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Carbonyl sulfide (OCS) was photolyzed with linearly polarized 223 nm light and the sulfur-atom photofragment
S(1D2) was probed by (2+ 1) resonance enhanced multiphoton ionization (REMPI) using alternatively left
and right circularly polarized light. The measured orientation of the angular momentum was found to depend
strongly on the speed of the sulfur atom photofragment: fast S atoms show a large orientation, whereas slow
S atoms show little or no orientation. Orientation results from quantum mechanical interference associated
with mixed parallel1A′(1∆)-1A′(1Σ+) and perpendicular1A′′(1Σ)-1A′(1Σ+) transitions that lead to the same
photofragment state (1D2). Comparison of speed-dependent orientation with the expected envelope of the
oscillation of the orientation suggests that the asymptotic phase differences of the two wave functions are
nearly constant over different rotational states of the CO photofragment. This result can be explained by the
similarity of the two potential energy surfaces involved.

Introduction

The field of photodissociation dynamics, pioneered by Kent
R. Wilson,1 combines the power of molecular scattering
experiment with the precision of laser spectroscopy. The
photodissociation process can be viewed as a “half-collision”
analogue of bimolecular reactive scattering. By using lasers with
well-defined polarization and energy, the initial conditions of
the half-collision can be extremely well-defined, giving much
insight into the nature of excited-state dynamics. The measure-
ment of angular momentum polarization, that is, the correlation
of the angular momentum vector with the photofragment recoil
velocity vector, has been proven to reveal additional information
that is not available from other observables.2 The angular
momentum polarization is not lost by the formation of a long-
lived excited-state complex and can provide information about
the dynamics occurring beyond the Franck-Condon region. In
1968, Van Brunt and Zare3 predicted that the photodissociation
of a diatomic molecule may lead to polarized atomic photo-
fragments. This prediction was based on the adiabatic correlation
of the diatomic molecule to its separated atomic photofrag-
ments,4 and on the axial recoil approximation.5 The quantum
mechanical nature of angular momentum polarization manifests
itself in effects such as coherence and interference between the
photofragment quantum states: these effects are more pro-
nounced in the case of atomic photofragments partly owing to
their low angular momentum quantum numbers. Full quantum
mechanical treatments of photofragment polarization, allowing
for mixed transitions and photofragment coherence, have been
given by Vasyutinskii6 and Siebbeles et al.7 Several experiments
have since demonstrated the polarization of atomic photofrag-
ments and quantum mechanical effects.8-11

Rakitzis and Zare12 recently showed how to measure the
complete photofragment angular momentum distribution using
a specialized set of polarization parameters,aq

(k)(|), aq
(k)(⊥), and

aq
(k)(|,⊥). Theaq

(k)(|) andaq
(k)(⊥) parameters are associated only

with the parallel and the perpendicular transitions, separately.

Theaq
(k)(|,⊥) parameters result from the coherence of the wave

functions associated with dissociative states of differing sym-
metries. Experimentally, Rakitzis et al.13,14observed the orienta-
tion moment, Im[a1

(1)(|,⊥)] of ground-state chlorine atoms in
the photodissociation of ICl, which oscillates as a function of
photolysis energy. These oscillations can be explained by
quantum mechanical interference between the two repulsive-
state wave functions associated with the mixed parallel and
perpendicular transition. The orientation moment is proportional
to sin ∆φ where ∆φ ) φ⊥ - φ| is the asymptotic phase
difference between the radial parts of the outgoing wave
functions from the excited states associated with the parallel
and perpendicular transitions, respectively. The orientation is
also proportional to the product of transition dipole moments
for these transitions:

where|µ|| and|µ⊥| are the moduli of transition dipole moments
for parallel and perpendicular transitions leading to the same
product quantum states. For a pure (either parallel or perpen-
dicular) transition, the product of the two amplitudes|µ||µ⊥| is
zero, and the value of Im[a1

(1)(|,⊥)] vanishes. The asymptotic
phase difference∆φ and hence the Im[a1

(1)(|,⊥)] is sensitive to
the detailed shapes of potential energy surfaces. Recently, we
have shown that the measurement of the oscillating orientation
moment of the atomic photofragment can probe nonadiabatic
interactions in the photodissociation of Cl2.15

The photodissociation dynamics of polyatomic molecules are
much less understood than the photodissociation dynamics of
diatomic molecules owing to the increased complexity associated
with the additional degrees of freedom. Because of this increased
dimensionality, it is not quite straightforward to interpret the
result of conventional measurements (for example, the measure-
ments of spatial anisotropies of the photofragments, product
branching ratios and product state distributions). The measure-
ment of the asymptotic phase relationship of the wave functions
might open another dimension for the understanding of the
complicated photodissociation dynamics. Only a few experi-
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mental observations of photofragment coherence in the photo-
dissociation of triatomic molecules have been reported to date.
Wittig and co-workers16 as well as Zare and co-workers
observed17-19 the oscillation of the fine-structure branching ratio
as a function of CN photofragment rotational quantum number17

in the photodissociation of ICN. Zare and co-workers also
observed the orientation18,19 of the CN photofragment. It was
suggested that these behaviors could be explained by quantum
mechanical interference between two repulsive-state wave
functions associated with the parallel and the perpendicular
transitions.17,20 More recently, Ahmed et al.21 reported the
observation of coherence in the alignment moment of O(3P)
photofragments in the photodissociation of NO2.

The photodissociation of carbonyl sulfide, OCSf CO(X 1Σ+)
+ S (1D2,3PJ)0,1,2) is an attractive candidate for studies of
photofragment orientation and alignment. Sensitive detection
schemes for both photofragments are available, and there is no
nuclear spin angular momentum that might wash out2 the
initially prepared orientation and the alignment of photofrag-
ments. In addition, several intriguing observations have been
made on this system in previous works. With a linear geometry,
the ground state of OCS is characterized as1Σ+ and its low-
lying excited states are1Σ- and 1∆. The transitions to these
two excited states are forbidden for the linear geometry, but
weakly allowed for bent geometries. The1Σ- excited state
correlates to A′′(1Σ-), and the degenerate1∆ excited state is
split into a pair of A′(1∆) and A′′(1∆) Renner-Teller states,
whereas the ground state1Σ+ correlates to the A′(1Σ+) state on
bending (see Figure 1, A and B). Rabalais et al.,22 using a Walsh
diagram, showed that the A′(1∆) and A′′(1Σ-) states favor bent
geometries whereas the A′(1Σ-) and A′′(1∆) states favor linear
geometries. It is believed that the photodissociation near 223
nm is via dissociative A′(1∆) and A′′(1Σ-) states to give CO(X
1Σ+) and S(1D2; ∼95%) and S (3PJ)0,1,2; ∼5%).23-25 Sivakumar
et al.24 observed a bimodality in the CO product rotational state
distribution with a major peak atJ ) 57 and a minor peak atJ
) 70 for photolysis of OCS at 222 nm. This high rotational
excitation of the CO photofragment could not be understood
by a simple impulsive model,26 suggesting that the major

contribution to the formation of rotationally hot CO photofrag-
ments arises from the bent excited states. The angular distribu-
tion of the CO photofragment gradually changes from almost
isotropic (â ∼ 0) to anisotropic (â ∼ 1.8) in going from lower-J
to higher-J CO photofragments. Sivakumar et al. attributed this
gradual change of spatial anisotropy to mixed parallel A′(1∆)
and perpendicular A′′(1∆) transitions for the lower-J CO
distribution, and from a pure parallel transition for the higher-J
component of the CO distribution, possibly via the A′(1∆) state.
Recently, Suzuki et al.25 carried out a detailed study of OCS
photodissociation dynamics at various wavelengths using the
photofragment imaging technique. They reassigned the excited
states involved as A′(1∆) and A′′(1Σ-) states based on the
wavelength dependence of the spatial anisotropies of the fast
component of S(1D2) atom.

In this paper, we report the measurement of the speed-
dependent orientation moment Im[a1

(1)(|,⊥)] of the S(1D2) atom
photofragment in the photodissociation of OCS using linearly
polarized 223 nm photolysis light and circularly polarized probe
light. We show that the measured orientation moment of the
fast component of S(1D2) atom is caused by quantum mechanical
interference between the parallel and the perpendicular transi-
tions whose excited states correlate to the same separated
photofragment states.

Experimental Section

Detailed descriptions of the experimental apparatus and
techniques have been given elsewhere,13,27 and only a brief
overview is given here. Carbonyl sulfide (Matheson, 99.8%)
was premixed with high-purity helium (Liquid Carbonic,
99.995%) to make a dilute mixture (ca. 5 vol %) before
supersonic expansion through a pulsed nozzle (General Valve
9-Series, 0.6 mm orifice) into high vacuum. The stagnation
pressure of the sample was kept below 100 Torr to prevent the
formation of clusters. The 223 nm photolysis light was generated
by mixing the frequency-doubled output of a dye laser pumped
by a Nd3+:YAG laser (Continuum, ND6000 and PL9020) with
the residual fundamental (1064 nm) output of the Nd3+:YAG
laser. The probe light (291.48 nm) for 2+ 1 REMPI detection
of S(1D2) via the 3s23p3(2D°)4p 1P1-3s23p4 1D2 transition was
generated by frequency doubling the output of a dye laser
pumped by a second Nd3+:YAG laser (Spectra-Physics, PDL-3
and DCR-2A). The spatial anisotropy of CO(X1Σ+) was
obtained by 2+ 1 REMPI via the Q-branch members of the B
1Σ+-X 1Σ+ transition. Photolysis and probe beams were loosely
focused onto the unskimmed expansion within the extraction
region of a Wiley-McLaren time-of-flight (TOF) mass spec-
trometer operated under velocity-sensitive conditions. A core
extractor was placed in front of the microchannel plates (MCP)
preferentially to collect ions flying along the time-of-flight axis.
Unlike photodissociation of diatomic molecules in which the
atomic photofragment has a single speed, the S-atom photo-
fragment assumes a distribution of speeds. Core extraction
enhances sensitivity to the velocity-resolved polarization mo-
ment. The intensities of the photolysis and probe beams were
attenuated to avoid unwanted distortion of TOF profiles caused
by space charge effects.

Circular polarization of the probe radiation was achieved by
placing a Soleil-Babinet compensator (Special Optics) with its
optical axis at 45° with respect to the linear polarization vector
of the probe UV light. A photoelastic modulator (PEM, Hinds
International, PEM-80) was placed in front of the Soleil-
Babinet compensator to flip the polarization to be either left-
circularly polarized (LCP) or right-circularly polarized (RCP)

Figure 1. (A) Schematic diagram of the ground and excited states
involved. (B) The transition dipole moments for parallel (in-plane) (A′-
A′) and perpendicular (A′′-A′) transitions. For perpendicular transition,
the transition dipole is perpendicular to the molecular plane, for the
parallel (in-plane) transition, the transition dipole is in the molecular
plane, not necessarily being parallel to the direction of S-C bond.
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with respect to the propagation axis of the beam on a every-
other-shot basis. The absolute handedness of the circular
polarization was determined by placing a single Fresnel rhomb
after the Soleil-Babinet compensator and measuring the
combined retardation. To achieve maximum sensitivity to the
detection of the orientation moment, the polarization of the pump
laser was tilted by 45° with respect to the TOF detection axis
using a double Fresnel rhomb (Optics for Research, RFU-1/2-
U). The time delay between photolysis and probe pulses was
kept within 20 ns to avoid unwanted fly-out of photofragments
from the detection region. Purity of polarization was found to
be critical for these experiments, and therefore care was taken
to avoid distortions of the polarization of both photolysis and
probe beams. TOF profiles taken using left-circularly polarized
probe lightILCP and right-circularly polarized probe lightIRCP

were recorded separately on a shot-to-shot basis. Isotropic (I ISO

) ILCP + IRCP), and anisotropic (IANISO ) ILCP - IRCP)
composite TOF profiles were calculated and the orientation
moments were extracted by fitting of these profiles.

Isotropic and anisotropic basis functions,BISO(Vi) and
BANISO(Vi), were generated by a Monte-Carlo simulation de-
scribed in Rakitzis and Zare,12 whereVi is ith component in the
velocity distribution. Experimental composite TOF profiles
IANISO and I ISO are least-squares fitted using the following
equations:

The ci are determined by fitting eq 2 first, and represent the
velocity distribution of the S-atom photofragment in the absence
of any orientation moment. To avoid spurious oscillations in
the fitting parameters caused by the covariance between speed
components of the basis set, the number of speed components
chosen for the fitting was minimized. The S-atom speed-
dependent spatial anisotropyâ(V) needed for generating the basis
functions was obtained by interpolating the spatial anisotropy
measured for the CO photofragments,â(J). The fitting proce-
dures were found to be insensitive to small variations (ca. 5%)
in the â parameter. The sensitivity of the atomic REMPI
transition to orientation was calculated using the method of Mo
et al.11 (s1 ) -5/x6, following the notation of Rakitzis et
al.28).

Results

Spatial Anisotropy. Instead of directly measuring the speed-
dependent spatial anisotropy of S(1D2) atomic photofragments,
the spatial anisotropies of CO photofragments in various
rotational states were measured by 2+ 1 REMPI of the
Q-branch members of the B1Σ+-X 1Σ+ transition. This
transition is ofΣ-Σ type and it is known to have very low
sensitivity to the orientation and alignment in the two-photon
absorption,29 so that it provides an alignment-free measurement
of the spatial anisotropy. Figure 2 shows the measured spatial
anisotropy as a function of rotational state of CO photofrag-
ments. Our measurements of the CO rotational state dependent
spatial anisotropy are in reasonable accord with those previously
published.11,24,25 At higher rotational state,J ∼ 65, angular
distribution shows almost parallel (â ∼1.8) character, and at
lower rotational state,J ∼ 54, the distribution shows an almost
isotropic (â ∼ 0.35) distribution. In the intermediate region (J

) 63-57), theâ parameter changes rapidly from an anisotropic
to an isotropic distribution. At lower rotational state,J ∼ 54,
corresponding to the S(1D2) atom speed of 1.2 km/s, our
measurement (â ∼ 0.35) shows appreciable difference from
those measured by Suzuki et al. (â ) 0.7), and by Sivakumar
et al. (â ∼ 0.1). This discrepancy may be caused by the signal
from the probe light (∼229.9 nm) background in our measure-
ment.30

Speed-Dependent Orientation Moment.In Figure 3A, we
show core-extracted time-of-flight profiles of the S(1D2) atom
taken with left-circularly polarized (LCP) probe light and right-
circularly polarized (RCP) probe light. We can easily identify
the bimodality of the speed distribution from the TOF profiles:
the fast and slow components have speeds of 1.2 and 0.8 km/s,
respectively. Without any quantitative analysis, it is very clear
that the TOF profile taken with RCP probe light has a
significantly larger fast component than the one taken with LCP
probe light. This observation suggests that only the fast
components of the S-atom speed distribution are significantly
oriented. For a quantitative analysis of the speed-dependent
orientation moment, both the isotropic and the anisotropic
components of the TOF profiles were fitted simultaneously, as
described in the Experimental Section. Figure 3B shows the fit
of the isotropic and anisotropic components of the TOF profiles.
The speed distribution and the speed-dependent orientation
moment of the S(1D2) atom obtained by the fitting are shown
in Figure 4A. The speed distribution possesses a major peak at
1.2 km/s and a minor peak at 0.8 km/s, in good agreement with
previous studies.11,24,25 The orientation moment, Im[a1

(1)(|,⊥)]
of the S(1D2) atom shows an interesting speed dependence (see
Figure 4B): the orientation moment in the speed range of 400-
1000 m/s is relatively small. The orientation moment begins to
grow at 1000 m/s until it finally reaches a somewhat constant
positive value at around 1300 m/s. The orientation moment does
not show any oscillation as a function of S-atom speed, in
constrast to the case of CN photofragments measured in the
photodissociation of ICN.17 If we assume that the orientation
moment of the S(1D2) atom originates from a mixed parallel
and perpendicular transiton and also assume that measured
spatial anisotropy is the weighted (incoherent) average of

Figure 2. Spatial anisotropy of CO(X1Σ+) photofragment (filled
circles) as a function of rotational quantum state obtained by 2+ 1
REMPI of the Q-branch members of the B1Σ+-X 1Σ+ transition. Solid
line is a fit of theâ parameters with sigmoidal function. The interpolated
curve was constrained to have a limiting value of 1.8 and 0.3 at high
and low limiting rotational quantum numbers, respectively. Also shown
are theâ parameters for the fast and slow components of S(1D2) atom
by Suzuki et al.25 (dashed lines), and theâ parameters of CO
photofragments measured by Sivakumar et al.24 at 222 nm (dash-dot
line). See text for details.

I ISO ) ∑
i

ciBISO(Vi) (2)

IANISO ) ∑
i

ci Im[a1
(1)(Vi)]BANISO(Vi) (3)

10146 J. Phys. Chem. A, Vol. 103, No. 49, 1999 Kim et al.



limiting â parameters for the parallel and the perpendicular
transition, we can model the factor,|µ||µ⊥| (see eq 1) of the
Im[a1

(1)(|,⊥)] in terms of speed-dependent spatial anisotropy,
â(V):

whereAâ(V) is the envelope of photofragment orientation with
speedV. In this expression, we assume that the “in-plane”
transition dipole moment [A′(1∆)-A′(1Σ+)] is associated with
an anisotropy parameter ofâ ) 1.8. The envelopeAâ(V) shown
in Figure 4C has a speed dependence qualitatively similar to
the measured orientation moment. The similarity between the
measured orientation moment and the modeled envelope based
on the assumption of a mixed parallel and perpendicular
transition reveals two important points. First, this behavior
affirms our assumption of a mixed transition for the fast
component of the S-atom speed distribution, which shows that
the orientation of the S atom is caused by the interference
between the parallel and the perpendicular transitions. Second,
the observation that the orientation moment does not show any
oscillatory structure implies that the asymptotic phase difference
between the two repulsive-state wave functions is nearly
constant at this photolysis wavelength.

Discussion

The speed-dependent spatial anisotropy of the S(1D2) atom,
â(V), has been explained24 by a mixed parallel [A′(1∆)-
A′(1Σ+)] and perpendicular [A′′(1Σ-)-A′(1Σ+)] transition for
the fast component of the bimodal distribution, the slow
component originating from a transition with a parallel character,
possibly via the A′(1∆) state. This postulate is based on the
reasonable assumption that the dissociation process is instan-
taneous and the direction of the transition dipole moment for

the in-plane transition (A′-A′) is approximately parallel to the
recoil direction of the S(1D2) atom (i.e.,â ∼ 2). Recent work
by Suzuki et al.25 shows a gradual change of theâ parameter
for the fast component of the S-atom velocity distribution from
â ∼ 0 to â < 0 as the excitation wavelength is tuned from 223
to 248 nm. Again, this finding supports the suggested mecha-
nism of a mixed transition. If we accept the postulated
mechanism of the speed-dependentâ parameter, our observation
is completely consistent with our picture of the physical origin
of the orientation moment,â parameter trends, and the proposed
mixed transition mechanism. It would be expected that the fast
component, which originates from a mixed transition, would
show a significant orientation moment. In contrast, the slow
component, which has a nearly pure parallel character, should
show little or no orientation, in good agreement with our
observations.

An alternative mechanism for the observation of orientation
in the photodissociation of a bent triatomic molecule might
originate from coherence between the (parallel and perpendicu-
lar) projections of the in-plane transition [A′(1∆)-A′(1Σ+)]
dipole moment onto the recoil velocity vector of the photo-
fragment, as was recently suggested by Ahmed et al.21 in the
case of photodissociation of NO2. For this mechanism, the
coherence, and hence the orientation moment, is completely
determined by the geometry of the nuclei and the relative
orientation of the transition dipole moment with respect to the
recoil velocity vector of the photofragment. Therefore, the
orientation moment arising from this mechanism does not carry
information on the interference of the wave functions on
different repulsive potential energy surfaces. In the OCS
photodissociation, the Franck-Condon region of the transition
is located slightly away from the linear configuration, and the
orientation of the in-plane transition dipole moment may not
be perfectly parallel with the recoil velocity vector of the S-atom
photofragment. Therefore, it is probable that coherence origi-

Figure 3. (A) Time-of-flight (TOF) profiles of S(1D2) taken with left-
circularly polarized (LCP, red) and right-circularly polarized (RCP,
blue) light. Bimodal speed distribution centered at 1.2 and 0.8 km/s
can be clearly identified. Note the large (∼50%) enhancement of the
fast component of TOF profiles taken with RCP probe light, showing
that the fast component of the speed distribution is oriented with respect
to the recoil velocity vector. (B) Isotropic and anisotropic TOF profiles.
Open circles represent isotropic (I ISO ) ILCP + IRCP) component of TOF
profile; open squares correspond to the anisotropic (IANISO ) I LCP -
IRCP) component of TOF profile. Also shown are the results of fitting
with multiple-speed basis set generated by Monte-Carlo simulation
(solid lines).

Figure 4. (A) Speed distribution (filled squares) of S(1D2) photo-
fragment. (B) The speed-dependent orientation (filled circles)
Im[a1

(1)(|,⊥)]. There is no or little orientation for the slow (∼0.8 km/s)
component whereas the fast (1.2 km/s) component shows large
orientation. The error bars represent the 1 standard deviation of the
result of the multiple measurements. (C) The modulation amplitude
modeled byAâ(V) ) [(1.8 - â(V))(1 + â(V))]1/2. This modeled amplitude
has a shape similar to the measured speed-dependent orientation
moment of the S atom.

Aâ(V) ) [(1.8 - â(V))(1 + â(V))]1/2 ∝ |µ||µ⊥| (4)
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nating purely from the in-plane A′(1∆)-A′(1Σ+) transition
contributes to the orientation moment. The contribution from
this mechanism will be proportional to|µx(A′)|µz(A′)|, where
µx(A′) andµz(A′) are the projections of in-plane transition dipole
momentµ(A′) onto thex-axis (perpendicular to recoil direction)
and thez-axis (parallel to the recoil direction), respectively. This
contribution will not necessarily follow the change of spatial
anisotropy of the photofragment. However, the measured
orientation moment closely follows the envelope expected from
the mixed transition. Therefore, we believe that the orientation
moment originates mostly from the mixed transition, and hence,
contains information on the asymptotic phase relationship of
the two repulsive-state wave functions. The fact that the
orientation moment closely follows the expected envelope
implies that the phase difference∆φ is more or less constant
over the fast component of the S-atom speed distribution that
is associated with at least 10 different rotational states of CO
photofragments. The constant or slow variation of phase
difference∆φ across a range of rotational quantum states is a
somewhat unexpected observation, considering the multidimen-
sional character of the potential energy surface.

One explanation can be given in terms of the similarity of
potential energy surfaces of1A′′(1Σ-) and 1A′(1∆):25 the
1A′′(1Σ-) state arises from the (3a′′)1(13a′)1 electronic config-
uration and the1A′(1∆) state from the (12a′)1(13a′)1 electronic
configuration. The 3a′′ orbital correlates with the 3πy*(S-C)
antibonding orbital and 12a′ correlates with 3πx*(S-C) anti-
bonding orbital, where they-axis is perpendicular to the
molecular plane and thex-axis is in the molecular plane and
perpendicular to the S-C bond. These orbitals are degenerate
in a linear geometry and are known to have localized electron
density on the S atom. Therefore, these orbitals remain close
in energy on bending and on stretching of the S-C bond. The
localized character of the 3a′′ and 12a′ orbitals causes the
similarity of the potential energy surfaces of the1A′′(1Σ-) and
1A′(1∆) states. The resemblance between the two potential
energy surfaces causes the pathways taken by the two wave
functions leading to the same rotational state to be similar. Also,
the similarity of the potential energy surfaces causes the average
potential energy difference,∆V, to be small compared with the
translational energy available to the photofragment. These two
factors lead to the fairly constant asymptotic phase difference
across the rotational distribution of the photofragments.

Summary and Conclusions

We have observed the speed-dependent orientation moment
of S(1D2) photofragment in the photodissociation of OCS at 223
nm. The coherence of S(1D2) atom photofragments originates
from the interference between the parallel and the perpendicular
transitions. The speed dependence of the orientation moment
suggests that the asymptotic phase differences of the wave
functions are fairly constant over the fast component of the S
atom photofragments, which can be explained by the similarity
of the two potential energy surfaces involved in the excitation.
Given the complexity of the multiple state polyatomic photo-
dissociation processes, the ability to measure the asymptotic

phase relationship of repulsive-state wave functions promises
special insight into the photodissociation dynamics of this
polyatomic molecule not readily discernible from the measure-
ment of other parameters.
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