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Recoil Inversion in the Photodissociation of Carbonyl Sulfide near 234 nm
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We report the observation of recoil inversion of the CO (v = 0, Joo = 66) state in the UV dissociation of
lab-frame oriented carbonyl sulfide (OCS). This state is ejected in the opposite direction with respect to all
other (> 30) states and in absence of any OCS rotation, thus resulting in spatial filtering of this particular
high-J rovibrational state. This inversion is caused by resonances occurring in shallow local minima of the
molecular potential, which bring the sulfur closer to the oxygen than the carbon atom, and is a striking
example where such subtleties severely modify the photofragment trajectories. The resonant behavior is
observed only in the photofragment trajectories and not in their population, showing that stereodynamic
measurements from oriented molecules offer an indispensable probe for exploring energy landscapes.
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Photodissociation of small molecules is a relatively
straightforward process connecting the reactants and prod-
ucts of a reaction, and this is why photodissociation studies
provide an excellent starting point for understanding the
nature of the various chemical bonds [1], as well as for the
(coherent) control of reactions [2,3].

Modern spectroscopic techniques, such as ion imaging
[4], velocity map imaging (VMI) [5] or Rydberg tagging
[6], allow advanced studies of the geometrical aspects of
dissociation, which can now be observed directly rather
than being inferred by the study of single-dimensional,
wavelength-dependent spectra. Such studies demonstrate
that dissociation reactions are often the result of compli-
cated underlying mechanisms [7-9], as, for example, the
coherent excitation to multiple dissociative states [10—12]
or the roaming mechanism in the dissociation of formal-
dehyde and other small molecules [13,14].

An even more detailed picture of the stereodynamical
aspects of photodissociation can be extracted by orienting
the parent molecules in the lab frame prior to dissociation.
Lab-frame orientation, achieved either by static electric
[15-19] or optical fields [20-25], can define an initial
orientation of the chemical bond in space and avoid the
statistical “washing out” of the dissociation geometry
caused by the parent molecule free rotation [23,26-32].
Furthermore, a wide variety of spectroscopic tools are
constantly being developed that can be used to extract
stereodynamical information in dissociation, such as delay
line coincidence VMI [33,34] or cold target recoil-ion
momentum spectroscopy [35].

When the photodissociation of lab-frame oriented mol-
ecules is considered, the photofragment spatial distribution
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is described through an expansion in Legendre polynomials
P, 1(0)x1+>%  B;P;(cos®). The odd terms are related
to up-down asymmetries, and the even terms are related to
parallel-perpendicular asymmetries. In the absence of
orientation, all odd terms are zero [10,19,26,27,36-39].

Isolated molecules A-B can be oriented in the lab frame,
e.g., with A up and B down; after photodissociation, one
would expect that the A fragment would recoil upwards and
B downwards. Here, we report dissociation experiments of
OCS molecules oriented with CO downwards. Surprisingly,
for a specific photolysis energy, the highest rotational
photofragment state CO (v =0, Jco = 66) recoils
upwards, in contrast to all other states, 34 <Jcq <65,
and in the absence of any OCS rotation. This recoil
inversion is observed over a narrow range of photolysis
energy, over which the 8, and /3, parameters are observed to
vary strongly in a resonantlike fashion. These variations of
the recoil direction are not accompanied by a variation of
the particular state intensity and, thus, are detectable only by
examination of the angular distribution. We show that this
behavior can be explained by the presence of resonances in
shallow local minima of the molecular potential which
result in the sulfur atom ejected from the side of the oxygen
rather than the carbon atom.

In Fig. 1(a), we display an image of S(!D,) photofrag-
ments produced by OCS dissociation around 42 700 cm™!.
Here, the orientation field is turned off, so that the parent
OCS molecules have random orientation in space. The sulfur
ions recoil in several distinct narrow velocity groups, each
one corresponding to the production of CO molecules in a
different rotational state. This provides an indirect but
simultaneous measurement of the velocity distribution of
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FIG. 1. (a) Sliced image of ionized sulfur atoms produced by the
photodissociation of nonoriented OCS molecules at ~42 700 cm™".
(b) Values of the /3, coefficient for 60 < J-o < 66 states, extracted
from (a). (c) Same as (a) for the photodissociation of oriented OCS
molecules at ~42 700 cm~!. The CO fragments move antiparallelly
to the detected S-atom cofragments. (d) Values of 3, coefficient for
the states with 60 < Jo < 66 extracted from (c).

several molecular states. For our focusing conditions of the
VMI lens, we can clearly resolve several rotational states
(Jco = 59-66). Notice that the sliced image is up-down
symmetric, meaning that ions are emitted both upwards and
downwards with equal probability within experimental
accuracy (see the enlargement of the central slice). The
intensity of the fragments is reduced in the plane parallel to
the laser propagation (i.e., perpendicular to the laser polari-
zation), reflecting a small contribution from perpendicular
dissociation channels.

In Fig. 1(b), we show the 3, coefficients for the states
associated with 60 < J-g < 66 extracted from the image
shown in Fig. 1(a). As we see, for Jog = 60, the f,
coefficient is positive (~1.2). As Jq increases, the value of
the /3, coefficients gradually decreases with the maximum
Jco = 66 having a negative value (~ — 0.4).

In Fig. 1(c), the study is repeated, with the addition of the
electric field used to orient the parent OCS molecules in the
lab frame with the sulfur atom up. Surprisingly, the sulfur
ions associated with the production of J-o = 66 molecules
(the smallest, middle circle) end up following the opposite
direction with respect to all others. This is illustrated in the
expansion of the central slice of the ion image, where we see
that the ions associated with the J-g = 66 state are moving
downwards, while all of the other states are almost exclu-
sively emitted upwards. We stress the fact that the parent
OCS molecules have a fixed orientation in space prior to
dissociation, while no molecular rotation can be transferred
to the OCS molecule by the linearly polarized laser fields.

This recoil inversion observed in Fig. 1(c) is described
quantitatively in Fig. 1(d), where we plot the value of the 3,
coefficients: the f; coefficients are all positive (indicating
that the sulfur atoms move upwards), with the exception
of the atoms associated with the production of J-o = 66
molecules. We consider the ratio between the number of
sulfur ions associated with the Joo = 66 state that recoil
downwards and the sum of the number of sulfur ions
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FIG.2. TheJco = 66 state. (a) Dependence of the f; parameter
on the photolysis energy, for oriented OCS parent molecules.
(Inset) Sliced ion images for three different photolysis energies.
(b) Dependence of the f, parameter on the photolysis energy,
for nonoriented OCS parent molecules. (Inset) Sliced ion images
for three different photolysis energies. (c) Total intensity as a
function of the photolysis laser energy. The red dashed line shows
the total absorption cross section [40,41].

associated with all other states, which also recoil down-
wards. This ratio increases by a factor greater than 20 when
the parent OCS molecules are oriented, in comparison to
unpolarized OCS molecules.

These counterintuitive dynamics manifest themselves
only in a narrow spectral region of ~60 cm™!. In Fig. 2(a)
we show the dependence of the 3, coefficient of the photo-
fragments produced by dissociating oriented OCS molecules
on the photolysis energy (laser bandwidth < 0.5 cm™!). The
p1 coefficient displays a resonantlike dependence: it has a
small negative value at threshold, it reaches its minimum
value of ~ — 0.6 after 20 cm~', and gradually increases with
increasing dissociation energy reaching positive values
within ~60 cm™!. These trends are illustrated by showing
three characteristic sliced ion images [inset of Fig. 2(a)],
cropped to display only the ions associated with the Joq =
66 state. These images correspond to the experimental points
(i) below resonance, ~42690 cm~!; (ii) on resonance,
~42715 em™!; and (iii) above resonance, ~42 800 cm™'.
We see that the ion image shown in (i) has most of its
intensity on the lower part (negative /3,). A few tens of cm™!
further, the intensity is much more focused on the lower part
(lower f31), while, by the time the dissociation energy reaches
42800 cm™!, the value of 3, is ~0, its sign has been reversed,
and the image is nearly up-down symmetric.

A similar resonant behavior is observed in the case of
the photodissociation of nonoriented OCS molecules. In
Fig. 2(b), we see the dependence of the 3, coefficient on
the photolysis energy: over a 50 cm™! span, j3, starts from a
relatively low (~ — 0.6) value, rapidly reverses sign reach-
ing ~0.4, and reverses sign again. In the inset of Fig. 2(b),
we show three characteristic sliced ion images, again
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cropped to display only the sulfur ions associated with
the Jco = 66 state. These images correspond to the
experimental points (i) below resonance, 42700 cm™';
(ii) on resonance, ~42 720 cm™'; and (iii) above resonance,
~42780 cm~!. As we see in the inset, the sulfur ion angular
distribution changes from having most intensity at the sides
(a negative f,) to having most intensity up and down
(a positive f,) and back to having most intensity at the
sides. The values of the 5 and f, are within error of zero,
suggesting that any polarization effects related to orbital
angular momentum can be neglected.

We stress that this resonant behavior is observed only
in the angular distribution of the sulfur ions associated
with the production of high Jco € [63-66]] molecules. In
Fig. 2(c), we display the integrated intensity of the ions
associated with the Joo = 66 state: the intensity increases
monotonically as a function of the photolysis energy and no
rapid variations are observed. The red dashed line shows
the total absorption cross section in this area [40] (down-
loaded from Ref. [41]), where the energy axis has been
shifted by ~520 cm™' to account for the vibrational
excitation of the parent molecule. The cross section is a
relatively smooth function of the energy for the examined
range, ~42 700-42 850 cm~!. Specifically, the S(' D) spec-
tra (which correspond to 34 < J-o < 66 excitation) shows
no prominent resonant features in this area, in contrast to
the S(P) spectra (corresponding to a lower Jg), in which
some weak features are present at energies that are lower by
~520 cm™! [42].

This recoil inversion is a stereodynamical effect, which
requires an intrinsic explanation of the mechanism for
the energy transfer to the angular degree of freedom. We
demonstrate that the existence of resonances predicted by a
periodic orbit analysis and calculated by quantum compu-
tations localizes the sulfur atom closer to the oxygen rather
than the carbon atom. Additionally, the presence of non-
adiabatic coupling between different states results in high
torques exerted to CO, and thus in populating high rota-
tional states, which are trapped in the resonances for
longer times.

The potential energy surfaces (PESs) which are mainly
involved in the dissociation process around 42700 cm™!
are the A and X electronic states, and contour plots are
shown with broken lines in Figs. 3(a) and 3(b) and
Figs. 3(c) and 3(d), respectively [43-45]. The PESs are
plotted in Jacobi coordinates. R is the distance of the sulfur
atom from the center of mass of CO, and y the angle
between the CO bond length (r) and R, where y = 0°
corresponds to the OC-S configuration, and y = 180°
to the S-OC one. In the middle part of the A surface
[Fig. 3(a)], there is a local minimum at (R,r,y) =
(4.2 bohr, 2.2 bohr, 48°). Similarly, a metastable minimum
is present in the X surface [Fig. 3(c)] at (R,r,y) =
(3.4 bohr,2.3 bohr, 85°). The A surface is directly
accessed by the photolysis laser, which transfers population
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FIG. 3. Contours of the adiabatic PES for the (a),(b) A (brown) and
(¢),(d) X (cyan) electronic states projected in the (R,y) plane
(r = 2.2 bohr), with representative periodic orbits and quantum
resonance states (see the text). (a) For the A PES, a resonant
quantum state is shown at 42100 cm™' and POs covering
[38000—49 000] cm~!. (b) Same as (a) for the resonant quantum
state at 42700 cm~!. (c) For the X PES, POs covering
[33000-49000] cm™" (red) and (35000-48000) cm~' (green),
and a resonant quantum state at 33 715 cm™! alongside the periodic
orbits. (d) Same as (c) for a resonant quantum state at 34430 cm™!.

from the (bend vibrationally excited) ground electronic X
state. While most of the population proceeds to dissociation
directly, a small part is nonadiabatically transferred to the X
state, inducing the production of the highest 58 < J-q < 66
states [46], as is demonstrated in the following discussion.

The time evolution of the wave packet is studied by
employing the grid-time dependent Schrodinger equation
(GTDSE) programs [47,48]. Once the wave packet is
transferred to the (excited) A surface by the photolysis
field, it evolves in time in a nontrivial fashion. The initial
wave packet lands in an area close to the linear configu-
ration (S-CO angle, y ~7°) of the OCS molecule. At
later times, while most of the population dissociates in
relatively small angles (y < 60°), part of the wave packet is
trapped near the local minimum shown in Fig. 3(a),
accessing localized long-lived resonant states. We depict
two such resonant eigenstates at 42 100 cm™! [Fig. 3(a)]
and 42700 cm™! [Fig. 3(b)], both of which exhibit nodal
structures that reveal a motion mainly along the y coor-
dinate. The existence of these resonances has been
verified by an (independent) periodic orbit (PO) analysis
[49], including, in the previous figures, a few periodic
orbits in the region of the local minimum of the A state.
These unstable POs belong to a family emanated from a
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FIG. 4. Angular integration of the ion image shown in Fig. 1(a),
depicting the relative intensity of the various Jcq states (the black
solid line), along with the nonadiabatic (blue dots) populations.
The red dashed line is the result of single adiabatic calculations in
the A state.

center-saddle bifurcation. Their existence and methods to
locate them have been discussed before [50].

Most importantly, the resonances found in the excited
electronic state are localized in that region of configuration
space where the nonadiabatic coupling to the X state is
expected to be high [46,51]. Similar classical and quantum
calculations on the single adiabatic X PES unveil new
resonances which are also related to the recoil inversion.
Both resonances depicted in Figs. 3(c) and 3(d), obtained
from the GTDSE—as well as the PO analysis—confirm
that, in these structures, the sulfur atom is located at small R
distances but at larger angles, exploring regions of the
phase space where the sulfur atom approaches the oxygen
atom. The energies of the two resonances correspond to
33715 and 34430 cm™!, respectively. At higher energies,
close to the experimental ones, the spectrum becomes
diffuse, and thus it is difficult to extract eigenfunctions.

Nonadiabatic two state quantum calculations in the
internal coordinates (R,r, 7) have also been carried out
by transforming from an adiabatic to a diabatic represen-
tation. The populations of the Jog product states are
computed (the blue dots) and are compared with the
experimental relative intensities (the black line) in Fig. 4
[52]. The latter are obtained from the angular integration of
the ion image presented in Fig. 1(a). By contrast, single
adiabatic calculations on the A state yield Jco state
contributions only up to 55. These quantum results are
in accord with classical surface hopping calculations [46].

The appearance of the two bands in Fig. 4, one covering
the range of 34 < Jg < 54 and the second 59 < Jo < 66,
calls for further investigation. In Fig. 5(a), we show the time
evolution of the square of the overlap integral between the
excited wave packet from the ground to the upper surface
and the resonance eigenfunction in the A state shown in
Fig. 3(b). Single adiabatic state calculations (the blue
broken line) demonstrate that the overlap integral remains
almost constant between 10 to 150 fs and is zero after
170 fs. By contrast, we do find population transfer to the
ground electronic state in the nonadiabatic calculations.
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FIG.5. (a) Timeevolution of the overlap integral squared between
the excited wave packet and the resonance wave function in the A
state shown in Fig. 3(b). (b) The overlap integral of the evolving
excitation wave packet in the A and X states with the product states
Jco = 63-68 wave functions in the nonadiabatic calculations.

The dip shown in the red curve of Fig. 5(a) (the circles)
in the time interval of 50-100 fs occurs in coincidence with
the increase of the overlap integral in the ground state (the
black line with squares), and it unveils a reflection of the
wave packet from the ground back to the excited state. In
association with this, Fig. 5(b) depicts the time evolution of
the overlap integral of the evolving wave packet with the
high Joo = 63-68 product states. These states start gaining
intensity only after the elapse of ~150 fs, a time which
coincides with the diminishing of the overlap of the wave
packet with the resonance state [Fig. 3(b)].

The localized quantum resonances along the angular
degree of freedom and the production of high J-q states in
relatively short times (150 fs) supports dissociation dynam-
ics where the sulfur atom leaves the triatomic molecule
from the oxygen side of CO, and thus the recoil inversion
observed in the experiment.

In conclusion, we have performed dissociation experi-
ments of lab-frame oriented, as well as nonoriented, OCS
molecules around 42700 cm~!. We have demonstrated the
existence of resonances which bring the sulfur atom closer
to the oxygen rather than the carbon atom. These non-
adiabatic resonant states can be detected by measuring the
photofragment angular distribution for a small range of
dissociation energies near the threshold of the Joo = 66
state, while not being detectable by any modulation in the
population of this state.

Adiabatic and nonadiabatic quantum calculations, in
conjunction with a periodic orbit analysis, corroborate
the existence of these resonances and illustrate the mecha-
nism for transferring energy from the radial to the angular
degree of freedom in association with a population transfer
from the A to the ground state [53]. The localization of
eigenfunctions to specific degrees of freedom as a result of
resonances is a dynamical nonlinear effect found in several
small polyatomic molecules [50] but expressed in a differ-
ent manner for different molecules.
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