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Anisotropic angular distribution of fragment ions in dissociative double photoionization of OCS
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Angular distributions of fragment ions produced in the dissociative double photoionization of OCS
have been studied in the photon energy region 37-100 eV with the use of synchrotron radiation and
photoion-photoion coincidence. The asymmetry parameter 8 ranges from 0.01 to 0.48 for the three ma-
jor dissociation channels OC*+S*, O +S*+C, and C*+S*+0 of OCS?*. The observation of an
anisotropy in the direct double photoionization from valence orbitals is discussed in relation to the sym-
metry consideration involved in the transition and the dynamics of the dissociation.

PACS number(s): 33.80.Eh, 33.80.Gj, 33.90.+h

I. INTRODUCTION

It has been widely recognized that the angular distribu-
tions of neutral fragments produced in molecular photo-
dissociation are closely related to the symmetry and dy-
namics of the processes involved [1]. If a dipole-allowed
2-2 or II-II transition occurs in randomly oriented linear
molecules or ones with cylindrical symmetry by absorp-
tion of linearly polarized light (AA =0, the transition mo-
ment is parallel to the molecular axis), then the form of
the anisotropy is cos?@ (parallel transition). If a =-II or
I1-A transition occurs (AA==1, the transition moment is
perpendicular to the molecular axis), then the form of the
anisotropy is sin?@ (perpendicular transition) under axial
recoil conditions, i.e., the decay time is small enough
compared to one rotational period. The angle 0 is mea-
sured relative to the direction of the electric vector of the
light. In the case of dissociative photoionization, the an-
gular distribution of a given fragment ion depends on the
symmetry of the total final state (i.e., molecular ion plus
photoelectron), following the same formalism mentioned
above as studied for H, at 40.8 eV [2], and also in the re-
gion of the K-shell excitation and ionization for N, [3,4],
O, [5], and NO [6]. Very recently, anisotropy of the
CF,I" and I'* fragment ions has been recorded in the re-
gion of the CF,;I" 4 state [7].

Although similar types of symmetry-characterized dis-
sociation may also occur in direct double ionization (not
via Auger decay), anisotropy of fragment ions has not
been detected as yet for two-body dissociation by
photoion-photoion coincidence (PIPICO) spectroscopy
[8—11]. For three-body dissociation, Eland has observed
angular correlations among the three fragments
(A" +B ™" +C from ABC*") by a triple coincidence pho-
toelectron PIPICO (PEPIPICO) experiment [12] but no
detailed modeling or symmetry consideration was given
for the angular correlations.
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We have recently studied the dissociative single, dou-
ble, and triple photoionization in the valence region of
OCS [13] and some other molecules [Al (CH;); (Ref. [14])
and SiF, (Ref. [15])] using synchrotron radiation, time-
of-flight mass spectrometry, and PIPICO spectroscopy.
In the present work on OCS we report an observation of
the anisotropic angular distribution of fragment ions in
direct dissociative double photoionization. Kinetic ener-
gies released in the observed dissociation channels will be
reported separately [16].

II. EXPERIMENT

The PIPICO spectra were measured by use of syn-
chrotron radiation and a time-of-flight (TOF) mass spec-
trometer [13,17]. In the PIPICO measurements, two ions
that were produced as a pair in the dissociative double
photoionization were drawn into the 20-cm-long TOF
drift tube, and the ion signal was fed into both the start
and stop inputs of the time-to-amplitude converter
(TAC). The TOF difference between the lighter and
heavier ions was then determined on the multichannel
analyzer and read out into a microcomputer. A relatively
high electric field (~ 600 V/cm) was applied to the ioniza-
tion chamber, which had a 6-mm-diam hole for ion ex-
traction. The entrance aperture of the drift tube was 8
mm in diameter. A constant-deviation grazing-incidence
monochromator [18], installed at the UVSOR
synchrotron-radiation facility in Okazaki, and an optical
filter (Al+Te, 37-58 eV; Be, 59-69 eV; no filter above 69
eV) provided monochromatic radiation. The bandpass of
the monochromator was about 0.8 or 1.6 A with a 400-
pm-wide entrance and exit slits when a blazed holograph-
ic grating of 2400 lines/mm (above 59 eV) or 1200
lines/mm (32-58 eV), respectively was used. The accept-
ed angular divergence of the photon beam was ~5 (verti-
cal) X 10 (horizontal) mrad®. Five mirrors and one grat-
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ing were set on the beam line. Since two of those
reflected the beam horizontally and the other four verti-
cally, the degree of polarization (p) was likely to be rela-
tively high (p =0.9 was assumed in the analysis). The
value p of synchrotron radiation emitted from a storage
ring (750 MeV) prior to the six optical reflections in the
beamline is calculated to be 0.58 at 42.5 eV and 0.65 at
127.6 eV, which gives a lower limit to the polarization
applicable to the experiment.

The TOF mass spectrometer could be rotated through
90° around the photon beam in order to measure the
characteristic profiles of PIPICO peaks. In most cases
the ion detection axis was set at 55°, 0°, or 90°, the latter
two being parallel or perpendicular, respectively, to the
electric vector of the incident polarized light, and in some
cases at 35°. The sample gas pressure in the ionization
chamber was not directly measured during the measure-
ments and was maintained so as to keep the background
pressure in the main chamber at about 5X 10~ Torr.

III. ANALYSIS OF PIPICO SPECTRA

A typical PIPICO spectrum measured at hv=280 eV
and 6=55° (Fig. 1) shows five dissociation channels of
ocs**, je, OC*+s*, ct+0*+s, O*+st+c,
Ct+S8*T+0, and OT+CS™, and one dissociation chan-
nel of OCS**, i.e., OCT+82" [13]. The asymmetry pa-
rameter 3 was obtained for the three major dissociation
channels OC*+S* (37-50 eV), O*+S*4C (50-100
eV), and C*+S8*+0 (45-100 eV) in the energy regions
indicated in brackets and for the channel Ot +CS* at 50
eV. The threshold of these four channels lies at 33.5, 45,
40, and 40 eV, respectively [13]. Although it is highly
desirable to obtain an asymmetry parameter of the chan-
nel OCT+S* slightly above the dissociation threshold
(33.5 eV), where the electronic states of OCS?** responsi-
ble for that channel are well defined [19], PIPICO signals
were too weak to exhibit a reliable spectral profile within
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FIG. 1. PIPICO spectrum measured at Av=80 eV and
0=55°. Five dissociation channels of OCS?* and one of OCS**
can be seen. Superimposed on the spectrum in the shorter time
range are accidental coincidences that reflect the time structure
of the storage ring (Ref. [13]).
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a reasonable data-acquisition time. This is because the
use of an optical filter Sn, which is necessary below 37 eV
for order sorting, reduced the light intensity more than
two orders of magnitude. The dissociation channel
OC*t+S* was analyzed only up to 50 eV because the
channel C* +0O" +S overlapped above this energy.

When the TOF spectrometer is rotated in a plane per-
pendicular to the light beam, the differential partial cross
section for the partially polarized light is given by

%o, _ o 14+ 8.(3p cos20+1) (1
30 4n 4 P oS ’ )

where p is the degree of polarization given by
I 0 —I,

- , @
I+,

p

[ is the asymmetry parameter that characterizes the an-
gular distribution, @ is the angle of the PIPICO spec-
trometer axis relative to the electric vector of the light,
and I is the incident light intensity [2,20]. The degree of
polarization has not been measured and in the analysis of
the PIPICO spectra we assume p =0.9 for the reason
mentioned in Sec. II. Depending on whether the transi-
tion moment is parallel or perpendicular to the molecular
axis (dissociation axis), the angular distribution is given
by cos?0 (8=2) or sin%0 (B= —1), respectively, under the
axial recoil conditions. Characteristic features of the
simulated spectral profiles are summarized in Fig. 2 for
the simple case that the fragment ions have a single-
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FIG. 2. Simulated PIPICO spectral profiles of fragment ions
with a single-valued kinetic energy at 6=0° and 90° with
respect to the ion detection axis for parallel (8=2), isotropic
(B=0), and perpendicular (8= —1) transitions. The profiles
show characteristic features of anisotropic angular distribu-
tions. The channel C*4+S*+O and the total kinetic energy of
10 eV for C*+8S* were assumed. Other conditions are the
same as the experimental ones.
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valued kinetic energy. As can be seen clearly in the
figure, the spectral profile is a good measure of anisotrop-
ic angular distributions.

The spectral profiles of PIPICO peaks are determined
by the kinetic-energy distribution and the angular distri-
bution of the fragment ions, both with respect to the
spectrometer axis, and other experimental conditions
such as the electric field across the ionization region, the
size and the degree of polarization of the photon beam,
and so on. In order to obtain the angular distribution of
the fragment ions, it is first necessary to determine the
kinetic-energy distribution of the ionic fragments without
any effects of the angular distribution. As can be seen
from Eq. (1), the differential partial cross section is in-
dependent of the asymmetry parameter if 3p cos26+1=0
[@=ZLarccos(—1/3p)]. For this reason, the kinetic-
energy distributions were obtained by analyzing the
PIPICO spectra measured at the so-called “pseudomagic
angle,” which is equal to about 55° under the assumed
condition that p =0.9.

The analysis of the spectral profiles of PIPICO peaks
uses a least-squares fit of the simulated profiles to those
measured, and has been described elsewhere in detail
[21]. The following were assumed in the simulation of
the spectral profiles. (1) The cross section of the photon
beam is elliptical with a size of 2 mm wide and 1.5 mm
high (maximum) over which the light intensity is con-
stant. (2) Both the gas density and the formation of ions
are uniform along the photon beam in the ionization re-
gion where there is no magnetic field and the electric field
is exactly the same as that intended. (3) Two ionic frag-
ments depart in the opposite direction with the same
momentum in the fragmentation and the neutral frag-
ment produced in three-body dissociation (e.g.,
0CS*" - C*+S* +0) does not have any appreciable ki-
netic energy. This assumption is correct for only a limit-
ed case of the possible dissociation mechanisms and will
be discussed later. (4) The spectral profiles of PIPICO
peaks do not depend on the anisotropy of fragment ions
for measurements at the pseudomagic angle. (5) Al-
though the real kinetic-energy distribution is continuous,
the observed spectral profile can be reproduced well by
superposition of simulated profiles for a set of several
discrete kinetic energies (W;) by choosing their weighting
coefficients properly.

The following is a brief summary of the method to cal-
culate the spectral profile of a PIPICO peak for a given
kinetic energy. We note that an ion pair, one departing
at an angle a relative to the spectrometer axis and the
other in the opposite direction, has the same TOF
difference irrespective of the departing azimuthal angle
and the initial position of the ion pair, so that the spectral
profile of the PIPICO peak is determined by the ion flux
intensity detected as a function of the departing angle a.
From an ion trajectory calculation (the details have been
given in Ref. [21]), the fraction of ion pairs that went
through the aperture of the ion chamber and reached the
ion detector was determined for a given initial position of
the ion pair. Then the ion intensity of a given TOF
difference corresponding to the angle a was given by a
numerical integration of the calculated fraction over the
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ionization region. Finally the spectral profile of the
PIPICO peak was obtained by calculating the ion intensi-
ty for an appropriate interval of the angle a, i.e., an inter-
val of the TOF difference.

The kinetic energy W, in the simulation was chosen so
as to keep the difference (W;)!/?—(W,_,)!/? constant be-
cause the time-of-flight difference in a PIPICO peak is
proportional to the square root of the kinetic energy.
Then the total width of a simulated profile for each kinet-
ic energy increases with a constant interval. The spectral
profile calculated for isotropically dissociated (3=0) frag-
ment ions with kinetic energy W; was convoluted with a
Gaussian distribution of proper width. This broadening
of the spectral profile by a Gaussian distribution and the
choice of W; noted above were necessary to obtain a
smooth fit. Let the spectral profile thus calculated be
F(W;). The observed spectral profile S () is given by

S()=3 c¢,F(W,) . 3)

The coefficient ¢; was determined by a least-squares fit to
the observed spectral profile. Then the kinetic-energy
distribution per unit energy is given by plotting
¢,/ /[(W; 11— W;_1)/2] vs W;, where 7, is the collec-
tion efficiency of the PIPICO spectrometer for the frag-
ment ions with kinetic energy W,.

The procedure for determining the B parameter is as
follows. (1) Spectral profiles at an angle 6 (typically 0° and
90°) were calculated for a set of various kinetic energies of
the fragment ions with an arbitrarily fixed B parameter.
(2) The spectral profile of the PIPICO peak at the angle 0
was calculated, based on the kinetic-energy distribution
already determined and the profiles calculated in step 1.
(3) By treating the 3 value as a running parameter, its
most probable value was determined as the one for which
the sum of squares of the residuals between the observed
and calculated profiles was minimized.

IV. RESULTS AND DISCUSSION

Shown in Fig. 3 are two typical examples of observed
spectral profiles: one for the OCT+S™ channel at
hv=45 ¢V in (a) and the other for the C* +S* +0O chan-
nel at 80 eV in (b), both measured at 6=55°. The simu-
lated spectral profiles are also shown in the figure. The
total mean kinetic energy of 5.4 eV is obtained for
OC"+S8™", which compares well with 5.3 eV measured
with He II light (not dispersed) [12] or 5.4 eV measured at
43.5 eV [22]. For the three-body dissociation
C* +8*+0, the mean kinetic energy involved in the two
ionic fragments in the direction parallel to the PIPICO
spectrometer axis is 8.0 eV. In this case, the presence of
the neutral adds uncertainty to the determination of ki-
netic energy spread and asymmetry parameter. If the
neutral is a spectator, the results derived in the present
study for both parameters are well defined and accept-
able. On the other hand, if the neutral participates, the
kinetic energy will be bigger and the asymmetry parame-
ters that are derived give only a rough measure. Infor-
mation on the dynamics of the three-body dissociation
has been provided by the triple coincidence technique
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(PEPIPICO) [12]. For the C*+S8*+0 channel, the O
atom is a spectator. However, a small deviation from the
linear dissociation has been observed for the O +S8*+C
channel of OCS?" formed by 40.8—48-eV photons [12].

Figure 4 shows the spectral profiles of the OC*T +S%
peak measured at 45 eV and 6=0° and 90°. Both profiles
are different from the one in Fig. 3(a). This is clear evi-
dence of anisotropy in this channel. The simulated
profiles are those for $=0.35 for which the best fit was
attained. The asymmetry parameters for the channel
OCt+S™ are shown in Fig. 5, where the value ranges
from 0.1 (at 37 eV) to 0.37 (the mean at 50 eV) in the pho-
ton energy region of 37-50 eV. The scatter of the data
points measured at different angles gives a rough measure
of uncertainty. Furthermore, if the degree of polariza-
tion is different by 0.1 from the assumed one (p =0.9),
the uncertainly in B becomes slightly larger than that
given by the scatter of the data points.

Now we discuss the observed asymmetry parameters.
The valence shell electronic configuration of OCS in the
ground electronic state is
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FIG. 3. (a) Observed (dots; five-point average of the original
data) and simulated (solid line) spectral profiles of OC*™ +S* at
hA=45 eV and 6=55° (simulated profiles for the set of kinetic
energies W; of 3.6, 4.8, 6.2, and 7.8 eV from inside to outside are
shown by dashed lines) and (b) those of C*+S*+0O at #A=80
eV and 6=55" (kinetic energies W; of 3.6, 4.8, 6.2, 7.8, 9.6, 11.6,
and 13.7 eV from inside to outside were assumed). Superim-
posed on the observed spectrum in (a) are accidental coin-
cidences that reflect the time structure of the storage ring (Ref.
[13]).
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FIG. 4. Observed (dots) and simulated (solid line) spectral
profiles indicating clear evidence of anisotropy in the channel
OCt+S* at hA=45 eV. (a) 6=0° and (b) 6=90°; both give
B=0.35. The same set of kinetic energies assumed for Fig. 3(a)
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FIG. 5. Asymmetry parameter 8 for the channel OC* +S*
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37-50 eV. The vertical bar indicates the dissociation threshold
for the channel OC* +S™ at 33.5eV.
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in the independent-particle description with a geometric
symmetry of C,,. In the two-electron ejection

<n1}\.1]r|elkll><nzlzlezké> N

the selection rules are A]=A,,+1 (which we call dipole al-
lowed for convenience), and A,=A, (overlap allowed),
where n is the principal quantum number, A is the orbital
angular momentum, and € represents the continuum
channel. The symmetry of the doubly charged ionic
states, the dipole- and overlap-allowed photoelectron
symmetry, and the total symmetry (doubly charged ion
plus two photoelectrons) are listed in Table I for the pos-
sible electron configurations of OCS?*.

According to a theoretical calculation [19], the accessi-
ble states of OCS?™ at the photon energy of 37 eV (6 eV
above the appearance potential of OCS?* at 31.0 eV [13]
and 3.5 eV above the dissociation threshold at 33.5 eV
[19]) are those arising from the configurations
3772, 277 377!, and 90137~ !. That is, most of the
types of electron configuration listed in Table I (except
for o ~?) are accessible. The observed 3 value (0.10) at 37
eV must be the result of competition between two types
of transitions 2-2 and Z-II. If the cross section (o)) for
the 3-3-type transitions is equal to that (o) of =-II, the
S parameter is 0.5 from the equation [2]

_ 20,—0,

B

au-i-al

or the equivalent

Ji_1+B
o, 2—-B°
Equation (5) gives o /0, =0.58 at 37 eV ($=0.10) and

(5)
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0.84 at 50 eV (8=0.37), i.e., the =-II-type transition (o)
is ~70% and ~20% more probable than the =-3-type
transition (o) at 37 and 50 eV, respectively. The ground
electronic state (37) does not dissociate [19,23]. If we
assume that the cross sections for the two electronic
states (Il and 'II) arising from the 90 377!
configuration are relatively small at 37 eV (this is because
their lowest state is at about 35 eV [19], only 2 eV below
the excitation energy), the main contributors to the disso-
ciation OC*+S™ at 37 eV are those arising from the
configurations 372 and 27 !377!. As can be seen in
Table I, the total symmetry Il appears twice as often as
the 3 symmetry for the configuration 7 2. If the cross
sections for the individual II channels equal one another
and also equal that of the X channel, as a simple and
rough approximation, o /o is 0.5, which results in =0
(see the last column in Table I). It should be noted that
the value 3 deduced from this approximation agrees with
the observed one (8=0.1) within experimental error. Al-
though the B parameter should be measured near the
threshold for an experimental investigation of the total
symmetries, it could not be measured for the reason men-
tioned in Sec. III.

The rise of the B parameter at higher energy (Fig. 5)
may be due to the contribution of o~ !#~! and ¢ 2
configurations. The lowest electronic state of these
configurations is at about 35 and 41 eV (90 ~2), respec-
tively. From the simple consideration mentioned above
with respect to the densities of the £ and II channels in
the total symmetry for the o 77! and o2
configurations, the 8 parameter is 0.2 and 0.5, respective-
ly. Although the assumption made here may be too sim-
ple, the observed trend of the 8 parameter follows this
prediction.

The B parameters for other channels are shown in Fig.
6, in which only the mean values of those measured at the
different angles are indicated. Three main aspects of the

TABLE I. Symmetry about dissociative double photoionization of OCS.

Electron Symmetry of Dipole-allowed Overlap-allowed Asymmetry
configuration OCS?* ion photoelectron photoelectron Total parameter
of OCS?* state AA=0,*1 AAL=0 symmetry B
w2 b o T n
b3 T T b 0
b 8 T IT
A o T II
A T T b3 0
A b} T I
o gt I1 o T b
I1 T T I1
I o o IT 0.2
II T o 2
I 8 o II
o2 b o o b 05
2 T o I ’

“Under the assumption that the cross sections for the individual = and Il channels of the total symmetry are the same.
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3 parameters in Fig. 6 are discussed. (1) The 3 parameter
for each dissociation channel sometimes differs from the
others beyond the uncertainty (typically OC*"+S™,
O"+8*+C or C*+8*+0, and O +CS* at 50 eV).
This is probably a natural consequence of the different
ionic states involved in each dissociation channel. (2) The
B parameters for the channels Ot+S*+C and
C"+S*+0 are close to that for the case o,=o0,
(f=0.5) around 50 eV and decrease at higher photon en-
ergies. Since the dissociation mechanism has not been
elucidated for the three-body dissociation, particularly at
higher energies, the meaning of the observed 3 parameter
for these channels is less clear. Within the framework
that linear fragmentation and a negligibly small amount
of kinetic energy for the neutral fragment are still
preserved at higher energies (this will be discussed later),
the B parameter represents the sum of each 3 parameter
of a given ionic state (plus photoelectrons) weighted by its
transition probability and thus results from a net total
symmetry. The [ parameter is in the range of
0<B<0.65 in Fig. 6, which yields 0.50, <o <1.20,. (3)
In the region of the excitation energies of 80—100 eV, the
observed [3 parameters for the channels Ot +S* +C and
CT+S* 40 are close to zero, which means an isotropic
distribution within the framework mentioned above.
However, if the simple approximation is still applicable,
the B parameter should be much larger than zero because
the contribution of the o~ '7~ ! and o 2 configurations
increases more and more at the higher excitation ener-
gies. One possibility is that the linear fragmentation with
nearly zero kinetic energy of the neutral fragment is not
preserved any more, and the simulation of the spectral
profiles thus leads to a meaningless 3 parameter. Howev-
er, when the dissociation of OCS?t was examined by the
triple coincidence PEPIPICO experiment at an excitation
energy of 80 eV, the slope of the linear regression be-
tween ¢, (flight time of O") and ¢, (that of S*), for the
O%1 +S* +C channel was near diagonal [24]. This means
that the dissociation O™ +S* +C occurs instantaneously
[12] and further suggests that most of the kinetic energy
released in the Coulomb explosion is shared by the ionic
fragments O" and S*. In this case, the linear fragmenta-
tion is preserved as a good approximation, at least for the
channel Ot +8*+C. An obvious implication is that the
cross sections for the transitions =-II are larger than
those of =-2 at the higher excitation energies. At
present, the energy dependence of the cross sections with
respect to the 2 and II total symmetries is not known to
the best of our knowledge.

For the channel CT™+ O™ +S, whether an anisotropy
exists is not clear from the present results. For further
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FIG. 6. Asymmetry parameter 3 for the channel OC*"+S8*
(@), 0" +S*+C (W), C*+S*+0 (%),and O* +CS* (X). For
three-body dissociation, the 8 parameters strictly have meaning
only in the limited dissociation mechanism in which the neutral
is a spectator.

elucidation of anisotropy in the direct dissociative double
photoionization, at least the symmetry of ionic states in-
volved in the transition should be defined by more labori-
ous experiments such as triple coincidence (threshold
electron-photoion-photoion).

V. CONCLUSIONS

Angle-resolved photoion-photoion coincidence spectra
have been measured for the direct double photoionization
of the linear molecule OCS in the energy region of the
valence orbitals by use of linearly polarized synchrotron
radiation. The results indicate that clear anisotropies in
fragmentation exist for most (four) of the observed five
dissociation channels of OCS?*. The present study
shows that the anisotropy, observed here in the case of
direct two-electron-ejection processes, can be understood
in terms of the symmetry-characterized dissociation and
the dynamics of the processes involved.
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