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Sulfur Kb x-ray emission from carbonyl sulfide: Variations with polarization
and excitation energy at the SK threshold
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Sulfur Kb x-ray-emission spectra from carbonyl sulfide have been measured with resonant excitation at the
sulfur K absorption threshold and compared with results of self-consistent field and singles-doubles
configuration-interaction calculations. For excitation to the strong 4p absorption resonance, a splitting of the
main emission peak is interpreted in terms of influence of the 4p electron on the final valence-hole states. The
polarization selectivity of the emission spectrometer was used to distinguish emission polarized parallel versus
perpendicular with respect to the polarization of the excitation radiation. The observed polarization dependence
is consistent with the molecular symmetries of the calculated intermediate and final states.
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PACS number~s!: 33.20.Rm, 31.10.1z, 33.50.Dq
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I. INTRODUCTION

The availability of synchrotron radiation as an intens
tunable, polarized x-ray source has stimulated studies
core-valence x-ray emission from gases and solids in
neighborhood of the core excitation threshold@1–3#. The
diagram x-ray fluorescence spectrum, which follows pho
ionization far above threshold, is modified when the exc
tion energy is tuned below threshold to the region of qua
bound excited states. Polarized excitation to states
particular molecular symmetry produces aligned interme
ate states and can result in strongly polarized and anisotr
x-ray emission. These effects have been explained using
semiclassical two-step model to relate the molecular sym
tries of the states involved to the polarization and propa
tion directions of the absorbed and emitted x rays@4–6#.
Recently, the Kramers-Heisenberg formalism for reson
inelastic x-ray scattering has been applied to deve
quantum-mechanical theories of molecular x-ray scatte
that show how this two-step model is appropriate in limiti
cases@7,8#.

The linear carbonyl sulfide~OCS! molecule has 30 elec
trons, and the ground-state electronic configuration
1s22s23s24s25s21p46s27s28s29s22p43p4. Here 1s,
2s, 3s, 4s, 5s, and 1p are associated with S 1s, O 1s, C
1s, S 2s, S 2p1/2, and S 2p3/2 core levels, respectively
while the higher-lying levels are valence states of mix
atomic character. SK x-ray absorption spectra have be
measured previously by Perera and LaVilla@9#. Those au-
thors, as well as Mazalovet al. @10#, have measured diagram
S Kb emission. Furthermore, Mazalovet al. reported dia-
571050-2947/98/57~4!/2430~6!/$15.00
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gram OKa, C Ka, and SL emission spectra. OKa, C
Ka, and SL spectra also have been calculated recently
the diagram and 4p-resonant transitions@11#, and the calcu-
lated diagram spectra agree well with the measurements.
calculated OKa and C Ka resonant spectra were signifi
cantly changed from the diagram spectra. These chan
were mainly attributed to differences between the elect
densities of the final valence-hole states. A similar conc
sion was reached for the N2O molecule@12,13#.

In the present paper we report the SKb emission spectra
of OCS for several excitation energies near the SK absorp-
tion threshold. Significant variations in line shape and ene
position, as well as substantial polarization dependence,
reported. The diagram and 4p-resonant emission spectra a
calculated and compared with the measurements.

II. EXPERIMENT

The measurements were performed at beam line X24A
the National Synchrotron Light Source at Brookhaven N
tional Laboratory@14#. At the SK edge~2472 eV!, the the-
oretical resolution of the beam-line monochromator with
pair of Si~111! crystals is 0.35 eV. The x-ray-emission spe
tra were measured with a secondary monochromator, wh
we will call the fluorescence spectrometer, consisting o
bent Si~111! crystal and a position-sensitive proportion
counter@15#. The spectrometer has a theoretical resolution
0.30 eV for 2465-eV SKb fluorescence. The peak width o
x rays that were elastically scattered from the beam line i
the spectrometer indicates that the true combined resolu
of the beam-line monochromator and fluorescence spectr
eter is about twice the theoretical value. The spectrom
2430 © 1998 The American Physical Society
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57 2431SULFUR Kb X-RAY EMISSION FROM CARBONYL . . .
recorded x rays emitted at 90° with respect to both the in
dent x-ray beam and the incident polarization direction. T
incident x-ray beam has strong linear polarization with
polarization vector«̂1 in the horizontal plane. This polariza
tion is enhanced by reflection from the beam line’s doub
crystal monochromator so that the incident x-ray beam
essentially 100% polarized. The fluorescence spectrom
was mounted on a rotatable flange, thus allowing the dis
sion plane to be rotated for measurements of the polariza
dependence of the emission spectra@4#. We measured emit
ted x rays with their polarization vector«̂2 oriented parallel
to «̂1 , and we separately measured emission with«̂2 perpen-
dicular to «̂1 . The polarization selectivity of the spectrom
eter for SKb fluorescence was 15% of thep-polarized x
rays relative to 100% for thes-polarized component@15#.

The incident x rays were focused through a gas cell c
taining 60 Torr of OCS. Electrical currents from carbon fo
before and after the cell are proportional to the incident a
transmitted x-ray flux. The transmitted flux was normaliz
to the incident flux and plotted versus incident photon ene
to establish the OCS absorption spectrum. The gas cell
polypropylene windows in line with the incident beam a
another window at 90° for passage of emitted x rays to
fluorescence spectrometer. The energy scale of the abs
tion and emission spectra was established as follows.
main sharp peak of the absorption spectrum, the 4p reso-
nance, was calibrated as 2472.0 eV, after Perera and La
@9#. Having fixed this energy, the well-established dispers
of the beam-line monochromator with Si~111! crystals deter-
mined the energy scale of the absorption spectrum. W
photon energies from the beam-line monochromator thus
tablished and the fluorescence spectrometer positione
record SKb emission, the gas cell was filled with 1 atm
Ar, and the energy scale of the emission spectrometer
determined from the position of the elastically scattered
ray peak as the incident energy was adjusted over the s
trometer range. Variations in spectrometer sensitivity w
also determined with these Ar elastic-scattering meas
ments. The spectrometer sensitivity variations were obse
to be approximately the same with the detector in its ori
tations to measure parallel and perpendicular polarizatio
Since the elastically scattered peak was weak for the per
dicular orientation, all spectra were normalized to t
detector-sensitivity profile determined for the parallel sp
trometer orientation.

III. CALCULATION

We have calculated emission spectra, without polariza
discrimination, for an excitation energy far above thresh
and for excitation at the 4p resonance. It is convenient t
perform calculations for the linear OCS molecule in the Ab
lian C2v subgroup ofC`v . Ab initio calculations were un-
dertaken at the Hartree-Fock level to obtain all of the fu
optimized initial- and final-state wave functions, using t
programCLUSTER @11,16#. All wave functions were calcu-
lated at the equilibrium ground-state experimental geom
@17# with a C-O distance of 2.1924 a.u. and a C-S distanc
2.9481 a.u. A Gaussian basis set@18# of Huzinaga (9s5p)
functions for carbon and oxygen was used with splitd func-
tions ~C, z51.845,0.547; O,z52.091,0.619! and was con-
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tracted to @5s3p2d# @19#. For sulfur, a set of (12s7p)
Gaussian functions was used, also augmented with spd
functions @20# and contracted to@9s5p2d# @19,21#. The
open-shell states were calculated using coupling coefficie
derived from the energy expressions@22#, except for the
states arising from two open shells in doubly degenerate
bitals @23#. The absolute transition probabilities were calc
lated at the relaxed Hartree-Fock~RHF! level, using a mul-
ticenter approach as in previous work@11,12#.

Since the self-consistent field~DSCF! ionization energies
produce an incorrect ordering for the orbital energi
singles-doubles configuration-interaction~DSDCI! calcula-
tions were performed using theGAMESS program@24# to de-
termine the energies of the diagram and 4p-resonant emis-
sion lines more accurately. For the diagram final states
SDCI calculations were performed inC4v symmetry, and the
7s-3p valence orbitals and the 4p and 10s virtual orbitals
were active in the CI space. The reference function for
OCS @2p# and @3p# valence holes was the RHF OCS@3p#
wave function. The reference function for the OCS@7s#,
@8s#, and @9s# valence holes was the RHF OCS@9s# wave
function. For the diagram initial state, the 1s orbital replaced
the 7s valence orbital in the CI active space, and the RH
OCS@1s# wave function was the reference function. For t
4p-resonant states, the SDCI was performed inC1 symme-
try and a multiplicity of one, with the same active spaces
the diagram CI calculations. C1 symmetry was used to
tain all of the final states of each symmetry. For the reson
final state, the RHF OCS@3p# wave function was used a
reference function to include relaxation effects due to
valence hole. For the resonant initial state, the RHF OCS@1s#
wave function was used as the reference function to incl
the relaxation due to the core hole.

IV. RESULTS AND DISCUSSION

Figure 1 shows the present measurements of the SK ab-
sorption and diagram SKb emission spectra from OCS. Th
indicated SK ionization energy 2478.7 eV was establish
by Perera and LaVilla@9#, who combined photoemissio
binding energies with x-ray-emission energies. The diagr

FIG. 1. The SK absorption spectrum is plotted along with
sulfur S K emission spectrum. The emission spectrum was ta
with an excitation energy of 2502 eV and with the spectrome
oriented to select«̂2 parallel to«̂1 . Arrows indicate the excitation
energies for the near-threshold emission spectra plotted in Fig.
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FIG. 2. SK-valence emission is shown for five excitation ene
gies near and above the SK absorption threshold. Separate spec
are shown for polarization vector«̂2 oriented parallel to the excita
tion polarization vector«̂1 ~labeled«̂2i «̂1! and for«̂2 perpendicular
to «̂1 ~labeled«̂2' «̂1!.
ia-
emission spectrum in Fig. 1 is similar to that reported in R
@9#, and the same labeling of peaks is used. Figure 1 in
cates the excitation energies at which resonant emis
spectra were recorded, at peaksF, G, H, and I of the ab-
sorption spectrum. The excited states associated with p
F, G, andH are 4p, 10s, and 11s, respectively, while peak
I is suggested to be a transition to the 4p Rydberg state of
the S 1s hole @9#. Figure 2 shows the emission spectra tak
at the excitation peaksF, G, H, and I at 2472.0, 2473.7
2474.9, and 2476.1 eV, respectively, as well as an excita
energy of 2502 eV, i.e., far above threshold. For simplic
we will refer to the emission spectra associated with peaF
in the absorption spectrum as emission spectraF, and so on.
The spectra excited near threshold are substantially diffe
in both line shape and energy position, and a polariza
dependence is clearly observed.

The DSCF line energies and transition probabilities
the length and velocity forms of the dipole operator are p
sented in Table I. The more accurateDSDCI energies are
presented in Tables II and III for the diagram and 4p-
resonant transitions, respectively, and the major CI coe
cients are also listed for each state. For both the diagram
4p-resonant emission spectra, calculated lines, based
DSDCI energies andDSCF intensities, are overlaid in Fig.
on measured spectra.

A. Diagram emission spectra

As mentioned above, the emission spectraJ, excited far
above threshold at 2502 eV, are similar to that reported
Perera and LaVilla@9# and represent the characteristic d

-
a

4
TABLE I. Comparison of theDSCF line energies and absolute intensities for the diagram andp-
resonant SKb emission spectra of the OCS molecule.

Initial state Final state DE ~eV! A1 (1026 a.u.)a Av (1026 a.u.)b

@1s# @6s# 2437.2 0.12 0.19
@1s#~4p! @6s#~4p! 2436.7 0.22 0.39
@1s# @7s# 2446.3 1.93 2.63
@1s#~4p! 7s#~4p! 2445.3 1.05 2.75
@1s# @8s# 2457.8 1.67 1.41
@1s#~4p! @8s#~4p! 2456.9 3.11 2.63
@1s# @2p# 2458.2 13.32 12.10
@1s#~4p! @2p#(4p)S1 2452.1 7.21 6.49
@1s#~4p! @2p#(4p)S2 2458.0 16.49 14.82
@1s#~4p! @2p#~4p!D 2457.6 17.18 14.45
@1s# @9s# 2458.3 20.13 16.06
@1s#~4p! @9s#~4p! 2456.8 26.30 19.08
@1s# @3p# 2463.8 78.41 71.63
@1s#~4p! @3p#(4p)S1 2461.4 79.24 71.85
@1s#~4p! @3p#(4p)S2 2462.9 75.48 68.30
@1s#~4p! @3p#~4p!D 2463.8 76.61 69.33
@2# @1s# 2474.3
@1s#~4p! @2# 2468.3 14.78 13.56
totals
@1s# 115.58 104.02
@1s#~4p! spectator 302.89 271.09
@1s#~4p! total 317.67 284.65

aA1 is the length form of the dipole operator.
bAv is the velocity form of the dipole operator.
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TABLE II. Diagram DSDCI energies with the major coefficients of the contributing determinants.

SDCI states Major determinants DE ~eV!

@3p# 10.961@3py# 2466.0
@2p# 10.838@2py#20.309@2py,3py#(4py)10.263@2py,3px#(4px) 2461.1
@9s# 10.942@9s# 2461.0
@8s# 10.822@8s#10.313@8s,3px#(4px)10.313@8s,3py#(4py) 2457.8
@1s# 10.973@1s#
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gram fluorescence. As demonstrated by the calculated l
in Fig. 3, the peak labeledA corresponds to a@3p# final state,
while peakB corresponds to an admixture of@9s# and @2p#
final states. The emission spectraI , excited at 2476.1 eV, are
similar to spectraJ in both energy position and line shap
except that the high-energy shoulders, due to multivaca
satellites, have been suppressed@25#. The fluorescence spec
tra excited far above threshold are anticipated to have l
polarization dependence@4,5#. Excitation to continuum state
constituting a mixture of symmetries yields excited m
ecules with little alignment. The slight increase in theB-to-A
intensity ratio when comparing parallel to perpendicular
thus attributed to an instrumental factor: the sensitivity va
tion across the detector, which was assumed to be exactl
same for the two detector orientations, is believed to ca
this difference.

The DSCF transition energies in Table I are appro
mately 4 eV lower than corresponding experimental en
gies. This is due to the discrepancy in the ionization poten
of the 1s orbital, which at theDSCF level is 4 eV too low
@9,11,26#. When electron correlation is included~Tables II
and III!, the transition energies show better agreement w
the experimental values. In Fig. 3 theDSDCI-calculated
lines have been shifted up by 0.9 eV for best comparison
the measured spectra. Further refinement of the CI calc
tion, i.e., higher-order CI or a larger basis set, may prov
better absolute energy agreement with experiment, but r
tivistic effects may also contribute to the discrepancies. T
calculated relative intensities agree well with experime
The @3p# transition is predicted to be the most intense, wh
the combined@9s#1@2p# transition has significant inten
sity. The weak peakC in the emission data of Perera o
LaVilla @9# ~not measured in the present experiment! is at-
tributed to a@8s# transition, and the calculations~Table I!
predict it to be of low intensity.
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B. 4p resonant emission spectra

As shown in Fig. 3, the measured and calculated 4p-
resonant emission spectra differ substantially from the d
gram spectra. The resonant spectra are shifted down in
ergy, and peakA from the diagram spectrum has split in
peaksA andK in the measured resonant spectrum. The c
culation attributes this splitting to the separation of t
@3p#~4p! states intoS1, S2, andD states: peakA consists
of the combined@3p#~4p! S2 andD transitions, while peak
K is the @3p#(4p)S1 transition. From the CI calculation
we note that the@3p#(4p)S1 state mixes substantially with
the @9s#~10s! state; thus the@3p#(4p)S1 energy is higher
with respect to the@3p#~4p! S2 and D states, yielding a
lower transition energy. This CI state may not be adequa
described since the calculated line is at lower energy t
measured peakK. Peak B is the combined@9s#(4p)
1@2p#(4p) S2 andD transitions. In the calculation there i
also a low-intensity transition centered at 2456.3 eV~Table
III !. This arises from the@2p#(4p)S1 transition, which is
lower in energy than the@2p#~4p! S2 and D transitions,
again due to mixing with the@9s#~10s! state.

The calculations indicate that the@9s#(4p)1@2p#(4p)
S2 and D transitions have higher absolute intensities th
the analogous diagram transitions, while the@3p#~4p! S2

and D transitions have a lower absolute intensity than
analogous diagram transition. In earlier work@11#, similar
changes were calculated for the oxygenK and carbonK
transitions, and the changes were attributed to rearran
ments in the final-state electron density. The@2p#(4p)S2

final state has less electron density around the carbon a
than the diagram@2p# final state, and the absolute transitio
rate for the resonant case decreases significantly. The s
atom, however, has a substantial increase in density for
@2p#(4p)S2 final state, and the absolute transition rate
s.
TABLE III. 4p-resonantDSDCI energies with the major coefficients of the contributing determinant

SDCI states Major determinants DE ~eV!

g.s.S1 10.975@2# 2472.5
@3p#~4p!D 10.686@3px#(4py)20.686@3py#(4px) 2465.5
@3p#(4p)S2 10.688@3px#(4py)10.688@3py#(4px) 2465.5
@3p#(4p)S1 20.610@3py#(4py)10.610@3px#(4px)20.399@9s#(10s) 2461.6
@2p#(4p)S2 10.635@2px#(4py)10.635@2py#(4px) 2460.7
@2p#~4p!D 20.625@2px#(4py)10.625@2py#(4px) 2460.7
@9s#~4p! 10.848@9s#(4px)20.315@9s#(4py)20.224@3px#(10s) 2459.6
@8s#~4p! 10.767@8s#(4px)10.377@8s#(4py) 2456.9
@2p#(4p)S1 20.481@2py#(4py)10.481@2px#(4px)10.361@9s#(10s) 2456.3
@1s#~4p! 10.761@1s,3py#(4py)20.631@1s,3py#(4px)
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2434 57K. E. MIYANO et al.
calculated to be higher than the diagram absolute rate
shown in Table I, the@3p#(4p)S1 intensity is calculated to
be significant. However, at this SCF level the calculated re
tive intensity is high compared to experiment: peakK in Fig.
2 has a lower integrated intensity than peakB, whereas the
combined calculated absolute intensity of the@9s#(4p)
1@2p#(4p) S2 andD transitions is 59.9731026 a.u. com-
pared to 79.2431026 a.u. for the@3p#(4p)S1 transition.
Correlated calculations of the absolute transition probab
ties should improve the relative intensities, but the peak
signments from theDSDCI calculations are in reasonab
agreement with experiment.

C. Other resonant emission spectra

The 10s-resonant emission spectra, which follow excit
tion to absorption peakG at 2473.7 eV, are shifted eve
further down in energy and do not exhibit the intermedia
energy peakK. The low-energy emission peak here has
very strong polarization dependence. The 11s-resonant
emission spectra, which follow excitation to absorption pe
H at 2474.9 eV, exhibit a similar polarization dependen
although they are broader and are less shifted to lower
ergy. The broadness of these spectra are possibly due to
stantial excitation of states other than 11s, yielding a partial
emission contribution similar to the spectraI .

D. Polarization dependence

The polarization dependence of the 4p-resonant emission
spectra@Fig. 2 (F)# can be explained qualitatively using th
classical two-step model to relate the intermediate and fi

FIG. 3. Calculated emission lines are overlaid on measu
spectra. In~a! the emission spectrum, excited at 2476.1 eV, rep
sents a diagram spectrum without contamination by multihole
ellites. In ~b! the emission spectrum, excited at 2472.0 eV, rep
sents a 4p-resonant spectrum. The measurements in~a! and ~b!
correspond to«̂2 parallel to «̂1 . The calculated lines have bee
shifted up by 0.9 eV from the values in Tables II and III.
s
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state molecular symmetries to the directions of the incid
and emitted x-ray polarization vectors«̂1 and «̂2 @4,5#. The
entries of Table III for final states@3p#~4p! S2 andD, which
correspond to peakA in Fig. 2 (F), involve determinants
such as@3px#(4py) for which the emission dipole momen
is perpendicular to the absorption dipole. Similarly, th
determinants in Table III for final states@9s#(4p)
1@2p#(4p) S2 and D indicate that for peakB in Fig. 2
(F), the emission dipole is perpendicular to the absorpt
dipole. Thus we expect the transitions of peaksA andB to be
preferentially emitted perpendicular to the polarization of t
incident x-ray beam. In contrast, the entry in Table III for t
final state@3p#(4p)S1, which corresponds to peakK in
Fig. 2 (F), involves determinants such as@3py#(4py), for
which the emission dipole isparallel to the absorption di-
pole.

Quantitatively, we take the classical values for the em
sion anisotropyR @5# and arrive at the following prediction
for the ratio of the parallel emission intensity to the perpe
dicular emission intensity: I i /I'50.5 for peaksA and B,
while I i /I'53 for peakK, and these are modified by ou
limited ~85%! polarization selectivity to 0.6 and 2.2, respe
tively. In Fig. 2 the parallel and perpendicular spectra
normalized to the same intensity for peakA. With such nor-
malization the above numbers predict that peakK will be 3.7
times stronger for the parallel polarization direction, wh
peakB is not expected to vary. In Fig. 2 the intensities
peak B do roughly match. The measured enhancemen
peak K is difficult to quantify because of the overlappin
tails of the stronger peaksA and B. Results of peak fitting
indicate that the measured enhancement for peakK is 3
times, in approximate agreement with the prediction. T
polarization dependencies observed in the emission spe
of Fig. 2 (G) and (H) are similarly expected to reflect th
symmetries of the intermediate and final states.

V. CONCLUSIONS

S Kb x-ray-emission spectra from OCS have been
corded at the SK threshold. Excitation to 4p, 10s, and 11s
states at the threshold yield substantial changes in en
position and line shape. Moreover, when the thresho
excited spectra are recorded separately for parallel and
pendicular polarization selectivity, marked differences a
observed. The line shape and polarization variations of
4p-resonant emission spectrum have been understood, b
on DSCF intensity andDSDCI energy calculations. In par
ticular, the presence of the 4p electron in the final state
yields @3p#~4p! D, S2, and S1 valence-hole states o
marked energy separation, and this energy separation in
allows observation of polarization differences for transitio
to these resonant final states. Future theoretical studie
this system can include additional correlation and relativis
effects and extending the calculations to the other reson
transitions recorded near threshold.
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