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The sulfur 2 and carbon & core-electron excited states of the OCS molecule have been studied in
high-resolution angular-resolved photoion experiments. Vibrationally resolved total ion yield spectra of this
molecule have been recorded and several previously unobserved states have been revealed and tentatively
assigned to the singly excitats, np, andnd Rydberg levels. Th& S-split 7}, and 7}, states show signifi-
cant bond length changes observed as very different intensity distributions of vibrational progressions of these
states. Variations of the bond lengths of the Rydberg states have also been revealed by analyzing their
vibrational structure. However, in the latter case the effect is found to be mainly dependent on the symmetry
of the Rydberg electron orbital, while the state of the core electron plays a minor role. Asymmetric dissociation
from the core-excited levels has been studied using the angular-resolved photoelectron-photoion technique. In
general the derived values of the asymmetry paramgetgport the proposed classification of the observed
resonances. Remarkably, the differences between the theoretical and experimental valugspafrémeters
are large. The analysis of this discrepancy is supported by the results of separate triple coincidence measure-
ments from which main fragmentation mechanisms are deduced. The coincidence measurements consistently
indicate a bent geometry of the §(2%) 7§, and S( 1) 7%, states[S1050-294®7)02510-9

PACS numbgs): 33.15-e, 32.80.Hd, 33.80.Gj

I. INTRODUCTION or photoion-photoiofPIPICO measurement®] have been
applied in studies of the anisotropic dissociation following
High-resolution studies of core-excited molecular levelscore-electron excitations. Good agreement between theory
have recently provided a great deal of information about thend experiment has only been obtained for the reso-
structure and the decay dynamics of these states. Thus, famnceg8-12], while the dissociation of the Rydberg reso-
instance, new spectacular effects like ultrafast dissociationances has been found to be much more isotropic than ex-
from the doubly core-electron excited levglg or the break- pected. This discrepancy has remained unexplained until
down of the spectator decay mod@F4] have been experi- very recently. Precise measurements of the kinetic energy
mentally revealed. Much attention has also been paid to theelected ions using a position-sensitive detector have shown
studies of neutral configurations lying below the core-that the experimental results and the theoretical predictions
electron ionization threshold. For a number of diatomic ancconverge only if the high kinetic energy ions are taken into
polyatomic moleculessee, for exampld5,6]) photoabsorp- consideratiorj13].
tion spectra acquired with vibrational resolution have made Much less is known about the anisotropic dissociation
possible a detailed analysis of single electron core-excitegrocesses occurring in the core-excited triatomic molecules
states. However, even in the case of the most thoroughljl4—-16. Actually the interpretation of the results of the
studied molecules the tentative assignments based on analyarameter measurements obtained with the triatomic targets
sis of the Rydberg series have often been questioned in view often a difficult task. Even for the rapidly dissociating
of results of photoelectroi] or angular-resolved ion experi- states the initial orientation of the molecules may be lost if
ments [7]. Especially, the versatility of angular-resolved fragmentation occurs via three-body and two-step dissocia-
techniques in identification of molecular states has beetion processes. Moreover, the geometry of the core-excited
shown in several cas¢g—9]. Obviously, the most complete state may be bent, in which case the recoil occurs non-
picture is obtained by comparing information from variouscollinearly with respect to the molecular orientation. This
types of experiments. effect makes the angular orientation of the ejected fragments
For this reason we have performed total ion yield anddepend on two parameters: the initial orientation introduced
angular-resolved ion yield measurements at the sulfur 2 in the absorption process and the angle between the molecu-
and carbon & edges of the OCS molecule. By combining lar bonds. Actually in simple cases, if one of these param-
these two experimental techniques the results of a quantueters is known, the value of the remaining one may be de-
defect analysis could be verified by the state symmégy duced from the data. This approach has recently been applied
parameter measurements. to the determination of the geometry of the state of the
While a standard technique of measuring the total ioncarbon core-electron excited G@olecule[16]. As recently
yield is typically used to record the absorption structure,shown[17], the dynamics of three-body processes may be
various experimental methods such as photoelectroreffectively studied using multicoincidence techniques.
photoion coincidenc€PEPICQ [7], ion kinetic energy[8], In the present work we report vibrationally resolved mea-
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surements of the resonant structure in OCS in the vicinity of

sulfur 2p and carbon & edges. The anisotropic dissociation B1e° ocs2+ o
following the excitation to these states has been measured in — Ve
an angular-resolved PEPICO experiment and ghparam- £ ocs+
eters have been separately derived for the G*, S*, CO*, 3 S+
and CS fragments. The mechanisms leading to total frag- > 4
mentation and their role for the apparent anisotropy of the E c+ "
C", Of, S' fragments are studied in a separate triple & ) Q cs
electron-ion-ion coincidencéPEPIPICQ measurement. A 'é o*
careful comparison of the obtained data allows for a classi-
fication of the core-excited states and a discussion of the 800 1700 2600
dynamics of the excitation and fragmentation processes. TOF (ns)
8x103
Il. EXPERIMENT
- ocs2+ 0

The experiment has been performed at beamline 51 at the 2 g 90
Swedish National Synchrotron Facility MAX in Lund. The §
undulator radiation was monochromatized using a modified Ny al S+ ocs+
SX700 monochromator and focused into the interaction re- =
gion by a refocusing mirror. The polarization degree of the g c co
synchrotron light is better than 99948]. The bandwidth of Z o+ Cs*
the synchrotron light was set to 35 meV at the sulfup)2
edge and 90 meV at the carbonsjledge which is less than 0 ;
the separation of the respective vibrational levels. The syn- 800 T(;;(zgs) 2600

chrotron beam was intersected with a gas jet at right angles
and the ambient pressure in the experimental chamber was
maintained at X 10~° mbar. The effective size of the inter- ~ FIG. 1. PEPICO spectra of OCS acquired at the £(37*
action region was less than 2 mm. The measurements weféSonance at 0° and 90° geometry.

performed with a Wiley-McLaren type of time-of-flight i

spectrometeTOF) with 210 mm drift tube length. Both In the analysis of_the PEPIC_O spgctra we h{:\ve followed
electrons and ions were detected by microchannel plate dé€ Procedure described iif]. Briefly, if the kinetic energy
tectors and the signals were amplified by fast preamplifierdistribution[KED, x(v)] of the produced ions is known, the
(ORTEC VT 120 and discriminated in a constant fraction Shape of the PEPICO spectrum in the velocity space may be
discriminator ORTEC model 93F Coincidence events were €XPressed by the formula

acquired wih a 2 GHz multihit PC cardFAST model 788p Ve

yielding a time resolution of 0.5 ns. The total ion yield spec- S(v)) = f x(v)P(a(v, ,v)),B8)dv, , (3.2

tra and the PEPIPICO spectra were acquired with high ex- 0

traction fields(40-50 V/mm which assured very high col-

lection efficiency. The PEPICO spectfaee Fig. 1 were f eiecti f the i der th e with
acquired at the 0°, 90°, and magic angle geometry with low?! €i€ction of the ion under the angtewith respect to the
observation axigtan(@)=v, /v, wherev, ,v, denote the ion

extraction fields(6 V/mm) in order to increase the kinetic oci dicul d el
energy resolution and angular selectivity. For the same pur{® ocity components perpendicular and parallel to the obser-

pose a diaphragr mm diameterwas mounted to the TOF vation axis, respectively For an arbitrary observation angle
plates in the interaction region. The movement of the syn®obs: the functionP may be calculated by a proper rotation

chrotron beam with respect to the TOF during the rotation off @ probability distribution, which for the observation axis
the chamber is very smalkbout 0.1 mm[18]. parallel to the polarization plane of the synchrotron radiation
(O yps=0) takes the well-known form

where the functiorP(«(v, ,v,),8) denotes the probability

ll. EXTRACTIONS OF B PARAMETERS P(a,B)*1+0.53[3 cod(a)—1]. (3.2

A. Two-body dissociation from a linear state For a given KED distributiony(v), the shape of th&(v)

For two-body fragmentation processes of triatomic mol-function is solely determined by the anisotropy paramgter
ecules ofC,, (linear ABC moleculg or D.,;, symmetry the By fitting S(v) to the experimental PEPICO data tj8epa-
angular distribution of the ejected fragments may be fullyrameter may be found. The advantage of such an approach is
described in terms of the asymmetry paramgteActually,  that the method is insensitive to the variation of several ex-
in such a case, the value of tiparameter should univo- perimental parameters like intensity of the synchrotron radia-
cally depend on the symmetry of the absorbing state simition, gas pressure, etc. Although tjgeparameters may be
larly as in diatomic molecules. The discussion of the morefound from the spectra taken at an arbitrary angiéerent
general case of fragmentation from the nonlinear states ifom the magic angle the accuracy of the method increases
presented in the next section of this paper. There we willf results obtained at two very different geometrigsefer-
consider qualitatively the role of instantaneous three-bodybly 0° and 90F are simultaneously compared. Certainly, the
fragmentation and two-step dissociation processes. implicit assumption of an identical value of tifeparameters
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for all ions considered in the analysis is a serious drawback P(a)~1+0.93 cog(y)—1][3cod(a)—1]. (3.4
of the method. From the shape of the PEPICO spectra taken
at various angles it becomes obvious that quite often slowrom simple kinematic considerations the relation between
ions (kinetic energy<2 eV) are ejected almost isotropically the recoil direction and the bond angle may easily be found.
due to long lifetimes of the respective dissociating statesThus, if the degree of orientation of molecules may be esti-
This effect has been shown in several occasions both in dimated, for example, from the known symmetry of the excited
atomic[8,13] and triatomic[15] molecules. For this reason state, Eq.(3.4) provides an elegant way of studying the ge-
we have typically excluded ions with kinetic energie@ eV~ ometry of molecules in core-excited states. Actually, their
from the considerations. short lifetimes, causing an overlap of the vibrational struc-
The accuracy of the determination of tieparameter is tures, make the application of alternative methods difficult.
typically +0.1. It should be remembered that the quoted er- While the presented formalism may be applied in the
ror describes the uncertainty of a “best fit” procedure ap-analysis of the CO and CS fragments which have been
plied to all the recorded ions with kinetic energies higherformed in the two-body fragmentation process the results
than 2 eV. The correspondence between gh@arameter obtained for atomic fragments may be additionally perturbed
derived in this way and the real orientation created in theéby three-body(total fragmentationprocesses. For example,
photoabsorption process is good only if the dissociation fronit has been shown for symmetric molecul&0, [16], CS,
all the considered channels occurs faster than the molecul@t7]) that apparenB parameters of the central and terminal
rotation. This certainly needs to be verified by a systemati@toms may be of the opposite signs. This spectacular effect is
study of theB parameter dependence on the ion kinetic en-observed if the recoil occurs noncollinearly with the main
ergy. axis of the molecule, e.g., if the molecule is bent. Thus, for
The role of the direct ionization processes, which give riseequal masses of the terminal atoms, the central fragment
to the approximately constant background level in Figs. 3gains momentum exclusively in the direction perpendicular
and 5, should also be considered. Denoting the cross sectiotss the molecular axis. However, it may be expected that due
for the direct and the resonant processesrgyandog and  to large mass difference between the terminal fragments in
asymmetry parameters of the background and resonant sigrtile OCS molecule, the distribution of the central carbon
by Bg and g, respectively, the formula for the experimentally fragment should be fairly isotropic, since the momentum

measured valu@,,, reads may also be gained along the intermolecular axis. This
makes the information carried by the angular distribution of

Bor+ Beog the carbon fragment less indicative than in the case of sym-
expt:m- (3.3 metric molecules. We discuss the dynamics of the three-body

processes of the OCS molecule in the next section. We show
that the dominating dissociation mechanism involves a

For the strong resonances HE8.3) has yielded typically :
15-25 % correction. At the carbon edge the cross section fobrleﬁépgf ftrg(;n?ei_ti r?%?r?lyaggctjhrztvtigetvsg?gtlgrloqnug;fhe

dire(;t processes exceeds by almost one order of magnitu \‘Ia(/o-step processes. In such a case the discussed perturba-
the intensity of the Rydberg resonances. In such a case, ﬂﬂ%ns should weakly affect the shape of thé Seak in the
realistic estimation of the background signal contribution is

difficult mainly due to the somewhat different kinetic energy PEPICO spectrum, while their importance especially for the

" S
distributions extracted from the background and resonan? fragments s significant.

spectra as well as the statistical uncertainties, and thus it has

not been performed. IV. RESULTS AND DISCUSSION

_ As follows from Eq.(3.1) t.he .procedure .req_uire.s addi- A. Total fragmentation processes
tional measurements of the kinetic energy distributign). o .
The x(v) functions have been derived for the GSCO", Double coincidence measurements may not univocally

Flarify whether the breakup of the molecule into atomic frag-

C*, O", S" ions separately for all the discussed core-excite _ _ ) -
ents occurs instantaneously or via two-step dissociations.

states from the PEPICO spectra acquired at the magic anglg, : , ‘ 3
The deconvolution of the spectra into final KED functions ©/"c€ understanding of the kinematics of the occurring pro-

has been described previouB;3]. We plan to present the cesses is crucial for a correct interpretation@parameter
results of the analysis of the kinetic energy released in th&€asurements, we have performed separate PEPIPICO ex-

dissociation of the OCS molecule elsewhgte] periments from which the dominating fragmentation mecha-
' nisms may be deduced.

_ _ The PEPIPICO spectra acquired at the excitation energies
B. The nonaxial recoil 164.25[S(2p 17%,)] and 165.51 eV[S(2p 1m%,)] are
The two-body fragmentation of the triatomic molecule shown in Fig. 2 in top and bottom panels, respectively. The
from the bent state has been described in detail in the origiebserved structure originates from dissociation into
nal paper of Busch and Wilsd&0]. If the molecular rotation CO"+S", O"+S"+C, and C+S"+0 fragments. As ex-
may be neglected, the experimentally observed ion distribupected[21], the two-body dissociation into the CO-S*
tion P(a) exclusively depends on the initial anisotropy in- channel appears in the two-dimensiof@D) spectrum as a
duced in the photoabsorption process and the bent angle afirrow line tilted at 135° angle. Also the mean slope of the
the dissociating molecule. I denotes the angle between the O"+S" coincidence feature is oriented in the same direc-
recoil axis and the orientation of the dipole moment, thetion, although in this case we observe two diffuse and sym-
formula for the measured angular distribution reads metric spots rather than a line. The large width of these fea-



2708 P. ERMAN et al. 56

: : : : :
Ot + S+ CO*+ S+
1400 e T o
R 1 )\
R ‘ (\\\")
N 1200 "
C Jd
h
1 1 1 ] i 1 i
EES 1400 crest o orest | Co* + 5+
I & % ®
= % - % .,
. .. s
oy
i Qo
1200 I !
0 200 200 400 600 1000 1200

TOF (ns)

FIG. 2. 2D spectra acquired at the §(Z2w%,) (top panel and S(D~1#%,) (bottom panel resonances. Note the slightly different
dispersion of thex andy axes.

tures excludes a pure instantaneous explosion in which thdetails of the complex Rydberg structure are exhibited in
neutral C atom is only a spectator and gains no kinetic enFig. 3(b). The observed resonances originate from transitions
ergy. Thus the total fragmentation occurs in a rapid sequeno the valencer), ;,, States and to the six Rydberg series

tial process but within the Coulomb zone. In such processegonverging to the S(@ 1)z, and S(2 1Y), ionization

the apparent distribution of the'Cfragment directly reflects

the orientation of the molecules induced in the photoabsorp-

tion process only if the geometry of the molecule is linear. 1.5x104

Quite remarkably the shapes of"®@S* 2D spectra re- L a
corded atrry,, and 73, resonances are very different. Since 10 | :
the electron deexcitation should occur very similaitydi- I

cating that the dissociation takes place from the same repul- 5
sive statep the observed changes should be interpreted in

terms of different geometries of the considered states. We 0 o
will come back to this point later in the paper. 163 168 173 178 183

The shape of the G+S* feature is also characteristic for
sequential dissociation preferably occurring with the initial 1.25x104 EXCITATION ENERGY (eV)
breaking of the OC-S bond. For this reaction the mean )
slope should be lying between 114° and 1852]. The very
broad shape of the spectrum indicates that the secondary dis-
sociation is often slow so the orientation is lost due to rota-
tion of the CO" fragment. Due to various competing disso-
ciation processes very little anisotropy for thé @agment
may be expected.

The 2D data also allow us to estimate the abundance of
the $* ions in the O peak. Since the yield of’$+CO"
coincidences is more than one order of magnitude weaker 103
than S +0O™" coincidences the contribution of the sulfur ions | v=01 2 3 C
is quite small. It should also be noted that in the 2D spectrum
the $* ions are only observed in coincidence with €QFor 5
this reason in further considerations th#e=16 peak is
assigned to O. Nevertheless the contribution of thé'Jons
may perturb the results of the angular-resolved measure- L . L
ments only if dissociation occurs from a nonlinear state, oth- 167 168
erwise the procedure described in the preceding section is

applicable to all ions of the same charge-to-mass ratio. FIG. 3. Total ion yield spectrum acquired at the sulfur edge in
the excitation energy ranges 163-183 @y, 163—-172 eM\b), and

166.5—-168.5 e\(c). The vertical bars irfb) correspond to energies

of the strongest resonances tabulated in Table | and Table (¢) In
The total ion yield spectrum acquired at the sulfur edge inhe arrows show the position of the second observed vibrational

the energy range 163-183 eV is shown in Fige)3The  mode. The bandwidth of the incident light has been set to 35 meV.

10 =32 ) T T
J=1/2 It

164 166 168 170 172
EXCITATION ENERGY (eV)

INTENSITY (counts)

B. The sulfur 2p edge
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TABLE I. Observed energies and derived quantum defectsgapdrameters of thé@=3/2 sulfur 2o core-electron excited states of the
OCS moleculgsee Figs. 3 and)4The accuracy in thg values is+0.1.

Energy State 2 B(CO") B(CS") B(CH) B(O") B(SY)
164.25 7 ~0.05 0.0 0.0 0.0 0.0
166.94 &v=0 2.00 0.1 0.2 0.0 0.1 0.2
168.19 % 1.48

168.71 | 0.11 -0.3 -0.2 -0.2 -05 -0.2
168.83 5 1.99

169.24 5 1.47 ~0.2 0.0 0.0 ~0.25 0.0
169.43 A 0.11 -0.2 -0.2 -0.1 ~0.35 -0.2
169.47 & 2.03

169.67 ® 1.43

169.76 5 0.11

169.78 3 2.03

170.30 L

thresholds. The broad?, and 7}, resonances have been electron and the remaining core electrons. Apparently this
found at 164.2 and 165.5 eV excitation energy, respectivelyinteraction is quite sensitive to the core charge distribution,
in good agreement with previous lower-resolution d@2-  which is different for ther},, and 7%, states. Since, as we
24]. No vibrational structure of these states has been resolvagill show below, such differences between the respective
obviously due to the overlap of the vibrational modes. BelowRrydberg levels are much less pronounced, the strong inter-
we will show that the geometry of the molecule in thg, 5, action only occurs if the ejected core electron is in the com-
states is bent. The excitation from the linear ground state to gact valence state. Thus the effect may be understood in
bent state occurs with simultaneous excitation of possiblgerms of a strong coupling between the highly localized core
vibrational bending modeswy(,v,,v3) whose fundamental hole and the excited electron. Actually our separate measure-
frequencies are in the range 80-250 meV. Although the Viments[19] reveal a strong localization of the* orbital at
brational separation of each fundamental mode is larger thaghe sulfur edge, which is exhibited, for example, as a dra-
the instrumental resolution, the overlap of the various vibramatically enhanceda factor of 10 for the & fragmeny
tional progressions makes the structure impossible to reproduction of multiply charged sulfur ions in the fragmenta-
solve. Similar effects are, for example, observed in the, COtjon spectra.

molecule[9]. Noticeably, the width of ther},, resonance In the energy region 166.4—171.5 eV $(2) NSy 372,
exceeds approximately by a factor of 2 the width of t,  S(2p™%) npy3,, and S(D°1) ndy, 3, Rydberg series
peak, indicating a significant shift of the potential curve ofhave been resolved and classifiétle shorthand notation
the former level with respect to the ground stéeg., 75,  nl;; denotes two statesl; and nl;., respectively. The

has a broad Franck-Condon regioifhese peculiar differ- tentative assignment of these states based on analysis of the
ences between the bond lengths of th&-split 7* states quantum defect is given in Tables | and Il. The analysis of
suggest that strong interactions occur between the excitettie partially resolved vibrational structure of thgsg ;/;lev-

TABLE II. Observed energies and derived quantum defects@pdrameters of thd=1/2 sulfur 2o core-electron excited states of the
OCS molecule. Note that the values derived for theaBd 4d states are perturbed by the overlappireyesonanceésee Figs. 3 and)4The
accuracy in thed values is=0.1.

Energy State 2 B(COY) B(CS") B(CT) B(O") B(S")
165.51 7, ~0.25 0.0 -0.1 ~0.45 ~0.2
168.06 % 2.04 0.25 0.2 0.0 0.6 0.35
169.57 P 1.41

169.96 3 0.11 -0.3 -0.2 -0.1 ~0.25 ~0.2
170.02 5 2.07

170.55 ) 1.41

170.70 4 0.11 ~0.2 ~0.25 -0.1 ~0.25 ~0.2
170.74 & 2.03

170.95 ) 1.43

171.03 5 0.11

171.05 % 2.03

171.16 ® 1.45

171.60

I
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TABLE Ill. Relative intensities of the vibrational members of
the 4s,, 3, states derived in the multipedkix Gaussian functions
fitting procedure. The intensity of the; mode is relative to the

2.5x104

intensity of the respective; mode. Note that the value given for o
the 4s,,,v,=1 state is 20% higher than the intensity of the corre- €
sponding 4;,,v,=1 state due to the overlap with th@4,,v,=0 8
resonance. L
>
Statev 0 1 2 3 =
453/2,1/1 1 041 023 007
453/2 y V3 046 013
4S5, 1 0.51 0.26 0.06
4s1)5,v3 0.28 0.08 _ . m—m—" x A
‘% 04 1 1 1 I . 1 1
els shows that excitation occurs simultaneously to two vibra- £ 0.4 .
tional modeq(v4,v; linear stretching modg¢svhose intensi- g 8‘3 i -\I/._.‘l"lgi/-
ties differ strongly. Since the separation between these @Q-_ '0'4 - L - L L

progressions is smaller than the natural width, the first mem- 0.0 ./ \
bers of the weaker vibrational serieg may only be dis- _0'4 i .\ / /‘._./'
cerned as shoulders at 166.77 eV and 167.9TRY. 3(c)]. 0'4 r, =, . .0, . , .
Up to four members of ther; mode are discernible in the 0'0 i '\ S+
4sy5, 3/, States’ spectrum. Since the observed vibrational _0'4 i .\I/ ahew—"
spacing of thev; mode (130 meV is very close to its fun- ) ST R R Y ST B
damental frequencyl11 meV}, we may assume that a simi- 164 166 188 170 172 174
lar agreement occurs for thg mode. Under this assumption PHOTON ENERGY (eV)
the experimental spectrum of thes# states may be very
well reproduced as a sum of six Gaussian profiles G, 4. Theg parameters derived for the COCS', C*, O,
(v1=0-3, v3=0,1). The relative intensities of the vibra- and S fragments from the PEPICO spectra acquired in the 0° and
tional states found in the multipeak fitting procedure arego° geometry. Top panel shows the high-resolution total ion yield
tabulated in Table IIl. In the same analysis the natural widthspectrum measured in the considered energy range.
of 40 meV of the vibrational states has been found. The same
procedure has been applied to the analysis of tg 4tate  state only one weak satellite peak has been observed at
and results are also included in Table 1. Here the additionall70.09 eV which probably originates from the excitation to
difficulty is caused by the accidental superposition of the5s;;, v1=1. Moreover, since the regular vibrational progres-
4ps, v1=0 and the 4,,,, v,=1 resonances. Higher vibra- sion of the S;, state is not apparently perturbed by the
tional members of the ¢}, state are weakly perturbed since neighboring strong &;, ;=0 resonance the intensities of
the v;=1 members of the @ Rydberg progression are very the 3z, v;<1 states are evidently very weak.
weak. Also at least three vibrational peaks=0-2, rela- The striking variations of the Franck-Condon levels found
tive intensities 1:0.35:0.21are clearly resolved for thesg,  between members of the Rydbergandnp, nd series show
state. The very weak,; =3 is overlapped by the much stron- that the internuclear distances depend strongly on the shape
ger 5pg, state. The analysis of the vibrational structure ofof the Rydberg orbitake.g., its angular momentymNot
the highems Rydberg states leads to rather uncertain resultsurprisingly a broad Franck-Condon region has been consis-
due to their overlap with the members of thd series. tently found for thens states for which the penetration of
Interestingly, a very narrow Franck-Condon region hasthis Rydberg orbital into the valence shells is large, which is
been observed for the excitations to the members ohthe also reflected by a large quantum defect vaite2. The
series. Although higher Rydberg states coincide in energgpcreening effects caused by a Rydberg electron whose orbital
with thens andnd series, distinct members of ting series IS mixed with the valence shell electron weaken the bond
appear at 169.24 eV (&,,) and 169.60 (#,,) excitation strength and give rise to the observed bond length changes.
energy(Figs. 3 and % From the shape of these peaks theln contrast to the effect observed at thé states these varia-
v1=0/v;=1 ratio has been found to be roughly 7:1 while tions are not sensitive to the angular momentum of the ex-
very weakv;=2 levels have not been discerned. This indi- cited core.
cates very small changes of the equilibrium distance of the The values ofg parameters have been derived following
np states and supports our assignment of the vibrationdhe procedure described in Sec. Ill for thg), 1/, 4S3217,
structure at 168.06—168.45 eV mainly to thg 4 state. 3d3p;,1/2, 403212, and Fz, resonances. The results are in-
Similarly, no strong excitations to higher vibrational cluded in Tables | and Il, and displayed in Fig. 4. While the
states have been found for thel,, 5, Rydberg series. Al-  C* fragments show little variation of th@ parameter, a
though allnd states coincide in energies with tie reso-  range of—0.5-0.3 has been found for the remaining frag-
nances, the above may be deduced, for example, from th@ents.
shape of the 8,,, peak at 169.96 eV for which the contribu-  Clearly (see Fig. 4 the 8 parameter observed for the,
tion of the overlapping §,/, state is less than 40%. For this and 7}, states differ strongly. While the dissociation from
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TABLE IV. Observed energies and derivgdoarameters of the carbors tore-electron excited states of the OCS mole¢sé Fig. 5.
The accuracy in theg values is+0.1.

State Energy d B(COY) B(0") B(SH
7™ ,v1=0 288.33 —-0.6 -0.3 -0.2
™, v =1 288.53

™ v =2 288.73

™, v=3 288.93

3sv,=0 291.30 1.21 0.2 0.1 0.1
3pv,=0 291.82 1.09 0.0 0.0 -0.1
3dv,;=0 293.15 0.60

4sv,=0 293.76 1.21

4pv,=0 293.90 1.09 0.0 0.0 -0.1
5pv;=0 294.60 1.09

C(1s™ ) 295.50

the latter resonance is strongly anisotropic, clearly showing C. The carbon 1s edge

the 7r character of the excited states, the fragmentation from The total ion yield spectrum acquired in the energy range

the former state yieldg=0 for all the analyzed fragments. 287-296 eV is shown in Fig. &op panel. The energies

i hani f then* d . stat d h aé1ssignments, and calculated quantum defects of the resolved
lon mechanism ot themy, and s, stales and N0 SUCK ' gaiag are tapulated in Table IV. Four vibrational levels sepa-

changes have been observed in the extracted kinetic energy. by 205 meV may be distinguished in thé peak

distributions, a loss of the orientation due to molecular rota-

tion should be ruled out from the considerations. AIterna—Specm.Jm(288 e.V excitation .ene_rgyBy_ f|tt|ng a muItllpea.k
aussian function the relative intensities of the vibrational

tively, the anisotropy may be smeared out if the geometr op .
the 7)7/* states is be?ﬁt/. Th()a/ nonlinearity of the statge wouldy resonances have been determined to 1:0.62:0.28:0.084 for

also explain the very dense vibrational structure of thes¢’r=09:1,2,3, respectively, and their natural width has been
states found in the total ion yield spectra and the very differfound to be about 130 meV. No additional vibrational modes

ent shapes of the O-S* coincidence feature recorded in the have been observed, suggesting a linear configuration of the
2D spectra at the two resonandsse Fig. 2 Assuming that Molecule in the C(&™*)#* state. Five Rydberg states have
the excitation to ther* states is a pur@-n type transition been discerned at 291.30 eV, 291.82 eV, 293.15 eV, 293.90
the bent angle may be estimated from E3j4). The obtained €V, and 294.60 eV photon energy, and identified 8s3p,
values are 140° and 132° for thef,, and 73, states, respec- 3d, 4p, and 5 resonances, respectively. The 4tate is
tively. separated from the much strongep d4esonance by 0.2 eV
The values of thgg parameters extracted for theg, and  and it is therefore observed only as a weak shoulder at the
4s,,, states are consistently positive for all the analyzed frag4p peak. Noticeably, the intensity of all the resonances is
ments, indicating ther symmetry of the excited state. They 3—-7 times weaker than the background level. Although the
are remarkably different, probably due to much stronger exvibrational members of thes3 3d, 3p, and 4 states have
citations to the vibrational bending modes occurring for thenot been directly resolved, the small differences in their
transition to the 4, state. Theg parameters obtained for widths reveal somewhat unequal Franck-Condon factors for
the analyzechd andnp Rydberg states are slightly negative excitation to these states. Clearly these differences are much
in accordance with the assignedsymmetry of the transi- smaller than those found for the sulfur core-excited states,
tions. The discrepancy between the measysguarameters \yhich shows a much weaker role of the carbon core-excited
and the values expected for transitions of a @w® or 2-I1  gydperg electron in formation of the bonding states.
symmetry may partially be explained by the overfaglev- Above the % resonance a number of unresolves and

els Withfthe_ns se_ries lehic? Caﬁses a rlrixing of theand np Rydberg states form a broad feature which spans up to
types of orientation. Also for the weak staa, 6512 e jonization threshold at 295.5 eV. The comparison of the

the error introduced by the background signal becomes Siqhtensities of the 8, 3d, and 3 states shows that the total

nificant. o . .
It is quite striking that the largest asymmetry parameterscont”bu“on of thens, nd states to the considered feature is

have been found for the Ofragment. This observation is in much weal.<er than that of the respectn/E states.

agreement with the conclusions of the 2D data analysis pre- 1he deriveds parameters for the Q S', and CO frag-
sented in Sec. IV A. Also the shapes of the coincidence map@€nts have been extracted from the PEPICO data and results
suggest that the anisotropy of thé @agment is lost in the &€ included in Table IV and shown in Flg_. 5. The |ntens_|t|es
two-body dissociation. Clearly the differences in measyged Of the CS fragments are very weak, making the analysis of
parameters for the ©and C" fragments are mainly due to the anisotropy parameter of this fragment difficult. Also for
their different kinetic energies. This seems to indicate thathe C" fragments released with low kinetic energy the ob-
the experimental and theoretical values of fh@arameters served distribution is almost isotropic and is not shown.

may converge with increasing kinetic energy of the analyzed The B parameters extracted at the resonance for the
ions. CO", O*, and S analyzed fragments are negative as ex-
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been found at the threshold region for all the fragments. This
may partially be explained by the dominating contribution of
the background signal measured in the PEPICO spectrum
although the results suggest a much weaker degree of aniso-
tropy for excitations to the higher Rydberg levels. For the
previously mentioned reasons the extraction of the back-
ground signal leads to rather uncertain results and has not
been performed in this case.

n
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V. CONCLUSIONS

We present studies of the sulfur and carbon core-electron
singly excited states based on high-resolution total ion yield
| O* "y mm-Em and angular-resolved coincidence measurements. The analy-

— sis of the total ion yield spectra allows for the assignment of
S p the resonant structure in terms of single electron transitions

o o oo
N0 O o
{

B parameter
(= =]
[3 =]
T

o o ¢
o ;

| S+ m e to vaIenqe and Rydberg levels .of the neutral QCS_moIec_uIe.
ol — B The relative intensities of the vibrational levels indicate sig-
’ I L . L nificant bond length changes for the core-electron excitations
288 290 292 294 296 to the various valence and Rydberg states. This effect is very
PHOTON ENERGY (eV) pronounced for the sulfur core-electron excited states and

suggests strong interactions between the localized hole and
_ ) ) the excited electron.

FIG. 5. Total ion yield spectrum acquired at the carbon edge Erom the PEPICO spectra acquired at 0° and 90° geom-
(top panel, bandwidth 90 me\and the derivegs parameters for the  etry the 8 parameters have been extracted independently for
CO", O, S fragments. the various energetic fragments. Although the extragied

values are in accordance with the assignment deduced from
pected, although the deviation from the theoretical value ishe analysis of the Rydberg progressions, the discrepancy
large except for the CO fragment. This is not surprising between the measured and expected values is in general
since this distribution is not perturbed by possible three-bodyarge. For the sulfur core-excited* states both total ion
processes as is the case of the remainiriga®@d S frag-  yield and angular-resolved measurements suggest a bent ge-
ments. In the Rydberg series region some anisotropy hasmetry of these states. Assuming a negligible role of the
been found at the 8state whilenp resonances reveal only molecular rotation we have derived respective bent angles
very weaksr character. Similar isotropic distributions have from the measure@ parameters.
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