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Collision-induced dissociation experiments on ground-state S;* and CS* have been carried out
using a crossed-beam ion translational energy spectrometer with a very high angular resolution
(£107* rad). The distributions of kinetic energies released upon dissociations S;* — ST + S,
Ccst — ST 4+ C,and CS* — CT + S in 3-keV collisions with N, have been measured; dissociation
channels have been identified with the aid of computer simulations of trajectories through the appa-
ratus of ions possessing different center-of-mass kinetic-energy release (Kc.m.) components. In the
case of St formation from S; %, dissociation occurs via excitation to repulsive S, T* electronic states,
giving rise to K..m. components of 1.5 and 2.0 eV; lower K..m. values (0 and 0.3 eV) are obtained
upon dissociation of a bound excited state of S2* by a curve-crossing mechanism. Dissociation of
CS* occurs via rotational resonances, giving rise to narrow, symmetrical structure in the S* trans-
lational energy spectrum; direct dissociation also occurs which yields relatively high K¢ . values
due to the breaking of the strong C= S triple bond. The CST — C* + S channel is considerably
weaker.

PACS number(s): 34.20.—b, 35.20.Gs, 34.50.Gb,
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I. INTRODUCTION

Studies of neutral and ionized sulfur-containing di-
atomic radicals have assumed increased importance in
recent years due to the significant role these species play
in combustion processes and as intermediaries in chem-
ical transformation processes in low-temperature inter-
stellar plasmas, in planetary and oxygen-rich stellar at-
mospheres, and in cometary environments [1]. Moreover,
many of these radical species are also of intrinsic interest
from the viewpoint of quantal descriptions of their molec-
ular properties. For instance, the CS radical is notable in
that its ionization spectrum cannot be predicted by one-
electron single-particle theories of molecular structure.
Whereas ultraviolet photoelectron spectra show four ion-
ization bands [2], application of Koopman’s theorem to
results of conventional Hartree-Fock treatments of CS™
lead to predictions of only three of the bands [3]. Green-
function calculations [4] have indicated that inclusion of
many-body corrections to Koopman’s theorem is manda-
tory in order to obtain a satisfactory description of the
ordering of molecular orbitals in the apparently simple
diatomic ion CS*.

Experimental studies of the dissociation dynamics of
molecular species, particularly determinations of the
kinetic energies released upon dissociation, provide a
stringent test for the reliability of contemporary quan-
tal calculations of the shapes of potential-energy func-
tions for various electronic states of such species. How-
ever, whereas considerable progress has been attained
in developing powerful experimental probes of the dis-
sociation dynamics of singly and multiply charged
molecular ions by various photoionization techniques,
such as photoelectron-photoion coincidence (PEPICO),
photoion-photoion coincidence (PIPICO), photoelectron-
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photoion-photoion coincidence (PEPIPICO) [5], and
more sophisticated variations such as electron-pair-ion
coincidence (EPIC) [6], the application of such methods
to studies of radical species continues to be problematic
due to the difficulties of producing sufficient number den-
sities of these inherently unstable species.

Such constraints are less important in ion-collision ex-
periments in which sufficient quantities of radical ions
can be created by electron impact on stable precursor
molecules. We report here the results on one such se-
ries of collision-induced dissociation experiments on S+
dimer ions and CS* radicals. The distributions of ki-
netic energies released upon dissociations S;* — St +
S,CStT — ST + C,and CSt — C* 4 S in 3-keV colli-
sions of the incident ions with neutral Ny molecules have
been measured using the ion-translational energy spec-
trometry technique. The experimental data is analyzed
in conjunction with computer simulations of the energet-
ics accompanying each dissociation process and distinct
dissociation channels are identified.

II. EXPERIMENTAL METHOD

Our application of the ion-translational energy spec-
trometry technique to studies of the dissociation of dou-
bly charged molecular species has been described in a
number of recent reports [7]. A schematic diagram of the
apparatus used in the present measurements is shown in
Fig. 1.

Briefly, the apparatus comprises a high-pressure
electron-impact ion source, a cylindrical electrostatic lens
assembly to produce a collimated ion beam, a Wien fil-
ter to carry out analysis on the basis of mass-to-charge
ratio, and a parallel-plate electrostatic energy monochro-
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FIG. 1. Schematic diagram of the
ion-translational energy spectrometer.
DP1-5, diffusion pumps; IG1-5, ionization
gauges; CEM1-3, channel electron multipli-

cM2 ers; CM1-2, capacitance manometer heads
LENS - for absolute pressure determination in the
ION SOURCE  DEFLECTOR WIEN FILTER Gasin  lines preceding the neutral gas jets (not used
in the present studies); SP and CH, oil-free
sorption pump and solid charge holder within
AE£JEE$§ER the ion source assembly.

mator to produce a monoenergetic ion beam which inter-
sects, in a 90° crossed-beam geometry, a gas jet of neutral
target atoms or molecules. Forward-scattered collision
products are energy analyzed by a second parallel-plate
electrostatic energy analyzer. Ion detection is by means
of a channel electron multiplier operating in the parti-
cle counting mode, coupled to conventional fast electron-
ics and a multichannel analyzer. Typical gas pressures
within the ion source are in the 1x1071—5x10~2-Torr
range. Immediately outside the ion source and in the re-
gion of the energy analyzers and the detector, the pres-
sure is maintained in the 10~ 7-Torr range by means of
fast differential pumping; in the collision region, the num-
ber densities in the neutral molecular beam correspond
to pressures in the region of the 5x10~*-Torr range.

A more detailed description of the apparatus has been
presented elsewhere [8]; it is, however, pertinent to the
present study to note the unusually high angular resolu-
tion (0° £ 0.005°) for product-ion energy analysis in the
present apparatus as this has a bearing on the dissocia-
tion spectra measured in this study. Implications of this
aspect of our experimental design will be discussed in the
context of the results presented below. At this juncture
it is sufficient to draw attention to the fact that momen-
tum transfer to the target ion in our collision systems is
negligible; simple kinematics applied to our zero-degree
scattering situation indicates that the recoil imparted to
the target is < 0.1 eV in the present measurements.

III. RESULTS AND DISCUSSION
A. Collision-induced dissociation of S;t+ dimers

S»* ions were formed in our high-pressure electron-
impact ion source from CS; precursor molecules. From
purely quantal considerations, it is clear that the lowest-
energy Sot formation process from CS; by a dissociative
ionization process of the type

CS; — S27(?Iy) + C(*P) + e

is forbidden by the spin-conservation rule. Although
this rule may be circumvented in electron-impact sit-
uations by exchange processes near threshold, emission
spectroscopy data [9] indicate that the potential energy
curve of the 2II, ground electronic state of Sy*, with
an equilibrium internuclear separation of 1.8 A, would
not be accessible in vertical transitions from the ground
state of the linear CS; precursor in which the equilibrium
distance between the two sulfur atoms is as large as 3.2
A. Results of Hartree-Fock calculations [10] on low-lying
electronic states of Syt indicate that initial dimer ion
formation may be into the lowest-energy Y state, whose
potential-energy curve possesses a minimum in the region
of 2.9-A internuclear separation. Thereafter, radiation-
less transitions, aided by spin-orbit interactions, will lead
to decay to the 2II, ground electronic configuration.

Figure 2 shows the translational energy spectra of S*
fragments obtained in 3-keV collisions of S;* with a neu-
tral N, beam. Three typical spectra are shown which
have been accumulated under different ion-source con-
ditions, corresponding to electron-impact energies of 43
eV, 70 eV, and 84 eV; the energy-analyzer voltage scale
has been normalized with respect to the peaks obtained
in each case. Careful examination indicates that all three
spectra are identical, indicating that the high pressure of
CS, within our ion source ensures effective collisional de-
activation of any excited electronic dimer ion states that
may initially be formed.

The halfwidth of each of the ST fragment-ion peaks
shown in Fig. 2 is of the order of 50 V in terms of energy-
analyzer voltage; the corresponding halfwidth for the
elastically scattered Sy peak was ca. 2 V. The broad-
ening of the fragment ion peak is caused by the conver-
sion of released dissociation energy into translational en-
ergy. Measurement of the halfwidth of the fragment-ion
peak yields an incompletely defined average value of the
center-of-mass kinetic energy released upon dissociation.
If Eis the kinetic energy of a projectile homonuclear di-
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FIG. 2. Translational energy spectra of St fragment ions
produced in 3-keV collisions of Szt with N2. The lowest,
middle, and uppermost curves were obtained with electron
energies of 43 eV, 70 eV, and 84 eV, respectively, in the ion
source. The abscissa represents the energy-analyzer voltage
normalized to the peak of each curve.

atomic molecule and K. ., is the kinetic energy released
(in the center of mass) upon dissociation, the measured
energy in the laboratory frame €, can be deduced simply
by the addition of collision velocities,

e=E/24 (Kem.E)Y? + Kc.m./2. (1)

An amplification of K., in the laboratory frame occurs
in this transformation process; it can be demonstrated
most easily by considering a typical kinetic-energy release
of 5 eV following dissociation of a homonuclear diatomic
doubly charged molecule [7]. For an incident molecular-
ion energy of 3 keV, the fragment ion possessing this
value of kinetic-energy release will appear in the labora-
tory frame at 1500+245 eV; in practice, two peaks will
be seen in the translational energy spectrum around 1500
eV, each separated from the other by 490 eV (correspond-
ing to fragment ions which are forward and backward
scattered ions in our high-angular-resolution apparatus).
This energy “amplification” makes it possible to study
dissociation processes even in instruments possessing rel-
atively modest energy resolution capabilities.

In the case of dissociation of singly charged molecules,
the values of K., are considerably smaller, so that
forward- and backward-scattered fragment-ion peaks
possess sufficient intrinsic widths to coalesce into a single,
broad peak. Although all three spectra shown in Fig. 2
are essentially devoid of any reproducible fine structure,
careful examination of the peak shape does indicate the
presence of more than a single-valued K., . In order

to extract information on the different K., components
contributing to the overall width of the S* peak, we have
carried out computer simulations of fragment-ion trajec-
tories in our apparatus, for a given distribution of K. .
components, in an attempt to reproduce the fragment-
ion peak shapes actually observed in our translational
energy spectra. The best agreement between the shapes
of simulated and measured data is sought for the min-
imum number of K, ,, components in the fragment-ion
beam.

The simulation is carried out in the following man-
ner. The input to the post-collision energy analyzer is
assumed to consist of groups of ions possessing a mixture
of center-of-mass energies which are taken to be Gaussian
distributions centered around distinct K. ., values. The
relative weight of each K. ,, component is an adjustable
parameter. Ion trajectories through the energy analyzer
are then computed for a range of parallel-plate voltages
in small steps and the number of ions reaching the detec-
tor at each step is integrated. The distribution of entry
angles of fragment ions into the analyzer can be chosen
appropriately; in the present instance, the very high an-
gular resolution of the apparatus enables us to calculate
each trajectory for a fixed entry angle of 45°. All electro-
static fields in the apparatus are assumed to be ideal in
the sense that field penetration and fringing effects are
taken to be negligible. No magnetic fields are accounted
for in the simulated ion trajectories.

Figure 3 shows typical results of tests carried out with
our simulation program. In Fig. 3(a), peaks marked
1, 2, and 3 are the peak shapes obtained from simu-
lated trajectories of ions containing one, two, and three
K. . components traversing our apparatus. Peak 1 cor-
responds to the transmission of a molecular S, peak
possesing only thermal energy (nominally taken to be 0
eV) in the center-of-mass frame. For such a single K. .
component, the peak shape obtained as the ion emerges
from the post-collision energy analyzer in our appartus
is symmetrical to a very high order, in conformity with
the measured shape of Sy elastic-scattering peaks in our
experiments. The addition of a 0.5-eV K ,, component
(peak 2) with a weight of 0.5 relative to the thermal en-
ergy component gives rise to a broadened peak shape.
Addition of a third KER,,, component, of value 1.5 eV
and a weight of 0.2 relative to the thermal energy compo-
nent, gives rise to an even broader peak which exhibits a
pronounced hump structure which is symmetrical about
the central portion, representing forward- and backward-
scattered components of 1.5-eV ions. It is pertinent to
draw attention to the fact that almost perfect simulation
of the shape of an elastically scattering peak in our trans-
lational energy spectrum can be accomplished with a sin-
gle K. . component of 0 eV, as shown in Fig. 3(b); any
“tailing” observed in measured inelastic peaks to be dis-
cussed subsequently are difficult to ascribe to purely in-
strumental factors connected with the transmission prop-
erties of our parallel-plate energy analyzer and must be
attributed to large K., components present in the ion
beam.

Figure 4 shows comparisons between simulated S+
fragment-ion spectra and measured data. Simulations
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have been carried out with two, three, and four K. .
components. In the case where only two K. ., compo-
nents of 0 eV and 0.3 eV are used, the resulting ST peak
is considerably narrower than that measured. Even the
addition of a third, larger K., component of 2 eV does
not yield as satisfactory a fit as is obtained when a fourth,
intermediate-energy component of 1.5 eV is added. Fig-
ure 5 shows comparisons between simulated S* fragment-
ion spectra and measured data acquired for two different
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FIG. 3. Computer simulations of ion trajectories through
the translational energy spectrometer. (a) Curves 1, 2, and 3
represent ion beams possessing center-of-mass kinetic-energy
components of 0 eV, 0 eV 4+ 0.5 eV, and 0 eV + 0.5 eV +1.5
eV, respectively. (b) The dots represent the measured peak
shape of elastically scattered S;* ions in 3-keV collisions with
He, and the solid line is the corresponding simulated peak
shape with a single center-of-mass kinetic-energy component
of 0 eV.
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FIG. 4. Comparison of experimental (dots) and simulated
(line) translational energy spectra of S* fragments from col-
lision-induced dissociation of S,t ions. K refers to cen-
ter-of-mass kinetic-energy release. Two K components are
0 eV and 0.3 eV; three K components: 0 €V, 0.3 eV, and 2.0
eV; four K components: 0 eV, 0.3 eV, 1.5 eV, and 2.0 eV.

electron energy values in the ion source. After a large
number of simulations, with different numbers and rela-
tive weights of K. ,,,. components, the best agreement be-
tween the measured shape and simulated spectra was ob-
tained using the four K, components (0 eV,0.3eV, 1.5
eV, and 2.0 eV) occurring in relative weights 100:40:12:6.
The existence of a low-energy group of K. ., values (0
eV and 0.3 eV) and a distinctly higher-energy group (1.5
eV and 2.0 eV) suggests that two different types of disso-
ciation processes may be contributing. We discuss these
in terms of the schematic potential-energy curves shown
in Fig. 6.

The low-energy components are postulated to occur
via a curve-crossing mechanism involving an excited
bound state of S,* and a repulsive state which has a dis-
sociation limit ST (2D) + S (3P), as shown in Fig. 5(a).
K. m values of 0 eV and 0.3 eV are indicative of pre-
dissociation of two vibrational levels of the S;** bound-
state curve. Although paucity of theoretical information
on electronically excited states of S;* precludes a more
precise quantal identification of the states at present it
appears reasonably certain that a curve-crossing process
involving a lower-energy bound state S curve leading
to the ground state ST (*S) + S (3P) limit would be
unlikely to give rise to K. ,,. values which are as small as
0 eV.

In the case of the higher-energy K. ., components, we
postulate direct collision-induced dissociation of the type
shown in Fig. 6(b). The electronic configuration of the
ground electronic state (2I;) of Sz [10] can be written
as

207 27 25 21 4
(core)*loglo, 20 1m,1m,.

Collisional excitation of an electron from the outermost
1mg orbital to higher-lying, nonbonding do and dm or-
bitals will give rise to states possessing overall symme-
tries such as 2A and 2® which have purely repulsive
potential-energy curves dissociating to the lowest-energy
S* (#S) + S (3P) limit. As in the case depicted in Fig.
6(a), there is no quantum-chemical information available
on the potential-energy curves of such S;** states at
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present; however, it is not unreasonable to postulate that
dissociation of S along the 2A and 2@ potential curves
will be expected to release kinetic-energy values which lie
in the 1-2-eV range.

B. Collision-induced dissociation of CS* radicals

The translational energy spectra of ST fragment ions
from collision-induced dissociation of CS* shows a broad
peak with symmetrical fine structure on either side of the
center. A large number of experimental runs were carried
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FIG. 5. Comparison of experimental (dots) and simu-

lated (line) translational energy spectra of St fragments
from collision-induced dissociation of Sz ions under different
ion-source conditions: (a) 70-eV electron energy; (b) 84-eV
electron energy. The simulated curves are for center-of-mass
kinetic-energy release values of 0 €V, 0.3 €V, 1.5 €V, and 2.0
eV, in relative weights 100:40:12:6.
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FIG. 6. Schematic potential-energy curves depicting differ-
ent dissociation processes occurring in the Se* — S* frag-
mentation (see text).

out under varying collision gas pressure and ion-source
conditions to ensure reproducibility of the fine structure.
Indeed, preliminary evidence for such a structure was also
forthcoming in the earlier study of Krishnamurthi et al.
[7], although deconvolution procedures had to be resorted
to in that case because of energy resolution and sensitiv-
ity constraints. Figure 7 shows two typical spectra mea-
sured at different values of gas pressure in the collision
zone. Three pairs of peaks, identified in the figure as
a-d', b-b', and c-c’, are clearly visible; a careful examina-
tion of all the measured spectra indicates that additional,
higher-energy, K. ,, components are also present which
account for the tailing on either side of the peak.
Conversion of the laboratory energies of fine structures
a—c in a number of spectra indicate the presence of K p,.
components having values of 39+9 meV, 66+5 meV, and
106+4 meV. In addition, our ion-trajectory simulation
studies indicate that at least three higher-energy com-
ponents, having K. ,, values of 3.5 eV, 5 eV, and 7 eV,
have to be invoked in order to account for the tailing
observed on the low-energy and high-energy sides of the
S* peak. The latter group of large K. ., values is ex-
plainable in terms of a direct dissociation mechanism,
involving initial excitation to purely repulsive CS** elec-
tronic states lying up to 7 eV vertically above the lowest
vibrational level of the 2Z* ground state. The relatively
high values of K., are a consequence of the breaking
of a C=S triple bond which is very strong. On the
other hand, the former group of small K. ,, values are
difficult to account for within the framework of the disso-
ciation mechanisms depicted schematically in Fig. 6. In
an earlier report of lower-resolution experiments on the
dissociation of CS*, Krishnamurthi et al. [7] considered
the most obvious interpretation involving predissociation
of higher vibrational levels of the C 2% state of CS* by a
repulsive state of either *Y or 2II symmetry. On the basis
of the present data, we are inclined not to favor this in-
terpretation. Typical vibrational spacings of any excited
electronic state of CS™ (including the C ?% state) which
might be involved in a predissociation process would be
larger (ca. 180 meV) than the measured fine-structure
separations. On the other hand, multiplet structure at
the C (3P2,1,0) + ST (%S) dissociation limit would give
rise to considerably smaller K. ., values. The K. ., val-
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ues that have been measured in the present experiments
lead us to postulate dissociation of rotationally excited
CS* ions, with a', b/, and ¢’ representing the forward-
scattered ions and a, b, and c representing the backward-
scattered components.

The importance of high rotational angular-momentum
states in determining photodissociation cross sections for
diatomic molecules has long been appreciated in stud-
ies on molecular formation and destruction processes in
interstellar space [11]. For rotationally hot diatomic
molecules, the addition of the extra centrifugal energy
term

Viot (r) = B2J(J + 1) /2ur? )
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FIG. 7. Translational energy spectra of ST fragments from
collision-induced dissociation of CS* ions in collisions with
N2 measured at different collision gas pressures: (a) 8x107°
Torr, (b) 2x107° Torr.

to the rotationless ground-state potential-energy function
gives rise to an effective potential-energy curve with a
rotational barrier at large values of internuclear speara-
tion . For a range of values of the rotational quantum
number J, there will exist vibrational levels in the effec-
tive potential-energy curve which lie above the ground-
state dissociation limit. These quasibound rotational res-
onance states decay by tunneling through the potential
barrier, their lifetimes being determined by the barrier
shape and the reduced mass of the quasibound system
[12]. In the present experiments, the absence of any S*
fragment-ion signal without an adequate pressure of col-
lision gas indicates that the rotational excitation is en-
tirely induced by the 3-keV collision of ground-state CS+
with neutral N;. Due to the acute paucity of experimen-
tal information on cross sections for rovibronic excita-
tion in fast collisions between molecular ions and neutral
atoms and molecules, it is, unfortunately, difficult to be
more than speculative on this matter at present. It must,
however, be noted that of the possible large number of
rotationally excited quasibound states which may be en-
ergetically accessible in the present experiments, only a
subset will actually be detected because of considerations
of the lifetimes of the resonance states. Comprehensive
discussions have been presented before on the constraints
that an experimental lifetime window places on studies
of quasibound states by means of translational energy
spectrometry and momentum spectrometry [13].

Figure 8 shows a typical translational energy spectrum
of C* fragments resulting from 3-keV collisions of CS™*
with N,;. The signal intensities from this dissociation
channel were found to be at least one order of magni-
tude lower than for the case of ST formation. The over-
all width of the fragment-ion peak is considerably less
than the corresponding St peak, indicating that much
lower K ., values are obtained in this dissociation chan-

60 T

Ion counts

1 1

400 600

Analyzer voltage

FIG. 8. Translational energy spectrum of C* fragments
from collision-induced dissociation of CS* ions in 3-keV col-
lisions with No.
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nel. The relatively poor signal-to-noise ratios that were
obtained in our experiments precluded meaningful com-
parisons with computer simulations of Ct trajectories.
However, symmetrical structures marked a-a’ and b-%
in Fig. 8 were observed in measurements carried out at
different pressures in the collision region; they represent
K. . values of 51 meV and 270 meV, respectively.

IV. SUMMARY

Collision-induced dissociation experiments on Sy
dimer ions and CS* radicals have been carried out by
means of the ion-translational energy spectrometry using
a crossed-beams apparatus possessing a very high angu-
lar resolution (<107* rad). The initial ion production
process takes place in a high-pressure ion source within
which collisional deexcitation occurs very efficiently such
that both S;* and CS* projectile beams comprise ions
which are essentially in their respective ground electronic
states.

The distributions of kinetic energies released upon dis-
sociations S, — ST + S, CSt — St 4+ C,and CST —
C* 4 S in 3-keV collisions of the incident ions with neu-
tral N, molecules have been measured; computer simu-
lations of trajectories through the translational energy

spectrometer of ions possessing different center-of-mass
kinetic-energy release (K. . ) components have also been
carried out to aid interpretation of the shapes of the
translational energy spectra of fragment ions.

In the case of ST formation from S;* dimers, dissoci-
ation occurs via excitation to Sa* electronic states with
purely repulsive potential curves, giving rise to K m.
components of 1.5 eV and 2.0 eV; lower K., values
(0 eV and 0.3 eV) are obtained as a result of dissocia-
tion of a bound excited state of S, by a curve-crossing
mechanism. In the case of CS™, dissociation into ST + C
occurs via rotational resonances, giving rise to the nar-
row, symmetrical structure in the S* translational energy
spectrum; direct dissociation also occurs which yields rel-
atively high values of K. ., as high as 7 eV due to the
breaking of the strong C=S triple bond. The CS* —
C* + S dissociation channel produces signal intensities
which are more than one order of magnitude weaker than
for the ST formation channel.
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