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The 193-nm photodissociation of $@as been studied using the resonantly enhanced multiphoton ionization

of ground-state GPy), coupled with velocity-map ion imaging. The dependence of the ion images on the
linear polarization of pump and probe radiation has been used to determine the electronic angular momentum
alignment of the recoiling, state-selected atoms, together with their speed distribution and translational
anisotropy. The polarization data fdr= 1 and 2 have been used to estimate the state multipole moments of
the O-atom electron spin and orbital angular momenta. The data suggest that both sources of O-atom electronic
angular momentum are polarized. It is shown that the spin polarization could either arise from exit-channel
couplings or be a manifestation of the participation of triplet states in the dissociation. The angular dependence
of the potential energy in the exit channel is examined using long-range quadruijodée and quadrupote
quadrupole interaction terms, from which molecular-frame multipole moments of the orbital angular momentum
of the recoiling O atoms have been calculated. Comparison with the experimentally derived multipole moments
is used to help provide insight into the dissociation mechanism. The results are also discussed in light of
similar experimental data from the photodissociation g®ON

1. Introduction

The spectroscopic properties and photodissociation dynamics
of sulfur dioxide, an important trace species in the atmosphere,
have been subjected to many studies over the past three decades.
The CGB, — X!A; electronic transition is known to begin at
around 240 nm,with predissociation into GP) + SOFZ")
products occurring above a threshold at approximately 219
nm21~5 Dynamical measurements have been conducted, using
a range of experimental techniques, over a wavelength range
of 193-218 nm, where the excess energy is insufficient to
permit the formation of electronically excited products. How-
ever, despite this apparently simplifying constraint, the details
of the dissociation mechanism are yet to be explained unam-
biguously.

A preliminary understanding of the subtleties at play in this
system may be gained with reference to the schematic diagram
of some of the low-lying electronic states of S@rovided in

Figure 18 At linearity, the approach from the separatedr®)(
and SO=-) fragments vields surfaces 8E*, U1, 35+, and Figure 1. Schematic diagram of the relevant potential curves adapted

31 symmetries (along withf=* and 5T surfaces that are from Katagiri et af In parentheses are the symmetries of the states at
I dto ol tin the di iati linearity in the long-range region. The electronic state accessed at 193
generally assumed to play no part in the dissociation process)., "is the CB,(2'A") state.

On bending, these states correlate with those in e

hv(193 nm)

configuration that describes the dissociative pathway in the
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* Corresponding author. E-mail: mark.brouard@chemistry.ox.ac.uk. It .
* Permanent address: Laser Department, National Institute of Laser, (1) The'=" surface correlates with the grountAL molecular

Plasma and Radiation Physics, P.O. Box MG-36, Bucharest, Romania. State.

10.1021/jp049328v CCC: $27.50 © 2004 American Chemical Society
Published on Web 05/07/2004




7966 J. Phys. Chem. A, Vol. 108, No. 39, 2004

(2) ThelIT surface splits into a stabilizedA" state and, at
long range, the repulsive'&’ state.

(3) The3=T surface correlates with the repulsivéA2 state.

(4) The3II surface splits into the stabilizedA’ and BA"
states.

Excitation in the wavelength range of 19318 nm accesses
the ZA’' surface (the @B, state in C,, symmetry), which
correlates with electronically excited (and energetically inac-
cessible) SOQ) + O('D) products? It has been suggested that
dissociation to the observed products may occur through one,
or more, of the following mechanistic pathways:

(1) an internal conversion mechanism to quasi-bound con-
tinuum levels of the 1A’'ground staté;®”

(2) an intersystem crossing onto the repulsi¥&’' Zurface??®

(3) an avoided crossing with thé&' state?10

In 2000, Houston and co-workers provided a comprehensive

Brouard et al.

and co-workersconcluded that the internal-conversion mech-
anism was dominant over the entire wavelength range 0f200
220 nm, although their theoretical calculations did allow the
possibility of some minor contributions to the dissociation from
crossings onto either thé&' or 3'A’ surfaces. A recent Fourier
transform infrared study of the photolysis at 193 nm conducted
by Weiner and co-worketsled the authors to suggest that, even
in this high-excess-energy domain, the dissociation did indeed
occur predominantly via internal conversion to the ground state.
One aspect of the dissociation process that may help to
disentangle these ambiguities further lies in the possibility of
measuring the angular momentum polarization of the observed
products. Angular momentum alignment was indeed identified,
qualitatively, in the oxygen atoms detected in the ion-imaging
experiments by Houston and co-workers. Recent theoretical
advance¥ have introduced the possibility of quantifying the
alignment of OfP) products arising from such systems. Such

summary of the experimental and theoretical studies concerningy, approach has been demonstrated in a recent study®f N

the SQ predissociation process that had been published up until
that time!! The review emphasized the extent of the interpretive
disagreement in the literature, with arguments being raised
variously for the internal conversidi¥;” the intersystem cross-
ing,*8 and the avoided crossing mechaniédisbeing the
dominant dissociative pathways over a variety of excitation

photolysis conducted within this grodpBecause the presence
of angular momentum alignment in an atomic product relates
directly to the polarization of either or both of the orbital and
spin angular momenta of the unpaired electrons in the atom, it
provides a particularly sensitive measure of the evolving
molecular structure. For example, by invoking a “fast-dissocia-

energies. The authors subsequently conducted an ion-imagingion model” in ref 21 in which the electron spin was assumed
study of the photolysis at selected wavelengths between 202y, e ynpolarized, it was possible to use these measurements to

and 207 nni! They argued that the variations in the vibrational-
energy partitioning in the SO fragments, inferred through the
velocity distributions of the detected ) atoms were consis-

tent with a wavelength-dependent dissociation mechanism. Thebe

velocity distribution at wavelengths above 203 nm, which was
found to be characterized by a relatively uniform partitioning

among the energetically accessible levels, was attributed to a

dissociation via an internal conversion mechanism to very high
vibrational levels of the molecular ground state. Conversely,
the images recorded at shorter wavelengths appeared to giv

make an assignment of the potential energy surface(s) on which
the product wave function must be evolving.

In the work presented here, velocity-map ion imaging has
en used to measure the’P)J photofragment speed distribu-
tions, speed-dependent translational anisotropies, and atomic
angular momentum alignment parameters for each of the three
spin—orbit states { = 0, 1, 2) following photolysis at a
wavelength of 193 nm. The former two measurements provide
confirmation of a number of previous finding&:16:3337 The

ew results are presented in section 3, following a brief

rise to SO fragments formed predominantly in their ground d
vibrational state, an observation ascribed to dissociation via
crossing onto the singlet repulsive state. Although a number of
experiments conducted near the dissociation threshold have.

escription of the experimental and data analysis procedures in
section 2. In section 4, the data are discussed in light of a model
in which the spir-orbit interaction in the recoiling O atom is

indeed concluded that in this region an internal conversion is
the most likely dissociation pathwdy,” certain other recent

evidence has also pointed toward a change in the reaction

mechanism at longer wavelengths. In particular, Ray efal.,

included explicitly and in light of new theoretical calculations
of the angular dependence of the long-range potential energy
curves. Finally, our principal findings are summarized in section

studying dispersed emission spectra at excitation energies aroun% Method

200 nm, suggested that the observation of nominally forbidden
transitions involving odd quanta in the $@; band could be
explained by a curve crossing of the repulsivé'3state with

the CB,(2!A") surface. Ab initio calculations performed by
Bludsky et al. on the vibrational states of §®the GB; staté?

2.1. Experimental ProceduresThe experiments were carried
out using a standard velocity-map ion-imaging apparatus, which
has been described in detail previou&iy?! Briefly, a mixture
of 5% SQ seeded in He at a backing pressure of 2 bars was

supported these conclusions, although the same authors did poinéxpanded through a pulsed nozzle (General valve) with a 0.8-

out in a later papéf that the strong activity in the emissions

mm-diameter orifice and collimated by a 1-mm-diameter

seen in these experiments was not necessarily indicative ofskimmer. The rotational temperature of the beam was deter-

mixing to the repulsive singlet state.

mined to be~50 K. Further downstream, the molecular beam

Nonetheless, close inspection of the literature raises severalwas passed through a 2-mm hole in the repeller plate of the

issues that are yet to be explained in a unified picture of the
predissociation process. For example, in a number of earlier
experimental measuremeHtst® conducted at 193 nm, the
vibrational-state distribution of the nascent &) products
was found to be strongly inverted and to pealis 2 (rather
than inv = 0). Although SO vibrational populations distributions

velocity-mapping ion optics assembly and crossed 5 cm away
from the nozzle exit by two counterpropagating laser beams.
The photolysis radiation was provided by a Lambda Physik
EMG103 excimer laser operating at 193 nm, and the probe
radiation was obtained by frequency doubling the output of an
excimer-pumped dye laser (Lambda Physik LPD series). The

between 193 and 202 nm might help to shed light on the reasontime delay between the two laser pulses wd$ ns. Two plano-

for the differences in behavior observed at short and long

convex lenses of 30-cm focal length were used to focus the

wavelengths, unfortunately these are not currently available. Onradiation onto the molecular beam. The’B)j photofragments

the basis of their experimental and theoretical study, Katagiri

were probed by (2+ 1) resonantly enhanced multiphoton
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ionization (REMPI) via the 3P < 3P, transitions near 225  TABLE 1: Vibrational Populations of the SO

nm. The probe laser energy was attenuated to aroung:300 Photofragments of the 193-nm Photodissociation of S{as

pulse' to reduce to an insignificant level the signal arising from EStimated by the Simulation of the Observed OFP,) Speed
PO S Distributions Shown in Figure 42

the probe laser alone. During image acquisition, the probe-laser- _

wavelength was scanned over the Doppler profile of th#P( level population

transitions to ensure an equal detection sensitivity for all of the V' =0 0.09(1)
product velocities. The oxygen ions were velocity mapped onto v=1 0.23(2)
an imaging detector consisting of 40-mm chevron double- v fg 8'82(‘;’)
microchannel plates (MCPs) coupled to a P47 phosphor screen Z _ 4 0:0622;
(DelMar Ventures). The image on the phosphor was captured ) =5 _

by an intensified charge-coupled device (CCD) camera (Pho- Data have been averaged over O-atom spirbit stateJ. Errors
tonic Science), electronically gated to the flight time of the in the last decimal place are given in parentheses.

detected ions and sent to a PC for signal processing (thresh-

olding, event counting? and accumulation). Images were quring the experiment. A second rotation, to a detection frame,
averaged over 20 000 laser shots. Velocity calibration of the 5 often required to allow the use of expressions in the literature
final images was achieved using images ofR)(from the  for the rotational line strengths. (See, for example, ref 31.) The
photodissociation of ¢ the energetics for which are well  fina| expression for the rotational moments of the images may

characterized. . . . then be written as
To extract information on GP;) alignment, images were

obtained in four geometries, labeled HH, HV, VH, and VV, . 1 iér _
according to the polarization of the pump and probe lasers lying Pq: (v ¢1)oer = —Zeq Z Z[l + (—1)47] x
parallel (H) or perpendicular (V) to the image plane. These 4’y K=0.2k
geometries are equivalent to Cases | to IV in the notation used
by Dixon 25 Pairs of images were collected simultaneously using
a photoelastic modulator to switch the polarization of the probe . . . .
laser every shot. This procedure not only reduced the errors'! W,h'Ch vp and ¢r are the rad!al and angular coordinates of
due to experimental drift during the measurements but also € image, respectively, anfiy is the angle that the product
enabled the measurement of the total angular momentumVeloCiY vector makes with the time-of-flight axig = (a, .
alignment, ) from the measured intensity ratios. This ) @nd R = (e, /', ") are Euler angles for the frame
alignment parameter is required to normalize the image intensity transforr'rl1at|ons, defined in 'I_'able 1 of ref_ 19. The indikgs)
prior to data analysis. and k_, g' denote the spherical harm_om(_: components of the
Separate REMPI spectra were recorded to determine theVelocity and angular momentum distributions of the product in

relative spin-orbit populations arising from the photolysis. For € final or “detection” reference frame.

this purpose, the total signal output of the phosphor screen was Equation 2 takes the form of a Fourier cosine series in which

sent to a boxcar averager, gated at the appropriate arrival time [Ne coefficient of each term is a sum over products of

fg(kb k! qli q”1 Rv R) Fg(kll kv qlv Up) (2)

0 : ngK « : n=K
The integrated signal corresponding to each -spirbit state geometrical factors™f; and “dynamical factors’F,. The
was used to determine the ratio of the photofragment popu|a_geometncal_factors depend only on the_expenmental geometry
tions. and are easily calculated, but the dynamical factors are functions

2.2. Data Analysis.The method used to extract dynamical of a set of alignment parameters that define Te scattering
information from the velocity-map images is identical to that dynamics. Analytical expressions for i and Fg factors
described in a previous paper oaphotolysisz! Briefly, the have been given in previous publicatidis?! Note that simple
laboratory (lab) frame scattering distributi®{v, Q,, ;) of relationships exist between each of the commonly used sets of
the O@P) product following the polarized laser photolysis of alignment parameters (e.g., the bipolar momesgi, k; v)

SO, may be expanded semiclassically in spherical harmonics: introduced in the semiclassical treatment by DiXérthe

polarization parameterzi;(p) used by Rakitzis et a?82° and
P, Q, Q)= Z pg(y,QU) c’l;q(gj) (@) the alignment anisotropy parameters of Vasyutinskii and co-
] workerg?). Here we use the alignment anisotropy parameters
P2, S, 0, V2, andnz because these are appropriate for a full

v is the product speed, arfd, = (6,,¢,) andQ; = (6;,¢;) are quantum-mechanical treatment of photodissociaion.

the lab frame polar coordinates of the product velocity vector — The Hertet-Stoll schem&is used to convert the (potentially)

(i.e., the scattering angle) and total angular momentum vector, complex quantitiegbgu into the real quantitiepgui:

rekspectively. The expansion coefficients (or rotational moments)

pq(v, Q,) are functions of both velocity and scattering angle, ¢ 1 K K

a%d the spherical harmonics depend only on the angularpq”+(yp’ ¢r) = ?2[(—1)“ p+q"(up’ ¢r) + p—q”(vp’ ¢7)]

momentum polar coordinat€y;. The lab frame is defined such

that thez axis lies along the polarization vector and thexis 1=g'=k (3

lies along the propagation vector of the photolysis light. The

first step in obtaining the rotational moments of a velocity-map "

image is to express the distribution in eq 1 in terms of K K

coordinates in a new reference frame, known as the time-of- Po+(Up, ¢r) = pO(Up’ #1) (4)

flight (TOF) frame, in whiclelies along the time-of-flight axis.

(x is still defined to lie along the photolysis laser propagation Using linearly polarized pump and probe radiation and probing

direction.) The image rotational moments are then obtained the OFP) photofragments via (2 1) REMPI, we find that the

simply by integrating the distribution along the time-of-flight analytical form of the images obtained depends only orpghe

axis, mirroring the compression of the ion cloud along this axis pﬁ, and p; rotational moments. For the four experimental
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geometries used, the appropriate expressions for the images HH HV VH \AY
arg?0.27

P
'YHV(UP’ ¢T) = ffw(l/p, ¢T) = pg(upv ¢T) + \/—5P_(2)P(%(Up= ¢T)

‘X/H(Upi ¢T) = ‘7I:|H(Up! ¢T) = pg(vp! ¢T)

P
- %TSFE[PS(UW ¢7) + \/§P§+(Up’ ¢l )

where Po/Py is the line-strength factor for the probe {2 1)

REMPI transition, taking the values Q/? and —y/ '/, for
theJ = 0 1,and2 Spiforbit Componer?ts O.f GP)'lsySOEXp"Ci_t Figure 2. Velocity-map ion images of the €®;) J = 0 (top row), 1
expressions for the,(vp, ¢1) appearing in these equations (middle row), and 2 (bottom row) fragments generated by 193-nm
have been given by Bracker etZl. photodissociation of SOThe four columns show images obtained in

These expressions may be used in conjunction with egs 2Hhe HH. HV, VH, and VV pump-probe geometries, as described in

- . - . the text.

and 3 to obtain analytical expressions for the Fourier moments
of the measured images. As described previotislyere we
have used a basis set made up of a sum of Gaussian functiongne ogp,) ground state, consistent with near-adiabatic dissocia-
to describe the speed dependence of the various angulakjon at low product recoil energies.
momentum polarization parameters. These may be fit to the 35 o@p) Speed Distribution and SO?E-) Internal State
Fourier moments extracted from the experimental data in order popy|ations. The complete set of velocity-map ion images is
to obtain the (velocity-dependent) alignment parameters char-shown in Figure 2, and the first three even Fourier moments of
acterizing the scattering distribution using the methodology these images, together with the fits to them using the procedures

described in ref 21. The experimental Fourier momemn(s), described in section 2, are shown in Figure 3. The analysis first
of the ion imagesAvxvy)vp = Avp.¢r), are defined as yields the speed distribution of the quantum state-selectéb)O(
photofragments. The three speed distributions are compared in
C(vp) = Nf:nﬂux’ v,) COsipy)v, dey (6) Figure 4. The fact that they are so similar supports the view

that the spir-orbit states have a common dynamical origin, with
o . the population of the three states determined in the exit channel.
where the normallzat|on co_nstathls equ_al t0 1 whem = 0 Both the Fourier moments of the images and the resulting speed
andN = 2 whenn > 0. With linearly polarized pump and probe  gistriputions show some structure, which is probably associated
radiation,n is restricted to even terms. with the population of vibrational levels in the SO(X) cofrag-
Four sets of images were collected for each experimental ment. Similar structure has been observed previously at 193
geometry and spinorbit state of OfP) and used to determine  nm in the TOF experiments of Kawasaki and S&tmd Huber
the alignment parameters. Error estimates for the alignmentand co-worker$37 and in the wavelength range of 26207
parameters are given as the standard deviation in the parametergm by Houston and co-workets.
returned from fits to the individual sets of data, unless otherwise  To estimate the SO vibrational populations, we fit the speed

stated. distributions shown in Figure 4 with a sum of Gaussian
functions, each corresponding to the SO cofragment born in a
3. Results different vibrational state. The widths of the Gaussians, together
with the vibrational populations for level$ = 0—5, were used
3.1. Spin-Orbit State Populations. O-atom spir-orbit as adjustable parameters in the fit. The Gaussians widths

populations were obtained directly from the integrated REMPI returned from the analysis and their precise location on the
transition intensities, as described in section 2.1. The resulting velocity scale provide some indication of the mean rotational
relative values ford = 0:1:2 were 1:2.3(2):4.6(4), which are  energy of the SO fragments. We obtain a mean rotational
very close to the statistical ratio of the spiarbit state excitation of~700 cnT?, in reasonable accord with the data of
degeneracies 1:3:5 (further discussion in section 4.1). The Huber and co-worker®. Judging from the widths of the
measured population ratios are in reasonable agreement withstructures seen in the longer-wavelength study of Houston and
those of Abe et af$ 1:2.5:7.6, and those of Huang and co-workerst! the degrees of rotational excitation observed in
Gordon3* 1:2.6:5.2, both obtained using VUV laser-induced the short- and long-wavelength studies must be quite similar.
fluorescence and a photolysis wavelength of 193 nm. Houston The vibrational populations derived from the fits, again
and co-workers also determined spinorbit population ratios averaged over the O-atom spiorbit state, are shown in Table

in the wavelength region from 26207 nm using velocity- 1. The data are very similar to those obtained previously at 193
map ion imaging. Their values vary quite markedly with nm814-1639 Al studies agree that the most populated SO
photolysis wavelength and kinetic energy release, but thosephotofragment vibrational level is= 2, although there is some
measured at 202.13 nm (1:2.2:3.2), at which wavelength the disagreement about the extent of the population of neighboring
kinetic energy release is quite similar to that in the present vibrational levels14-16:3%9probably arising from differences in
measurements, are reasonably close to the values obtained hernergy resolution. In contrast to the rotational excitation, note
at 193 nm. By contrast, the elegant state-to-state experimentsthat the vibrational distribution at 193 nm is found to be quite
of Tiemann and co-worket$°36 close to the dissociation  different from those obtained by Houston and co-workeirs
threshold reveal a much stronger preference for population of the range of 202207 nm.
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Figure 3. Same as for Figure 2 but showing the first three even Fourier monmatgy;), of the raw ion images, together with the fits to the data

(dotted lines) using the procedures described in section 2.2. Note thaf#flemoments are almost zero for all of the images shown in Figure 2
and that thecy(vp) moments are either zero on symmetry grounds or are slightly negative.
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Figure 4. Comparison of the speed distributiorf¥(y), obtained for Figure 5. Same as for Figure 4 but showing the speed-dependent

the three OFP)) spin—orbit states. After the transformation to kinetic  translational anisotropieg(v), for the three probed O-atom spinrbit

energy release, fits to the data yielded the vibrational populations shownstates. Notice that thg-axis scale has been expanded to half the full

in Table 1, as described in the text. The lines are coded as follows:  range of the translational anisotropy. The three lines refer to the three

3P, — — — 3Py, and-- 3P,. The error bars represeny2 spin—orbit states of oxygen and are labeled as in Figure 4. The error
bars representa®

0 1000

T

3.3. Angular Distributions. The speed-dependent transla-
tional anisotropiesf(v), returned from the Fourier moment states are given in Table 2. The mean of th@se, 0.12, may
analysis are shown in Figure 5 for the threel) spin—orbit be interpreted as arising from the slow predissociation of a
states. The present experiments reveal a small but measurablerolate top molecule, which closely describes the inertial
anisotropy parameter with no obvious systematic trend with character of S@ The important quantity in determining in
O-atom speed (or, equivalently, with SO internal quantum state). this limit is the dissociation lifetime relative to the rotational
The speed-averaged values for the three O-atom-—spiit periodw, characterized by the parametér= w7.38 The lifetime
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Figure 6. Speed dependence of the alignment anisotropy parameters (upper panels) and the total alignment (lowek:gahets); 2(c. + y2
+ 172), for OCP) atoms born il = 1 (left panels) and = 2 (right panels). The full ranges of the alignment parameters is given in ref 21. In the

upper panels, alignment anisotropy parameters are coded as folowss: — — — ap, — ** — ** y2, and+++ »,. The error bars represent2

TABLE 2: Velocity-Averaged Spatial Anisotropy and Previous measurements of the translational anisotropy ef SO

Alignment Anisotropy Parameters for the O(P) Products of photodissociation at 193 nm have yielded values close to

193-nm SG Photolysis zero!539However, the present value 6f0.1 is within previous

O(Py) O(Py) OCP,) experimental error. In their recent velocity-map ion-imaging
B +0.15(2) +0.07(2) +0.13(2) study of the photodissociation of $@t wavelengths centered
S +0.018(3) —0.040(4) around 205 nm, Houston and co-workers also reported a small
a +0.003(2) +0.009(3) anisotropy but ascribed this to the effects of angular momentum
V2 :g-ggégg 18-883% polarization!! In the present work, the availability of the
g;@oﬁi +0:005(1) 00 40(2) necessary line-strength facttf‘r_laas madt_e it possible to deco_uple
A2, +0.005 ~0.035 fully the effects of translational anisotropy and rotational
polarization.

a Alignment parameters are given to three decimal places, with error . .
estimates in the final decimal place given in parenthesBgtermined 3.4. Angular Momentum Polarization. An analysis of the

from the fitting procedures Determined from the relative total intensi- ~ Probe-laser polarization dependence of the ion images for the

ties of images collected in different experimental geometries. O(Py) and OBP,) atomic products yields the angular momentum
o ) polarization parameters, as described in section 2.2. Images for
of SO,(C) after excitation at 193 nm is known to he~ 25 the OBP,) photofragments sensibly showed no dependence on
ps?and an estimate of the rotational angular frequencynay probe polarization. The speed dependences of the alignment
be obtained using the classical expression anisotropy parametess, o, v, and for the two spir-orbit
1 5 states are shown ir_] the upper panels of Figure 6. The velocity-
Eo= Elw dependent total alignmentéeoll= —2(cz + 72 + _772)27 are
shown in the lower panels of Figure 6. The total alignment may
assuming a parent molecular rotational temperature5i K. be determined either from the intensity differences between
The resulting value ofr* is found to be ~30, which is images obtained in different pumjprobe geometries or from

sufficiently large to be able to assume that the parent molecule Separate measurements in which the total REMPI intensity is
survives for many rotational periods prior to dissociation. monitored as a function of probe polarizat&nThe two
Bersohn and co-workers have shown that under these conditiongnethods yield essentially the same results (Table 2) and provide

B may be written &% a useful check of the self-consistency of the data and its analysis.
Note that the magnitude of the alignment for fe 1 fragments
p= [I]l])gzg(ég(oo))[[wo ~0.173, is significantly smaller than that for thé = 2 fragments, a

feature that is also clear from an inspection of the Fourier
The expectation valuelD@(0Q())[ has been evaluated moments of the images shown in Figure 3.
using the data from Table 2 of ref 38 represents the value The most notable feature of the data shown in Figure 6 is
of B in the prompt recoil limit. Assuming that the transition that the signs of all of the alignment parameters, apart figm
moment for the S@transition lies along an axis parallel to the which is subject to relatively large errors, are opposite for the
two oxygen atoms (as it should for the<€ X transition) and O atoms formed id = 1 and 2. This behavior is similar to that
that SQ possesses an excited-state bond angte 14°,%6 3, observed in the GP;) products of the photodissociation of
can be estimated to be0.4. This would yield3 ~ 0.173, = N.0.21 The alignment anisotropy parameters show little sys-
0.07, in qualitative agreement with the measured value of 0.12. tematic behavior with recoil speed, and their speed-averaged
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TABLE 3: Molecular Frame Multipole Moments of the several reasons that the assumption of unpolarized electron spin
Togal Electronic Angular Momentum, pxq(J), for O(®P;) and in the present system might be invalid.
O(°P,) Products of 193-nm SQ Photolysis, Averaged over One can think of the photodissociation of S& occurring
Scattering Angle? . - . . .

via two interconnected regions. Region 1 includes the Franck

pra(d)/podd) OCPy) OCP,) Condon and close interaction regions, where the excitesl SO
p20(J)/ poo(J) +0.12(3) —0.26(3) molecule is trapped on a time scale of tens of picoseconds. This
A p21(I)] poolJ) +0.003(3) —0.007(4) is likely to correspond to the wells on either the groufd'lor
p22J)poolJ) +0.011(3) —0.016(9) excited 2A’ potential energy surfaces. Region 2 corresponds
aErrors in the last decimal place are given in parentheses. to the exit channel region, where the fragments separate rapidly,

in the present case with a relative velocity of around 2700 m
values are collected in Table 2. Another notable feature of the s1. The boundary between regions 1 and 2 could, for example,
alignment anisotropy parameters is that they are dominated bybe taken to be the crossing seam between tAéand the 2A’
the parametes,. This parameter is related to the semiclassical states or the avoided crossing between th&' 2nd the 3A’

bipolar momen188(22)“0 (often referred to as the—j correla- states. The possible involvement of triplet states, either in region
tion?9). In the limit in which all memory of the laboratory frame 1 or at the intersection between regions 1 and 2, means that it
alignment of the transition moment is lost, thej correlation is unsafe to assume that the total electron spin of the parent

is the only surviving alignment parametért2 The low value molecule Set (=0), remains unpolarized. If the parent molecular
of 5 observed here suggests that although there is some memorgpin were polarized on entering region 2 and the motion in
of the initial alignment of the transition moment it will not be region 2 were rapid compared with the time scale for spin

possible to determine all of the molecular frame moments of orbit coupling, then (as will be shown below) spin-polarized

the angular momentum distribution with equal sensitivity. oxygen atoms would be generated. In this case, rapid motion
The alignment anisotropy parameters may be transformed intoin region 2 ensures that the spin polarization is unchanged from
molecular frame parameters using the equafiotis that established on entry into that region. A further complication
is that, unlike the situation in XD where the N cofragment is
Pao(J) [s, — 20,P,(cos6))] a closed-shell species, here the O-atom cofragment is an open-
00dd) = ‘/EV(J) [1+ B,P,(cos6))] (7) shell SOf=") species. This adds considerable complexity to
00 02 t the exit channel of this system compared with that i®Nwvhich
7 i will not be treated rigorously here.
Aoz ) =- \/3—0\/(‘]) 72 51n b1, €00, (8) To overcome some of the difficulties outlined above, instead
PoolJ) 2 [1 + foP,(cosb)] of neglecting spin polarization, here we fit the O-atom polariza-
. tion data explicitly allowing for the possibility of O-atom spin
p2(J) - _ \/%V(J) T2 sirt O 9) polarization. We assume that on entering region 2 the exchange/
Poo(d) 4 [1+ B,P,(cosh))] electrostatic interaction is large compared with the sjpirbit

interaction either within or between each evolving photofrag-
ment. The spin of the SO fragment in the exit channel of region
2 is treated as a spectator, but the spnbit interaction in the
recoiling O atom is incorporated explicitly. Within these

whereV(1) = V10 andv(2)=5 2/7. Note that the molecular-
frame multipole moments depend in principle on the scattering

angle; relative to the electric vector of the photolysis light. assumptions, it is possible to relate the state multipoles of the

However, because Is much larger than the other polarization O-atom total angular momentudnto those of its orbitalL and
moments, the scattering-angle dependence of the molecular-_ . - .
X 0 . spin S angular momenta. As shown in our previous study of
frame moments is not significant, and instead here we use the . o 1 . ; d
. : the photodissociation of XD,%! the atomic state multipoles in
speed-averaged alignment anisotropy parameters from Table 2

together with the above equations, to obtain the scat’tering-angle-the L, S representation can be related to those in hd

averaged molecular-frame multipole momens(J) shown in representation. (See eqs Al and A2 of ref 21.) Specializing to
f ; ) : . the case where coherences between different-gpinit states

Table 3. Consistent with the above discussion concerning theOf oxygen are not measured, such tias equal toJ, yields

arametes,, the molecular multipole moments are dominated . . ’ X ’

Ey the cor?tzribution fronpao(J) asF;een from eq 7. As with the the following expression for the state multipole momentg of

polarization anisotropy parameters, the multipole moments for _ 112

J=1 and 2 are opposite in sign, just as they are in the case oprQ(‘]) o KZ (23 + (K, + 1)K, + 1)

the photodissociation of XD.2! In fact, the signs of the multipole v

moments are also the same as those observed in the case of L L K;

N»O, although in the present case the 1 atoms are relatively x{S SK, cke oo (L) pro (D (10)
unpolarized compared with thelr= 2 counterparts. JJK qlzqz Ka Koty a% Ko

4. Discussion where py,q,(L) and px,q(S) are the state multipoles describing

4.1. Orbital and Spin Polarization. In our previous work  the electronic orbital angular momentumand spin angular
on the 193-nm photodissociation ob®, a simple model was ~ momentums, respectively. The&S , , are ClebschGordan
developed to help interpret the O-atom alignment measure- coefficients. Note that for the real momemis— q = (—1)%oq,
ments?! It was assumed that the recoil of the O atom was with pgo(L) = 1/4/(2L+1) andpoo(S = 1/4/(25+1). Whereas
sufficiently fast compared with the time scale of sporbit in the fast-recoil model previously employed the electron spin
coupling® that in the exit channel the system evolved diabati- is assumed to be unpolarizédsuch that the only nonzero
cally into products. Importantly, it was assumed, furthermore, moment isooo(S), here we fit the moments &andL given the
that the O-atom electron spin was unpolarized. Although it might moments ofJ for J = 1 and 2. Because we have used only
be true that in the exit channel of the photodissociation of SO linearly polarized pump and probe radiation in the present study,
the relative motion of the photofragments is also fast, there are we have information only about the alignment momentg of
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TABLE 4: Molecular Frame Multipole Moments of the 1 or, more likely in the present case, in region 2. If we assume
Electronic Orbital and Spin Angular Momenta, pkqo(L/S), for that in region 2 dissociation proceeds rapidly, such that the spin
g‘gat?gmgp&ﬂgfgs of 193-nm SQ Photolysis, Averaged over 5|4 1i7ation is unchanged in the exit channel, then it is possible

to express the state multipole moments of the parent molecular

pro(L/9) pra(SL) spin Se; in terms of the measured O-atom spin-polarization
p20(**) —0.12(1) —0.15(1) momentsoko(S). In fact, this can be done simply by taking the
RLp2a(*+*)] —0.007(4) —0.001(2) inverse of the state multipole expansion, eq 10, replatingh
pz2(*+*) +0.12(2) —0.14(2) Sot, L with S, andS with Sso, the spin of the SO cofragment,

a Errors in the last decimal place are given in parentheses. Note thatand adapting the resulting equation Kr= g, = 0 (equivalent
the analysis does not allow the assignment of the moments areto taking the partial trace of the density matrix to allow for the
associated with. and those associated wigh fact that the SO cofragment is unobserved). The resulting

TABLE 5: Molecular Frame Multipole Moments of the equation can be written (see Appendix 1) as

Electronic Orbital and Spin Angular Momenta Showing the

Molecular Frame Multipole Moments, pyo(L), for O(3P;) and L/ 4\StSsotSertK S § K
O(®P,) Obtained, Assuming that the O-Atom Spin Is Pra(S = ()7 (20 + 1) Sot Sor Sso Pra(So)
Unpolarized?'a (11)
L OGP OCP:
proll) i) i) Note that only state multipoles with the saikeand Q values
paolL) —0.14(4) —0.26(4)

B B are connected with each other. Thus, the(Sor) moments can
;)fz[(PLZ)l(L)] _8:823% _8:8(1)28')0) be determined directly from the knowq(S) moments. If we

. assume specifically that a triplet state is involved in the
The fact that the moments fdr= 1 and 2 are not the same suggests ephotodissociation (i.eSot = 1) then we obtain

that the use of this model is inappropriate in the present case. (See th
text for discussion.)

. ) _ P = — %PzQ(Stot)
(i.e.,K is even). Although terms with odd momentsSrandL

(i.e., oddK; andKy) could contribute to the alignment Jf
such terms have been neglected in the present study, and onl
even terms irK; andK; have been retained. In principle, the
measurement of the orientation df would allow this ap-
proximation to be avoided and the odd moments a@ind S to

be determined explicitly.

This would indicate that whereas the spin of the O-atom
¥ragment lies preferentially perpendicular to the recoil direction
the total spin is aligned along the recoil direction. The factor
of 1/, reflects the fact that this model predicts that the two
photofragments will have the same spin polarization.

. o . . Alternatively, spin polarization may arise from a breakdown
With the above model, it is possible to determine the three of the fast recoil approximation in region 2. The O-atom spin

momentspao(*+*), % [p21(-+*)], and p2x(-++) for the spin and : . . i ) i

. - orbit coupling constant iEso ~ 80 cnT L. The relative velocity
orbital angular momenta, as shown in Table 4. Note that because : : 0 PR
S= L = 1 for OCP) it is not possible to determine which set of the fragments in the exit channel€2700 m s, yielding

. - . . . a relative kinetic energy of3600 cnt? (i.e., some 45 times
of derived multipole moments is associated witand which the O-atom spirrorbit splitting). Although this number is large,
is associated with.. The analysis also yields predictions for

. . . . the estimated time scale for spiorbit coupling ish/Eso ~ 60
= 1/2
the spir-orbit state.populat.lonsB\I(J) = (23 + 1) ®poolJ), which, fs, in which time the fragments separate about 1.8 A. This raises
because the polarization is small, turn out to be very close to

A . i the possibility that the polarization of the O-atom spin occurs
the statistical limit, in good agreement with the experiment. The P y P P

S . . ; .. in the recoupling region and is not necessarily a result of
inability to assign the moments to elther the spin or the orbital dissociation along a triplet pathway. It is relevant to note that,
angular momentum leads to uncertainty about the sign of the

. i f the ph i iati 157 nm, H
p22(L) moment. By contrast, the values derived for moments In a study of the photodissociation 0@t 157 nm, Huang and

i DR . Gordon found OfP) fragments formed mainly id = 2 (i.e.,
p20(L/S) and ¥ p21(L/S)] are quite similar, and thus the sign : : : L ;
and magnitude of these momentslobind S are determined adiabatic behavior), and the kinetic energy roughly twice that

. . ; ._observed her#’ They also computed a recoupling distance of
quite precisely. Note that the analysis suggests that the SPiNgpout -2 A, similar to that estimated here.

angular momentum is polarized. The negative signset/S) With a k led f th ltinol ts of it i
andp2o(SL) indicate that bottsandL are preferentially aligned posslibl eatongg:rrr?iieo theeu?puaiL23 eelg];%in jen;itly 'gf the
perpendicular to the recoil axis. Furthermore, the opposite Signsrecoiling O atomg! In the case of two unpaired electrons
of the two multipole momentgzy(L) andpzo(S) indicate that. residing in p orbitals, appropriate to the treatment of ground

andS_he_ prefere_ntlally perpendicular to one another. electronic state oxygen, the unpaired electron density may be
It is informative to compare the present results for the written agl

multipole moments of the orbital angular momentinwith

those that would have been obtained with the fast recoil model 1 3

when all of theK, = 0 moments ofS are constrained to zero.  N(6, ¢) = %{ 1+—"=(3 080 — 1)p,L) —

The fast-recoil multipole moments are shown in Table 5. 2V6

Although the results of the two treatments yield qualitatively 3 c0os6 sinf cosg A p,(L)] + 3 sir 6 cos 2 Pzz('—)}

similar L-state multipole moments, as seen by a comparison of 2

the data in Tables 4 and 5, the data of Table 5 confirm that it (12)

is inappropriate to neglect the spin polarization of the O atom

because the predicted moments differ significantly Jor 1 where we have used the fact that(L) = 1V/3. Substituting

and 2. either set of multipole moments in Table 4 yields an unpaired
The presence of spin-polarized atomic oxygen is intriguing electron density function that peaks perpendicular to the

and might arise from two possible sources. It could be taken asmolecular-frame axis, defined as the O-atom recoil direction.

evidence for the participation of triplet states, either in region The uncertainty in the momengy,(L), mentioned above,
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manifests itself as uncertainty in whether the unpaired electron function for the electronic state of interest. In the following
density peaks in the molecular-framex plane (i.e., that discussion, we have assumed that the critical pBints at
containing the recoil velocity and the electric vector of the sufficiently largeR that it can safely be taken to be the recaoil
photolysis radiation) or they plane. The negative sign of the direction. Hence, we have not transformed phgr(L) into the
p20(L) moment might be taken to suggest the assignment of the molecular frame used in the experiments, which is defined with
exit channel to a potential energy surface3tymmetry at z along the recoil direction. It should also be mentioned that
linearity, as was inferred in our study o£@®.2* In the following the present calculation neglects the shift of the CM of the SO
section, we refine these arguments further by examining the moiety, which is located here at the center of the bond.
angular dependence of the long-range region of the potentials | the case of S@ the SO photofragment possesses both a
correlating with OfP) + SOFZ") (or Ny('=*)) separated  gipole and a quadrupole moment; therefore, the specific terms
products. of interest in the above expansion are the quadrupole
4.2. Long-Range Potentials and Predicted Orbital Polar- quadrupole term, for whici, = Iz = 2, and the dipole
ization. Here we follow the procedure employed to model gyadrupole term, for which, = 1 andlg = 2. These two terms
polarization effects in the singlet channel of the photodissocia- gjve rise to 1R6 and 1R* contributions to the long-range
tion of N;O.** We define a critical separatioR, in region 2, potential, respectively, as seen from eq 13. In the present work,
at which point the electrostatic interaction is large compared ywe have not attempted to quantify matrix elemeBt€. ol
with the spin-orbit coupling. Furthermore, we assume that  gnq m||Qs)||L) and thus at the (unknown) critical distance,
(i) before the critical separatiof: the system evolves  the ratio of dipole and quadrupole moments is not known. (Note
adiabatically on some potential energy surface (the model doesit for N> + O@P/D) this complication does not arfééoecause

not say which one); _ L N does not possess a dipole moment.) We have therefore
(ii) the electrpnlc wave function .at. this crltlcgl point is  alculated both the quadrupelguadrupole and quadrupete
determined by first-order electrostatic interactions; dipole terms and show that similar conclusions can be drawn

(iii) after this point the fragments lose any contact and the fom a consideration of either. Of course, one would expect

wave function, traqsformed to the appropriate frar_ne, _determinesthe quadrupoledipole term to become increasingly dominant
the observed orbital angular momentum polarization of the ;5R increases.

oxygen atoms;

(iv) effects of the coherent excitation of two surfaces are
ignored.

In this subsection, we take the molecular-frapexis to lie
along the Jacobi coordinal with the diatomic molecule lying
in the zx plane. The long-range interaction potential energy
matrix, Vuw can then be constructed in a bagikMC] where
|xOis the wave function for diatomic molecule A, afidMis
the electronic orbital wave function for atom B. (Here we rewrite
M. asM.) Expressing the matri¥uw in terms of a multipole
expansion yields

As discussed in the Introduction, at linearity the3@)(+
SOEZ") products correlate with surfaces b#+ and 1391
symmetry. In common with previous studies, the possible
involvement of the quintet surfaces is neglected here. For the
singlet surfaces at Jacobi angles in the range sf P < 90°,
the I=+(*A") is the lowest in enerdyand correlates with the
ground electronic state of SOThe signs of the multipole terms
in eq 13 are consistent with this energy ordering. The angular
dependences of the potentials for the triplet states and the
predicted state multipole moments, discussed below, are the
same as those shown for the singlet states. Slices through the
Vi (7) relevant potential energy surfaces as a functiop, afetermined

A , from the quadrupolequadrupole and quadrupetéipole terms
= QLMIV()ix LMD in the expansion of eq 13, are shown in Figure 7. Both the

A o) Lo 1172 dipole—quadrupole and quadrupetguadrupole long-range
_ 21Qolx LI (—qyatL—M (2, + 2 + 1)t interactions favor a preferred linear OSO configuration in the
4 Ratla+1l ' (2,)1(2l)! ground electronic state. The symmetry labels have been identi-

fied by considering theM| populations determined from the
la g Ia+lg\fL Iz L eigenfunctions as indicated above. (They are in fact the diagonal
Z m, —m, 0 -M —my M C'AmA(V’ 0) (13) elements of the density matrix.) Note that for the quadrupole
M dipole interaction the Aelectronic state (i.e., that with the both
O-atom unpaired electrons in the molecular plane) the potential
energy aty = 90° is identically zero, which it must be by
symmetry in this case, because the CM of diatomic fragment
L|Q0)]|Lis the reduced matrix element of the multipole Ais located in the middle of the bond. Notice also the avoided

moment operator of atom B. (See below.) Diagonalization of Cr0SSiNg between the two states ofay = 90°.
the matrix,V, for a given value ofy, yields the eigenvalues The predicted multipole momengso(L) are shown in Figure
(i.e. the long-range potential energy surfaces) and eigenfunctions8 versus Jacobi angjefor theX andII states under discussion.
(i.e., the electronic wave functions in the.MCbasis). The latter ~ (The same plots apply to both the singlet and triplet states.)
are used to provide the multipole moments via the equition For thelI(A") state, the multipole moments predicted by both
the quadrupolequadrupole and quadrupeteipole terms are
proll) = %(_1)'-* Mom, L — M’ KQLpyr(L) independent ofy. This is physically reasonable because this
' state corresponds to that with the filled p orbital of the O atom
out of the plane of the molecule. Note also that because this

whereCi,m,(++*) is a modified spherical harmonic and the terms
in brackets are Bsymbols.[}|Qiolx[is the expectation value
of the multipole moment operator of diatomic molecule A, and

with density matrix elements state is the only one of 'Asymmetry there are no other states
with which it can mix, and the moment[p,1(L)] is zero. The
o (L) = C4Gy = CuGu behavior of the moments for the twd' Atates is rather more

complex because the orbital character of the states changes as
Here cv are the (real) expansion coefficients of the wave v varies from O to 180 Thus, the ground state at {i.e., for
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Figure 7. y dependence of the quadrupeléipole (upper panel) and  Figyre 8. Predictedoxo(L) versus Jacobi anglefor the three singlet
quadrupole-quadrupole (lower panel) terms in the potential energy giates under discussion, employing the quadrupdigole interaction
for the three singlet states generated upon the combination EBO(  term (left panels) and quadrupelguadrupole interaction terms (right
and OfP). panels)— pao(L), — — — Apz1(L)], and -+ paAL).

0SO0) is & state, angho(L) < 0, corresponding to preferential
population of theM = 0 sublevel of the O atom, whereas)at that this picture would not change significantly if the photo-
= 180 (i.e., for SOO) the ground state hBksymmetry and dissociation dynamics were considered more fully.
p20(L) > 0, corresponding to preferential population of e It is necessary, though, to be more cautious about assigning
= +1 sublevels. Because of the mixing between the tWwo A roles for the two A states. In the case of the singlet states of
states away from linearity, both of these states have nonzeroSQ,, these correlate with the groundAl state and, at long
values of #[p2a(L)]. range, the repulsive'2’ state, whereas for the triplet states the
4.3. Mechanistic Implications.The nuclear motion over the  Z(A') and TI(A') states correlate with the3& and EA',
surfaces described in the previous subsection will lead to respectively. The predicted multipole moments for these states
averaging over thg coordinate. This averaging is probably one change sign at-90 and 458 for the quadrupoledipole and
important reason that the predicted moments shown in Figure quadrupole-quadrupole terms, respectively, and thus the
8 are much larger than those observed experimentally. Correctdynamical averaging over the Jacobi angle is more critical. Both
averaging over this coordinate requires a full dynamical the ground and excited states of Si@ave similar equilibrium
calculation, which if performed rigorously would also allow for  bond angles, corresponding at long range to Jacobi anghes of
nonadiabatic transitions induced, for example, via sirbit ~ 60°. The potential energy surfaces of Katagiri et aldicate
coupling. Such a complete treatment is not feasible at presentthat little torque is likely to be generated by dissociation
and has not been performed. Nevertheless, the calculatedproceeding via the ground-state surface, whereas dissociation
multipole moments do provide some clues about the dissociationon the excited singlet state surface via the avoided crossing with
mechanism in the exit channel. Here we focus our discussionthe 3A’ state would appear likely to generate more activity in
on the alternative singlet dissociation channels, although atthe angular coordinate, favoring large(Note that our definition
present, on the basis of the alignment measurements alone, ibf y is different from that used by Katagiri et 3l This singlet
is not possible to rule out the involvement of an intersystem- channel mechanism, which is that favored in the interpretation
crossing mechanism. It would appear that the measuredoffered by Houston and co-workefsmight be consistent with
polarization parameters of Table 4 are inconsistent with dis- the present alignment data but only if large Jacobi angles are
sociation on a surface dfI(A") symmetry. The calculated preferentially sampled. It is perhaps worth commenting that such
moments are of the wrong sign and relative magnitude to be a mechanism might also be expected to generate significant
compatible with the experimental data. The fact that the photofragment rotational excitation, which is not observed either
predicted moments for this state are invariant witeuggests in the present study or in previous woré’
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As noted above, an alternative mechanism, photodissociationpole—quadrupole potential energy terms in the exit channel is
proceeding via excitation to the C state, followed by internal also considered, from which molecular-frame multipole mo-
conversion back to the ground state, would be expected toments of the recoiling O atoms have been estimated. The
generate little rotational excitation in the SO coproduct. The predicted multipole alignment moments are shown to depend
predicted multipole moments for both types of interaction terms sensitively on the Jacobi angle, suggesting that a more
are consistent with this mechanism provided that the average quantitative assessment of polarization effects in this and similar
sampled at the critical separation is similar to the equilibrium systems requires a dynamical treatment that takes into account
values in the parent states. This interpretation of the alignmentthe averaging over this angular coordinate. Nevertheless, it has
data would seem to be more consistent with the modest SObeen shown that a comparison of the calculated polarization
photofragment rotational excitation observed both at 193 nm moments with those derived experimentally can been used even
and in the range of 202207 nm?! It is also consistent with  at a qualitative level to discount some of the possible dissociation
the findings of the recent IR emission study from the group of pathways. The calculations also lend some support to the
Weiner and co-workerS.However, it is important to emphasize  mechanism proposed previously for the spin-forbidden photo-
that from thel-state multipole moments alone it is not possible dissociation of MO leading to OfP) + N, products’! although
to distinguish between the internal-conversion mechanism andthe Jacobi angle is also seen here as crucial in determining the
the intersystem-crossing mechanism, which proceeds via thevalues of the polarization parameters.
28A state, because both states would be predicted to generate
the samelL polarization. The participation of the triplet state Acknowledgment. The Oxford group thanks the Royal
has been invoked previously to account for the presence of spin-gociety and the EPSRC for research grants. We also gratefully
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signature of the involvement of the triplet state. gratefully acknowledges a grant from the Russian Foundation

As a final comment, it is worthwhile to compare the for Basic Researches N 02-03-32914.
calculated polarization information with that observed in the
spin-forbidden dissociation channel ob®, which generates
O(P) + Ny(*=™) products. As noted above, in this system only
the long-range quadrupctejuadrupole interaction need be  The relationship between atomic-state multipgigs in the

considered. The angular dependence of the quadrupole J; J, andJ, J representations can be written as
guadrupole interaction potential has the same form as that shown

in the lower panel of Figure 7, although the ordering of fhe 1) ® o (J _ 23+ 1)(27 + 1)(2K. + 1)(2K. + 1)]¥2
andX states in NO is reversed compared with that shown for [ox,(30) © picJa)lke Z[( X ), + DK+ 1]
SO, (i.e., theX state is highest in energy). Furthermore, tHe A

Appendix 1

and A' symmetry labels used in Figures 7 and 8 should be Jd Ky
exchanged for BD because the O-atom cofragment i§™), x{Jd2 Jo Ky ppo(d J) (14)
which transforms as 'An Cs symmetry, as opposed to S8() J J K

from SO, which transforms as ‘A According to an analysis
of the polarization data using the fast-recoil model, the photo- which is the inverse of eq Al in ref 21. Hepgo(J, J'), with
dissociation of MO generates O atoms with negative values rank K, is the state multipole related to the total angular
for all of the poo(L) moments, withpoo(L) taking a value of momentaJ, J', andpk,(J1) and pk,(Jz), with their rankskK; and

~ —0.14. This was interpreted as arising from dissociation in K, are the state multipoles related to angular moméntnd

the exit channel for a state 6E~(A"") symmetry. Although it Jo, respectively. The direct tensor product in eq 14 is readily
is clear from the data shown in the right-hand panel of Figure calculated according to the equation

8 that the calculated multipole moments might be consistent

with this picture, it is also clear that a more quantitative — KQ

assignment requires some knowledge of the Jacobi angles [ox, () © i (To)lke qlzqchlqlequKlql(Jl) P (15)
sampled in the dissociation, preferably derived from a scattering
calculation. Furthermore, given that photodissociation N

is likely to involve intersystem crossing, it would also be of
interest to examine whether the O-atom spin is polarized using
the model described in the present work.

whereCK? is a Clebsch-Gordan coefficient.
K10:Ko0,

Because in the present application fragment 2 is unobserved,
we take the partial trace ovés in eq 14, which is equivalent
to holdingK; = 0. Then K, = 0, gz = 0, and eq 15 simplifies
5. Conclusions to
The 193-nm photodissociation of $Bas been studied using  [py () ® py (I)]kq = Sk k, O, Ok, 0Pka(D) Poold2) (16)
resonantly enhanced multiphoton ionization of ground-state
O(P), coupled with velocity-map ion imaging. The dependence
of the ion images on the linear polarization of pump and probe
laser radiation has been used to determine the electronic angula 13 K
momentum alignment of the €Rj) atoms, together with their 171 ™ (=) [J, 3, K
speed distribution and translational anisotropy. The data are) 2 0= 5K,K1 1’2l3 73
interpreted with the help of a model that accommodates the |{J J K [(2K+1)(23, + 1)] 2
polarization of the O-atom electron spin. The analysis suggests
that both the O-atom electron spin and orbital angular momentaln the case of coupling the two spids= SandJ, = Ssp into
are polarized perpendicular to the recoil direction. The angular the total spinSe: (using the notation of section 4.1), which we
dependence of the long-range quadrupalpole and quadru- consider to have definite values of eith& = S, = 0 or

and the 9 symbol in eq 14 collapses to

} 17
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Sot = S, = 1, no summation ovefy iS necessary in eq 14.
By combining these results, eq 14 can be written as

PKQ(S) Poo(Ssd) =
(2S5, t 1)[5 S K
_ 1\StSsotSertK
Y 250+ 1 Sot Sot Sso} Pro(Sod) (18)

Here poo(Sa) = 1/4/2S,+1 by definition as a primary value,
and the normalization factors fpgo(S) andpoo(Sso) are defined
by eq 18. By considering the case f¢r= 0, it can be shown
that poo(S) = 1/v/25+1 andpoo(Sso) = 1/4/2S55+1. Substitut-
ing these expressions into eq 18 yields eq 11 of section 4.1.

Appendix 2

The multipole expansion of the Coulomb interaction between
the diatomic molecule (A) and the atom (B) is giverfby

@, + 212
\7= ZR_(|A+IB+1) Z (_1)|B A B
rwrs Mg (2)!2lp)!

Mamalgmgl(la + |B)O@|'\:,FmA Q:\:fns (19)

where the multipole operator@YF) are defined in the molecular
frame. (See section 4.2.) In this Appendix, we derive the
expression for the matrix elements \éfin the |yLMObasis as
given in eq 12. The computation of the diatomic part involves
a rotation to the diatomic frame

QT Iy 0= ;GHQ.A,MxDDLa;,m(o, 7,0)  (20)
where D',g:m(o, y, 0) is a Wigner rotation matrix element.

Because the diatom is in2t state, only the term withh' =0
contributes, and we may ug* (0, y, 0) = Ci,, m(¥, 0). To
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M| QYT LM = (—1)LM(_NI m,

L A(le
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Finally, the expression for the matrix elements in eq 13 is
obtained by converting the ClebsefBordan coefficient from
eq 19 into a Bsymbol through

Wamulgmg| (5 + 15)0C=

_ ln | o+ 1
N '8(21A+2|B+1)”2(n; 0 ) (22)
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