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Department 0/ Chemistry, University 0/ Waterloo, Waterloo, Ontario, Canada 

(Received 13 December 1988; accepted 23 January 1989) 

The photodissociation ofOeS at 157 nm has been investigated by using tunable vacuum 
ultraviolet radiation to probe the eo and S photoproducts. Sulfur is produced almost entirely 
in the IS state, while eo is produced in its ground electronic state and in vibrational levels 
from v = 0-3 in the approximate ratio (v = O):(v = 1 ):(v = 2):(v = 3) = (1.0):( 1.0):(0.5) 
: (0.3). The rotational distribution for each vibrational level is found to be near Boltzmann, 
with temperatures that decrease from 1350 K for v = 0 to 780 K for v = 3. Measurements of 
the eo Doppler profiles demonstrate that the dissociation takes place from a transition of 
predominantly parallel character ({3 = 1.8 ± 0.2) and that the eo velocity and angular 
momentum vectors are perpendicular to one another. 

I. INTRODUCTION 

The dynamics of molecular photodissociation have been 
investigated intensively during the past decade,I-7 in part 
because laser-based techniques have made it possible to dis
sociate the parent molecules and to probe the fragments with 
energy and state resolution and in part because the dissocia
tive event, which begins from a restricted range of geome
tries, is simpler to model than a collisional event, where it is 
very difficult to control the impact parameter and orienta
tion of the colliding fragments. Studies of the dissociation of 
triatomic molecules have been particularly fruitfu1. 5

-
7 A for

mal theory of such photodissociations has been developed,8 

and both theoretical and experimental studies have probed 
several important systems. Recent developments concerning 
the correlation between vector properties in the dissociation 
promise to provide even more detail than had previously 
been realized.9

-
12 

The photodissociation dynamics of the isoelectronic 
molecules e02, oes, and eS2 form an attractive target for 
investigation. The spectroscopy of these molecules has been 
studied extensively6.13 and shows that they may be excited by 
absorption to electronic states of either linear or bent equilib
rium geometries. Sufficiently intense laser sources have re
cently become available for photodissociation studies in the 
vacuum ultraviolet. 14.15 The eo, es, 0, and S fragments can 
all be probed sensitively, either by laser-induced fluores
cence (LIF) or by multiphoton ionization (MPI).16-20 In 
the cases of oes and eS2 the heavy S atom contribution 
makes it possible to study the participation of triplet states in 
the dissociation process, reached either by direct absorption 
or by curve crossing from a singlet state. Results from our 
research program concerning the photodissociation of eS2 
at 193 nm (Ref. 21) and ofOeS near 222 nm (Refs. 10,22, 
and 23) have been presented previously, and a report on the 
photodissociation of e02 at 157 nm is forthcoming. 24 This 

a) Alfred P. Sloan Foundation Fellow. 

paper concerns the photodissociation of oes at 157 nm. 
A detailed discussion of the oes electronic spectrosco

py has been given by Rabalais et al.,13 who provided the 
following assignments: 

11:l.+-1~, A = 222.3 nm, 

III +-I~, A = 166.7 nm, 

I~+-I~, A = 152.3 nm. 

The photodissociation of oes has been examined by 
several investigators, particularly at wavelengths near 222 
nm. The increase in the oes absorption coefficient with 
temperature has been used by four groups in assigning the 
geometry of the upper state to a bent configuration.25

-
28 Zit

tel and his co-workers29,3o have exploited this effect in the 
two-step photodissociation of oes to separate 0, e, and S 
isotopes. More recently, detailed product state distributions 
and vector correlations 10,22.23 have shown that absorption 
takes place to two surfaces of A ' and A " symmetry derived 
from a bent II:l. configuration. The sole sulfur product ap
pears to be SeD), in agreement with a previous measure
ment.31 The eo photofragment is produced almost exclu
sively in v = 0, but the rotational distribution is inverted and 
peaked at very high rotational levels. 

The dissociation from the excited I ~ state has been pre
viously investigated using the 157 nm radiation of the F2 
laser. Photolysis at 157 nm can produce the following prod
ucts: 

oes + 157 nm .... eOe~) + Sep) + 38 290 cm- I 

..... eOe~) +SeD) + 29 060 em-I 

.... eoe~) + SeS) + 16110 cm- I 

..... ese~) + Oep) + 8500 em-I. 

Black and Sharpless32,33 have studied the emission from 
the IS metastable state of the sulfur atom. A quantum yield 
of 0.80 ± 0.05 has been determined for the S( IS) formation 
in the 157 nm dissociation. Ondrey et al. performed time-of-
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flight measurements on the S-atom product and interpreted 
them to indicate that the CO vibrational distribution was 
highly inverted, with a peak in the vibrational distribution at 
the v = 5 level and progressively less population in lower 
levels. 34 

The use of tunable coherent vacuum ultraviolet (VUV) 
makes extremely sensitive, state-selective detection of CO 
and S possible using LIF.18 The goal of this work was to use 
the LIF method to obtain detailed information about the CO 
internal state distribution, about the electronic state distri
bution of the sulfur atom, and about the vector correlations 
characterizing the dissociation process. In contrast to the 
previous time-of-flight measurements, we find relatively lit
tle energy disposal into the CO vibrational degree of free
dom. Much of the available energy goes into relative recoil 
and into the electronic excitation ofS( IS), which appears to 
be the major sulfur product produced in the dissociation. 
The amount of rotational excitation found in the CO photo
fragment indicates that the dissociation mechanism is not 
consistent with fragmentation on an excited surface oflinear 
geometry. Measurement of the Doppler profiles of selected 
CO vibrational-rotational transitions indicates that the re
coil and CO angular momentum vectors are perpendicular, 
as expected from conservation of angular momentum, that 
the dissociation is rapid compared to parent rotation, and 
that the absorption transition in the OCS parent is via a par
allel transition, with the anisotropy parameter measured to 
be /3 = 1.8 ± 0.2. 

II. EXPERIMENTAL 

A. Molecular beam chamber 

Sample concentrations of 10%, 5%, 2%, and 0.5% 
OCS seeded in helium at 1.7 atm. stagnation pressure were 
supersonically expanded through a pulsed beam valve 
(Newport BV -100) with a 0.5 mm orifice into a background 
chamber pressure of roughly 5 X 10 - 5 torr. Although there 
was no convenient method for determining the rotational 
temperature oftheOCS in the jet, a 1:35 mixture of CO in He 
under the same nozzle conditions was found to have a 3 K 
rotational temperature. 

The photolysis beam, the probe beam, and the molecu
lar beam propagated along mutually orthogonal directions, 
intersecting about 20-30 nozzle diameters downstream of 
the orifice. Both laser beams entered the chamber through 
long arms equipped with irises to minimize scattered light. 
The entrance windows were nonbirefringent LiF flats 
mounted perpendicular to the propagation directions to pre
serve light polarizations. Laser-induced fluorescence (LIF) 
was collected through a LiF window at 45° to both laser 
beams using a single F/l1ens (MgF2 ). Stops restricted the 
viewing region to approximately 4-5 mm in diameter. 

B. Probe laser 

Laser induced fluorescence was used to probe the vibra
tional and rotational populations of the CO product on the 
A III-X I~ + system and to probe the sulfur eS, ID, 3p) 

products on a variety of atomic transitions. The VUV re
quired for these measurements was generated by two-photon 

resonantly enhanced four-wave sum mixing in magnesium 
vapor,18 a technique which has been used by our groups in 
several experiments. 21-24 The oscillator and amplifier sides 
of a twin-cavity XeCI excimer laser (Lambda Physik EMG 
150ES) were configured as two synchronized oscillators to 
pump two dye lasers (Lambda Physik FL-2002E). For each 
dye laser the pulse duration and linewidth were approxi
mately 10 ns and 0.25 cm - I full width at half maximum 
(FWHM), respectively; each polarization was vertical. For 
CO detection, one of the dye lasers was fixed at 430.9 nm, 
which corresponds to the 3s3d ID __ 3s2 IS two-photon reso
nance in Mg, and the other dye laser could be tuned across 
the visible spectrum to generate VUV between 140 and 170 
nm. To generate the 168.75 nm necessary for SeS) detec
tion, the 3s4s IS _ 3s2 IS two-photon resonance in Mg was 
used, with the fixed wavelength dye laser at 459.7 nm. The 
dye laser pulse energies were typically 5 mJ/pulse for the 
fixed wavelength laser and 15 mJ/pulse for the tunable laser. 

The laser beams were temporally overlapped by a 16 ns 
optical delay path on the fixed frequency laser. A A. /2 plate 
rotated by 90° the polarization of one of the two laser beams. 
The beams were then spatially overlapped using a Glan
Taylor prism, which combined the beams without apprecia
ble loss and acted as a clean-up polarizer. Following the 
prism, a A. /4 plate was used to convert each beam to circular 
polarization in order to enhance the sum frequency genera
tion over the frequency tripling of the fixed frequency laser. 
The VUV output was nominally circularly polarized. 

A 25 cm focal length quartz lens focused the beams into 
the magnesium oven, and the VUV was recollimated by a 38 
cm focal length. MgF 2 lens placed after the oven. The funda
mental frequencies together with the VUV were transmitted 
through the beam chamber. The VUV was monitored by a 
solar-blind photomultiplier tube (EMI G-26E314LF) by 
taking a reflection from a quartz window at 45° to the probe 
beam, and by passing it through a MgF2 diffuser and a VUV 
bandpass filter (Acton 140-B) directly onto the photocath
ode. The filter response varied less than 3% over the wave
length region of the experiment, and no correction was made 
for this effect. The VUV was transmitted through about 2 
meters of argon-purged or evacuated tube before reaching 
the molecular beam chamber. 

To record Doppler profiles, intracavity air-spaced eta
Ions were used in both dye lasers to narrow the bandwidths 
to about 0.05 cm - I. The tunable dye laser was scanned un
der computer control by using a variable pressure of N2 in 
the dye laser oscillator. To calibrate the linewidth ofthe re
sulting VUV, Doppler line shapes were recorded for jet
cooled CO molecules. Under the observation conditions 
used to detect photofragments the VUV linewidth observed 
was 0.22 cm - I FWHM. 

The four-wave mixing VUV generation in magnesium 
has been detailed previously 18,21-23 However, a noteworthy 
improvement has been made since previous publications, 
With the addition of lithium in roughly an equal part by 
volume to the magnesium, crystal growth ceased and reflux
ing from the cooled zone improved. Previously, magnesium 
crystals grew in the condensation region and blocked the 
optical path, restricting operation of each pipe to 3-5 days 
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use. Our modified pipe has functioned for over a year. The 
absolute VUV output energy was not measured, but from 
spectra of CO taken at known pressures we estimate a sensi
tivity limit (SIN = 1) of 106_107 molecules per quantum 
state. 

C. Photolysis laser 

Unpolarized photolysis radiation at 157 nm was pro
duced with an excimer laser (Lambda Physik, EMG-101) 
operating on a mix of fluorine and neon in a 3 bar helium 
buffer. The light output is at two closely spaced wavelengths 
in the vacuum ultraviolet (15% at 157.52 nm and 85% at 
157.63 nm);35,36 deep red emission (600-800 nm) is also 
observed. The energy output was 1-5 mJ/pulse at 50 Hz. 
Since 157 nm radiation is absorbed by air as well as most 
"reflectors," a straight optical path from the laser cavity to 
the molecular beam chamber was used and purged with ar
gon. A 1-m (nominal for visible light) LiF lens focused the 
light; small displacements of this lens allowed a 4 mm lateral 
shift of the focus. The F2 spot intersecting the molecular 
beam was rectangular with about a 4 to 1 aspect ratio; the 
long axis lay along the probe beam direction. Spot sizes at the 
intersection were 1 to 6 mm (perpendicular to probe) vari
able with the lens position. The laser spot sizes were mea
sured by translating a fine wire through the laser beam in the 
photolysis volume and monitoring scattered light as a func
tion of wire position using the LIF monitor photomultiplier 
tube (PMT) without the light collection lens to detect the 
scattered light. The removal of the light collection optics 
enlarged the field of view of the PMT. 

The 157 nm light intensity was monitored by visible flu
orescence induced on the nearly resonant B I 2!::. __ X 2n tran
sition in NO. 35,36 The VUV passed first through the molecu
lar beam chamber and entered unfocused into a cell 
containing 400 Torr of NO. A 10 cm lens gathered fluores
cence perpendicular to the laser beam direction onto a pho
tomultiplier (Hamamatsu IP120) after the laser had tra
versed a 7.5 cm path through the NO. A 555-565 nm 
bandpass filter and temporal discrimination allowed rejec
tion of the scattered red laser emission and the white light 
from the laser discharge. During the course of the experi
ment, a dark, shiny, absorbing residue was burned onto the 
chamber photolysis input window, presumably a combina
tion of OCS photoproducts and diffusion pump oil. To re
duce this effect the aluminum input arm was packed in 6 in. 
of dry ice as a trap. 

A critical modification of the excimer laser extended its 
gas-fill lifetime from about 10 000 shots to an experimentally 
useful range (hours to days) with periodic fluorine addition. 
Gas was continually cleansed of absorbing impurities (e.g., 
CF4 , COF2 , ... ) by circulation through a homebuilt gas puri
fication unit incorporating a metal bellows pump and a liq
uid-nitrogen trap. 

D. Detection electronics 

Fluorescence detection of the S and CO photofragments 
was accomplished using a solar blind photomultiplier tube 
(EMR 541 G-09-17). Signals from all three photomulti-

pliers were averaged for typically ten shots by gated integra
tors (SRS, Model No. SR250) with apertures similar in time 
duration to the fluorescence signals. A computer (IBM PC 
or DEC LSI-II) collected the digitized data and controlled 
the dye laser wavelength scanning. For Doppler profiles a 
custom-built (Quanta Ray) servo was used to ramp the ni
trogen tuning pressure. For each line, many spectral scans 
were taken rapidly in succession without averaging and then 
later combined so that as many as 100 shots per point could 
be averaged while drifts in the photolysis laser power could 
be minimized. 

The shortest delay between pump and probe (200 ns) 
was limited by the recovery time of the photomultiplier re
sponse to the scattered 157 nm light. The scatter was both 
from uncontrolled light paths and from the OCS itself. The 
shot rate was 10 Hz limited by the XeCI excimer laser. The 
gated integrators were triggered by a photodiode viewing the 
dye laser amplifier cell so that trigger jitter of the laser would 
not affect the gate timing. 

The dominant noise source was scattered light from the 
photolysis laser. Both amplitude and temporal jitter caused 
large swings in the scattered light base line signal and the 
PMT recovery. A second noise source was the coherent por
tion of the rf noise pulse following the excimer discharge. A 
substantial improvement in the signal-to-noise ratio was ob
tained by using a 20 Hz repetition rate for the photolysis 
laser in conjunction with the active base line subtraction fea
ture of the boxcar integrator. 

E. Chemicals 

OCS was obtained from Matheson at a stated purity of 
96%. The sample was subjected to freeze-pump-thaw cycles 
at liquid-N2 temperatures to remove any CO present. Less 
volatile impurities, such as CS2, were reduced by simple dis
tillation from samples held at methanol (179 K) or ethanol 
(156 K) slush bath temperatures. 

III. RESULTS 
A. The relative yield of sulfur products 

The relative amounts of SeS), SeD), and Sep) 
formed in the 157-nm photodissociation ofOCS were deter
mined by comparing the strengths of the LIF signals for the 
corresponding atomic resonance lines Ip __ 1S at 1688 A, 
Ip I 0 3 3 0 3 -- D at 1448 A, and D -- Pat 1484 A. 7 This comparison 
demonstrated that the S ( IS) quantum yield was nearly uni
ty. Some difficulty in measuring the ratio of setS) to SeD) 
signal strengths was caused by the necessity of using differ
ent dyes to reach the two transitions and different photomul
tiplier bias voltages to observe the signals. Because the 
SeD) line at 1448 A and the Sep) line at 1484 A overlap 
the (3,0) and (2,0) CO bands, respectively, it was also possi
ble to compare the SeD) and Sep) signals to signals from 
adjacent CO lines by taking into account the linestrengths of 
the atomic and molecular transitions and the population dis
tribution of the CO (see below).37,38 These more accurate 
measurements showed that the Sep) and SeD) quantum 
yields were less than 2% each. A possible source for the 
Sep) signal is dissociation of OCS clusters. The yield of 
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S (3P) relative to the yield of CO dropped by a factor of 5 in 
going from beam to bulb conditions. 

B. CO vibrational and rotational distributions 

The internal energy distribution of the CO(X I~ + ) 

photofragment was determined by analyzing the LIF spec
tra. To probe the various CO product vibrational levels, the 
(0,0), (1,1), (3,2), and (5,3) bands of the A III-X I~ + 

system were recorded and analyzed. A small region of the 
spectrum, showing portions of the (0,0), (3,2), and (5,3) 
bands, is reproduced in Fig. 1. The observed spectra were 
normalized by the measured VUV probe laser power, and 
the intensities for the unperturbed rotational lines in the 
spectra were measured and divided by the appropriate 
Honl-London factors to obtain the relative populations in 
the various product rotational states for each CO vibrational 
level. The measured population distributions based on Q
branch transitions are shown as Boltzmann plots in Fig. 2 for 
v = 0, 1, 2, and 3. Although there is no justification for as
suming that the rotational distributions can be described by 
a temperature, particularly since they are the product of a 
system at fixed total energy, in the case of every vibrational 
level the P(J) distribution was well represented by a straight 
line on the Boltzmann plot. We will use the temperatures 
corresponding to these lines as a convenient parameter for 
describing the distributions. The temperature was found to 
vary for the different CO vibrational levels; the full data set 
provided the following parameters: v = 0, Trot = 1350 K; 
v = 1, Trot = 1300 K; v = 2, Trot = 980 K; and v = 3, 
Trot = 770 K. 

The CO product vibrational distribution was obtained 
by comparing the relative intensities for the CO (A I II 
- X I ~) bands detected, normalizing these by the probe 
laser power and correcting for the detector response. These 
corrected relative LIF intensities were converted into overall 
band intensities using the known rotational temperatures in 
each vibrational level to calculate the integrated intensity for 
each band. In order to get relative vibrational populations 
from these data, the integrated band intensities were then 
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FIG. 1, Portion of the laser-induced fluorescence spectrum of CO produced 
in the 157-nm photodissociation of OCS showing regions of the (0,0), 
(3,2), and (5,3) bands, 
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FIG, 2, Rotational distribution of the CO product of the 157-nm photodis
sociation of OCS based on measurements of Q-branch lines, The distribu
tion is observed to be Boltzmann (solid line fits) with temperatures of 1350 
K forCO(v = 0), 1300K forCO(v = 1), 980K forCO(v = 2), and 770K 
for CO(v = 3). 

divided by the appropriate Franck-Condon factors, calcu
lated by Waller and Hepburn.21 The relative populations 
found were (v = 0) : (v = 1): (v = 2): (v = 3) 
= (1.0):(1.0):(0.5):(0.3). Attempts were made to detect 
v = 4 and v = 5 products by recording spectra in the region 
of the (3,4) and (5,5) bandheads (1648 A and 1630 A). No 
signal was observed from these bands, in spite of good VUV 
intensity and Franck-Condon factors. From this observa
tion we conclude that the population in v = 4 and v = 5 is 
less that 5% of the v = ° product population. 

C. Doppler profiles of CO and SCS) lines 

High-resolution Doppler spectra of the CO fragment 
were recorded for several rotational lines in the (0,0), (3,0), 
and (1,1) vibrational bands. Typical results are shown in 
Fig. 3 for the Q( 19) line of the (0,0) band and theR(25) line 
of the (3,0) band. The calculated Doppler line shapes are 
superimposed on the data and will be discussed in Sec. IV C. 
Shapes qualitatively similar to that for the Q( 19) line were 
observed for a wide range of Q-branch transitions in all vi
brationallevels, and shapes similar to that for the R ( 24) line 
were observed for a wide range of P- and R-branch transi
tions in all vibrational levels. To model the line shapes, the 
CO velocity was selected to correspond to the 
CO(v = O,J) + SeS) channel, and the vector correlation 
assumed was vlJ. The data shown are best described by a f3 
parameter of 1.8, 

IV. DISCUSSION 

A. The quantum yield of SCS) 

Our results demonstrate that SeS) is the sole sulfur 
product of the OCS 157 nm dissociation. The absolute quan
tum yield for the S( IS) production was found by Black and 
Sharpless to be 0.80 ± 0.05. 32,33 Our results limit the forma
tion ofSep) and SeD) species to less than 2% each. As a 
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FIG. 3. Doppler profiles of the Q( 19) line of the (0,0) band and the R(25) 
line of the (3,0) band of CO produced in the 157-nm photodissociation of 
OCS. The smooth solid lines give calculated profiles assuming that the 
products are COt u = O,J) + S('S), that v and J are perpendicular, and that 
(J = 1.8. 

result one may deduce that the major channel for the CO 
production in the 157 nm dissociation is 

OCS ...... CO + SeS). (1) 

This result is also confirmed by the widths of the Doppler 
profiles obtained for the various CO transitions. Moreover, 
since Black's measured the quantum yield for the total sulfur 
production is less than unity, one should consider the possi
bility of a minor formation of oxygen through the CS chan
nel: 

OCS ...... CS+O. 

Our detection system is insensitive to the presence of 
this second channel, and our results relate only to the domi
nant channel (I). 

B. Internal energy distribution 

1. Rotational distribution 

The rotational distribution of the CO fragment of 157-
nm OCS dissociation can be characterized as Boltzmann for 
each vibrational level with a temperature which varies from 
1350 K for U = 0 to 780 K for u 3. Such high rotational 
temperatures cannot be predicted for a sudden dissociation 
from a linear state. As shown by the discussion below, sud
den approximations to a dissociation from a linear state pre
dict much lower rotational temperatures in models based on 
(1) an impulse approximation, (2) a Franck-Condon ap
proximation, and (3) the "rotational reflection principle." 
It thus appears that either the dissociative state is nonlinear 

or that final state interactions cause the rotational excita
tion. The variation of rotational temperature with vibration
allevel is consistent with a statistical model: the rotational 
surprisal is nearly constant for all vibrational levels, so that a 
single dynamical constraint appears to be responsible for the 
distributions. 

A model in which all the rotational excitation in the 
diatomic fragment is derived from the impulsive separation 
oftheS( IS) and the CO is inadequate to account for the high 
rotational populations observed in this work, although the 
functional form of the distribution is adequately predicted 
by this model. We first consider average quantities. Assum
ing that both the ground l~ and excited l~ states are linear, 
the distribution of rotational energy in an impulsive model 
must be related to the distribution ofS-CO bending angles in 
the ground state of the parent. From the observed rotational 
distribution for CO( u = 0) we calculate that the average ro
tational energy corresponds to a rotational quantum number 
of J = 22. Since the parent molecule in the molecular beam 
is rotationally cold, conservation of angular momentum re
quires that the orbital angular momentum also be character
ized by a value of L = 22 fl. Finally, with L = flUrel band Urel 

equal t04.91 X 103 m/s for the S( IS) + CO(v = 0) channel, 
we calculate that b = 0.19 A, or that the average bending 
angle consistent with the rotational distribution and an im
pulsive dissociation is 17". This high value of the bending 
angle contradicts spectroscopic constants for OCS. The 
square of the bending wave function is calculated39 to be 
reduced by a factor of lie at an angle of 7.21°, so that an 
average angle of 17° is clearly unreasonable. We conclude 
that an impulsive model in which the rotational excitation is 
due only to the distribution of bending angles in the ground 
state cannot account for the observed rotational distribu
tion. 

The same conclusion is obtained by considering a 
Franck-Condon model for the rotational distribution. 
When the angular dependence of upper potential surface is 
neglected, the angular momentum distribution arises solely 
(assuming a nonrotating parent molecule) from the bending 
vibrational motion of the parent triatomic molecule. Neg
lecting the non isotropic part of the upper surface potential 
and taking into account the angular dependence of the 
ground and excited wave functions of the dissociating mole
cule, Morse and Freed calculated the rotational distribution 
of the diatomic fragment. 4o When the parent molecule starts 
in J = 0 and U = 0, a Boltzmann distribution is predicted. 
The effective rotational temperature is given by 

T= BK2/(kr/) , (3) 

where B is the rotational constant of the diatomic fragment, 
k is the Boltzmann constant, and K and 1J are given by 

(4) 

and 

1J = (m l + m 2 )r23/[ (m\ + m 2 )r23 + m 1r 12 ]. (5) 

The masses and distances in these equations are defined in 
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Fig. 1 of Morse and Freed.4O The v = 0 and J = 0 conditions 
needed for the applicability of Eq. (3) are appropriate for 
our experiment, since the rotational and vibrational degrees 
of freedom of the OCS molecules are cooled by the super
sonic expansion. Applying Eq. (3) to OCS one obtains a 
rotational temperature of 380 K, in contrast to the tempera
ture of 1350 K characterizing the distribution of the ob
served CO(v = 0) fragments. We conclude that, although 
the Boltzmann form of the distribution is consistent with a 
Franck-Condon model, the magnitude of the temperature is 
not. The rotational excitation must be due to final state inter
actions or to a bent excited state. 

Further insight into the excited potential surface on 
which the CO and S dissociate can be gained by examination 
of the rotational reflection principle.41 .42 Schinke and Engel 
have performed calculations on model potential surfaces for 
a system closely resembling OCS.43 In their work, the re
duced mass of the separating atom and diatom were taken to 
be that ofS-CO, and the bending force constant was taken to 
be nearly equal to that for the ground state of OCS.39 

(Schinke and Engel use a FWHM for the bending wavefunc
tion of 20° vs the OCS value of 14°.) The model surfaces are 
characterized by a parameter € which is positive for linear 
surfaces, negative for bent surfaces, and zero if the surface is 
independent of bending angle. The results of their calcula
tion show that for € > 0 the CO rotational distribution has its 
most probable rotational level at J = 6, as shown in Fig. 14 
of their article for an available energy of 1.3 eV. By contrast, 
the most probable rotational level for, say, CO(v = 0) from 
our measurements is J = 22, with only slightly lower values 
at higher vibrational levels. Although our available energy is 
nearly 2 eV, it is clear from Schinke's results that a linear 
(€> 0) surface is inconsistent with our measurement. Com
parison of our results with Fig. 4 of his paper suggests that € 

should be in the range between - 0.25 and - 0.50. A slight
ly bent dissociative surface might then be consistent with our 
data. 

On the other hand, even rather weak final state interac
tions might cause the observed degree of rotational excita
tion. Although the rotational temperatures are high, the 
fraction of energy available to the CO + SeS) channel 
deposited into rotation is only about 4%. In other presum
ably linear dissociations, such as ICN -IepI/2) + CN, the 
fraction of available energy deposited into rotation is about 
8%.44 The variation in rotational distribution with vibra
tionallevel can be explained by a statistical model. For reac
tions producing an atom and a diatomic molecule, the statis
tically expected or "prior" distribution is given by45.46 

Po(vJ) a:. (2i+ I)(E-Ev _Ej )1/2 (6) 

or 

(7) 

wheregR =.fR I( 1 - Iv). Deviations from the prior distribu
tions may be described by a rotational surprisal parameter, 
OR' defined by the observed distribution P(jl V):46 

P(Jlv) ='Po(vJ)exp( - 00 - 0RgR), (8) 

where 00 is a normalization factor. Recognition that fR 
=.ERIEtot and comparison ofEq. (8) with the Boltzmann 

form of the data shows that OR = E tot (1 - Iv )lkTrot . A val
ue of E tot = 16 000 cm - I for the S ( IS) channel and the ob
served values for Trot = 1350, 1300, 980, and 780 for 
v = 0 - 3, respectively, can be used to calculate that OR 
= 17.0,15.4,17.3, and 17.9 for v = 0 - 3, respectively. The 

near constancy of OR suggests that the same, single dynami
cal constraint governs the rotational distribution for each of 
the vibrational levels and that the variation in rotational dis
tribution is simply a result of the reduced energy available 
for translation and rotation as the vibrational excitation in
creases. 

2. Vibrational distribution 

The vibrational distribution determined from the laser
induced fluorescence spectrum after integrating over the ro
tational distributions to obtain band intensities and dividing 
by the Franck-Condon factors calculated by Waller and 
Hepburn27 was (v=O):(v= l):(v=2):(v=3) 
= (1.0):(1.0):(0.5):(0.3). 

Doppler profiles of the sulfur Ip_IS transition have 
been analyzed to obtain an independent evaluation of the 
vibrational distribution. The Doppler profile for this transi
tion was calculated assuming the measured vibrational dis
tribution [( v = 0) : (v = 1): (v = 2): (v = 3) = (1.0): ( 1.0) 
:(0.5):(0.3)] and the rotational distribution measured for 
each vibrational level (shown in Fig. 2). The velocity of a 
S ( IS) atom produced in coincidence with a particular inter
nal energy level of CO is determined by conservation of ener
gy and linear momentum: 

Vs = ([ 2mco1ms(ms +mco)]{(E(hv) -Do-Es 

- vhvo - BvJ" (J" + l)})1/2, (9) 

wnere blhv) IS the energy of the photon; Do is the dissocia
tion energy, taken to be 25 164 cm -1;37 Es is 22 181 cm - 1 
for the I S channel, Vo is the CO vibrational frequency (2143 
cm - I), and B v is the rotational constant in the CO (v) level 
[1.9313 cm - I for CO(v = 0)]. Thus, a distribution of CO 
internal energy levels can be converted via Eq. (9) into a 
distribution of SeS) velocities. Figure 4 displays the mea
sured S( IS) Doppler profile and the profile calculated from 

1.0 

0.8 

2:' 0.6 
(f) 

c 
2 c 0.4 

0.2 

- 0 .2 -'-:;-'-1 .~o -"--'--'--*0 .-;O-5.L.-.->~---'-;;'0 .-;;:o-'--~'--'---;o:'-;. 5~~-'---'-;-1-;'. 0 

Woven umbers 

FIG. 4. Doppler profile of the S( IS) line with a calculated profile assuming 
the CO vibrational distribution given in the text. 
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the CO distributions. The good quantitative agreement pro
vides independent corroboration of the measured internal 
energy distributions. 

The vibrational distribution found in this work differs 
substantially from that given by Ondrey et al.34 In the latter 
work pure OCS was expanded through a pulsed nozzle into 
the dissociation chamber. The molecular beam was then ir
radiated with pulsed light at 157 nm, and the velocity of the 
sulfur atom was determined by a time-of-flight technique. 
The high vibrational excitation of the CO fragments was 
inferred from the observed slow velocity distribution of the 
sulfur atom products. One potential problem with this work 
is that the authors have ignored cluster formation in cooled 
beams. It has been previously demonstrated that dissocia
tion of OCS clusters results in translationally cold frag
ments. 23 Moreover it is expected from previous results23 that 
a supersonic expansion of pure OCS results in a high degree 
of clustering. Indeed, following 157 -n~ dissociation of OCS 
in 10% seeded beams, we observe that all sulfur products 
have excess population in low translational levels when com
pared to dissociation of 0.5% mixtures. 

The absorption profile of OCS is a broad continuum 
punctuated by peaks separated by roughly 800 wave 
numbers. 13,47 While these resonances may suggest a bound! 
predissociative upper state, Pack et al. have demonstrated 
that such structure can occur on simple dissociative sur
faces. 48 A theoretical prediction of the vibrational distribu
tion and absorption profile requires a complete knowledge of 
the excited state potential surface; such information does not 
exist. However, a Franck-Condon calculation which takes 
into account the overlap between the OCS molecular ground 
state wave function and that of the excited state can be per
formed for the cases where the ground state is modeled as 
two harmonic oscillators and simple upper surfaces are as
sumed. One possible excited state potential state wave func
tion is simply that of the free, noninteracting fragments. A 
better model would place greater localization in the turning 
point region ofthe fragments' actual trajectory, where they 
travel the slowest and where the overlap with the ground
state wave function is the greatest. However, exact calcula
tion of the wave function in this region can be difficult even 
for simple potentials. In the Morse and Freed model40 the 
ground state is approximated as two harmonic oscillators in 
the molecular normal modes. The upper state coordinates 
are the free CO vibration and the center of mass separation of 
the fragments: the CO vibration is treated as a harmonic 
oscillator while, for computational feasibility, the fragment 
interaction potential is linearized about the turning point. 
This linearization gives rise to Airy wave functions. The lin
earization need only be valid over the integral overlap re
gion. Exponential repulsive surfaces are popular model sur
faces. 43 On such a surface we obtained a distribution in 
reasonable agreement with observation: 
(v = O):(v = l):(v = 2): (v = 3) = (1.0):( 1.0):(0.6) 
: (0.17). In this calculation the C-O bond distances of the 
CO and OCS molecules were taken at their natural ground
state lengths of 1.128 A and 1.160 A, respectively, while the 
exponential approximation to the excited state surface was 
characterized by a slope of - 0.0025 erg/cm at the OCS 

ground-state geometry and a range coefficient of 1.2 Bohr - I 
. In general, increasing the slope parameter shifts the absorp
tion to higher frequency and broadens the absorption 
linewidth; it also increases the width of the vibrational distri
bution. The potential we have used overestimates the OCS 
absorption bandwidth: the actual region over which absorp
tion occurs is about 25% of the predicted one. However, it is 
expected that inclusion of rotational and translational parti
tioning would shrink the contribution to the width caused by 
the higher vibrational levels. In summary, we have sampled 
the upper state surface in a narrow region about 157 nm and 
successfully modeled it locally as an exponential repulsion. 
Although this potential provides a fit to the vibrational dis
tribution, it is clear that the global potential cannot be simply 
repulsive; the overall width and peaked features of the ab
sorption indicate that the potential is more complicated. 

In contrast with the present results, no vibrational exci
tation is found in the CO photoproduct resulting from exci
tation of the first excited I A. state.23 In this case the energy 
available for the nuclear motion is comparable to that avail
able in the 157 nm dissociation, where vibrational excitation 
of the molecular fragment is observed. This different behav
ior is due to the torque exerted on the CO when the OCS 
molecule is excited to the highly bent A. state. As a result of 
this torque, 50% of the available energy is deposited into the 
CO rotational degree of freedom, resulting in a highly invert
ed rotational distribution. 23 

c. Vector correlations 

Calculated and observed Doppler profiles of the Q( 19) 
line and the R (25) line of the CO (v = 0) recorded following 
157-nm photolysis of a 0.5% mixture ofOCS in helium are 
displayed in Fig. 3. Reasonable agreement is obtained if the 
vector correlation between v and J is assumed to be a perpen
dicular one, if the recoil anisotropy is assumed to be de
scribed by {3 = 1.8 ± 0.2, and if the CO(v = 0, J = 19) or 
(v = 0, J = 25) velocity is assumed to be that which would 
be produced for dissociation in coincidence with a SCS) 
sibling photofragment. The magnitude of the velocity v, of a 
particular CO(v,J) level can be determined by conservation 
of energy and linear momentum: 

vea (O,J") = ([ 2mJmco (ms + mea) ] {[E(hv) 

-Do-Es -BJ"(J" + l)]})I/Z, (10) 

where E(hv) is the energy of the photon; Do is the dissocia
tion energy, taken to be 25 164 cm -1;37 Es is 22 181 cm- 1 

for the IS channel; and B = 1.9313 cm - 1 is the rotational 
constant in the v = 0 level of CO. That the dip in the Q( 19) 
line appears rather more shallow than might be expected for 
a value of {3 = 1.8 is a consequence of the fact that the F 2 

laser is unpolarized in the plane perpendicular to its propa
gation direction. This lack of polarization, which decreases 
the Doppler profile modulation by a factor of 4, has been 
included in our analysis. 

CO Doppler profiles obtained from this photodissocia
tion can be influenced by at least three experimental arti
facts: dissociation of clusters, reduced detectivity because of 
molecular motion on the time scale of detection, and satura-
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tion of the dissociation. Our attempts to evaluate these fac
tors are described below. 

We know from our previous work at 222 nm that OCS 
expansions can produce dimers and higher clusters. 23 Pro
files obtained following the 157 -nm dissociation of a beam of 
10% OCS in helium showed that all transitions had excess 
intensity in the center of the Doppler profile, which we at
tribute to slower fragments produced in the dissociation of 
clusters. This feature was reduced in 5% mixtures and was 
absent in mixtures containing less than 2% OCS. 

A second artifact appeared even for the more dilute mix
tures when highly focused pump and probe beams were em
ployed: the intensity in the center of all transitions was some
what reduced. We attribute this effect to the rapid motion of 
CO fragments out of the probe beam on the time scale of the 
detection, about 100 ns. Use oflarger pump, probe, and de
tection volumes eliminated this effect. 

A third possible problem is that the F2 laser may satu
rate the OCS dissociation so that the initial alignment is less 
polarized than that expected in the weak field limit. We veri
fied that the CO and S atom LIF signals were linear in F2 
laser power by using the F2 -induced NO fluorescence as a 
measure of the intensity at 157 nm. Thus, the value of 
/3 = 1.8 ± 0.2 appears to be the correct one. 

McCarthy and Vaida have examined the absorption 
spectrum of jet-cooled OCS in the region from 140-160 nm 
and have assigned the feature at 156.2 nm to absorption to a 
I II electronic state.47 According to their interpretation, the 
features in the vicinity of 157 nm are not consistent with the 
Franck-Condon envelope of a single transition connecting 
the 1 ~ + ground state to the 1 ~ + excited state. Our measure
ment of/3 = 1.8 ± 0.2 indicates, however, that the transition 
at 157 nm is predominantly a parallel transition. If the upper 
state is linear, then absorption to the III component can be 
ruled out, since substantial oscillator strength to a 1 II state at 
this wavelength would greatly reduce the measured value of 
/3. In the limit of a pure I~ + --+ III transition, we should have 
found a value for /3 = - 1.0. However, if the upper state is 
appreciably bent, absorption to the A ' Renner-Teller com
ponent of what would have been a 1 II state in the linear 
configuration might still be consistent with the high value of 
/3 measured in this work. 

Our measurement of the v-J correlation is obtained 
from the difference between the Q- and P- or R-branch tran
sitions,9-12 and indicates clearly that there is a perpendicular 
correlation, consistent with angular momentum conserva
tion. Since the angular momenta of the parent compound 
and the photon are all quite small compared to the angular 
momentum of the CO, conservation requires that J= - L, 
where L = J.l (v X b), is the orbital angular momentum of the 
half-collision. Since L is perpendicular to v, we conclude that 
J must also be perpendicular to v. 

V. CONCLUSIONS 

The photodissociation ofOCS at 157 nm has been inves
tigated by using laser-induced fluorescence to probe the CO 
and S photoproducts. More than half of the 38 290 cm - I of 
the available energy for the products is utilized for the 22 181 

cm -I excitation of the SeS) state. This leaves 16110 cm- I 

of available energy for the nuclear degrees offreedom. About 
2065 cm - I or 12 % of this energy is allocated to vibrational 
excitation, while another 665 cm - I or 4% produces rota
tional excitation of the CO. About 84% of the energy avail
able to the nuclear motion is allocated to the relative transla
tional recoil. Rotational distributions are found to be 
Boltzmann for each vibrational level, and the variation in 
rotational temperature among the vibrational levels can be 
predicted by a statistical model. Dissociation of OCS at this 
wavelength is prompt compared to rotational motion of the 
parent compound, and the transition dipole moment of the 
OCS is aligned very nearly along the linear framework. The 
vector describing CO rotational motion is aligned perpen
dicular to the recoil velocity, as expected from conservation 
of angular momentum. 
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