Fluorescence polarization studies of autoionization in CS,
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The polarization of the CS," (4 *I1 - X 2IT) transition was measured following photoionization
of CS, with synchrotron radiation excitation in the range 875 A <A_,. <967 A. Autoionization
features are prominent in the fluorescence polarization spectrum and were investigated in
detail. The spectral assignments of the absorption spectrum by Ogawa and Chang [Can. J.
Phys. 48, 2455 (1970)] are supported by the current measurements. Although fluorescence
excitation and fluorescence polarization profiles normally align precisely, exceptions have been
found for many resonances (o, —ndmr, n> 3), and comparisons between the line shapes are

given for several features.

I. INTRODUCTION

Molecular autoionization has been the focus of exten-
sive theoretical and experimental efforts’ aimed at under-
standing the dynamics of channel interaction in the elec-
tronic continua of small molecules. Molecular electronic
autoionization is the process by which a Rydberg level con-
verging to an excited electronic state of the ion exchanges
electronic (and possibly vibrational and rotational) energy
with the molecular core, resulting in decay into the underly-
ing ionization continua. There are many studies that have
provided insight into the process; however, the identity of
the quasidiscrete state undergoing autoionization is poorly
characterized for many molecular systems, owing to the con-
gestion of the autoionization spectra with overlapping and
interacting Rydberg series. Recently, we showed? that when
the ion is created in a (fluorescing) excited electronic state,
fluorescence polarization can be exploited to label the elec-
tronic symmetry of the autoionizing Rydberg level. The
physical basis for this is that the electronic symmetry of the
autoionizing state influences the orientation of the absorp-
tion transition dipole in the molecular frame. The m; level
distribution of the product ion, i.e., its alignment, is in-
fluenced by the symmetry of the resonantly excited Rydberg
level. The resulting fluorescence polarization, in turn, de-
pends on the molecular ion’s alignment, thus serving as a
beacon for the electronic symmetry of the autoionizing level.
This reasoning has been used in the earlier investigation of
CO, autoionization,” and in this paper, we report experi-
ments on CS, which extend the earlier work.

CS, serves as a useful test case for several reasons. First,
high quality photoabsorption spectra®* are available, and
the spectroscopic assignments are better determined® than
for most molecular systems. Similarly, photoionization mass
spectra are available.” Moreover, the autoionization fea-
tures are well separated for CS, and many of the features are
rather broad so that the fluorescence excitation and polar-
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ization profiles can be probed sensitively using the moderate
spectral resolution available for the present studies (AA4,,.
~0.8 A). The comparison between fluorescence polariza-
tion and fluorescence excitation spectra is particularly im-
portant to test the simple mixing procedure employed in the
earlier CO, analysis.? The excitation and fluorescence tran-
sitions investigated here are analogous to those studied in the
earlier CO, work? and are described by Eq. (1):

CS%(Ryd)

i

CS; (AIL,) + e~ (€0,,€m,,€8,)
M

CS; (X M1,) + A .

CSz(X 12;' ) + h'Vexc b d

(1)

While fluorescence polarization analysis for atomic
autoionization has been characterized in some detail theo-
retically,'© that for molecular autoionization has not, aside
from the limited classical modeling used for the CO, studies.
Theoretical advances have made it possible to probe elec-
tronic interchannel coupling in molecular photoioniza-
tion,!'~1* so polarization data can serve as useful input for
spectroscopic labeling of the Rydberg state. Furthermore,
the present measurements indicate the possibility that the
polarization measurements might also provide dynamical
information. The utility and the limitations of such measure-
ments are highlighted by the present results.

These measurements also provide a stepping stone to
more comprehensive studies; in particular, the present re-
sults were obtained without dispersing the fluorescence.
However, technical advances in synchrotron radiation facili-
ties make it possible to extend these studies to the vibration-
ally resolved level.!*"” In addition to their intrinsic value,
the results of the current measurements provide consider-
able impetus for such refinements, as weaker resonance phe-
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nomena may be probed selectively and sensitively using dis-
persed fluorescence polarization analysis.

II. EXPERIMENTAL

The apparatus has been described previously*'® and is
illustrated schematically in Fig. 1. The excitation radiation
originates from the electron storage ring at the Synchrotron
Ultraviolet Radiation Facility (SURF-II) at the National
Bureau of Standards. The radiation is monochromatized by
a2 m normal incidence monochromator,'® operated at 0.8 A
bandwidth for the present measurements. The uncertainty in
the wavelength scale is estimated to be 0.4 A and the photon
flux is typically 3 X 10'° photons/s. A differentially pumped
capillary channels the radiation to the interaction region
where it intersects an effusive molecular beam. A 1000 L/s
cryopump maintains the chamber pressure at 10~* Torr
during the experiments, and we estimate the effective pres-
sure in the interaction region to be a factor of 10 greater. The
fluorescence is collected at right angles to both the propaga-
tion axis and the polarization vector of the excitation radi-
ation. A 25 mm diameter, 25 mm focal length plano-convex
lens collects the fluorescence radiation and the collimated
beam exits the vacuum chamber through a suprasil window.
With this collection geometry, approximately 4% of the to-
tal solid angle is directed towards the detector. The fluores-
cence passes through a Polaroid HNPB sheet polarizer and
is detected by an RCA C31000A photomultiplier tube,
cooled to — 30 °C. The dark count contribution is assessed
by closing an electrical shutter to block out the fluorescence
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FIG. 1. Experimental schematic. The individual components and their
functions are discussed in the text.

during half of the data collection cycle for all data points.
Data are collected in two modes: excitation spectra and
fluorescence polarization spectra. For an excitation spec-
trum, the total CS;" fluorescence intensity is measured with
the polarizer removed as a function of the excitation wave-
length. A photodiode is used to monitor the VUV radiation
fluence for all data points. Spectra are corrected for the inci-
dent radiation intensity, which decays with the stored elec-
tron beam. However, the excitation spectrum is not correct-
ed for the wavelength response of the photodiode, which is
slowly varying throughout the region studied. The polariza-
tion spectra are obtained in the same manner as has been
described previously. The polarization index employed in
this work is defined as P = Iy —1,)/y +1,). The flu-
orescence polarization results are corrected for the incom-
plete polarization of the excitation radiation, i.e., the values
presented are those which would be obtained with complete-
ly linearly polarized excitation radiation. The data collection
is controlled by a LSI 11 microcomputer interfaced to a CA-
MAC crate with appropriate control and scaling modules.

lil. RESULTS

A fluorescence excitation spectrum of CS;* is shown in
the lower frame in Fig. 2. Previous work?®?! indicates that
the observed fluorescence should be predominantly from the
CS;t (4 - X) transition (4350 A <Aq <5700 A) in the exci-
tation energy range studied. The fluorescence excitation
spectrum agrees well with those from previous investiga-
tions.*?° There are three established Rydberg series in this
region,® and they are indicated at the bottom of Fig. 2. The
labeled lines are assigned as v = 0 Rydberg levels and the
four unlabeled features in the ndo and nso series correspond
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FIG. 2. Lower frame: fluorescence excitation spectrum of CS;* (4 — X)
and spectral assignments from Ogawa and Chang (Ref. 3). The labeled
members are assigned as v = 0 members of the Rydberg series and the four
unlabeled features in the ndo and nso series correspond to v = 1 levels. Up-
per frame: fluorescence polarization measurements as a function of the exci-
tation wavelength.
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FIG. 3. Expanded view of fluorescence excitation and fluorescence polar-
ization spectra in region of the 3d7 and 4so (v =0,1) resonances. Note

that the fluorescence polarization displays a maximum in the vicinity of the
o resonance and a minimum in the region of the 7 resonance.

to v = 1 Rydberg levels. Except for the lowest members, the
ndm Rydberg series is not well separated from the nso series.

The fluorescence polarization spectrum is plotted in the
top frame of Fig. 2, and all of the fluorescence excitation
peaks have corresponding features in the fluorescence polar-
ization spectra. Close inspection of the excitation vs polar-
ization behavior reveals several interesting facets. For exam-
ple, Fig. 3 shows the region of the 3d# and 4so resonances,
and while the 450 feature exhibits a peak in the polarization
spectrum, the polarization displays a minimum at the 3dn
resonance excitation wavelength. Figure 3 also shows that
the maxima in the excitation spectra line up precisely with
the polarization extrema.

Yet, features in the excitation and polarization spectra
need not align precisely. Indeed, there are some features that
exhibit shifts between the two spectra. For example, Fig. 4
shows the polarization and excitation spectra in the region of
the 5so and 4ds peaks, and the polarization maximum is
shifted 0.9 A to higher wavelength from the excitation maxi-
mum. At first, one might attribute this shift to experimental
uncertainties. However, the polarization data have an inter-
nal calibration with respect to the excitation spectra because
the I, and I, components are determined individually (and
stored separately on disk) to determine the polarization in-
dex P. Note that the denominator of the polarization index is
the same as the total fluorescence observed in the fluores-
cence excitation measurements. So, by plotting both the de-
nominator of the polarization fraction and the polarization
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FIG. 4. Expanded view of fluorescence excitation (solid line) and fluores-
cence polarization (diamonds with error bars) spectra in region of the 4d7m
and 5so (vg = 0) resonances.

fraction itself vs wavelength, shifts between the excitation
and polarization extrema can be verified accurately. All of
the shifted features occur in the region of [nso,(n — 1)dn]
autoionization peaks. By way of contrast, the polarization
peaks line up precisely with the excitation peaks for the ndo
series.

Finally, we note that the nonresonant (i.e., back-
ground) value of the fluorescence polarization can provide
information on the relative strengths of the degenerate direct
ionization channels.'® In the region between the peaks, it
appears that the fluorescence polarization dips to a mini-
mum value P~ — 0.06, slightly higher than the analogous
case of CO, photoionization.”

V. DISCUSSION
A. Nonresonant polarization behavior

Figure 2 shows that the fluorescence polarization in
nonresonant regions of the CS, spectrum is approximately
P~ —0.06, slightly more positive than the CO, case report-
ed earlier, but still approaching a value of P= — 1/13. This
implies that the excitation transition dipole is perpendicular
to the internuclear axis. Such behavior is expected if the eo,
and €8, continuum channels dominate at the expense of the
em, continuum channel.>'® In other words, as the photoelec-
tron is being ejected from a 7, orbital to form the 4 *II,, state
nonresonantly, either the eo, or €5, continuum channel
dominates, resulting in a transition characterized by
AA = + 1. To our knowledge, there have been no theoreti-
cal investigations of the nonresonant photoionization of CS,,
but it is not surprising that its behavior would mimic that of
CO0,, where the €5, channel dominates.” In fact, the nonre-
sonant behavior of both CO, and CS, can be rationalized by
examining the photoabsorption spectra at lower energy.
Both absorption spectra reveal huge Rydberg resonances of
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ar character, which could have the effect of depleting the e,
continuum oscillator strength, resulting in a polarization in-
dex characterized by a perpendicular transition in the pho-
ton energy range presented in these fluorescence polariza-
tion studies.” It would be interesting to test this tentative
explanation by computing the direct ionization cross sec-
tions for these channels.

There are a few possible explanations of why the mea-
sured polarization does not exactly equal the limiting value
of P= —1/13. First, there could be some oscillator
strength in the €7, continuum channel. Second, spin-orbit
coupling effects may reorient the absorption transition di-
pole in the molecular frame, analogous to the effect of hyper-
fine depolarization, described previously.?? Also, collisions
might result in the destruction of alignment, as the radiative
lifetime of the CS;" (4 *I1, ) state is long, 4.1 + 0.2 us.”> No
pressure dependent measurements were performed, so the
discrepancy between the observed and limiting polarization
values might be due to collisional effects.

B. Fluorescence polarization following resonant
excitation

As in the previous CO, study,” it appears that most of
the autoionizing features exhibit positive-going polarization
profiles, although some do not. Figure 3 illustrates the utility
of the method for symmetry labeling of autoionizing reson-
ances, and the applicability of the simple mixing picture de-
scribed previously.? The feature assigned as the 4so reso-
nance exhibits a polarization peak. Qualitatively, this is
expected. The electronic transition populating the quasidis-
crete state is o, —4so, implying that the electronic transition
dipole should be parallel to the internuclear axis, and that
the fluorescence polarization (from the resonant contribu-
tion) should approach a limiting value of P= 4 1/7. By
neglecting interference effects, it is straightforward to esti-
mate the net fluorescence polarization, and this analysis will
be discussed in the following section. First, though, we note
that the behavior for the 3dn feature is qualitatively differ-
ent. Specifically, the polarization profile exhibits a local min-
imum at the resonance position. This is expected for o,
— 3dm excitation because the electronic transition moment
for such a transition is perpendicular to the internuclear axis,
resulting in a limiting value of P= — 1/13. While the ob-
served value is more positive than this limit, it is qualitatively
in agreement with our expectation, as the wings of the 4so
autoionization profile extend over the 3dn resonance. Thus
it appears that the assignments of Ogawa and Chang?® for
these two resonances are correct, while some of the previous
spectral assignments of these resonances were indeed in er-
ror. (See the discussion in Ref. 3.) Moreover, the polariza-
tion profiles for these two features stress the utility of the
method for symmetry labeling.

Other facets of the excitation/polarization comparison
are less straightforward, and one example is shown in Fig. 4.
The 5so resonance position does not correspond to the polar-
ization maximum, as did the 4so resonance. It is tempting to
ascribe this misalignment to the fact that the 5so and 4d#
resonances are not separated in the excitation spectrum, so
the polarization maximum might be expected to be shifted

slightly to the “Sso part” of the observed composite reso-
nance. However, the observed polarization maximum is on
the high wavelength side of the excitation peak, i.e., the “4dn
part” of the excitation resonance, contrary to simple expec-
tations. This unanticipated result lends itself to several ex-
planations. First, the spectral assignments of Ogawa and
Chang? for the higher-n Rydberg features of the spectrum
might be incorrect. This is unlikely given their strong spec-
troscopic evidence. A more likely explanation is that the
simple mixing picture, in which it is assumed that the net
polarization can be determined by simply obtaining a
weighted average of the resonant and nonresonant contribu-
tions, is inadequate. While there is some validity to this pro-
cedure as evidenced by the fits to the CO, results® and much
of the present data, it is clear that this simple mixing picture
is, at best approximate, and must break down in some in-
stances. For example, consider the case of an autoionizing
window resonance, where the resonant weighting factor (the
intensity exceeding the nonresonant contribution) is nega-
tive. In such a case, it is conceivable that the weighted aver-
age of polarizations would in fact exceed the physically
meaningful limit P = ~ 1. Thus, it is clear that interference
terms must be included for a more general treatment. We
expect that the observed misalignment is due to a breakdown
of the simple mixing picture. A more clearcut limitation of
the polarization averaging procedure is revealed by carrying
out the same type of mixing analysis performed previously
for the CO, case, as described below.

C. Simulated polarization spectra

We simulate the CS, polarization spectrum in the region
of the 4do resonance using the procedure described pre-
viously.? This resonance is particularly suitable for this anal-
ysis, as the nonresonant background is rather flat in this
vicinity and the resonance is broad and isolated. Thus the
line shapes for the polarization and excitation spectra can be
compared very accurately. The procedure is straightfor-
ward. The net polarization observed at any excitation wave-
length is assumed to be the weighted average of resonant and
nonresonant contributions. The averaging procedure is car-
ried out in terms of the r index, defined as

r=,—1,)/Uy+2,). (2)
The 7 index is related to the P index by

r=2P/(3—P) 3)
and the weighted average r,., is obtained as follows:

Foet = (Inp?ng +IrPr )/ (Ung +1R) 4)

where I represents a dipole strength and the subscripts R and
NR denote resonant and nonresonant, respectively. For the
present case, we have estimated that 7z = — 0.04 (corre-
sponding to P= — 0.06, as indicated by Fig. 2), and we
assume that 7z = + 0.10 (i.e.,, P= + 1/7). The weighting
factors Iyg and I; are obtained at every wavelength from
the excitation spectrum as illustrated in the bottom frame of
Fig. 5. The intensity below the horizontal solid line repre-
sents the nonresonant intensity and the intensity above is the
resonant contribution. The simulated polarization spectrum
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FIG. 5. Simulation of the polarization spectrum in the region of the 4do
resonance, obtained using the procedure outlined in the text. The bottom
frame shows the fluorescence excitation spectrum, indicating the break-
down into resonant and nonresonant contributions. The top frame shows
the measured polarization spectrum (diamonds), as well as the simulated
polarization spectrum (solid line).

(following transformation back to the P index) is displayed
in the top frame as the solid line, while the experimental
points are shown as unconnected diamonds.

The qualitative agreement between the simulated curve
and the experimental data is rather good. However, on the
low wavelength side of the resonance the experimental val-
ues are consistently greater than the simulated values. It is
not possible that a different spectral assignment would bring
the simulated and experimental curves into agreement, as
assigning the resonance as a o — 7 transition would make the
simulated curve more negative, worsening the agreement.
So, while the averaging procedure is adequate for assigning
resonances and yields polarization line shapes qualitatively,
it is inadequate for obtaining quantitative agreement. Clear-
ly, interference effects must be considered as mentioned in
the previous section, going beyond the mixing picture em-
ployed here.

There is another possible source of the observed discrep-
ancy. It is possible that the exiting photoelectron exerts
torque on the molecular frame, thereby altering the align-
ment and the subsequent fluorescence polarization.” Indeed,
a recent study has shown that molecular rotation can be
significantly affected by the photoelectron escape in the vi-
cinity of an autoionization resonance.?* If this is a source of
the discrepancies noted in Fig. 5, significant dynamical in-
formation on molecular autoionization may be obtained by
investigating polarization line shapes in greater detail. While
theoretical treatments of ionic alignment following nonre-

sonant molecular photoionization have been extensive,'®?*

there is a complete lack of theoretical work for molecular
autoionization, and these CS, results demonstrate that such
efforts would be extremely useful.

There is also an instrumental extension that would be
timely. Figure 5 shows that the region of largest deviation
between the experimental data and the simulated curve is in
the region of the v = 1 component of the 4do resonance. In
order to emphasize the behavior in this region, it would be
useful to stress this component at the expense of the v =10
component. If the fluorescence radiation were dispersed, the
fiuorescence originating from the v = 1 level of the ion could
be studied selectively, and it is likely that the profile for the
v = 1level of the Rydberg level would be enhanced. Thus the
present measurements provide a strong motivation for ex-
tending the method to include dispersed fluorescence. The
key point is that autoionization, like most resonant excita-
tion phenomena, frequently affects normally weak exit chan-
nels, so it is useful to probe individual vibrational channels
selectively. Several dispersed fluorescence measurements
have been performed recently**~'7?* using synchrotron radi-
ation excitation, and work is now in progress to extend these
measurements to include polarization determinations.

V. CONCLUSIONS

Fluorescence polarization measurements on CS;" pho-
toions have been carried out, corroborating the most recent
spectral assignments of autoionizing Rydberg states in CS,.
Two new aspects of such polarization experiments are re-
vealed by these data. First, the polarization and excitation
profiles are shifted in several instances. Second, the proce-
dure employed in our previous study of CO,,? which utilized
weighted averages of the resonant and nonresonant contri-
butions, does not produce quantitative agreement with ex-
periment. Further work is underway with vibrationally re-
solved measurements to extend and clarify these results.
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