parameters for S ( ‘D ) is taken as the lower 

limit. 

4. Discussion 

4.1. Primary processes 

It has been established [20] that the threshold of 
the lowest channel producing S + O2 lies at z 2 10 nm. 
Therefore, dissociation of SOZ in the present study 
does not take place with the absorption of a single 
286-309 nm quantum. Indeed, it is noted that the 
energy of two photons corresponds to a transition to 
the one-photon allowed E state in SO2 [ 2 11. With C1, 
symmetry approximation, a one-photon allowed state 
is also two-photon allowed. Thus, upon sequential 
absorption of two UV photons, the SO2 molecule is 
endowed with sufficient energy to dissociate into a 
number of possible products: O2 (X, a, b) + S ( 3P, ‘D) 
as listed in table 2. Effenhauser et al. [ 31 reported 
that excitation of SO2 at 248 nm results in nine dif- 
ferent primary processes that lead mostly to SO+0 
as well as S + O2 fragments. 

Translational energy distribution of the S atoms 
shown in fig. 5 suggests that the O2 photofragments 
should be vibrationally excited. Because the O-O 
distance in SO2 is much longer than the O-O bond 
lengths of O2 (a ‘A, b ‘C: ), the O2 fragments are ex- 
pected to be vibrationally excited for both the S (3P) 
and S( ‘D) channels based on a simple Franck- 
Condon model. If O,(X) is excited up to v= 10-l 1, 
the one-photon resonant three-photon ionization 
transition of 02(B-X), (v’, v”)=(O, lo), (1, ll), 
and (0, 11) should appear at 287.0,292.3, and 298.4 
nm, respectively. In the excitation spectrum of m/ 
e= 32, we observed no strong signals at these wave- 
lengths. 02(X. v= 10, 11) are not formed in the 
S ( 3P) + O2 (X) process. Our tentative conclusion re- 
garding the primary process is that S atoms are ac- 
companied by mostly O2 (a ‘Ag) and O2 (X 3C; ), and 
that O2 (X ) is not vibrationally excited to v= lo- 11. 
This tentative conclusion is supported by the time- 
of-flight spectra of m/e= 32 signals from two-photon 
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dissociation of SO2 at 248 nm by Effenhauser et al. 

[ 31. Their time-of-flight spectra show sharp tresh- 
olds for S(‘D)+Oz(a’A) and S(3P)+Oz(a’A), 
which are accompanied by slow and strong time-of- 
flight signals. 

We have tested the assertion of the photodissocia- 
tion of SO photofragments as a source of the S atoms 
by introducing SOCl? into the chamber housing of our 
mass spectrometer. Since no S+ signals were ob- 
served, SO photofragments would not be a source of 
the S atoms. Here, based on the thermodynamics of 
SO dissociation, the assertion of SO photodissocia- 
tion will be discussed. According to Effenhauser et al. 

[ 31, two-photon dissociation of SO2 at 248 and 308 
nm results in mostly SO (X 3C- and a ‘A) + 0 (3P and 
ID). These SO photofragments may absorb addi- 
tional one or two photons at 308.20 nm (4.0 eV) and 
29 1.49 nm (4.25 eV) after two-photon dissociation 
of so,. 

+S(1D)+0(3P), AH=8.48eV; 

SO(a’A)-+S(3P)+0(3P), Mz4.57 eV, 

+S(‘D)+O(‘D), AI?=7.69eV. 

In one-photon dissociation of vibrationally excited 
SO(a ‘A) molecules at 308.20 nm, S(3P) atoms 
would have very small translational energies, while 
fig. 5 shows that S ( 3P ) has the maximum energy of 
0.70 k 0.05 eV, and hence S( ‘P) would not be formed 
from the one-photon dissociation of SO( a ‘A). Since 
the laser intensity is reduced so as to obtain only a 
few tenths of ions per laser shot, two-photon disso- 
ciation of SO would not occur. Even if two-photon 
dissociation of SO(X) occurs or SO(a) produces 
S (‘P), this atom would have a minimum transla- 
tional energy of 0.88- 1.14 eV. This is not the case in 
the present experiment. 

Three-body dissociation into S ( ‘D and 3P ) + 0 + 0 
requires three photons at 308.2 nm as well as 29 1.49 
nm. This three-photon process contributes to the for- 
mation of S atoms less than the two-photon process 
S+O, because the laser intensity in the present ex- 
periment is reduced so as to count only a few tenths 
of ions per laser shot. Although the formation of the 
0 atom was reported by Effenhauser et al. [ 31 in the 
two-photon dissociation of SO, at 248 and 308 nm, 
they attributed it to the primary process SO+O. In 

order to obtain some information on dissociation 
processes, we applied the model of Baer et al. [ 221 to 
the three body dissociation. As reported by Dujardin 
et al. [ 231, there are three models, (i) the simulta- 
neous fragmentation statistical model, (ii) the se- 
quential fragmentation statistical model, and (iii) the 
classical impulsive model. In the simultaneous frag- 
mentation statistical model (i), translational energy 

of the sulfur atom is given by E,,,,,,/4, which yields 
0.27 eV for S(3P)+20(3P) and 0.17 eV for 
S( ‘D) +20(3P). In the classical impulsive model 
(iii), ET is given by 0.2 x Eexcess, which yields 0.2 1 eV 
forS(3P)+20(3P) andO.l3eVforS(‘D)+20(‘P). 
These values are in reasonable agreement with the 
averaged translation energies obtained in our exper- 
iment, 0.21 eV for S(3P) and 0.09 eV for S(‘D). In 
the sequential fragmentation statistical model (ii), 
the translational energy depends on the internal state 
of the SO photofragments. A very simple case, 
SO2+SO(X, GO, j=o)+o(3P), SO(X)+S(3P) 
+O(‘P), predicts that the S(3P) fragment has 0.65 
eV as a translational energy, which is too large com- 
pared to the observed value, 0.2 1 eV. Other cases for 
model (ii) also expect a too small or a too large value 
as an averaged translational energy. Dujardin et al. 
[ 231 measured the translational energy of S+ ions as 
a function of the incident VUV photon energy in the 
three-body dissociation of SO: generated from VUV 
irradiation of SO,. Their results favors the simulta- 
neous dissociation model (i) rather than the sequen- 
tial dissociation model (ii), based on averaged val- 
ues of the S+ translational energy. In our SO2 
dissociation, on the basis of the average energies of 
the S atoms, the simultaneous dissociation model (i) 
could be one of possible dissociation processes. How- 
ever, this process requires three photons and hence 
would be less probable than the two-photon dissocia- 
tion processes, S02+S + Oz. 

4.2. Phototransitions of SO2 

The angular distributions of the S photofragments 
from SO1 in figs. 3 and 4 are attributable mostly to a 
parallel optical transition. Hamada and Merer [ 241 
carried out a rotational analysis of the vibrational 
bands of SO1 between 300 and 330 nm. The bands 
correspond to the b, vibrational levels of the A ‘A, 
electronic state. The anomalous vibrational intensity 
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distribution indicates that the A ‘A? state undergoes 
strong vibronic coupling with the B ‘B1 electronic 
state. The progression forms a series of well defined 
features starting at 3 13.1 nm. These have the same 
strongly red degraded rotational structure, indicating 
a large decrease of bond angle upon electronic exci- 
tation. The geometry of the excited state is, therefore, 
conductive to the formation of molecular oxygen and 
the simultaneous breaking of the two S-O bonds. The 
strong continuum in the absorption spectrum below 
300 nm belongs to the B ‘B,-?? ‘A, transition and the 
(0,O ) band is placed between 3 10 and 3 16 nm. Hiller 
[26] associated this band with the (3bi) t (8a,) 
transition and assigned the (3b, )x orbital to a S-O 
antibonding and an O-O bonding orbital. 

In the present two-photon dissociation of SO2 at 
286-309 nm, the intermediate B ‘B, state is gener- 
ated after the first one-photon absorption, which has 
a relatively long lifetime compared to the nano- 
second laser pulse. Therefore, the photodissociation 
dynamics are determined solely by the second tran- 
sition from the intermediate ‘B, state to the higher 
dissociative state. The vibrational band at 124 nm 
corresponds to the v=4 excitation of the bending 
mode of SO2 [ 251. It has been reported [ 61 that 
S ( 3P) and S ( ‘D) were among the primary photo- 
fragments of SO* at 124 and 117 nm. 

For the two-photon absorption via real intermedi- 
ate state, an angular distribution of the photofrag- 
ment (eq. ( 1) ) depends not only on the symmetries 
of the final state but also on the lifetime of the inter- 
mediate state. That is, the angular distribution is well 
represented only by the second degree Legendre po- 
lynomial when the lifetime is long for the intermedi- 
ate level. The contribution of the fourth degree Le- 
gendre polynomial becomes appreciable when the 
lifetime is short. In order to test these expectations, 
we have previously photodissociated CS2 via a two- 
photon process at 308 nm [ 271. By the first one-pho- 
ton absorption, CSr is excited to the ‘Bz state with 
Czv symmetry. Absorption of the second photon 
competes with the slow radiative decay of CS2 ( ‘BZ) 
which has a lifetime on the order of microseconds. In 
this case, the experimental angular distribution is well 
represented by the second degree Legendre polyno- 
mial. In the present experiment, the SO,( ‘B, ) inter- 
mediate state also undergoes slow radiative decay. 
Hence, the angular distribution is well represented by 

Table 3 

Calculated anisotropy parameters for sequential two-photon dis- 

soctation of SO* m the transttion R’A,+B’B,+tinal state via the 

intermediate BIB, state 

Symmetry of 

the final state 
P a) Xb’ Pz” 

(deg) 

A, .x (B, 1 90 -1 

A2 I’ (Bz) 90 -1 

B, z (A,) 0 2 

‘) Directtons (symmetries) of the transition moment. The p axis 

lies along the O-O dtrectron of SOz. 

b’ Angles between dissociatton direction and transitton moment. 

Dtssociatron direction 1s assumed to be along the Czv axis (2). 

‘) Anisotropy parameters of the angular distribution of the S 

atoms assuming symmetric dtssociation of SO2 mto S+Oz by 

second photon absorptton. 

an appropriate anisotropy parameter p2 for the sec- 
ond photon transition. 

Table 3 shows the calculatedP, values based on the 
assumption that (a) the B ‘B, state is the intermedi- 
ate state for the two-photon transition, (b) the an- 
gular distribution of photoproducts reflects solely the 
direction of the transition moment for the second 
photon transition with respect to the photofragment 
velocity vector and (c) the photofragment sulfur at- 
oms are separated along the C,, axis of SO?. From 
table 3 it is obvious that only the transition for 
B1 +-B ‘B, has a positivepz value and is in agreement 
with our experimental results, that is, /& > 0.42 -t 0.06 
for S(‘D), and/3z~0.50&0.05 forS(3P). 

In our experiment, the two-photon excited states 
are in the region of 8.0-8.5 eV. Vuskovic and Trajmar 
[ 2 1 ] reported in their electron impact experiment 
that the angular behavior of the scattered electron of 
the 8.4 eV band is forward peaking and is apparently 
dominated by overlapping optically allowed transi- 
tions, that is, A,, B,, and B2 in the Cz, symmetry. The 
B1 assignment is in agreement with our experimental 
result for the two-photon excited state around 8.5 eV. 
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