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We report the photodissociation of laboratory oriented OCS molecules. A molecular beam of OCS
molecules is hexapole state-selected and spatially oriented in the electric field of a velocity map
imaging lens. The oriented OCS molecules are dissociated at 230 nm with the linear polarization set
at 45° to the orientation direction of the OCS molecules. The CO(n50,J) photofragments are
quantum state-selectively ionized by the same 230 nm pulse and the angular distribution is measured
using the velocity map imaging technique. The observed CO(n50,J) images are strongly
asymmetric and the degree of asymmetry varies with the CO rotational stateJ. From the observed
asymmetry in the laboratory frame we can directly extract the molecular frame angles between the
final photofragment recoil velocity and the permanent dipole moment and the transition dipole
moment. The data for CO fragments with high rotational excitation reveal that the dissociation
dynamics is highly nonaxial, even though conventional wisdom suggests that the nearly limitingb
parameter results from fast axial recoil dynamics. From our data we can extract the relative
contribution of parallel and perpendicular transitions at 230 nm excitation. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1812756#

I. INTRODUCTION

The measurement of photofragment angular and energy
distributions has been an extremely valuable tool for the
study of photodissociation dynamics. The angular depen-
dence of the recoil distribution of photofragments after pho-
tolysis of an isotropic ensemble of parent molecules can be
described by the following expression:1

I ~u!5
s

4p
@11bP2~cosu!#, ~1!

where u is the laboratory frame angle between the linear
polarization of the photolysis lighteW and the recoil velocity
vW , s is the integrated reaction cross section,b is the anisot-
ropy parameter, andP2(cosu) the second Legendre polyno-
mial. The anisotropy parameterb ranges from21 for a per-
pendicular transition to12 for a parallel transition.
Intermediate values may occur for various reasons, for in-
stance the simultaneous excitation to two surfaces with dif-
ferent symmetry, a finite lifetime of the dissociating mol-
ecule comparable to the rotational period of the system, or an
excitation where the transition dipole moment is neither par-
allel nor perpendicular to the recoil direction.2–5 In the fast
axial recoil approximation, it is assumed that recoil is fast on
the time scale of rotation and that the asymptotic recoil ve-

locity is directed along the initial orientation of the dissoci-
ated bond. Breakdown of this approximation occurs when
the parent molecule rotates significantly during the
dissociation6 or when the dissociating potential energy sur-
face is anisotropic. In the latter case, nonaxial forces during
the dissociation may cause the fragments to acquire a signifi-
cant tangential velocity producing a curved recoil trajectory.
It is clear that in general the interpretation of a nonlimitingb
parameter is not straightforward.

It has been discussed that, in principle, photodissociation
experiments of laboratory oriented molecules will be able to
disentangle the various underlying processes and that such
experiments may potentially reveal more details of the mo-
lecular frame dynamics.7–9 A few theoretical papers10–12dis-
cussed how in case of fast axial recoil the angular distribu-
tion of photofragments from the photodissociation of
oriented molecules does not provide additional information
on the dissociation dynamics beyond theb parameter. For
fast axial recoil, the angular distribution of fragments can be
written as the product of the orientational probability distri-
bution of the parent molecule and the recoil distribution
given in Eq.~1!. This theoretical prediction was experimen-
tally confirmed for the fast axial photodissociation of ori-
ented methyl iodide.13,14

In this paper we report on the photodissociation at 230
nm of laboratory oriented OCS molecules producing CO(J)
and S(1D2) fragments. In previous studies15–19 of randomlya!Electronic mail: mhmj@chem.vu.nl
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oriented parent molecules it was reported that for CO(J) in
high rotational states the angular distribution is very parallel
in character withb'1.8, close to the limiting value of 2.
This largeb parameter suggests a fast axial recoil dynamics
from a parallel excitation. However, it is known that for
OCS, the transition to the repulsive excited states at 230 nm
is symmetry forbidden when the molecule is linear. Bending
of the linear parent molecule is required and strongly en-
hances the excitation.17,19–21 The excited 11A9 and 21A8
dissociative surfaces are strongly anisotropic resulting in a
nonaxial force excerted on the recoiling photofragments
causing high rotational levels of the CO(X 1S1,n50,J)
photofragmentJ'45– 68 to be populated. The rotational
state distribution shows a bimodal structure which was at-
tributed to two physical processes.17 The rotationally cold
channel~J less than'57! is produced by a simultaneous
excitation of both the 11A9 and 21A8 excited states, while
the rotationally hot channel~J larger than'57! is produced
by a pure parallel transition to the 21A8 state, followed by a
nonadiabatic transition to 11A8 ground state. The first pro-
cess results in a low value ofb, whereas the second process
results in a value ofb much closer to12. As the dissociating
energy surfaces of OCS are strongly anisotropic the recoiling
photofragments are directed away from the original orienta-
tion of the bond axis.

Recently, we reported the observation of a strong up-
down asymmetry in the CO(J562) laboratory frame recoil

distribution from the photodissociation of spatially oriented
OCS.22 It was shown how the dissociation dynamics in OCS
is strongly nonaxial even though a near limitingb parameter
is measured for highJ states.20 From the measured asymme-
try we derived the photofragment deflection angle between
the initial linear direction along the permanent dipole mo-
mentdW and the final recoil velocityvW . To observe this asym-
metry in the laboratory frame, the OCS parent molecules
were oriented in an electric fieldOW and the angleG between
the orientation field and the laser polarizationeW was set at
45°, as illustrated in Fig. 1. Dissociation of the parent mol-
ecules oriented with the transition dipole momentmW more
aligned along the laser polarization@Fig. 1~a!# is favored
over dissociation of those molecules oriented with the tran-

FIG. 1. The OCS molecules are oriented horizontally with the S atom to-
wards the left. By setting the laser polarization at 45° with respect to the
orientation axis, dissociation of OCS molecules oriented as in the upper half
~a! of the figure is favored over dissociation of OCS molecules oriented as in
the lower half~b!. A nonzero angle between the asymptotic recoil velocity of
the photofragments (vW S or vW CO) and the permanent dipoledW and the transi-
tion dipole mW will lead to an up-down asymmetry in the laboratory frame
recoil distribution.

FIG. 2. ~a! Orientation of the permanent dipole momentdW and the transition
dipole momentmW with respect to the laboratory frame orientation direction
OW , which has an angleG545° with the laser polarizationeW . ~b! Schematic
picture of the direction of the permanent dipole momentdW relative to the
transition dipole momentmW and the recoil velocityvW . The azimuthal angle
wmd rotatesmW aboutvW .
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sition dipole moment more perpendicular to the laser polar-
ization @Fig. 1~b!#. As the permanent dipoledW has a nonzero
angle with the transition dipole momentmW ,17 the azimuthal
angle ofdW andmW is constrained about the orientation axis for
the dissociated molecules only. This implies that the dissoci-
ated molecules are effectively three-dimensionally fixed in
space. The orientation of the vectorsdW , mW , eW , andOW in the
laboratory frame is drawn schematically in Fig. 2~a!.

In this paper we present a full report on the experimental
results for all populated rotational levels of the CO(J) pho-
tofragment from dissociation of oriented OCS molecules. We
will address the observed asymmetric spatial distribution in
further detail and give a quantitative analysis of our data in
terms of molecular frame directional properties. In Sec. II we
will discuss the theoretical framework for the analysis of our
results. In Sec. III we will briefly describe the experimental
setup, and in Sec. IV we will present our data for the full
range of rotational states. In Sec. V we will report an exten-
sive analysis and interpretation of the experimental results in
relation to quatitative details of the dissociation dynamics in
the molecular frame. We will summarize our conclusions in
Sec. VI.

II. THEORY

In a previous theoretical paper23 we derived general and
explicit expressions for the photofragment angular recoil dis-

tribution I (u) after photolysis of an oriented molecule. For
convenience we repeat here four equations from Ref. 23 of
relevance for the current experimental geometry where we
photolyse a symmetric top molecule in a (JKM)5(J,M )
5(111) state. The spatial distributionI JKM(udO) of the per-
manent dipole momentdW of the oriented (J,M ) symmetric
top molecule can be written as an expansion of Legendre
polynomialsPk ,10

I JKM~udO!5
1

2
1 (

k51

2J

ckPk~cosudO!, ~2!

whereudO is the angle of the permanent dipole momentdW

with the laboratory direction of the dc orientation fieldOW

@see Fig. 2~a!#. For OCS in the (n251uJ,M5111) state, the
expansion coefficients arec153/4 andc251/4. If the angle
G between the linear polarization of the dissociation laser
and the orientation axis equals 45°, the angular recoil distri-
bution I (u) for the outermost ring of the two-dimensional
~2D! experimental image can be written as23

I ~u!511b1P1~cosu!1b2P2~cosu! ~3!

with

b15S 3c1 sinx cosx sina

@112c2P2~cosa!#@12~1/2!P2~cosx!#1~3/16!c2 sin2 x sin2 a
D , ~4!

b25S @112c2P2~cosa!#P2~cosx!1~3/8!c2 sin2 x sin2 a

@112c2P2~cosa!#@12~1/2!P2~cosx!#1~3/16!c2 sin2 x sin2 a
D , ~5!

whereu is the polar angle between the vertical direction and
the velocity vW for the 2D images. The angle between the
asymptotic recoil velocityvW and the permanent dipoledW of
OCS is a, the angle betweenvW and the transition dipole
momentmW is x, and the corresponding azimuthal angle is
wmd , as illustrated in Fig. 2~b!. The P1(cosu) Legendre
polynomial in Eq.~3! indicates an orientational asymmetry
in the laboratory frame recoil distribution perpendicular to
the parent molecule orientation axis. The magnitude of this
asymmetric contribution is given byb1 . It follows from Eq.
~4! that the asymmetry parameterb1 vanishes forx50,
x590°, or a50. For excitation to the 11A9 excited state
x590° which means that a pure perpendicular excitation
cannot produce aP1 contribution in the recoil distribution.
For a nonzero value ofb1 , anisotropy of the scattering po-
tential energy surface~s! is not required: recoil along the axis
of a dissociating bond that makes a nonzero angle with both
the dW andmW will always results in an asymmetric laboratory
frame spatial distribution for oriented molecules under these
experimental conditions. For excitation to the 21A8 state we
have reported before20 thatx'16° and excitation to this state

can yield a nonzeroP1 contribution. If the angles between
the initial C–S bond anddW andmW are small, for instance, if
a'x, we find from Eq.~4! a smallb1'0.2 in the absence of
anisotropic forces on the recoiling photofragments. There-
fore, a value ofb1 larger than'0.2 indicates nonaxial recoil
in the photodissociation of OCS.

The rotationally cold channel in the CO(J) rotational
distribution is caused by simultaneous excitation to the 21A8
and 11A9 surfaces. This means that the angular distribution
of the cold channel may have someP1 contribution, but this
contribution is caused entirely by the 21A8 fraction of the
transition. The rotationally hot channel is produced by exci-
tation to the 21A8 state only. In this paper, we focus on the
rotationally hot channel mainly and refer tox2 1A8 andmW 2 1A8
asx andmW , respectively.

Although not discussed in Ref. 23, rotation of the OCS
molecule during the dissociation can have an effect on the
spatial recoil distribution. In the case of OCS(n251uJ,M
5111), the parent molecule rotates about the OCS symmetry
axis, which implies a rotation ofmW aboutdW . Rotation of the
dissociating molecule in one direction would change an up-
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down asymmetry into a left-right asymmetry~see Figs. 1 and
2!. However, the hexapole selects the (J,M5111) state and
the (J,M5212121) state simultaneously. OCS in the
latter state has the same spatial distribution but rotates in the
opposite direction. Therefore, these effects cancel in the
measured image. The only way that, in principle, rotation of
the OCS parent molecule will affect the experiment is in a
decrease of the measured asymmetryb1 . Furthermore, rota-
tion contributes to the azimuthal anglewmd because the angle
betweendW andmW , x2a, is fixed anddW is nearly parallel to
the direction of the recoiling moieties shortly after the mo-
ment of excitation@this corresponds toa'0 andx2aÞ0 in

Fig. 2~b!#. The dependence onwmd is accounted for by ap-
plying the following substitutions to the equations in Ref. 23:

c1 sinx cosx sina→c1 coswmd sinx cosx sina,

c2 sin2 x sin2 a→c2 cos 2wmd sin2 x sin2 a,

6→1,

7→2.

Application of these replacements to Eqs.~4! and ~5! yields
the more general expressions,

b15S 3c1 coswmd sinx cosx sina

@112c2P2~cosa!#@121/2P2~cosx!#13/16c2 cos 2wmd sin2 x sin2 a
D ~6!

and

b25S @112c2P2~cosa!#P2~cosx!13/8c2 cos 2wmd sin2 x sin2 a

@112c2P2~cosa!#@121/2P2~cosx!#13/16c2 cos 2wmd sin2 x sin2 a
D . ~7!

The asymptotic value ofwmd cannot be determined explicitly
as there are three unknowns~a, x, and the additionalwmd) in
the two Eqs.~6! and~7!. This will be addressed below in the
Discussion section.

The excitation via theQ branch to the resonant interme-
diate during the CO(J) ionization is not very sensitive to the
polarization of the laser,16 so Eqs.~3!–~5! are used for inter-
pretating CO(J) angular distributions without further com-
plications from rotational alignment effects.

III. EXPERIMENT

The experimental setup has been described in more de-
tail before.14,20 The electrostatic lens used in the original
setup was replaced by a velocity map ion lens.24 A skimmed
molecular beam~20% OCS in Ar! is directed through a hexa-
pole which focuses OCS molecules in the (n251uJ,M
5111) state on a collimator in the repeller plate of the ion
lens. The molecular beam hits a beam stop 10 cm upstream
from the hexapole entrance, which enhances the selectivity
of the hexapole.20 The OCS(n251uJ,M5111) molecules
are oriented in the extraction field of the electrostatic lens,
which has a strength of about 200 V/cm. The state-selected
molecular beam is intersected perpendicularly by a linearly
polarized frequency doubled tunable dye laser with a wave-
length around 230 nm. The angle between the polarization
axis of the laser and the molecular beam propagation direc-
tion is set at 45°@see also Fig. 1~a! in Ref. 22#. The 230 nm
laser dissociates the OCS molecules into S(1D2) and CO(J)
fragments and subsequently state-selectively ionizes the na-
scent CO(J) photofragments in a~211! resonantly enhanced
multiphoton ionization~REMPI! scheme via theB 1S1 in-
termediate state. The laser beam is focused by a lens with a
focal length of 20 cm, which was positioned;1.5 cm out of
focus to avoid line broadening of the CO(J) Q-branch rota-
tional spectrum. The CO1 photofragment ions are velocity

mapped on a Micron-Channel-Plate/phosphor screen detector
which is gated to detect only them/e5128 ions. The laser
wavelength is scanned over the Doppler profile of each of the
rotational lines in theB 1S1←←X 1S1 Q branch, while the
charge coupled device~CCD! camera collected the phosphor
screen luminescence signal.

IV. RESULTS

A raw data image of the CO(v50,J563) photofragment
after OCS photolysis at 230 nm is shown in Fig. 3~a!. A
strong up-down asymmetry can be observed. In our experi-
ments, we make use of ‘‘conventional’’ velocity mapping in
the sense that the projection of the full 3D ion sphere is

FIG. 3. ~Color! ~a! Typical raw data image of CO(v50,J563) after
OCS(n251uJ,M5111) photolysis in the symmetry breaking geometry of
orientation and photolysis direction. Regions with red/white have the largest
intensity, regions with blue/black have the smallest intensity. The up-down
asymmetry, which is strongest in the outermost ring, is clearly visible.~b!
Simulated data image obtained by projecting the theoretical 3D ion distri-
bution onto a 2D plane and convoluting the projection with a Gaussian
mask. The anglesx anda were set to 162° and 133°, respectively. As in the
experimental data, the strongest up-down asymmetry is observed in the
outer ring of the image.
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measured. Equations~3!–~5! are derived23 for a 2D cut
through the real 3D distribution obtained by for instance
slice imaging.25 Nevertheless, we can use Eqs.~4! and~5! to
extract theb1 andb2 coefficients from our data by analyzing
only the outer ring of the projection, as this part corresponds
to the ions which recoil perpendicular to the time-of-flight
~TOF! axis. The outcome of the analysis is somewhat sensi-
tive to the chosen radial range and to a lower degree to the
subtracted background. Therefore, although the data is not
Abel invertible, we use the velocity distribtution of the Abel
inverted image to systematically determine the radial range
of the outer ring of the raw data for which the angular dis-
tribution will be extracted. The angular distribution of this
range of the raw data image shown in Fig. 3~a! is fitted using
Eq. ~3! and plotted in Fig. 4. A simulated data image, ob-
tained by projecting the calculated 3D distribution onto a 2D
plane @see Eq.~11! of Ref. 23# is shown in Fig. 3~b!. The
simulated image was convoluted with a Gaussian mask to
incorporate the apparatus function. For simulating the data
image, the anglesx anda were set at 162° and 133°, respec-
tively. These molecular frame angles giveb150.77 andb2

51.46, in good agreement with the experimental data forJ
563, see Table I. Clearly, the theoretical image resembles
the experimentally observed image, indicating that the theo-
retical model we derived supports the analysis.23 The fitted
b1 andb2 values for each of the populated CO(J) rotational
statesJ are plotted in Fig. 5, and are denoted in Table I. The
error bars are obtained from three experimental images at
eachJ state and represent 1s. For the rotationally cold chan-
nel (J<57), a significantly lowerb1 amplitude is observed
compared to the hot channel (J>58). A similar trend is ob-
served for the b2 distribution. Furthermore, we have
derived23 thatb1}sin(2G), whereG is the angle between the
laser polarization and the detection axis. This means that the
asymmetric recoil distribution can only be observed when
GÞ0 and GÞ90°, and b1 is maximal whenG545°. For
CO(J550), the variation of the measuredb1 with changing
polarization angleG is shown in Fig. 6. We clearly observe
b1}sin(2G), in accordance with the theory.23

As the CO recoil distribution is strongly asymmetric
such an asymmetry should also be observable in the angular
recoil of the S(1D2) cofragment. A data image of the S(1D2)
cofragment is shown in Fig. 7. To obtain this image the pho-
tolysis laser beam at 230 nm propagated top down, with its
linear polarization at 45° with the TOF axis. The S(1D2)
photofragment was ionized by a second, circularly polarized,
laser at 291.48 nm using a~211! REMPI scheme via the1P1

intermediate.26 The apparent tilted angular distribution
~maximum intensity around 135°, 270° clockwise to the ver-
tical! is caused by polarization of the S(1D2) orbital due to
interference of simultaneously excited potential energy
surfaces.26 This tilt, observed by using the circularly polar-
ized probe laser, is outside the scope of the present paper and
quantitative results on the polarization of S(1D2) will be
published later. Besides the tilt, we also observe an inversion
~left-right! asymmetry in the S(1D2) laboratory frame recoil

FIG. 4. Angular distribution of the outer ring of the image in Fig. 3~a!,
showing a strong up-down asymmetry. The solid line is the fit of Eq.~3! to
the experimental data.

TABLE I. The b1 and b2 values obtained from the outer rings of the
experimental CO(J) data images from OCS(n251uJ,M5111) photolysis
at 230 nm. The denoted standard deviation~1s! is directly calculated from
three independent measurements at each CO(J) state.

J b1 b2

47 0.4060.04 0.5360.01
48 0.4260.08 0.5760.02
49 0.2160.25 0.6260.03
50 0.2860.04 0.5960.03
51 0.3660.10 0.6060.01
52 0.4260.08 0.7060.01
53 0.3160.09 0.7060.03
54 0.3060.05 0.6860.04
55 0.3260.02 0.8160.10
56 0.4160.03 0.9960.04
57 0.3260.02 0.8860.05
58 0.6760.02 1.2360.07
59 0.5460.13 1.2760.02
60 0.6860.04 1.4860.03
61 0.7060.13 1.5760.03
62 0.7160.06 1.5860.05
63 0.7360.02 1.4960.02
64 0.7160.15 1.3260.08
65 0.9560.05 1.3060.01

FIG. 5. Theb1 andb2 amplitudes@see Eq.~3!# as observed for each CO(J)
rotational state after OCS(n251uJ,M5111) photolysis at 230 nm. The
slow and fast channel can approximately be distinguished whereb1 changes
abruptly atJ'58.
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distribution. In the S(1D2) image, the slower S-fragment
channel~correlating with CO cofragments in highJ states!
and the faster S-fragment channel~correlating with CO cof-
ragments in lowJ states! are well separated. Note how in the
slow channel at smaller radii rings are visible corresponding
to discrete velocity bands of the S atom because of total
energy conservation and the quantized energy spacings of the
rotationally highly excited CO cofragment. It is found from
analysis of the S(1D2) images that the slow channel is
strongly asymmetric whereas the fast channel is more weakly
asymmetric. This is fully consistent with the higherb1 val-
ues we observed for the highJ channel compared to the
lower b1 values for the lowJ channel~see Table I and Fig.
5!.

V. DISCUSSION

The state-selected OCS(n251uJ,M5111) parent mol-
ecule is oriented by a positive Stark effect, which means that
the permanent dipole momentdW points opposite to the direc-
tion of the orientation fieldOW . Equation~2! describes the
orientation probability distribution of the linear symmetry
axis of the parent molecule in the electric field. The satura-
tion parameter S,27,28 of uncoupling the, doubling from the
(J,M5111) wave function in the extraction field of the ion
lens EW was calculated to be 0.984 and the corresponding
average ^cos(EW•dW)&50.492, where the maximum value
equals ,M /J(J11)50.5.10 This means that the (n2

52uJ,M5111) state-selected molecules are practically
completely oriented with the S atom pointing towards the
positively charged repeller.

As the rotational motion of the parent molecule is in-
duced by excitation of the degenerate bending vibration,28

the rotational period can be estimated to be 64 fs using the
vibrational frequency of 520.4 cm21.19 Due to strong bend-
ing of the dissociating molecule on the anisotropic excited
potential energy surface and the increasing distance between
the S and CO moieties,17 the moment of inertia of the mol-
ecule will increase rapidly during the dissociation slowing
down the rotation of the dissociating molecule. Aswmd ro-
tatesmW about vW @see Fig. 2~b!#, the small value ofx we
observed indicates that the asymptotic recoil velocityvW is
hardly affected by the parent molecule rotation. Therefore,
the effect onb1 will be limited, although the value ofa we
extract from the observedb1 may be somewhat smaller than
the real value. In order to measure the exact value ofwmd

additional experiments using a pump-probe laser geometry
which is more sensitive towmd at small values ofx are
required. In a geometry in which the laser polarization is
parallel to the orientation field and the detector plane, which
corresponds toG5D590° ~in the formalism described in
Ref. 23!, sincedW is nearly parallel to the C–S axis, the an-
gular distribution is more sensitive towmd at small values of
x. The geometry in which the molecules are oriented hori-
zontally, and photolyzed by a vertically polarized laser~i.e.,
G590° andD50!, as applied in Ref. 20, has no or a negli-
gible dependence onwmd . In light of the arguments above
we use Eqs.~4! and ~5! for the present analysis.

As pointed out before,23 the b2 value can directly be
used to extract the value ofx, asb2 depends on the value of
a only to a very small extent. From the highestb2 value~see
Table I b251.58, for J562; note this is for a differentJ
state than the image presented in Fig. 3!, we findx516461°,
in accordance with the 16°~5180°2164°, see discussion
below! obtained by measuring the conventionalb parameter
directly.20 Usingx5164° andb150.71 we finda513363°.
These values are in good agreement with those obtained by
fitting b1 andb2 of the outer ring of a simulated data image,
which yieldsx5167° anda5135°.22 This indicates that the
analysis of the outer ring of the 2D projected and convoluted
data is consistent with our theoretical model. The values of
b1 andb2 for J562 reported before,22 were obtained using
a slightly different radial range and background subtraction
in extracting the angular distribution of the outer ring, lead-

FIG. 6. Theb1 amplitude, in this case for CO(J550), as a function of the
angleG between the laser polarization and the orientation axis. A sin~2G!
dependence ofb1 is observed, demonstrating the modulation of the asym-
metry with the photolysis polarization geometry. For comparison a fitted
b1(G)5b1,maxsin(2G) is plotted as a solid line.

FIG. 7. ~Color! Raw data image of the S(1D2) photofragment after photoly-
sis at 230 nm and a second probe laser to detect S(1D2). The slow channel
is more asymmetric than the fast channel, in accordance with the higherb1

we observed for the highJ states of the angular distribution of the CO(J)
cofragment in Fig. 5.
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ing to only marginally different values from those reported
here. This, however, does not affect the interpretation of the
data.

From the observedb1 and b2 , we obtain the angles
x5164° anda5133°. BothdW andmW point toward the S atom
rather than toward the O atom. Defininga8 and x8 as the
polar angles ofvW with respect to2dW and2mW , respectively,
yieldsa85180°2a547° andx85180°2x516°. This allows
a more convenient interpretation ofx8 anda8 as the deflec-
tion angles of the recoiling photofragment with respect to
2dW and2mW . Note that in case of S(1D2) detection,a andx
themselves would apply as deflection angles. Considering
the obtained values fora, x, and the positiveb1 , dW and mW
must be on the same side ofvW . The corresponding physical
interpretation is that sincedW is nearly parallel to the C–S
axis, during the dissociation, the recoiling photofragments
bend away from the permanent dipole momentdW . As the
angle betweendW and vW is larger than the angle betweenmW

and vW , and dW and mW are on the same side ofvW , the recoil
direction must even sweep through the direction of the tran-
sition dipole momentmW and end up at a small angle of about
16° at the other side ofmW . This picture is schematically
shown in Fig. 8.

An alternative solution for the observedb1 and b2 is
a547°, x516°, defined with respect to1mW and 1dW , and
wmd5180°. This solution implies a deflection of 133° with
respect todW . Such a large deflection angle would require a
very strong bending on the excited potential energy surface,
mainly prior to C–S bond fission. Followingab initio calcu-
lations presented by Suzukiet al.,17 the C–S distance in-
creases immediately after excitation to the scattering energy
surfaces, making a large deflection angle unlikely. Moreover,
the angle betweenmW anddW would be;63° for this alterna-
tive scenario. We estimated before20 the angle between the
initial recoil velocity and the transition dipole moment at
;16°, for a Jacobi angle of 10°, so the angle betweenmW and
dW is ;26°, in good agreement with the angle obtained from
a82x8547216531°. Therefore, we feel that the physical
picture, as drawn in Fig. 8, is almost certainly the correct
interpretation. The direction of the CO(J) photofragment ro-
tational motion is expected to be opposite for the two sce-

narios, so measurements that are sensitive to the direction of
the CO(J) rotation will, in principle, be able to support our
conclusion.

As pointed out in Sec. II, only the parallel excitation to
the 21A8 scattering energy surface will contribute to theb1

parameter, whereas for theb2 parameter, both the 21A8 and
1 1A9 surfaces can contribute, so, conversely, the experimen-
tally observed parameterb2 can be split into a parallel and a
perpendicular component for each rotational levelJ,

b1~J!5Cib1,i~J,a i ,x i!, ~8!

b2~J!5Cib2,i~J,a i ,x i!1C'b2,'~J,a' ,x'590°!. ~9!

Here,Ci andC' are the relative contributions of the parallel
transition to the 21A8 surface and the perpendicular transi-
tion to the 11A9 surface, respectively, andCi1C'51. Note
that the missing termC'b1,'(J,a' ,x'590°) in Eq. ~8!
vanishes becauseb150 for x590° @see Eq.~6!#. The two
equations, Eqs.~8! and ~9!, have four unknowns,a i , a' ,
x i , andCi ~with x'590° andC'512Ci), so we have to
make some approximations to reduce the number of un-
knowns to two, in order to solve the system of two equations.
First, we notice from Eq.~7! thatb2 depends only weakly on
a, varying only 13% about the average value ofb2 over the
full range ofa ~for x590°; for smaller values ofx the varia-
tion is even smaller!. Assuming that the dynamics on both
2 1A8 and 11A9 surfaces are not entirely different, we can
set a i5a' , to reasonable approximation. Second, we see
from Fig. 8 thatua i2x iu is equal to the angle betweendW and
mW i , which equals 31° on average forJ562, as mentioned
earlier. As dW and mW i are vectors in the parent molecular
frame, which vary only a few degrees about their average
directions, we can assume the angle between them will be
approximately constant for allJ. Therefore, we usex i2a i

531° for all J. Using these approximations, we reduce the
unknown variables toa i andCi and we can solve the system
of Eqs. ~8! and ~9! for these two variables. The obtained
deflection anglesa8(5a i'a') and coefficients for the par-
allel transitionCi are listed in Table II. It appears that the
deflection anglea8 depends on the rotational state of the
CO(J) photofragment only to a small extent. In accordance
with conclusions of Suzuki and co-workers17,21 the low J
channel follows from simultaneous excitation of both 21A8
and the 11A9 scattering energy surfaces, whereas the highJ
channel follows from excitation of the 21A8 state only.
Therefore, we believe that the observed change inb1 as a
function of J is caused by a strong change in 21A8/1 1A9
branching rather than a change in dynamics. It would be
highly informative to do semiclassical quantum calculations
of the angular recoil distribution from photodissociation of a
single (J,M ) state selected OCS parent molecule to com-
pare the experimental results with state-of-the-art theoretical
calculations.

VI. CONCLUSIONS

We have experimentally observed the molecular frame
directional deflection of photofragments in the photodisso-
ciation of laboratory oriented OCS molecules. The photolysis
polarization was set at 45° with the orientation axis to inten-

FIG. 8. Schematic overview of the vector correlations in the photodissocia-
tion of OCS after excitation to the 21A8 potential energy surface.x8 anda8
are the deflection angles of the recoiling photofragment velocity with re-
spect to2dW and 2mW ~see text!. Due to the anisotropic potential energy
surface the dissociation proceeds along a curved trajectory~solid line!. The
recoiling photofragments bend away from the permanent dipoledW and the
final recoil velocity passes beyond the transition dipole momentmW .
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tionally break the cylindrical symmetry to observe direc-
tional asymmetry in the angular recoil distribution. Applying
this experimental approach effectively fixes the orientation
of the dissociated parent molecules three dimensionally in
space. The observed deflection angle of the asymptotic recoil
velocity vW with respect to the permanent dipole momentdW

equals about 47°, larger than the deflection angle with re-
spect to the transition dipole momentmW , which equals about
16°. The corresponding physical interpretation is that the re-
coil velocity bends away from the permanent dipole moment
and sweeps through the transition dipole moment. Also, the
relative contributions of the two accessible scattering poten-
tial energy surfaces on the photodynamics are resolved for
each populated CO(J) rotational level, showing a mixed par-
allel and perpendicular transition corresponding to the lowJ
channel and a pure parallel transition corresponding to the
high J channel.
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J Ci a8

47 0.5060.02 4962
48 0.5260.03 4964
49 0.4860.08 4169
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59 0.8260.04 4561
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64 0.9060.08 4963
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