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Simultaneous Measurement of Recoil Velocity and Alignment o8 (1D;) Atoms
in Photodissociation of OCS
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The recoil velocity and alignment of(9,) atoms produced by ultraviolet photodissociation of OCS
have been measured by a two-dimensional (2D) ion imaging method. The polarization dependence
of the 2D images has been analyzed quantum mechanically, and helicity distributions have been
determined for different velocity components df B,) atoms. The results show that the dissociation
of OCS— CO(!3 ") + S(*D,) occurs via two major pathways, and both of these processes produce
the asymptotic states i’ andA” symmetry. [S0031-9007(96)00608-4]

PACS numbers: 33.80.Gj, 33.80.Rv, 34.50.Lf, 34.50.Pi

Scalar and vector quantities of reaction products protechniques [10] or time-of-flight measurements. Mul-
vide detailed insights into the dynamics of atomic ortiphoton excitation is also more advantageous than a
molecular collisions and molecular photodissociation. Inone-photon process for extracting higher order terms in
particular, knowledge of vector quantities and their cor-angular momentum polarization. Recently, Wang
relation is essential for the elucidation of stereochemicaét al.[9] have shown that a one-dimensional time-
properties. In recent years, much attention has been paaf-flight spectrum of QPP;;) produced by 355 nm
to the correlation between the angular momenfUymand  photodissociation of Gl depends on theprobe laser
recoil velocity (v) in photofragments [1,2]. The impor- polarization. However, detailed information on the align-
tance ofv-J correlation is that it is not lost by the forma- ment has not been extracted [9]. In the present Letter,
tion of a long-lived collision complex, and that it serveswe describe a two-dimensional ion imaging method
as a versatile tool to probe the dynamics. and quantum-mechanical analysis used to determine the

The v-J correlation for a molecular fragment is mainly alignment and the recoil velocity of atomic fragments
created by the repulsive force and torque at the bondimultaneously. The method allows us to obser(eD$
cleavage. Therefore, it reflects the topography of the poatoms produced with two different velocity components
tential energy surface (PES), but it is not sensitive toclearly, to examine their alignment in the molecular
electronic symmetry. On the other hand, thg correla- frame, and to discuss the electronic symmetry of the
tion in an atomic fragment is due to the electronic orbitalasymptotic state.
alignment, so that it will reflect the electronic character of A supersonic molecular beam of OCS (10% in He)
the PES. For example, in linear molecules the projectiod mm in diameter was introduced parallel to the electric
of electronic angular momentum onto the symmetry axidield vector of a time-of-flight mass spectrometer [10,11].
is a good quantum number. If the molecule dissociateThe molecular beam intersected with counterpropagated
along this axis, the projection of electronic angular mo-photolysis (223 nm) and probe laser beams at 79 mm
mentum on the velocity axis (symmetry axis) is expectedlownstream from the nozzle. Both of the laser beams
to be conserved during the dissociation. were focused onto the molecular beam by axisymmet-

Photodissociation often involves nonadiabatic transitic lenses ¢ = 300 mm for photolysis angd” = 250 mm
tion(s) from an optically prepared state to some darkor probe). The time delay between the photolysis and
states. It is usually difficult to investigate the nature ofprobe laser pulses was kept within 20 ns. Sulfur atoms
these dark states. However, if electronic orbital alignmentvere ionized by(2 + 1) REMPI using the resonance of
in atoms can provide information about the symmetry of F; —— D, at 288.19 nm, accelerated by electric fields,
these states, it will become an invaluable probe of dissoand projected onto a microchannel plate (effective diame-
ciation dynamics. ter 38 mm) backed by a phosphor screen (P20). The tran-

Since the theoretical prediction made by Van Bruntsient image on the phosphor screen was monitored by a
and Zare in 1968 [3], the alignment of atoms produced byharge coupled device camefas6 (H) X 581 (V) pix-
molecular photodissociation has been investigated [4—9Els], and the video signal was integrated for 125000—
These investigations were primarily concerned with overs127 000 laser shots. The background pressures in the
all alignment in the laboratory frame detected by polarizecbeam source and the main chamber, with a molecular
emission from atoms. Instead of observing emissionpbeam on, wer@ X 107> and2 X 1077 Torr. The pho-
atomic fragments can be detected by resonance-enhancedysis beam was the second harmonic of the output of a
multiphoton ionization (REMPI). REMPI allows us to ex- XeCl-pumped dye laser, while the probe beam was the
amine not only the alignment from the polarization analy-second harmonic of the output of a YAG-pumped dye
sis, but also the velocity of atoms from ion imaging laser. Both of the laser beams were linearly polarized.
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The laser intensities used were 0.2/mdlse (photolysis)
and 0.1 mJpulse (probe). A double Fresnel rhomb was Eanbm

H

used to rotate laser polarizations. The probe laser fre-
quency was scanned over the entire Doppler-broadened
absorption line during the integration of images. The spa-
tial resolution of the images was limited by the ratio of
the size of the beam-laser interaction regienli mm) to

the size of an image~20 mm in diameter). The effec-
tive beam-laser interaction width is estimated to be much
smaller than the molecular beam width, sin@+ 1)
REMPI is most efficient in the laser beam waist at the
molecular beam center. Any precession of the angular
momentum about external magnetic (the Earth) or elec-
tric (repeller) fields can be neglected for the time delay
(<20 n9 between photolysis and probe.

The two-dimensional (2D) ion images of'®,) pro-
duced by 223 nm photodissociation of OCS are shown
in Figs. 1(a)—1(d). Four sets of images were measured
for polarization analysis. The effect of orbital alignment
is most clearly seen by comparing Figs. 1(c) and 1(d) in
which the photolysis laser polarization is set perpendicu-
lar to the imaging plane. The original photofragment
density distribution is cylindrically symmetric around the .
polarization vector of the photolysis laser. If there is no L
alignment in atoms, the ion signal is proportional to theFIG. 1. 2D ion image of 8D,) produced by 223 nm pho-
density of fragments, so that the ion image should be cylintodissociation of OCS. (a), (b), (c), and (d) are the experi-
drically symmetric around the center. The change of th&nental data, and (3 (b), (c), and (d) are the simulated

. . . images obtained by using the parameters tabulated in Table I.
image from Figs. 1(c) to Fig. 1(d) and also the symme-—ne olarization direction of photolysis and probe laser beams

try breaking in Fig. 1(d) are due to orbital alignment in are shown as:4, ande,. The experimental data have been
S('D,). Because théF; —«— D, transition favors the symmetrized for ease of comparison with the calculated im-
probe laser polarizatiofepmbe) aligned parallel toJ vec- ages. Or_we of the original images without symmetrization can
tor, signal intensity is reduced when,,. is set perpen- be found in Ref. [14].

diculartoJ. InFig. 1(d), itis seen that the signal intensity

is reduced along the direction of probe laser polarizationcorrelation. The correlation, which is implicit in the
This suggests one L J for the fragments moving paral- distribution, must be extracted from the data.

lel to €probe (Eprobe |l v) @nd, thereforeJ L v as a pref- The spatial distribution of photoions is determined by
erential alignment in the S atom. In the same way, théwo factors,

J L v alignmentin the S atom is seen by the intensity re-

duction at the center of Fig. 1(c). Alignment effects have ion distributione /(sca} X I(dej,
also been observed in the images df ) produced by
photodissociation of @[12] and N,O [13]. where I(sca) is a differential cross section of pho-

In Figs. 1(a) and 1(b), in which the photolysis laser po-todissociation and(dep is the ionization efficiency for
larization is parallel to the imaging plane, two velocity photofragments. The differential cross section is ex-
components are clearly seen [14]. One has fast speed aptessed in space-fixed (SF) coordinates, with Zhaxis
small angular anisotropy, while the other has slow speedefined along the photolysis laser polarization, by the
and large anisotropy. In the following analysis, align-following formula:
ment is considered independently for the two velocity e

o Pi(v)
components. I(sca) = = [1 + B;Py(cod,)]

In the case of diatomic molecular fragments produced dde Am
by the photodissociation of triatomic molecules, a clas- (for ith dissociation component (1)
sical model of angular momentum and the assumptionvhere P(v) is a speed distribution, ang3 is an
of completev 1 J correlation may be applied for the anisotropy parameter. The polar angle of recoil velocity
analysis of alignment [15]. For atoms, however, anguin this frame is expressed b§f;, ¢;). The remaining
lar momentum(J) must be treated quantum mechanicallytask for us is to evaluat&(de for each scattering angle
[16—20], since the magnitude dfis small. Neitherisit (0;, ¢;) with explicit treatment of thev-J correlation
possible to make aa priori assumption about the-J  for S atoms.
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The detection of reaction products by laser excita-a linearly polarized probe laser beam is expressed in the
tion is essentially the measurement of density. Foprobe laser photon (PR) frame, where theaxis is de-
a short pump-probedelay in photodissociation experi- fined along the polarization vector, by the following for-
ments, however, a density mode of detection is the sammula:
with a flux mode, since a laser pulse covers and detects *)
all the velocity components equally. Hendéde? is in- I(dey o Z Pipo (PR, (2)
dependent of speed but proportional to the optical tran- k=024
sition intensity. The two-photon absorption intensity f?rwhere

Z (npJrmlr - &ln.J.my(n.Jomlr - &ln;Jim) |?

_ i kUi
Py =D (-1 m\/2k+1< ' )
% m( ) —-m E, — E, — hv + i(I',/2)

0 m

NesJe

and p(()k) (PR are the multipole moments of the: ! quantum number referenced to the photon frame. By
population distribution. (:::) is3j symbol, J¢, J., and neglecting the polarization effect for the ionization

J; are the total angular momentay, n., andn; denote step in (2 + 1) REMPI, Eq. (2) is considered to be

all other quantum numbers for the final, virtual, anda detection efficiency of photofragments. Using the
initial states, respectively. I', is the homogeneous Wigner-Eckart theorempP, can be expressed as fol-

linewidth of the virtual state. m is the magnetic lows:

N i ki PIV7TR A T B PR VA S N 7 2
Pk—g( 1) \/2k+1<_m 0 ;( D2y e o e )R (3)
R(J.) are defined by | of scattering angl€d,, ¢,). With these assumptions, the
multipole moments in the VF frame are expressed as fol-

<I’l Jl |r(1)| |ne-]e><ne-]e| |l"(1)| |ni-]i>
R, =Y L e : :
E, — E, — hv +i(I',/2)

where (n;J;| 1rV] In.J.) and (ool IrOl Ingdy) are the  pg (VF) = > (1) "2k + 1<_J,"n 0 ﬁ)fm’
reduced matrix elements of the transition dipole moment. m
In Eq. (3), the evaluation ofR(J.) seems necessary. where f,, is a fractional population in each state in

However, Eq. (3) can be transformed into the VF frame. The multipole moments in the VF frame
can be transformed to those in the PR frame directly,
VF — PR, or sequentially, V- SF— PR. In the latter

lows:

ne

Pe= > D (-D"RUIR* ) QR + 1) 2T + 1)
RT J.J!

approach, the multipole moments in the SF frame can be
X 2k + I{Ji Ji K HJ" Ir R } multiplied with a differential cross section [Eq. (1)] for
r R Jejtbo b g each scattering angl@;, ¢,) and then transformed to the
X{J,- Jy T}(l 1 T><1 1 R) PR frame.
1 1 JJJ\0 0 0/\0 0 O The experimental data were analyzed with a forward-

T R & convolution method by considering two velocity compo-
X < ) nents with differentn distributions. We have assumed
000 that there is no orientation of in the VF coordinate, so
where{:::} are6; symbols. From this equation it is readily that the angular momentum distribution is characterized
recognized that the ratioBy:P,:P4 are invariant to the by the ratio for|m| = 0:1:2. The calculated images are
relative values ofR(J,) for J; # Jy. For the probing shown in Figs. 1(9—1(d) and the parameters used are
scheme we have used, it can be shown that the ratios atabulated in Table I.

Po:Py:P, = 1:0.68:—0.11. Therefore, forJ; # Jg, it is Although OCS s linear in the ground electronic
not necessary to evalua®yJ,). ForJ; = J, the ratios state, it can be bent in excited states by Renner-Teller
must be calculated numerically. interactions. In fact, the major component in the 223 nm

Thewv-J correlation is naturally expressed in a velocity- photoabsorption of OCS is assigned to the transition to
fixed (VF) frame where th& axis is defined along the re- the Renner-Telled’ component of d A state [21]. For
coil velocity vector. In this framen is defined as so-called the lower symmetry of the bent stateS, (point group),
helicity (the projection of angular momentum onto the ve-symmetry species can be classified as eitheror A”
locity). For simplification of the analysis, we have madeaccording to whether it is symmetric or antisymmetric for
two assumptions for angular momentum distribution in thereflection by the molecular plane. The electronic state of
VF frame: (1) the distribution is cylindrically symmetric the counterpart fragment C®(* 3. ") is classified ast’.
around the velocity, and (2) the distribution is independent herefore, the overall symmetry of the asymptotic state

832



VOLUME 77, NUMBER 5 PHYSICAL REVIEW LETTERS 29 ULy 1996

TABLE I. Parameters used for the simulation shown in Fig. 1.

fm m distribution (VFY

Dissociation component Branching ratio B Ey® o? m=0 *1 *2
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 kcamol. The translational energy distributions were expressed by Gaussian functions
o 2/m exd—2(E — Ey)?*/co?].
bThe distributions are normalized so thgf,__, f. = 1.
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frame (MS, molecular symmetry) where teaxis is de- Technology are greatly acknowledged.

fined perpendicular to the molecular plane is more useful.

In the MS frame,' D, states withm = 0, +2 belong to

A’ symmetry, whereas those with = =1 belong toA”.

The m distribution in the MS frame, obtained from the

distribution in the VF frame, is shown in Table IIl. The
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