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Abstract

Studies of the decay dynamics following carbon 1s and sulfur 2p electron excitations of the OCS molecule using the
photoelectron–photoion–photoion coincidence method and a synchrotron radiation source are presented. A Monte Carlo
code is utilized to interpret the data obtained, which together with previous measurements including branching ratios, kinetic
energy distributions and ionic b-parameters give new information on the dynamics of three-body dissociation processes. The
results indicate that the instantaneous and sequential dissociation models should be replaced by quasi two-step models.
q 1998 Elsevier Science B.V.

1. Introduction

The decay dynamics of multiply ionized triatomic
w xmolecules has received much attention 1–4 . A fun-

damental question addresses whether the fragmenta-
w xtion occurs instantaneously or sequentially 2 . De-

tailed information may be obtained by using the
photoelectron–photoion–photoion coincidence
Ž . w x w xPEPIPICO method 5 as shown by Eland 2 for

w xseveral tri-atomic molecules. Masuoka 3 utilized
this technique in synchrotron radiation experiments
and it became obvious that the dissociation mecha-
nisms of the OCS molecule did not depend on the
excitation energy in the valence region. However,
studies of core excited tri-atomic molecules have
indicated several effects not exhibited in the valence

excitation region. For example, core excited N O,2

CO and OCS have exhibited ionic branching ratio2
w xdependence on the site of the excited electron 6–10 .

In the case of OCS high-resolution measurements
w xhave also revealed branching ratio 10,11 , ionic

w xemission asymmetry 12 and kinetic energy distribu-
w xtion 10 variations, depending upon the state to

which the particular core electron was promoted.
This indicates that the dissociation dynamics of core
and valence excited polyatomic molecules may be
quite different.

In the present Letter we study the dissociation
dynamics of the core excited OCS molecule using
the PEPIPICO technique. To interpret some of the data
we have used a Monte Carlo simulation code. By
combining these data with previous results including
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branching ratios, kinetic energy distributions and
ionic emission asymmetry measurements, new infor-
mation related to the mentioned problem has been
obtained.

2. Experimental

The experiment was carried out at the undulator
w xbeamline 51 13 at the Swedish National Syn-

chrotron Facility MAX I which is equipped with a
modified SX700 monochromator providing photons

Žin the 60–600 eV range with high resolution )
.3000 . The small incident light bandwidth permitted

measurements at selected neutral states with the en-
ergies 164.2, 165.5, 166.9, 168.1 and 288.3 eV,

Ž y1 . ) )corresponding to the S 2p p , p , 4s ,3r2 1r2 3r2
Ž y1 . )4s , and C 1s p resonances, respectively. In1r2

addition, measurements above the sulfur edge at
178.0 eV and the carbon edge at 322.0 eV were

Žperformed. The monochromatized photon beam with
w x.a linear polarization degree of 99% 14 entered the

Žexperimental chamber ambient pressure below 3=
y7 .10 Torr perpendicularly to a gas jet. The chamber

pressure during measurements was ;1=10y5 Torr.
The beam width at the focal spot was in the 50 mm
range. The measurements were performed with a
Wiley–McLaren time-of-flight mass spectrometer
w x15 with a 210 mm drift tube mounted perpendicu-
larly to the beam and the gas jet and at the magic

Ž .angle 54.78 relative to the polarization vector of the
Ž .photon beam. A high 400 Vrcm static electrical

field was applied to the interaction region to saturate
the collection efficiency. Both electrons and ions
were detected by microchannel plates, providing sig-
nals which were amplified and fed via fast discrimi-
nators to start and stop inputs of a high-resolution
Ž . Ž500 ps multi-channel scaler PC card FAST Model

.7886 . The coincidence data were used to create a
two-dimensional coincidence map with a time reso-
lution of 8.25 ns. The MATLAB environment dis-
played the results in the form of contour plots.

In order to interpret the coincidence data, a Monte
Carlo code has been developed which simulates the
experimental situation by taking the geometry, elec-
tric fields and ion source size into account. The code
produces coincidence maps from instantaneous, se-
quential or quasi-two step dissociations of the OCS

molecule with certain bent configurations, kinetic
energy releases and emission anisotropy parameters.

3. Results and discussion

Comparison of the PEPIPICO spectra obtained from
the sulfur 2p and carbon 1s core electron excited
OCS molecule did not reveal any significant shape
differences. Furthermore, excitations to valence and
Rydberg states resulted in minor or no shape differ-

w xences 12 . Representative examples of the data ac-
Ž y1 . )quired at the S 2p p resonance are presented3r2

in Figs. 1 and 2. By comparison with data obtained
w x w xby Eland 2 and Masuoka 3 , recorded in the va-

lence electron excitation region of the same molecule,
important similarities and differences are revealed.
These will be presented and discussed in the follow-
ing sections.

3.1. Two-body dissociations: COqqSq and COqq
S2 q coincidences

Both the COqqSq and COqqS2q coincidence
Ž .patterns Fig. 1a and c show the narrow features

characteristic of two-body dissociation, with slopes
of y1.1 and y2.1. These agree well with values
Ž .y1.0 and y2.0 respectively obtained from simula-

Ž .tions based on two-body dissociation Fig. 1b and d .
The highest intensity feature within the COqqSq

group corresponds to a dissociation energy of 8 eV,
giving the COq and Sq fragments produced in this
channel a mean energy of 4.3 and 3.7 eV, respec-
tively. The corresponding values for the COq and
S2q fragments are 5.9 and 5.1 eV, respectively.
These values are consistent with kinetic energy dis-

w xtributions extracted from PEPIPICO spectra 10 where
the COq ions have a main peak at ;3 eV with a
broad shoulder extending up to ;7 eV and the Sq

ions have a main peak at ;3.5 eV. Due to the flight
time overlap between Oq and S2q, no kinetic ener-
gies have previously been extracted specifically for
the S2q ion.

3.2. Three-body dissociations: OqqSq, C qqSq

and C qqOq coincidences

The OqqSq coincidence group is presented in
Fig. 1e. The group has a main slope of ; y1.1,
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similar to measurements in the valence region by
w x w xEland 2 and Masuoka 3 and indicating a simulta-

neous three-body dissociation. In this case the emit-
ted ions are not obstructed and therefore some de-
gree of anisotropy is expected from a linear configu-

ration, which indeed has been observed in previous
w xmeasurements at certain resonances 12 . As can be

observed, the width of the coincidence group is
broader than for the two-body dissociation groups
discussed above. This indicates that the dissociation

Ž y1 . Ž y1 .Fig. 1. Photoelectron–photoion–photoion coincidence contour maps from the S 2p and C 1s core excited OCS molecule.
Ž y1 . ) Ž . Ž . Ž .Representative experimental examples acquired at the S 2p p resonance are presented in maps a , c and e . Results from3r2

Ž . Ž . Ž . Ž . Žsimulations are presented in maps b , d based on the two-body dissociation model and f based on the quasi two-step dissociation
.model . See the text for further discussion.
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is a quasi two-step process and not purely instanta-
neous, where the order of bond breaking between the
carbon and the terminal fragments and the energy
released determines the total momentum of the oxy-
gen and sulfur ions which then may obtain values
different from zero. Simulations based on this model
fit well to the experimental data, see Fig. 1f. The
released energy in the dissociation between carbon
and one of the terminal fragments was allowed to
vary between 0 and 0.5 eV while the total released
energy varied between 14 and 20 eV. The scattering
angle of the carbon fragment relative the molecular
axis varied between 0 and 458. However, this sce-
nario does not explain the presence of high kinetic
energy sulfur ions above 10 eV detected in previous

w xmeasurements 10 for which the corresponding oxy-
gen ions should gain 20 eV which clearly are not
seen in the kinetic energy distributions. It was sug-

w xgested 10 that the pure two-step model, where the

COq ion dissociates after the bond break with the
Sq ion and complete charge separation, is more
appropriate in this particular case. It should be em-
phasized that the present measurement do not ex-
clude this conclusion due to the lack of statistics for
high kinetic energy ions in the PEPIPICO maps.

The CqqSq coincidence group is presented in
Fig. 2a. The main slope is ; y1.7 which clearly
differs from the calculated value of a linear instanta-
neous three-body dissociation corresponding to a
vertical slope. This indicates either a non-linear in-
stantaneous or a sequential three-body dissociation

w xprocess. Previously presented 12 angular resolved
measurements reveal bent configurations following
sulfur 2p valence resonances, while the dissociating

Žconfigurations of other core excited resonances both
.at the sulfur and carbon site appear to remain linear.

Since only small differences have been observed in
the PEPIPICO data obtained at these different reso-

Ž y1 . Ž y1 .Fig. 2. Photoelectron–photoion–photoion coincidence contour maps from the S 2p and C 1s core excited OCS molecule.
Ž y1 . ) Ž . Ž .Representative experimental examples acquired at the S 2p p resonance are presented in maps a and d . Results from simulations3r2

Ž . Ž . Ž . Ž . Ž . Žare presented in maps b based on the quasi two-body dissociation model , c based on the two-body dissociation model , e based on
. Ž . Ž .the instantaneous dissociation model and f based on the two-step dissociation model . See the text for further discussion.
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w xnances 12 , the instantaneous mechanism should
therefore be excluded. In similarity to the valence

w xexcited case 2,3 this leaves the sequential three-body
mechanism to be considered. However, the measured

Ž .slope y1.7 is higher than measured by both Eland
w x Ž . w x2 y1.92"0.02 with a He lamp and Masuoka 3
Ž .y2.32 at 80 eV and differs from the calculated
value of y2.33, assuming a sequential process with
zero kinetic energy release in the second dissocia-
tion. It can also be observed that the spread is
significantly larger compared with the two-body dis-

w xsociation described above. As Eland 2 remarked,
this indicates that the repulsive dissociation of the
COq ion takes place within the Coulomb field of the
Sq ion, causing a complex situation where the oxy-
gen atom is obstructing the outgoing Coulomb re-
pelled carbon ion resulting in scattered trajectories of
the latter. This model is therefore called quasi two-
step dissociation. A simulation based on this model
is presented in Fig. 2b. The released energy in the
COq dissociation was allowed to vary between 2
and 6 eV while the released energy in the Cq and
Sq ion dissociation varied between 14 and 18 eV.
The scattering angle of the carbon fragment relative
the molecular axis varied between 0 and 458. As can
be observed, the result shows good agreement with
the experimental data, which is not the case for a

Ž .similar simulation Fig. 2c based on a pure two-step
dissociation model for which the slope disagrees.
Scattering of the carbon ion, which mainly is formed

w xin this dissociation channel 10 , also explains the
lack of anisotropy for this ion at the measured

w xresonances 12 .
The CqqOq coincidence group is presented in

Fig. 2d. Since Oq and S2q ions have same mass to
charge ratios it is actually not possible to assign this
group entirely to carbon and oxygen coincidences.
Therefore in the following argument, the Oq and
S2q can be interchanged and the conclusions drawn
are not affected by this. As can be observed in the
coincidence map the slope intersecting with the cen-
ter of this group may obtain any value in the inter-

w x w xvals y`, y1.0 and q8, q` . This is clearly dif-
ferent from similar measurements in the valence

w xexcitation region by Masuoka 3 , where a vertical
slope indicated an instantaneous three-body dissocia-
tion from OCS2q or OCS3q with the central carbon
atom or ion as a spectator receiving little or no

kinetic energy. Actually, it is not possible to fit
simulated PEPIPICO spectra of instantaneous linear
three-body dissociations to the coincidence map ex-
cept for data points with a vertical slope correspond-
ing to carbon of zero kinetic energy. Simulated
spectra of instantaneous three-body processes can be
fitted to the data if different bent configurations of
the dissociating molecule with different energy re-
leases are considered. However, since the oxygen ion
emission have been found to exhibit anisotropy at

w xalmost all resonances 12 this model does not seem
adequate. Instead a quasi two-step model, where the
multi-ionized OCS molecule dissociates into a S
atom or ion with low kinetic energy and a short-lived
CO2q ion which almost instantaneously dissociates
into Cq and Oq, better describes the measured data.
In this model the relative kinetic energies of the
carbon and oxygen ions are strongly affected by the
presence of the sulfur fragment. If the emitted carbon
ion is backscattered by the massive sulfur fragment
the situation will resemble the instantaneous process
Žsee the simulated example in Fig. 2e which is based
on the instantaneous model where the dissociation

.energy varies between 16 and 20 eV and might even
result in the situation that the carbon and oxygen
have momentum components both towards or oppo-
site relative to the detector, which is exhibited as

w xslopes of the coincidence group in the q8, q`

interval. If the carbon ion is only slightly scattered
against the sulfur fragment the situation will greatly

2q Žresemble a two-body dissociation of CO see the
simulated example in Fig. 2f which is based on
two-body dissociation of CO2q where the dissocia-

.tion energy is varied between 7 and 9 eV . For the
intermediate case, with the degree of scattering of
the carbon fragment between the two mentioned
extreme cases, the slopes of the coincidence group

w xassumes values in the interval y`, y1 . The low
w xdegree of anisotropy 12 of the carbon ion at all the

measured resonances is then explained with these
models by scattering effects against the sulfur frag-
ment.

4. Conclusions

The fragmentation processes of the sulfur 2p and
carbon 1s core photon excited OCS molecule have
been studied by photoelectron–photoion–photoion
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coincidence measurements recorded at the magic
angle at high extraction fields. By combining the
results with data from previous experiments includ-
ing branching ratios, ionic asymmetry b-parameters
and kinetic energy distributions and utilizing a Monte
Carlo simulation code a better picture of the decay
mechanisms have been obtained. While two-body
dissociations show no dependence on the excitation
energy, three-body dissociations show significant
differences compared to valence excitations. The
data suggest that the differentiation between instanta-
neous one-step processes and sequential two-step
processes in these cases is not quite clear. Instead
quasi two-step models appear to be more appropri-
ate, which means that second step occurs in the
vicinity of the first one. These models also explain
the low degree of anisotropy observed for the central
carbon ion fragment at all measured resonances due
to collisions against the terminal ions or atoms.
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