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Simultaneous Measurement of Recoil Velocity and Alignment ofSsss1D2ddd Atoms
in Photodissociation of OCS

Yuxiang Mo, Hideki Katayanagi, Michael C. Heaven,* and Toshinori Suzuki
Institute for Molecular Science, Myodaiji, Okazaki, 444 Japan

(Received 1 March 1996)

The recoil velocity and alignment of Ss1D2d atoms produced by ultraviolet photodissociation of OCS
have been measured by a two-dimensional (2D) ion imaging method. The polarization depend
of the 2D images has been analyzed quantum mechanically, and helicity distributions have b
determined for different velocity components of Ss1D2d atoms. The results show that the dissociation
of OCS! COs1

P1d 1 Ss1D2d occurs via two major pathways, and both of these processes produ
the asymptotic states inA0 andA00 symmetry. [S0031-9007(96)00608-4]

PACS numbers: 33.80.Gj, 33.80.Rv, 34.50.Lf, 34.50.Pi
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Scalar and vector quantities of reaction products p
vide detailed insights into the dynamics of atomic
molecular collisions and molecular photodissociation.
particular, knowledge of vector quantities and their c
relation is essential for the elucidation of stereochem
properties. In recent years, much attention has been
to the correlation between the angular momentumsJd and
recoil velocity syd in photofragments [1,2]. The impor
tance ofy-J correlation is that it is not lost by the forma
tion of a long-lived collision complex, and that it serve
as a versatile tool to probe the dynamics.

They-J correlation for a molecular fragment is main
created by the repulsive force and torque at the b
cleavage. Therefore, it reflects the topography of the
tential energy surface (PES), but it is not sensitive
electronic symmetry. On the other hand, they-J correla-
tion in an atomic fragment is due to the electronic orbi
alignment, so that it will reflect the electronic character
the PES. For example, in linear molecules the project
of electronic angular momentum onto the symmetry a
is a good quantum number. If the molecule dissocia
along this axis, the projection of electronic angular m
mentum on the velocity axis (symmetry axis) is expec
to be conserved during the dissociation.

Photodissociation often involves nonadiabatic tran
tion(s) from an optically prepared state to some d
states. It is usually difficult to investigate the nature
these dark states. However, if electronic orbital alignm
in atoms can provide information about the symmetry
these states, it will become an invaluable probe of dis
ciation dynamics.

Since the theoretical prediction made by Van Bru
and Zare in 1968 [3], the alignment of atoms produced
molecular photodissociation has been investigated [4–
These investigations were primarily concerned with ov
all alignment in the laboratory frame detected by polariz
emission from atoms. Instead of observing emissi
atomic fragments can be detected by resonance-enha
multiphoton ionization (REMPI). REMPI allows us to ex
amine not only the alignment from the polarization ana
sis, but also the velocity of atoms from ion imagin
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techniques [10] or time-of-flight measurements. Mu
tiphoton excitation is also more advantageous than
one-photon process for extracting higher order terms
angular momentum polarization. Recently, Wa
et al. [9] have shown that a one-dimensional tim
of-flight spectrum of Cls2P3y2d produced by 355 nm
photodissociation of Cl2 depends on theprobe laser
polarization. However, detailed information on the alig
ment has not been extracted [9]. In the present Let
we describe a two-dimensional ion imaging meth
and quantum-mechanical analysis used to determine
alignment and the recoil velocity of atomic fragmen
simultaneously. The method allows us to observe Ss1Dd
atoms produced with two different velocity componen
clearly, to examine their alignment in the molecul
frame, and to discuss the electronic symmetry of
asymptotic state.

A supersonic molecular beam of OCS (10% in H
1 mm in diameter was introduced parallel to the elect
field vector of a time-of-flight mass spectrometer [10,1
The molecular beam intersected with counterpropaga
photolysis (223 nm) and probe laser beams at 79 m
downstream from the nozzle. Both of the laser bea
were focused onto the molecular beam by axisymm
ric lenses (f ­ 300 mm for photolysis andf ­ 250 mm
for probe). The time delay between the photolysis a
probe laser pulses was kept within 20 ns. Sulfur ato
were ionized bys2 1 1d REMPI using the resonance o
1F3 √√ 1D2 at 288.19 nm, accelerated by electric field
and projected onto a microchannel plate (effective diam
ter 38 mm) backed by a phosphor screen (P20). The t
sient image on the phosphor screen was monitored b
charge coupled device cameraf756 sHd 3 581 sV d pix-
els], and the video signal was integrated for 125 00
127 000 laser shots. The background pressures in
beam source and the main chamber, with a molecu
beam on, were2 3 1025 and 2 3 1027 Torr. The pho-
tolysis beam was the second harmonic of the output o
XeCl-pumped dye laser, while the probe beam was
second harmonic of the output of a YAG-pumped d
laser. Both of the laser beams were linearly polariz
© 1996 The American Physical Society



VOLUME 77, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 29 JULY 1996

as
fr
n
p
o

c

h
l

e
a

w
r
n
i

cu
n
e

n
h
lin
th
e
in

ty
o
-

th
re
v

o
ty
a
e

n
it

e
s
io

u
lly

-
ri-

le I.
ms
n

im-
can

by

-

x-

the

ity

e

The laser intensities used were 0.2 mJypulse (photolysis)
and 0.1 mJypulse (probe). A double Fresnel rhomb w
used to rotate laser polarizations. The probe laser
quency was scanned over the entire Doppler-broade
absorption line during the integration of images. The s
tial resolution of the images was limited by the ratio
the size of the beam-laser interaction regions,1 mmd to
the size of an image (,20 mm in diameter). The effec-
tive beam-laser interaction width is estimated to be mu
smaller than the molecular beam width, sinces2 1 1d
REMPI is most efficient in the laser beam waist at t
molecular beam center. Any precession of the angu
momentum about external magnetic (the Earth) or el
tric (repeller) fields can be neglected for the time del
s,20 nsd between photolysis and probe.

The two-dimensional (2D) ion images of Ss1D2d pro-
duced by 223 nm photodissociation of OCS are sho
in Figs. 1(a)–1(d). Four sets of images were measu
for polarization analysis. The effect of orbital alignme
is most clearly seen by comparing Figs. 1(c) and 1(d)
which the photolysis laser polarization is set perpendi
lar to the imaging plane. The original photofragme
density distribution is cylindrically symmetric around th
polarization vector of the photolysis laser. If there is
alignment in atoms, the ion signal is proportional to t
density of fragments, so that the ion image should be cy
drically symmetric around the center. The change of
image from Figs. 1(c) to Fig. 1(d) and also the symm
try breaking in Fig. 1(d) are due to orbital alignment
Ss1D2d. Because the1F3 √√ 1D2 transition favors the
probe laser polarizations´probed aligned parallel toJ vec-
tor, signal intensity is reduced wheńprobe is set perpen-
dicular toJ. In Fig. 1(d), it is seen that the signal intensi
is reduced along the direction of probe laser polarizati
This suggestśprobe ' J for the fragments moving paral
lel to ´probes´probe k yd and, therefore,J ' y as a pref-
erential alignment in the S atom. In the same way,
J ' y alignment in the S atom is seen by the intensity
duction at the center of Fig. 1(c). Alignment effects ha
also been observed in the images of Os1D2d produced by
photodissociation of O3 [12] and N2O [13].

In Figs. 1(a) and 1(b), in which the photolysis laser p
larization is parallel to the imaging plane, two veloci
components are clearly seen [14]. One has fast speed
small angular anisotropy, while the other has slow spe
and large anisotropy. In the following analysis, alig
ment is considered independently for the two veloc
components.

In the case of diatomic molecular fragments produc
by the photodissociation of triatomic molecules, a cla
sical model of angular momentum and the assumpt
of completey ' J correlation may be applied for the
analysis of alignment [15]. For atoms, however, ang
lar momentumsJd must be treated quantum mechanica
[16–20], since the magnitude ofJ is small. Neither is it
possible to make ana priori assumption about they-J
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FIG. 1. 2D ion image of Ss1D2d produced by 223 nm pho
todissociation of OCS. (a), (b), (c), and (d) are the expe
mental data, and (a′ ), (b′), (c′ ), and (d′ ) are the simulated
images obtained by using the parameters tabulated in Tab
The polarization direction of photolysis and probe laser bea
are shown aś dis and ´pr . The experimental data have bee
symmetrized for ease of comparison with the calculated
ages. One of the original images without symmetrization
be found in Ref. [14].

correlation. The correlation, which is implicit in them
distribution, must be extracted from the data.

The spatial distribution of photoions is determined
two factors,

ion distribution~ Isscatd 3 Isdetd ,

where Isscatd is a differential cross section of pho
todissociation andIsdetd is the ionization efficiency for
photofragments. The differential cross section is e
pressed in space-fixed (SF) coordinates, with theZ axis
defined along the photolysis laser polarization, by
following formula:

Isscatd ­
d2s

dydV
­

Pisyd
4p

f1 1 biP2scosutdg

sfor ith dissociation componentd , (1)

where Psyd is a speed distribution, andb is an
anisotropy parameter. The polar angle of recoil veloc
in this frame is expressed bysut , ftd. The remaining
task for us is to evaluateIsdetd for each scattering angl
sut , ftd with explicit treatment of they-J correlation
for S atoms.
831
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The detection of reaction products by laser exci
tion is essentially the measurement of density. F
a short pump-probedelay in photodissociation exper
ments, however, a density mode of detection is the sa
with a flux mode, since a laser pulse covers and det
all the velocity components equally. Hence,Isdetd is in-
dependent of speedy but proportional to the optical tran
sition intensity. The two-photon absorption intensity f
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a linearly polarized probe laser beam is expressed in
probe laser photon (PR) frame, where theZ axis is de-
fined along the polarization vector, by the following fo
mula:

Isdetd ~
X

k­0,2,4

Pkr
skd
0 sPRd , (2)

where
Pk ­
X
m

s21dJi2m
p

2k 1 1

µ
Ji k Ji

2m 0 m

∂ Ç X
ne ,Je

knfJfmjr ? ˆ́ jneJeml kneJemjr ? ˆ́ jniJiml
Ene 2 Eni 2 hn 1 isGey2d

Ç2

By
n

e
he
l-
and r
skd
0 sPRd are the multipole moments of them

population distribution. (:::) is3j symbol, Jf , Je, and
Ji are the total angular momenta,nf , ne, and ni denote
all other quantum numbers for the final, virtual, a
initial states, respectively. Ge is the homogeneou
linewidth of the virtual state. m is the magnetic
n
.

d

quantum number referenced to the photon frame.
neglecting the polarization effect for the ionizatio
step in s2 1 1d REMPI, Eq. (2) is considered to b
a detection efficiency of photofragments. Using t
Wigner-Eckart theorem,Pk can be expressed as fo
lows:
Pk ­
X
m

s21dJi2m
p

2k 1 1

µ
Ji k Ji

2m 0 m

∂ Ç X
Je

s21dJf 1Je

µ
Jf 1 Je

2m 0 m

∂ µ
Je 1 Ji

2m 0 m

∂
RsJed

Ç2
. (3)
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RsJed are defined by

RsJed ­
X
ne

knfJf j jr s1dj jneJel kneJej jr s1dj jniJil
Ene

2 Eni
2 hn 1 isGey2d

,

where knfJf j jr s1dj jneJel and kneJej jr s1dj jniJil are the
reduced matrix elements of the transition dipole mome
In Eq. (3), the evaluation ofRsJed seems necessary
However, Eq. (3) can be transformed into

Pk ­
X
RT

X
JeJ 0

e

s21dJf 1Ji RsJedRpsJ 0
ed s2R 1 1d s2T 1 1d

3
p

2k 1 1

Ω
Ji Ji k
T R Jf

æ Ω
Ji Jf R
1 1 Je

æ
3

Ω
Ji Jf T
1 1 J 0

e

æ µ
1 1 T
0 0 0

∂ µ
1 1 R
0 0 0

∂
3

µ
T R k
0 0 0

∂
,

whereh:::j are6j symbols. From this equation it is readil
recognized that the ratiosP0:P2:P4 are invariant to the
relative values ofRsJed for Ji fi Jf . For the probing
scheme we have used, it can be shown that the ratios
P0:P2:P4 ­ 1:0.68:20.11. Therefore, forJi fi Jf , it is
not necessary to evaluateRsJed. For Ji ­ Jf , the ratios
must be calculated numerically.

They-J correlation is naturally expressed in a velocit
fixed (VF) frame where theZ axis is defined along the re
coil velocity vector. In this frame,m is defined as so-called
helicity (the projection of angular momentum onto the v
locity). For simplification of the analysis, we have ma
two assumptions for angular momentum distribution in
VF frame: (1) the distribution is cylindrically symmetri
around the velocity, and (2) the distribution is independ
t.

are

-

-
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of scattering anglesut , ftd. With these assumptions, th
multipole moments in the VF frame are expressed as
lows:

r
skd
0 sVFd ­

X
m

s21dJi2m
p

2k 1 1

µ
Ji k Ji

2m 0 m

∂
fm ,

where fm is a fractional population in eachm state in
the VF frame. The multipole moments in the VF fram
can be transformed to those in the PR frame direc
VF ! PR, or sequentially, VF! SF ! PR. In the latter
approach, the multipole moments in the SF frame can
multiplied with a differential cross section [Eq. (1)] fo
each scattering anglesut , ftd and then transformed to th
PR frame.

The experimental data were analyzed with a forwa
convolution method by considering two velocity comp
nents with differentm distributions. We have assume
that there is no orientation ofJ in the VF coordinate, so
that the angular momentum distribution is characteriz
by the ratio forjmj ­ 0:1:2. The calculated images ar
shown in Figs. 1(a′)–1(d′) and the parameters used a
tabulated in Table I.

Although OCS is linear in the ground electron
state, it can be bent in excited states by Renner-Te
interactions. In fact, the major component in the 223 n
photoabsorption of OCS is assigned to the transition
the Renner-TellerA0 component of a1D state [21]. For
the lower symmetry of the bent states (Cs point group),
symmetry species can be classified as eitherA0 or A00

according to whether it is symmetric or antisymmetric f
reflection by the molecular plane. The electronic state
the counterpart fragment COXs1

P1d is classified asA0.
Therefore, the overall symmetry of the asymptotic st
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TABLE I. Parameters used for the simulation shown in Fig. 1.

fm m distribution (VF)b

Dissociation component Branching ratio b E0
a s a m ­ 0 61 62

1 1.0 1.8 5.3 4.1 0.60 0.14 0.06
2 3.0 0.7 13.8 5.7 0.48 0.24 0.02

aEnergy units are in kcalymol. The translational energy distributions were expressed by Gaussian functions

s21
p

2yp expf22sE 2 E0d2ys2g.
bThe distributions are normalized so that

P2
m­22 fm ­ 1.
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is determined by the symmetry of the Ss1D2d atom. To
discuss the symmetry of the S atom, another coordin
frame (MS, molecular symmetry) where theZ axis is de-
fined perpendicular to the molecular plane is more use
In the MS frame,1D2 states withm ­ 0, 62 belong to
A0 symmetry, whereas those withm ­ 61 belong toA00.
The m distribution in the MS frame, obtained from th
distribution in the VF frame, is shown in Table II. Th
result indicates that 80% of the asymptotic states are
A0 symmetry. Although the result suggests different d
grees of alignment for the two dissociation componen
the present experimental method using two-dimensio
imaging and forward-convolution fitting does not allo
us to be certain that the difference is significant.

Since the anisotropy parameter is 1.8, the photoabs
tion process responsible for the slow component is
most pureA0 √ A0. TheA00 component manifested by th
population inm ­ 61 state in the MS frame may be a
cribed to Coriolis coupling in the dissociation proce
however, further investigation is necessary. It is poin
out that the total angular momentum in the system is sm
since the rotational temperature of OCS in a superso
molecular beam is expected to be very low.

This study has presented experimental and theore
methods to determine the recoil velocity and alignm
of atomic fragments simultaneously. A more rigoro
analysis without the simplification we made and a
a new experimental approach using 3D imaging [1
are expected to provide a further detailed picture
stereochemical dynamics.
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