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Nuclear motion in carbonyl sulfide induced by resonant core electron
excitation

J. Laksman,a� D. Céolin, M. Gisselbrecht, and S. L. Sorensen
Department of Synchrotron Radiation Research, Lund University, Lund S-221 00, Sweden

�Received 16 June 2010; accepted 24 September 2010; published online 14 October 2010�

The angular anisotropy for selected dissociation channels is measured at resonantly excited states of
� and � symmetries at the C and O K-shell ionization edges of carbonyl sulfide. While the kinetic
energy released in the reaction is mainly independent of the excitation energy, the angular
anisotropy and momentum correlation clearly show deformation of the OCS molecule in the C
1s−1��1 state. The discovery of a two-body fragmentation channel SO+ /C+ with a well defined
angular anisotropy indicates the rapid formation of the CSO isomeric species. © 2010 American
Institute of Physics. �doi:10.1063/1.3502116�

I. INTRODUCTION

Nuclear motion in photoexcited molecules is important
for understanding basic photochemistry but is of interest
from a fundamental point of view as a symmetry breaking
process which can have implications for the fate of core-
excited states.1 Although electron spectroscopy can indirectly
indicate a transition from linear to bent geometry the detec-
tion of one or more ionic fragments is necessary for a fixed
molecular frame measurement.2 Elegant experiments where
ion- and electron-energy analysis identifies the initial and
final states of the reaction provide insight into the coupling
between electronic states and nuclear motion.3 Recent stud-
ies using multicoincidence methods based on imaging spec-
troscopies have elucidated the details of such processes and
the temporal aspects of nuclear motion are beginning to be
understood.4 Multicoincidence measurements of molecular
dissociation using linearly polarized soft x-rays provide an-
gular distributions directly in addition to kinematic informa-
tion on specific dissociation channels. Core-excited states in
molecules are known to be highly localized, the life time is
short, and tunable synchrotron radiation allows for specific
excitation to electronic states of different symmetries and
localized to different sites in the molecule. Multi-ion coinci-
dence imaging studies have illuminated geometry changes
and nuclear motion in several recent synchrotron based stud-
ies and the Renner–Teller effect in CO2 was directly con-
firmed by Muramatsu’s study using this method.1

Carbonyl sulfide is linear in the ground state, but Eland
showed that the dication is nonlinear.5 For resonant excita-
tion of the core electrons the symmetry of the transition can
be used to provide an ensemble of aligned excited molecules.
Erman et al.6 report evidence for a bent geometry at the S
2p−1��1 states as determined from the double ion coinci-
dence spectra, while at the C 1s edge the analysis was carried
out on single-ion data where different atomic fragments were
found to exhibit different asymmetries. Adachi7 used the

angle resolved photo-ion method to study OCS at the C
1s−1��1 state while Kaneyasu studied dissociation of OCS
dications after S 2p ionization and found that higher-energy
electronic states dissociate into CO+ /S+ and to O /C+ /S+.8

A recent calculation of the double ionization spectrum
by Minelli et al.9 finds a vertical double ionization potential
at 29.4 eV �3�− state�. The threshold for the first dication
fragmentation channel, CO+ /S+, was found by Masuoka10 at
34 eV; calculations by Ridard11 showed that the ground state
of the dication �X 2�−� dissociates into CO+�X� /S+�4S� after
a 2 eV barrier. The reaction energy was calculated to be
approximately 4 eV. Brites et al.12 made multireference con-
figuration interaction calculations of a number of electronic
states of the dication to examine kinetic energy releases and
dissociation along both O–C and C–S bonds. They found the
ground electronic state to have a long lifetime before disso-
ciation to CO+ /S+. Furthermore, Brites discovered a possible
route to the CSO2+ isomer whose lowest electronic state is
expected to be repulsive and dissociate to C+ /OS+ in their
ground states. A recent study of OCS3+ produced by double
Auger decay at the S 2p edge by Eland et al.13 found that
localization plays a strong role in the population of triply
ionized states.

In the present study we measure the angular distribution
of selected fragmentation channels in carbonyl sulfide at the
carbon and oxygen 1s ionization edges. We measure the mo-
menta of all ionic fragments using multicoincidence tech-
niques. The measured kinetic energies of the fragments are
used as a basis for calculating the total kinetic energy re-
leased in the reaction and the angular isotropies are extracted
for each channel. We find that the C 1s−1��1 state shows a
greater tendency to a bent geometry compared to the non-
resonant case. At this core-excited state we also find evi-
dence for production of the OS+ fragment, which is indica-
tive of a severely bent molecule. We analyze the triple
ionized molecule by triple-ion momentum imaging. Our
study shows clear evidence of both symmetry breaking and
of the Renner–Teller effect at the C 1s−1��1 state.a�Electronic mail: joakim.laksman@sljus.lu.se.
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II. EXPERIMENT

A momentum imaging time-of-flight spectrometer is
used for the present study. The spectrometer is mounted with
the axis mutually perpendicular to the polarization vector of
the x-rays and to the propagation direction of the synchrotron
light �see Fig. 1�a��. The spectrometer consists of a detector
for electrons and a time-of-flight spectrometer with a two-
stage acceleration with an electrostatic lens to focus ions
onto an 80 mm diameter delay-line detector �Roentdek
DLD80�. The sample gas background pressure in the spec-
trometer chamber was 5�10−6 mbar. Lens potentials were
optimized so that ions from dissociation of molecular hydro-
gen were imaged clearly on the detector and the energy scale
was calibrated to the known H+ fragment energy.14 Simula-
tions with the SIMION package15 indicate that for the present
fields ions with up to 19 eV kinetic energy are collected.

The measurements were performed at the soft x-ray un-
dulator beamline I411 at MAX-laboratory in Lund,
Sweden.16 The photoenergy calibration was made to the pub-
lished value of the OCS C 1s→�� resonance.7 The contri-
bution from second-order light was found to be negligible.

The raw data for each event are transformed into a three-
dimensional momentum space and subsets of the data are
extracted by filtering by angular criteria, momentum or ac-
cording to dissociation channel. The kinematics are extracted
directly from the momentum data and the molecular aniso-
tropy parameter, �, can be found for single ions or dissocia-
tion channels. The conventional analytical expression for the
differential cross section is

d�

d�
=

�

4�
�1 + �P2�cos 	�� , �1�

where � is the total cross section integrated over space and
P2 is the second-order Legendre polynomial, P2�x�= �3x2

−1� /2. The geometry of our setup is shown in Fig. 1�a�.
Since the fragment intensity is symmetric about the polariza-
tion vector then the fragment intensity can be expressed as17

I�	� =
�

4�
� �1 + �P2�cos 	��d� , �2�

where d�=sin 	d	d
, so

I�	� =
�

4�
�

0

2�

d
�
	

	+�	

d	sin 	�1 + �P2�cos 	�� , �3�

with the solution for the case where �	→0,

I�	� =
�

2
sin 	�1 + �P2�cos 	�� . �4�

The validity of this equation has been verified by empirical
studies.

Figure 1�b� shows the spatial distribution of fragments
from nitrogen dissociation at the N 1s−1��1 resonance. This
is a projection of the 3D data onto a histogram in a polar
plot. The fragment distribution is clearly perpendicular to the
polarization direction indicated in the plot. Figure 1�c� shows
the angular distribution of all fragments from the pathway
N+ /N2+ plotted as a function of 	. The best fit of I�	� corre-
sponds to �=−1.00 in excellent agreement with the expected
value.18 Sources of systematic error include irregular detec-
tor efficiency, imperfections of the choices of spatial and
temporal centers of the data, as well as the direction of the
polarization vector. In order to estimate the sensitivity of the
� value to these errors we translated the raw data by 2.0
mm and 3.0 ns in time and rotated by 3°. For double coinci-
dences 	 is taken as the mean value for the two particles.
This led to an error estimation �0.03. The histogram bin
size has no effect on the � parameter.

III. RESULTS AND DISCUSSION

A. Angular anisotropy of fragments

The symmetry of the transition is well defined and the
rapid electronic decay of the core-hole ensures the validity of
the axial-recoil approximation.19 Angle-resolved photo-ion
spectroscopy �ARPIS� has shown that with the exception of
vibrational coupling the angular emission of fragments fol-
lows the predictions of the dipole operator for linearly polar-
ized light.18 Another factor which can affect the angular
emission is the temporal aspect of the dissociation process.
Metastable states which dissociate on the time scale of the
measurement have a well defined pattern in time-of flight
spectra, but more rapid stepwise dissociation can lead to
smearing of the angular emission.20

The anisotropy of the carbonyl sulfide dissociations has
been determined in a variety of studies including direct va-
lence ionization and resonantly excited states at the sulfur
and carbon edges. Masuoka21 reported anisotropic ion distri-
butions for the primary dissociation channels after valence
ionization. Adachi et al.7 measured the angular anisotropy of
ions with the ARPIS method at the C 1s−1��1 state. Their
method compares the total ion yield measured at two angles
in order to extract the anisotropy. They found that at the
resonance maximum � is �0.4, but it increases slightly at
the low-energy side of the resonance, and attributed this to
the Renner–Teller effect. Erman et al.6 reported � values for
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FIG. 1. �a� A schematic diagram of the geometry of the setup. �b� Two-
dimensional histogram representing the detector area showing fragments
from nitrogen dissociation at the N 1s−1��1 state. The plot shows the num-
ber of N+ ions which arrive in coincidence with N2+ ions at each detector
coordinate. �c� The angular distribution of all fragments from the pathway
N+ /N2+, from which the �-parameter has been estimated. The calculated
distribution for �=−1 is shown with a solid line.

144314-2 Laksman et al. J. Chem. Phys. 133, 144314 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



mass-selected fragment ions in a study covering the sulfur 2p
and carbon 1s edges. The fragment asymmetries at the S
2p−1��1 states indicate a bent geometry.

Our results compare favorably with earlier measure-
ments but some notable differences exist. Our measured CO+

momentum plot contains two separate distributions with very
different momenta. The low-momentum ions arise from dis-
sociation of OCS+, while dication fragmentation leads to
higher-energy CO+ ions. The anisotropies differ as well; we
find � is −0.140.03 and −0.680.03 for the two cases.
Erman’s study reports a CO+ � value of �0.6, clearly only
corresponding to the higher momentum fragment. We have
not found any other similar energy-dependent fragment
anisotropies.

Resonant excitation primarily influences the angular dis-
tribution of fragments. In Fig. 2 the CO+ /S+ dissociation
channel for the C 1s→�� resonance is compared to the off
resonance case. We plot the distribution of CO+ ions from
this channel on the detector �thus ignoring the momentum
along the spectrometer axis� producing a polar plot equiva-
lent to the velocity map image. The polarization vector of the
light is indicated in the polar plot. The distribution clearly
shows an alignment perpendicular to the polarization direc-
tion for the resonant excitation with a well defined radial
distribution while the angular distribution off resonance is
more or less isotropic. In subplots �c� and �d� we present the
fully integrated angular distributions derived from the 3D
data sets using Eq. �3�. The calculated distribution which
best fits the experimental data is shown as a solid line. The �
value of �0.67 is roughly equal to the expected value for a
perpendicular transition for a triatomic molecule. The non-
resonant distribution is close to isotropic and represents the
sum of several ionization channels with different symme-
tries.

In Table I we present the molecular � values for two-
body dissociation channels near the C 1s and O 1s ionization
edges. We have measured spectra both above and below the

resonance regions but for all off resonance spectra the results
are similar. The average anisotropy for the two fragments is
calculated after filtering the data for the selected dissociation
channel and the integration is performed as described above.
For the C 1s→�� resonance the anisotropies for the CO+ /S+

and O+ /CS+ channels are similar but not identical. Adachi
reported a � value of �0.4 for the ARPIS measurement of all
ions.7 We can reproduce this value when we analyze the
distribution of all ions irrespective of coincidence degree but
excluding zero-energy ions.

The anisotropy for the O+ /CS+ channel is nearly always
greater than the value for the S+ /CO+ channel, independent
of the photon energy. We believe that this is significant de-
spite it being a weak effect. We exclude instrumental effects
where anisotropy depends on the flight-time, since both frag-
ments from one pair have the same anisotropy. The lower �
for S+ /CO+ suggests that the dicationic state leading to this
dissociation channel has significant bending vibrational exci-
tation. Another contributing factor is the life time; a long life
time with respect to the rotational period decreases the mea-
sured �. This is supported by Brites’12 finding of a long-lived
dication ground state which dissociates into the S+ /CO+ pair.

For all of the photon energies we have measured the
intensity of the S+ /CO+ is always 10–15 times greater than
for the O+ /CS+ channel. Calculated potential-energy surfaces
show that the O+ /CS+ channel is at the lowest energy. Brites
et al.12 calculation of the dication orbitals shows an increas-
ing electron density in the C–O bonding � orbital thus
strengthening the C–O bond. The C–S orbital, on the other
hand, loses charge, and the C–S bond length is increased.

The kinetic energy released in the two-body dissociation
channels reflects the potential surface in the dication which
leads to dissociation. We have studied the CO+ /S+ and
O+ /CS+ reactions which show only small differences in the
total kinetic energy for on and off resonance, and excitations
at the C 1s and O 1s edges. In fact, the kinetic energy re-
leased �KER� is consistent with Masuoka’s22 study in the
inner-valence region where they find a KER 3–8 eV for the
CO+ /S+ channel. This implies that the same dissociative
states are populated and that those states are already acces-
sible at 45 eV photon energy.

A similar analysis can be carried out on three-body dis-
sociation channels where two atomic ions are produced. For
the C 1s→�� state we consistently find that the terminal
fragments �O and S� have negative anisotropy parameters
while the C fragment � is positive. This clearly indicates and
overall alignment perpendicular to the polarization vector
and a bent geometry. For all photon energies, carbon and
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FIG. 2. Histogram of CO+ fragments from the CO+ /S+ dissociation channel
for resonant and nonresonant cases. �a� Distribution of fragments at C
1s−1��1 �288.08 eV�. �b� Distribution of fragments measured at 285 eV. The
direction of the polarization vector is shown. The distribution of fragments
is plotted as a function of the angle 	 �see Fig. 1� after integration of Eq. �3�
for �c� C 1s−1��1 and �d� off resonance.

TABLE I. Angular asymmetry parameters for dissociation channels at
the C 1s and O 1s ionization edges. The estimated error in these values
is �0.03.

Pathway O+ /CS+ S+ /CO+

270 eV 0.14 �0.07
C 1s→���000� �0.75 �0.67
C 1s→�� +0.10 �0.11
O 1s→�� �0.70 �0.57
O 1s→�� 0.41 0.31
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oxygen fragments from C+ /O /S+ have smaller anisotropy
than from C+ /O+ /S and C /O+ /S+. This makes sense if the
former is a sequential process where the intermediate CO+

fragment rotates before dissociation. The latter two have a
sharper anisotropy indicating rapid dissociation via Coulomb
explosion. The same phenomenon is visible in the inner-
valence region.10 Our KER values for the C /O+ /S+ and
C+ /O /S+ channels are very similar to Masuoka’s22 measure-
ments at 100 eV.

B. Dissociation of the triply ionized molecule

The anisotropy parameters for the terminal fragments are
very similar to the dication fragmentation suggesting a con-
certed explosion. We also find that ��C+� is generally of
opposite sign than the other fragment anisotropy parameters.
��C+� at the C 1s→���000� resonance is typical of a parallel
transition ��0.69� and is explained by the nuclear dynamics
in the C 1s−1��1 state. The molecule is not only bent in the
final dissociative state, but the bending preferentially occurs
in a specific direction so that the dipole moment has a ten-
dency to align with the polarization. This is evidence that the
core-excitation process cannot be separated from the disso-
ciation dynamics.23

Lavollée et al.24 find that the KER primarily reflects the
Coulomb repulsion between fragments after ionization and is
independent of the electronic state. In Fig. 3 we present in-
dividual fragment KER and the total KER at the C 1s
→���000� resonance at 288.2 eV, which is compared with C
1s→�� resonance at 311.5 eV and to the off C1s resonance
case at 286 eV. Our measured total KER distributions exhibit
no significant changes as a function of photon energy in ac-
cord with Lavollée’s finding. At the C 1s→�� resonance
there is a redistribution of kinetic energy among the frag-
ments. The terminal ions O+ and S+ have lower kinetic en-
ergies while C+ has a significant shift to higher-energy at
resonance. For the two S 2p→�� spin-orbit split states �not
presented here� we find similar energies while for all other

photon energies the distributions are nearly identical to those
from C 1s→��. This implies significant bending in the C
1s−1�� and S 2p−1�� states.

C. Fragment correlation

Coincidence techniques provide another means of analy-
sis since we also measure the vector correlation between
fragments. The normalized coordinates �i derived from the
squared momenta are defined as

�i =
�p� i�2

	i=1
3 �p� i�2

, �5�

and p� i is the momentum vector of fragment i� 
1,2 ,3�. The
kinematic constraint, 	i�i�1, requires all points to lie on a
plane. Conservation of linear momentum 	ip� i�0� , introduces
the additional constraint that all points must lie within the
unit-circle. Introduction of Cartesian coordinates xD= ��2

−�3� /3 and yD=�1−1 /3 allows data to be presented in a 2D
Dalitz plot from which the vector correlation between frag-
ments can be deduced.25,26

Dalitz plots for C 1s→�� and C 1s→�� resonances are
shown in Figs. 3�c� and 3�d�. For interpretation of this KER-
correlation plot we project the data on to each of the three
Dalitz axes. The case where particle i has zero momentum
corresponds to the point where the tangent of the circle is
perpendicular to the �i-axis. The opposite point represents
the maximum value �i=2 /3. At the center coordinate all
fragments have equal momenta. For both photon energies the
maximum density is at low �C+ values which makes sense for
the central atom in a triatomic molecule. However, at the C
1s→�� resonance, there are a significant number of events
lying at higher �C+ values so at resonance C+ gains a larger
fraction of the KER.

The shape of the regression distribution in the Dalitz plot
is closely connected to the time scale of the dissociation. By
analyzing the distributions we can distinguish between se-
quential and concerted processes.4 For a sequential dissocia-
tion in the ABC molecule �ABC→A+BC→A+B+C� the
diatomic fragment, BC, has time to rotate between the first
and second bond breaks. In this case we expect B and C to be
anticorrelated, while A, which receives a nearly constant
fraction of the total KER, should be uncorrelated with the
other fragments. In Figs. 3�c� and 3�d� none of the particles
show evidence of anticorrelation. This confirms the hypoth-
esis of a concerted process where all particles are in the
Coulomb region during breakup. We arrived at the same con-
clusion earlier regarding the O+ and S+ fragments based on
their similar anisotropies.

The fact that �S+ ��O+ implies that S+ receives slightly
more momentum than O+. The time-of-flight correlation
plots from the triple coincidences follow the same pattern
since the slope �TS+ /�TO+ �−1.2 because the time deviation
is proportional to the momentum deviation.27 We also stud-
ied Dalitz plots for the dicationic three-body breakups and
found that both C /O+ /S+ and C+ /O+ /S display uncorrelated
patterns similar to those in Figs. 3�c� and 3�d�, thus confirm-
ing the concerted dissociation. C+ /O /S+, on the other hand,
has a sharp regression perpendicular to the S+ axis, thus C+
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and O are highly anticorrelated which confirms primary ejec-
tion of the sulfur cation followed by dissociation.

The higher C+ energy seen in the Dalitz plots of the C
1s−1�� state also implies that the terminal atoms approach
each other. To this end we plot a histogram of the angle �
between the momentum vector of O+ and S+ in Fig. 4�a�. The
angle is shown in the inset in Fig. 4. The plot shows a
smaller angle for the C 1s−1�� state.

The correlation between angles also provides informa-
tion on bending so we include triple dissociation in this
analysis. In Fig. 4�b� we plot angular correlations for these
dissociation channels. The information about the neutral par-
ticle was extracted by conservation of momentum. Again we
find similar distributions for all excitation energies except for
the C 1s−1��1 state where the molecule is bent.

The bent and the linear components of the Renner–Teller
states can be resolved separately by taking the alignment of
the components into account.1 For �−� dipole transitions
the bending mode of the linear state defines a plane perpen-
dicular to that of the polarization vector �, while for the bent
state with in-plane � orbitals the molecule lies in the plane
defined by � and the photon propagation direction. Coinci-
dence events where the center fragment, C+, has a momen-
tum vector within a solid angle 4° about � arise from the
A1 component while for the linear B1 component, the cross-
product for the terminal fragment’s momentum vector is
within the same solid angle. The distributions are indepen-
dent of the chosen solid angle. Intensity normalized histo-
grams of the distribution of angle between O+ and S+ frag-
ments with respect to C for the two Renner–Teller split
components are compared in Fig. 5. The diagram shows that
the angles are similar for both states, but the A1 component
has a smaller average angle. This is evidence that static
Renner–Teller splitting is the impetus for the bending of the
molecule in the C 1s−1��1 state. Kukk et al.28 found in reso-
nant Auger electron spectra from carbon dioxide that the A1

state is populated mainly at the left edge of the C 1s→��

resonance. We investigated the population of the A1 and B1

states at different photon energies within the resonance but
found no significant variation.

The S 2p→�� state exhibits the same tendency to a bent
geometry as we found at the C 1s→�� resonance for both
spin-orbit components. The states at the O 1s edge show no
resonance dependence of the angle �see Fig. 6�, thus no
Renner–Teller effect is visible. This is in contrast with the
CO2 study of Muramatsu who also observed the bent state at
the O 1s→2�u resonance.1

D. Isomerization

A consequence of the Renner–Teller effect is the ten-
dency for isomerization to the CSO species. Brites et al.12

calculated potential surfaces in the dication and found the
energetic barrier from the linear to bent geometry is about 4
eV. Their calculations indicate that in addition to the disso-
ciation channels discussed so far an isotopic form is energeti-
cally possible. The isotopic species requires a deformation to
an angle of about 150°, which leads to a breaking of the CO
bond, and the forming of a new bond between O and S. We
have found a weak population of this channel where the fin-
ger print is coincident detection of C+ and OS+ ions. The
signal is detectable at all energies in our study, but at the C
1s→�� and the S 2p→�� state this channel has a signifi-
cantly higher branching ratio.

In Fig. 7�a� we plot the total KER for the C+ /OS+ dis-
sociation channel. The distribution peaks at between 4 and 5
eV, which despite the poor statistics, is in reasonable agree-
ment with Brites’ predicted value.12 The angular distribution
of fragments and a fit to the anisotropy are shown in Fig.
7�b�. The estimated positive value ���0.39� is far from to-
tally anisotropic, but is still in qualitative agreement with a
parallel transition, suggesting that the excitation induces the
bending. Auger decay then populates electronic states in the
dication and dissociation is prompt.
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1s−1�1� state, the C 1s−1�1� state and the off resonance measurement. �a�
Histogram as a function of angle � for the triple ionization events. �b�
Histogram as a function of angle � for the three-body double ionization
events. � is defined as the angle between the vectors pO and pS.
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The selection of this specific channel gives us important
information not only on the final dissociation state, but it
tells us that the nuclear motion in the core-excited state and
the photon absorption process cannot be regarded as separate
for this particular case. Indeed, at the time of the excitation,
photoabsorption certainly triggers the nuclear motion. The
bending mode can be excited and the corresponding transi-
tion dipole moment is in-plane and perpendicular to the ini-
tial C�v axis. By selecting the C+ /OS+ fragment, we only
monitor molecules undergoing a bending motion, with a
transition dipole moment aligned with the polarization axis.
The subsequent dissociation retains the memory of this
alignment, which is reflected in the intensity distribution of
the ejected fragments, parallel to the polarization vector, ��.
From the triple-coincidence channel, we have found that the
bending motion that causes isomerization is enhanced in the
C 1s−1��1 and S 2p−1��1 state.

IV. CONCLUSION

Analysis of the kinematics of fragmentation of the OCS
molecule at several ionization energies has provided a clear
picture of nuclear motion during the core-hole life time. We
find at the C 1s→�� resonant excitation that we induce a
bending mode in the molecule. Further we find that this
bending mode is enhanced in the Renner–Teller split A1

state. Analysis of the three-body dissociation channels indi-
cates that concerted dissociation is the primary mechanism
for fragmentation. Our study identifies the isomeric form
CSO via measurement of the C+ /OS+ ion pair, which is
found to have a unique anisotropy. The experimental method
is also shown to be a tool for revealing important informa-
tion on the temporal sequence of three-body dissociation
processes.
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FIG. 7. The C+ /OS+ channel was found at the C 1s−�� state. This channel
arises as a consequence of isomerization of the dication. �a� The KER dis-
tribution. �b� The angular distribution of fragments and a fit to the � param-
eter. The positive anisotropy implies that the bending motion cannot be
separated from the core-excitation.
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