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Abstract

Energy-analysed photoelectrons have been measured in coincidence with product ions from photoionisation of carbonyl
sulphide at 21.21 and 40.8 eV photon energy. Yields of the different products and kinetic energy release distributions in
fragment ion formation are reported. Results on the states below 20 eV agree with previous work, but our interpretation differs;
new data are presented on inner valence states. In dissociation from states in the band at 23 eV there is forward/backward
asymmetry in fragment ion direction relative to the electrons, indicating a fast dissociation and possibly identifying the band
as a 7s satellite. (Int J Mass Spectrom 184 (1999) 67–74) © 1999 Elsevier Science B.V.
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1. Introduction

In contrast to simple measurement of a photoelec-
tron spectrum or of a photoion yield curve by photo-
ionisation mass spectrometry, photoelectron photoion
coincidence (PEPICO) spectroscopy provides direct
correlation between the initial state of a molecular ion
and the fragments formed when the ion dissociates.
The parameters that can be measured as functions of
initial ion state include the branching ratios to differ-
ent products, the kinetic energy release distribution in
each fragmentation, and the rates of slow (metastable)
decays. In addition, angular correlations between the
initial photoelectron direction and the fragment ion
direction can be observed and are in principle a rich
source of information on the dynamics of the ionisa-

tion process [1]. Several examples of anisotropic
electron–fragment ion correlations have been found in
photoionisation of polyatomic molecules [2–4] and
recently for diatomic species [5]; strong effects are
observed where the reaction is faster than molecular
rotation and where the decay involves purely axial
recoil. These conditions are likely to be met in the
inner valence states of linear triatomic molecules such
as OCS. Asymmetric triatomics are particularly suit-
able targets in a search for anisotropic electron–ion
correlations, because of their lack of inversion sym-
metry, although the kinetic energy release distribu-
tions are broader than in diatomic dissociations, be-
cause of the vibrational and rotational excitation of
the diatomic product. This makes it almost impossible
to detect effects ofalignmentbetween electron and
product ion in experiments of the present design, but
effects oforientation, where electrons leave preferen-
tially from one end of the molecule, should be* Corresponding author.
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observable. This paper reports an investigation of the
PEPICO spectrum of OCS including all states up to
40 eV in a search for such orientation effects. Clear
anisotropy has been found in dissociations following
ionisation to just one inner valence band. Previous
results on the decay of the outer valence single-hole
states are largely confirmed.

The valence orbital configuration of the OCS
molecule can be written:

6s2 7s2 8s2 9s2 2p4 3p4 1S
1

The outer valence states X, A, B, and C arise from
ionisation of a single electron from each of the
outermost orbitals. All these states have resolved
vibrational structure which has been extensively stud-
ied by photoelectron spectroscopy [6–10] and thresh-
old photoelectron spectroscopy [11,12]. Since the line
widths are narrow, dissociation from these states is
not extremely fast. The inner valence states between
19 and 40 eV are much less well known, and, except
for the 19 eV band, are reported only in photoelectron
studies [13–16] at low resolution. The 19 eV band is
apparently continuous, in common with most inner
valence bands, possibly because of rapid dissociation
in keeping with the high available energy.

The ionic dissociations of OCS1 from the outer
valence states have been examined before using the
PEPICO technique [17,18] and in most detail by
threshold PEPICO (TPEPICO) [19]. Hubin-Franskin
et al. [19] proposed on the basis of their measure-
ments and calculations that a major pathway for decay
from the A and B states involves internal conversion
to the ionic ground state surface. Fluorescence emis-
sion competes with dissociation from the (000) levels
of theA state; the lifetime was initially found to have
both fast and slow components (100 and 500 ns [20]);
later measurements have confirmed only the fast
decay, with resolution of the spin–orbit components
of the ionic state [21,22]. Predissociation lifetimes of
the excited levels of A which do not fluoresce were
reported to be relatively long if the bending mode is
excited, but unmeasurably short on excitation of
stretching modes [22]. No recent measurements on
the dissociations of OCS1 from theC state have been

reported; almost nothing is known about the dissoci-
ation behaviour of the inner valence states.

2. Experimental

The PEPICO spectra of OCS were recorded by
using an improved apparatus which is described in
detail elsewhere [23] and shown schematically in Fig.
1. Briefly, ions are formed at the intersection of an
effusive gas jet with a wavelength-selected light beam
from an atomic discharge lamp. Electrons are col-
lected under zero-field conditions by a hemispherical
analyser of 125 mm mean radius fitted with a posi-
tion-sensitive detector. When an electron is detected,
a pulsed extraction field is applied to the source and
ions are detected in a two-field Wiley–McLaren type
[24] time-of-flight (TOF) mass spectrometer. This
arrangement allows relatively high mass resolution
(M/DM 5 200) while preserving an electron resolu-
tion dependent only on the analyser pass energy. For
maximum resolution a pass energy of 5 eV allows
peak widths of 50 meV. A complication of the pulsing
technique is that a delay is introduced because of the
electron flight time between ion formation and extrac-
tion. One effect of this delay can be a loss of
high-energy light fragment ions, but this is not
thought to affect the present data for OCS. The losses
and other effects of the delay on peak shapes are
accounted for in simulations as part of the data

Fig. 1. Scheme of the PEPICO spectrometer. A delay-line encoded
position-sensitive detector is located in the focal plane of the
hemispherical electron energy analyser.
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analysis. To keep the rate of accidental coincidences
to below 10% of true coincidences, a level where
subtraction is completely reliable, the event rate has to
be restricted by low target gas pressure and low light
intensity. As a result, the run time for each individual
spectrum is about 24 h.

The sample of OCS used was a normal commercial
one. It contained small amounts of CO2 impurity
which produced spurious CO1 and CO2

1 signals.
Since the dissociation characteristics of CO2 have also
been studied [25] these features could be recognised
and have been removed in the data analysis.

3. Data reduction

The raw experimental data are a set of individual
coincidences linking photoelectron energy and ion
flight time. The whole data set can be visualised as a
two-dimensional representation; an example of such
an intensity-encoded two-dimensional map is shown

in Fig. 2. Although all experimental information is
included in such a map, it is difficult to use it in this
form to draw quantitative conclusions. Most of the
analysis is performed on one-dimensional distribu-
tions obtained as cuts or projections of the full data
set. The most useful of these in determining the
sources of the different product ions are photoelectron
spectra coincident with individual ions which corre-
spond to vertical cuts around the ion times of flight in
the map; several examples are shown in Figs. 3–5. To
acquire data on the behaviour of different ionic states,
horizontal cuts at fixed electron energy can be taken,
giving complete mass spectra arising from the indi-
vidual electronic state or vibrational level. Peak
shapes for single masses in such spectra are inter-
preted in terms of the kinetic energy release distribu-
tion (KERD) in the ion decay.

To analyse ion TOF peak shapes, we use two
strategies. Either peak shapes can be transformed into
estimated KERDs by direct inversion using smooth-
ing and iterative deconvolution, or the shapes can be
compared with simulated peaks in forward convolu-
tion. In simulations, effects of anisotropic angular
distributions can be included [5], but in direct inver-
sion we assume isotropic distribution of fragment
ions.

Fig. 2. A two-dimensional spectrum of time of flight vs. ionisation
energy for OCS taken at 30.4 nm (40.8 eV photon energy) and at a
pass energy of 30 eV. Accidental coincidences have not been
subtracted from this image; they account for all the OCS1 signal
visible.

Fig. 3. Photoelectron spectrum and coincident ion spectra of OCS
at 58.4 nm (21.2 eV photon energy) and a pass energy of 10 eV.
The figure has the same vertical scale from displaced zeros in all
parts, with a peak of 900 counts per channel on S1 from theB state.
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4. Results

Photoelectron spectra and coincident photoelectron
spectra for different ion products are shown in Figs.
3–5. Examples of ion peak shapes from mass spectra
coincident with selected energies or photoelectron
bands are shown in Figs. 6 and 7. Three estimates of
the KERD for S1 from OCS1 [C(000)], obtained
from separate experimental runs under different sets
of conditions, are shown in Fig. 8 to illustrate the
reproducibility of the direct inversion procedure on
signals of moderate intensity. The branching ratios are
collected in Tables 1 and 2.

4.1. Origin of different ions

The OCS1 ion remains undissociated only in
levels of the ionic ground state below the lowest
dissociation limit (Table 3), and in the fraction of the
A(000) level which emits fluorescence. The main
fragment ion is S1, which is formed abundantly from
all the excited states of OCS1 populated, and also
from OCS21. From the appearance of the KERDs we
believe that S1 is formed together with CO through-
out the energy range, rather than with atomic frag-
ments. The second most abundant ion is CO1; the
formation of this ion starts in the C state, and it
continues to be formed from the inner valence states

up to 26 eV. It is not formed from the higher inner
valence states, but sets in again as a partner to S1

Fig. 5. Photoelectron spectrum and coincident ion spectra in the
inner valence region using 30.4 nm radiation and 30 eV pass
energy. The signal was 200 counts per channel at the peak for S1

near 18 eV; for some ions the vertical scale has been expanded as
indicated.

Fig. 4. Detail of photoelectron spectrum and coincident ion spectra
for the C state of OCS1 at a pass energy of 5 eV giving about 50
meV resolution. The common vertical scale corresponds to 550
counts per channel at the maximum of the S1 signal.

Fig. 6. TOF peak shapes for S1 fragments coincident with electrons
corresponding to the A state of OCS1, showing normal forward/
backward symmetric profiles. The peak S1 signals in the three
spectra were (top to bottom) 900, 100, and 110 counts per channel.
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from dissociative double ionisation above about 34
eV.

The CS1 ion comes mainly from the inner valence
states between 21 and 29 eV, and only with very low
abundance from the inner valence state at 19 eV. Its
onset is at about 19.5 eV, 1 eV above the first
thermodynamic limit for CS1 1 O, but below the
limits for excited forms of the products.

The C1 ion is observed only above the atomisation
threshold at about 25 eV, where it is first formed with
very low kinetic energy. There is thus no detectable
formation of C1 1 SO. The SO1 ion is not detected
at all, in contrast to the significant formation of S2

1

from CS2 [26–28], so there are apparently no ionic
states at suitable energy with long enough lifetimes to
explore this remote part of the phase space. The least
abundant observed product is O1, which is seen only
above the atomisation threshold at 28 eV.

4.2. Behaviour of individual ionic states

4.2.1. A state (15.07–16 eV)
The first state energetically capable of dissociation

is A 2), whose lower vibrational levels can decay

Fig. 7. TOF peaks for S1 and CO1 fragment ions coincident with
electrons in the 19, 23, and 36 eV ionisation bands. Forward/
backward asymmetry is seen as an accumulation of intensity to the
right of the centre line for S1 and to the left of it for CO1 in the 23
eV band. Maximum signals correspond to about 100 counts per
channel in all the peaks.

Fig. 8. KERDs derived by direct inversion of the forward halves of
TOF peaks coincident with electrons from theC(000) level under
different conditions: curve (a) 30.4 nm ionisation, 30 V pass
energy; curve (b) 58.4 nm ionisation, 10 V pass energy; curve (c)
58.4 nm ionisation, 5 V pass energy. The backward halves of the
same peaks give three more independent curves of similar content.

Table 1
Main branching ratios to ionic products fromX, A, B, andC
states of OCS1

State and
vibrational
level % CO1 % S1 % OCS1

X (000) . . . . . . 100
A (000) . . . 78.46 14.6 21.66 7.6
A (100) . . . 96.66 12.8 3.46 2.9
A (101) . . . 97.96 10.1 2.16 1.5
B (000) . . . 100.56 3.0 20.56 0.4
B (010) . . . 98.96 10.5 1.16 1.1
B (100) . . . 99.36 8.2 0.76 0.7
C (000) 8.86 0.5 90.06 1.6 1.26 0.3
C (100) 14.76 1.4 84.76 3.5 0.56 0.8
C (001) 22.16 1.4 77.06 2.6 0.86 0.6
C (002) 17.86 1.4 78.36 3.0 3.96 1.0a

a The apparent nonzero yield of parent ions is almost certainly an
artefact due to scattered electrons.

Table 2
Branching from the inner-valence states of OCS1

Band C1 O1 CO1 S1 CS1

19 eVa . . . . . . 366 2 546 2 26 0.5
23 eV . . . . . . 466 2.5 416 2.5 116 1.5
26 eV 76 1 0.96 0.3 156 1.5 536 3 216 2
30.4b 216 2 56 1 66 1 516 3 36 1
36 b 6.56 1 56 1 236 1 526 2 16 0.5

a Across the 19 eV band the yields of CO1 and CS1 rise relative
to S1; the figures given are for the centre of the band at 19.9 eV.

b A 6% yield of OCS21 is also recorded in the range of these
bands.
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only to ground state products S1 (4S) 1 CO, whereas
for levels above 15.36 eV the excited products S1

(2D) 1 CO are also energetically accessible. For the
(000) level we find 21.6%6 7.6% OCS1 (and
78.46 14.6% S1). This result is consistent with the
previous result of 17% OCS1 from fluorescence yield
[21]; disagreement with the previous PEPICO value
of 23.5%6 11% OCS1 [18] is only apparent, be-
cause (000) was not resolved from higher vibrational
levels in that work. The KERDs from dissociation of
levels of A below 15.36 eV indicate, in agreement
with the TPEPICO results [19], that the CO fragment
is formed in a range of vibration levels fromv 5 2 to
v 5 6 with higher vibrational levels favoured. The
KERDs for dissociations from levels above 15.4 eV
include a wide range of energies, but with a notable
increase in the intensity of the low energy component.
The simplest explanation is that although dissociation
still takes place to the lower limit, an increasing
fraction of the products is electronically excited, in
agreement with conclusions from the early PEPICO
work [18]. Dissociation to very high vibrational levels
of ground state products, as proposed by Hubin-
Franskin et al. [19], is not ruled out, but represents a
less natural explanation. The TOF peaks for S1 taken
from three energy ranges in the band are given in Fig.
6, clearly showing the increasing prominence of low
energy releases at the higher excitation energies. The
TOF peak taken from the highest range, 15.7 to 15.88
eV, appears from its narrow profile to result from the

lower KE fragment ions only, and thus to be due to
dissociation mainly to excited fragments.

4.2.2. B state (16.04–16.54 eV)
The peak widths and deduced KERDs change

smoothly as theB state is reached, suggesting that the
breakdown behaviour of OCS1 in theB state is more
or less continuous with that of theA state. Dissocia-
tion seems to go to both accessible limits but mainly
to formation of S1 (2D) 1 CO, with a wide range of
vibrational levels populated. As in the case of theA
state, the KERDs could represent formation of ground
state products with very high vibrational excitation of
the CO, but we consider this less likely. The experi-
mental KERDs themselves are consistent with those
of Hubin-Franskin et al. [19] and of Frey et al. [18].

4.2.3. C state (17.96–19.04 eV)
OCS1 ions in all levels of this state are energeti-

cally able to reach three dissociation limits for S1 and
one for CO1; for the highest vibrational levels a
second CO1 limit is accessible (Table 3). The relative
yields of CO1 and S1 change notably from one
vibrational level to another, as seen in Fig. 4. The
kinetic energy release distribution in S1 formation
from C(000), Fig. 8, contains weak high energy
components (3–4 eV) corresponding to ground state
products, and also more intense lower energy compo-
nents (0–2 eV) which may correspond to ground or
excited state S1 fragment ions. The distribution can-
not be interpreted in detail because of the many
possible pathways and low energy resolution. In CO1

formation fromC 2 ¥1(000) there is a well-defined
bimodal KERD, with energy releases of 0.8 and 0.6
eV; by comparison with the available energy of 0.8
eV these show that the CO1 is formed inv 5 0 and
v 5 1 only.

4.2.4. Band around 19.9 eV
Holland and MacDonald [16] were unable to pro-

vide an unambiguous assignment of this band because
the theoretical spectra [14,29] provide insufficient
guidance. The main product ions, S1 and CO1, are
formed in almost equal quantities at most energies
within the band. A small yield of CS1 is also recorded

Table 3
Selected dissociation limits for OCS1

Fragments Energy/eV

CO (X 1¥1) 1 S1 (4Su) 13.52
CO (X 1¥1) 1 S1 (2Du) 15.36
CO (X 1¥1) 1 S1 (2Pu) 16.56
CO1 (X 2¥1) 1 S (3Pg) 17.17
CO1 (X 2¥1) 1 S (1Dg) 18.32
CS1 (X 2¥1) 1 O (3Pg) 18.56
CO1 (A 2)) 1 S (3Pg) 19.73
CS1 (A 2)) 1 O (3Pg) 19.99
CS (X 1¥1) 1 O1 (4Su) 20.44
CS (X 1¥1) 1 O1 (4Su) 23.76
SO (A 3)) 1 C1 (2Pu) 20.17
SO (X 3¥2) 1 C1 (2Pu) 24.92
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above 19.5 eV (lowest asymptotic limit 18.53 eV),
increasing to 5%6 1% at 20.5 eV. The ion peak
shapes for the major products (Fig. 7) are symmetri-
cal; their widths and shapes indicate broad KERDs
with energy releases ranging from 0.2 to 2 eV. This
band represents the only states of OCS1 at energies
below 21.2 eV which are energetically capable of
producing CO1 ( A2 )) as a fragment (Table 3). Since
emission from this excited fragment is seen in 58.4
nm photoionisation [30] and in helium flowing after-
glows [31] with OCS, the low kinetic energy releases
in CO1 formation must correlate with formation of
this electronically excited product ion.

4.2.5. Band at 23 eV
The band at 23 eV is well defined in our HeII

spectra, as also in the spectra of Holland and Mac-
Donald [16] at a range of photon energies. The
theoretical spectra [14,29] suggest two possible ori-
gins, either as a 2p satellite or as a 7s satellite. The
overall branching ratios are 46% CO1, 41% S1, and
11% CS1. The onset of significant CS1 intensity is
close to the start of this band. The peak shapes for
both S1 and CO1, shown in Fig. 7, are forward/
backward asymmetric in complementary senses,
showing preferential electron emission from the S end
of the molecule. The dissociation must be very rapid
after ionisation, and as complementary asymmetries
are produced, the same state or states probably disso-
ciate into both product channels. No KERDs can be
derived, but the main energy releases are of about 2
eV for both ionic products.

4.2.6. Band at 26 eV
In this energy region, which may not really qualify

as a separate band, there is only very weak production
of CO1, but continued formation of CS1 as well as
S1 and a small contribution from C1 following the
atomisation onset. The ion peak shapes seem to be
forward/backward symmetric, but the statistics are
poor and no reliable KERDs can be derived.

4.2.7. Double ionisation region, 30 to 41 eV
There are two rather indistinct bands at 30.4 and

35.7 eV reported by Holland and MacDonald [16]

which are seen best at shorter ionising wavelengths,
but the major process in this energy region at 40.8 nm
wavelength is double photoionisation. Because we
measure the energy of only one of the two electrons
ejected in double photoionisation, no definite identi-
fication of initial OCS21 states can be made. Rather,
the coincident photoelectron spectrum for a doubly
charged product such as OCS21 (Fig. 5) is roughly
equivalent to a yield curve in photoionisation mass
spectrometry. In addition to the doubly charged ion
OCS21 we have also measured the yield of CO1 1
S1 ion pairs as electron–ion–ion triple coincidences.
From comparison of the yield curves with the known
ion collection efficiency and a small correction for
loss of sideways-flying ions, it seems that all the CO1

formed above 32 eV is in the form of such ion pairs.
Since S1 is slightly more abundant than CO1 at these
energies, not all of its formation can be accounted for
in this way. The kinetic energy release in cation pair
formation is large, about 6 eV; it is consistent with
previous measurements of the dissociative double
ionisation made by the PEPICO technique with
unanalysed electrons [32]. At an electron energy near
zero there is a strong photoelectron intensity peak
which shows up in all fragment ion channels and
especially in the yield of CO1 1 S1 ion pairs. This
may possibly be an artefact, but may indicate an
indirect ionisation process via neutral or ion state(s)
almost matching the photon energy.

5. General discussion and conclusions

It is satisfying that the prediction which led to our
investigation of OCS is borne out by the discovery of
a band showing an orientation of fragment ions
relative to photoelectrons. This is a small additional
piece of evidence for a general expectation that
photoelectron-fragment ion distributions should usu-
ally be anisotropic (contrary to the almost universal
practical assumption of isotropy). Our present exper-
imental and analysis methods detect anisotropy only
where it is large because of very rapid dissociation,
but because anisotropy is never totally abolished by
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free rotation, smaller but real anisotropies may be
present in most cases.

The particular case of emission from the S end of
the OCS molecule in the 23 eV inner valence band
may be an example where fixed-molecule angular
anisotropy helps with spectral assignment. According
to Holland and MacDonald [16], the band is either a
2p or 7s satellite. These two orbitals differ quite
markedly in their Mulliken populations [33], 2p being
located mainly on the O atom with very little S
character, whereas 7s is located mainly on S and
hardly at all on O. Emission preferentially from the S
end of the molecule seems to favour the 7s assign-
ment, though there is no strict theoretical connection
between orbital population and emission direction.
Several other states of predominant 7s character are
predicted between 25 and 30 eV, but no forward
backward asymmetry could be detected in that range
with the present sensitivity.
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