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We report on vibrationally resolved measurements of photoelectron angular distributions and
branching ratios for NO* (27~ ') X '=* using synchrotron radiation over Av = 11.5-26 V.
Normally weak vibrational levels are strongly enhanced below 18 eV, and the photoelectron
asymmetry parameters and branching ratios display a vibrationally dependent, broad spectral
structure over Av=11-18 eV. These observations may reflect the presence of the expected o
shape resonance, however, various interchannel coupling mechanisms may also be involved.
Resonance structure in the photoelectron asymmetry parameters is also observed in the
hv=19-22 eV region. This structure is likely associated with Rydberg excitations from the 40

orbital.

I. INTRODUCTION

Several theoretical studies of the photoionization cross
section and photoelectron angular distribution of the 27 or-
bital of NO have predicted the presence of a shape resonance
in the o continuum channel.’® The o shape resonance is
present in other photoionization channels of NO">**? as
well as in certain channels of several other first-row linear
molecules.!*'® Theoretical studies indicate that relatively
intense, nonresonant 7 and § continuum channels may ob-
scure the effects of the resonant o channel in NO 277~ ! pho-
toionization. In addition, the experimental search for the
predicted o shape resonance may be complicated by the
presence of several autoionizing Rydberg series associated
with the 17~ ! and 5o ionization thresholds.>'"*!

Previous experimental studies of NO 27~ ! photoioniza-
tion obtained using the dipole (e,2e) method’ and synchro-
tron radiation® do not extend down to the region of Av=14
eV where recent theoretical calculations predict the ¢ shape
resonance to be located.*> Also, the previous measurements
are vibrationally unresolved. It has been demonstrated in
theoretical and experimental studies that a shape resonance
can produce significant vibrational dependence in the partial
photoionization cross section or branching ratios and in the
photoelectron asymmetry parameters 3. '>'>!>'922 These ef-
fects constitute a breakdown of the Franck—Condon approx-
imation.

Removal of the antibonding 27 electron from NO re-
sults in the NO* X = ionic state having an internuclear
separation (R, = 1.063 A) smaller than that of the ground
state NO X 21T (R, = 1.151 A).?® Consequently, several vi-
brational levels of NO* X '=* are observed in the photo-
electron spectrum (PES), even for the case of nonresonant
photoionization.?* In addition, the 27~ ' PES is well separat-
ed from the higher ionization bands.?*?* These factors make
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the NO 27! PES a favorable system for studies of vibra-
tional effects in resonant photoionization processes.

We have conducted a search for effects of the predicted
NO 27 - eo shape resonance by recording vibrationally and
angularly resolved PES over the range hv = 11.5-26 eV.
From these PES we have derived the vibrational branching
ratios and asymmetry parameters 5. As described fully be-
low, we observe a broad, vibrationally dependent spectral
structure in the branching ratios and S parameters over
hv=11-18 eV. The normally very weak vibrational levels
(v>4) are strongly enhanced at photon energies below 18
eV, while above approximately 18 eV we observe essentially
Franck—Condon behavior in the vibrational intensities.
These observations are suggestive of the presence of the ex-
pected o shape resonance. However, other photoexcitation
channels are also likely to affect the 27! photoelectron dy-
namics in this spectral region. These possible interchannel
interaction mechanisms should also be considered in dis-
cussing the experimental results presented below.

Most notable is the presence of several Rydberg excita-
tion series from the 17 and So orbitals over the range
hv=12-18 eV which have been identified in photoabsorp-
tion and photoionization spectra'’?! and in fluorescence®
and electron energy-loss®® studies. Thus, the observed broad
structure and the enhancement of weak vibrational levels
may be due at least in part to unresolved autoionizing Ryd-
berg excitations.

Based on calculated ground state orbital energies® we
note that the 40— 27 valence excitation would also be ex-
pected to occur near Av=14 eV. This valence-like excited
state would be expected to autoionize rapidly, producing a
fairly broad spectral structure in the 27~ photoelectron
dynamical parameters. Such an autoionizing valence state
has been proposed to explain broad, vibrationally dependent
spectral structure in the C,H, 17! photoionization cross
section and 3 parameter. *’-**Similarly, a proposed **doubly
excited valence-like autoionizing state has been considered
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to produce broad spectral structure observed***® in partial
photoionization cross sections and photoelectron asymme-
try parameters of N,.

Molecular autoionization processes can be further com-
plicated by configuration mixing among the Rydberg and
valence excited states having the same total symmetry. #1536
The actual states are likely to possess both Rydberg and va-
lence character, with the configuration mixing coefficients
dependent on internuclear separation. Clear evidence of a
strongly mixed Rydberg—valence autoionizing state has been
demonstrated in the case of O, 30, ' photoionization in
which broad, vibrationally dependent structure has been
measured in the O;* b *Z partial photoionization cross sec-
tion.*” The present case of NO 27! photoionization may
therefore be complicated by the presence of and interaction
among at least three types of resonant channels: (1) the
21 - eo shape resonance, (2) the 40 — 27 valence excitation,
and (3) the 17 and 5o Rydberg excitations. Theoretical cal-
culations are required to determine the relative importance
of the various resonance processes suggested here.

An additional factor that could affect the NO 27~ ! pho-
toelectron dynamics is an interaction between ionization and
neutral dissociation. The observation in N, O of an apparent
link between the production of low energy photoelectrons
and the production of fluorescence from the products of neu-
tral dissociation led Guyon et al.*® to propose a model of
interacting ionization and dissociation processes. In this
model a dissociative valence state is initially populated via a
predissociated Rydberg excitation but leads to ionization ei-
ther through direct autoionization or by coupling to other
Rydberg states which subsequently autoionize. This model
appears to explain the photoelectron energy distribution ob-
served at certain wavelengths in N, O and has recently been
proposed to explain similar observations in CO,.*® The case
of neutral dissociation interacting with vibrational autoion-
ization in NO has also been treated theoretically.*® With re-
gard to the present experiment, we note that the quantum
yield of ionization ranges between approximately 40%-90%
over v = 11-18 eV and passes through a broad minimum
near 14 eV.'® Assuming that molecular fluorescence is a neg-
ligible decay process, the ionization yield data suggest that
neutral dissociation is competitive with ionization in this
spectral region. Direct evidence of dissociation processes in
this energy range has been given by excitation of fluores-
cence from atomic fragments.”® The fluorescence measure-
ments show that the 17 and 50 Rydberg excitations are pre-
dissociated. The presence of both ionization and dissociation
continua does not necessarily mean that there is a significant
interaction in the present case. We mention it here as one
more factor which could play a role in explaining the obser-
vations presented below.

In addition to the broad structure observed between
11-18 eV, we also report a broad, vibrationally dependent
structure in the NO 27! B parameters between approxi-
mately 19-22 eV. This structure is likely associated with
Rydberg excitations from the 4o orbital which occur in this
spectral region.*'* We note, though, that neutral dissocia-
tion,?*** dissociative ionization,”** and ion-pair formation
processes*® also occur in this energy region.

Il. EXPERIMENT

The measurements were made using a high-resolution
photoelectron spectrometer*’ on the 2 m normal-incidence
beam line*® at the Synchrotron Ultraviolet Radiation Facili-
ty (SURF) at the National Bureau of Standards. A photon
beam bandwidth of 2.2 A was used to record PES of NO
27~ 'over hv = 11.5-26 eV at intervals of 0.25 eV. With this
moderate wavelength resolution and point density, we ex-
pected to partially wash out sharp autoionization structure
but retain broad structure arising from a shape resonance.
The photon beam intensity was monitored using tungsten
photodiodes, and the polarization of the photon beam was
measured using triple-reflection analyzers to be typically
70%-75%.

Two hemispherical photoelectron analyzers (10.2 cm
mean radius) were operated simultaneously at angles of 0°
and 90° with respect to the major polarization axis of the
photon beam. Branching ratios and asymmetry parameters
were derived from the relative intensities of photoelectrons
detected at the two angles. We have previously reported de-
tailed descriptions of the photoelectron spectrometer®” and
of the procedures used for spectrometer calibration and data
analysis.* The spectrometer calibration was based on an ex-
tensive set of measurements on the rare gases, for which the
photoionization cross sections and photoelectron branching
ratios and asymmetry parameters are known fairly well.

Commercially obtained gas cylinders of NO were used
without further purification (99% purity quoted). Prior to
recording measurements on NO, the spectrometer had been
operated for several months using Ne, Ar, Kr, Xe, N,, and
H, sample gases. The spectrometer calibration was stable
over this period, based on regular calibration data sets using
Ar. However, introduction of NO to the spectrometer
caused an increase of approximately 0.26 eV in the observed
kinetic energies of the photoelectron peaks. Both electron
analyzers were affected in the same way, and the kinetic
energy shifts remained when the NO was pumped out and
Ar sample gas introduced. The shifts were apparently due to
a change in surface potentials caused by absorption of NO in
the collision region and/or the electron analyzers. After a
day or two of running NO, the energy scale stabilized (to
within 0.05 eV) at the shifted position. Shifting of the kinetic
energy scale had the effect of slightly modifying the rare-gas-
derived calibration functions for the two electron analyzers.
The effects were accounted for in the analysis of the NO
data. We note that a shifting kinetic energy scale could cause
errors in results obtained using the techniques of constant-
ionic-state PES or threshold PES.

As described previously,*® studies were conducted to
check for pressure dependent effects which can arise due to
photoelectron scattering from the sample gases. Two sets of
NO 27~ ! PES were recorded over a range of photon energies
at different sample pressures. The first data set was obtained
at lower pressure (13X 107> Torr background pressure in the
spectrometer chamber), and only the v = 0—4 vibrational
levels were recorded. The second data set was obtained at
higher sample gas pressure (3 10~ Torr background pres-
sure), and a wider range of vibrational levels were recorded.
The branching ratio and asymmetry parameter results for
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the v = 04 levels which were derived from the two data sets
arein good agreement. This indicates that the results are free
of significant pressure effects.

lil. RESULTS AND DISCUSSION

Figures 1 and 2 show the 0° and 90° PES of NO 27!
recorded at photon energies of 19.75 and 12.5 eV. The 19.75
eV PES shows the vibrational intensity distribution typically
obtained in a nonresonant photoionization process where
the vibrational intensities are well described by the
Franck—Condon factors. In dramatic contrast, the 12.5 eV
PES shows vibrational intensities strongly modified relative
to the Franck—Condon picture. The normally weak vibra-
tional levels (v > 4) were observed to be strongly enhanced
at photon energies below approximately 18 eV. Considerable
intensity was observed for vibrational levels up to v = 13,
which we arbitrarily chose as a limit for the accepted binding
energy range in our PES. Still higher vibrational levels have
been recorded in discrete-line-excitation PES.*

The 0° and 90° PES shown in Figs. 1 and 2 have been
corrected for the relative collection efficiencies of the elec-
tron analyzers, and the curves drawn through the data
points are the results of a fitting procedure. The vibrational
branching ratios and asymmetry parameters were deter-
mined from the areas of the fitted peaks. Our branching ratio
results are reported as the ratio of the particular vibrational
intensity relative to the total band intensity. Thus, there is
some error in the branching ratio results due to excluding
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FIG. 1. The 0° and 90° photoelectron spectra of NO* (277 ') X '~ re-
corded at 19.75 eV photon energy.
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FIG. 2. The 0° and 90° photoelectron spectra of NO* (27~ ') X '=+ re-
corded at 12.5 eV photon energy.

v> 13 levels from the total band intensities. In addition, we
have excluded vibrational levels recorded in the PES which
have kinetic energies below 0.3 eV, because the relative col-
lection efficiencies of the electron analyzers were not deter-
mined with sufficient accuracy at very low kinetic energy.
We believe that these limitations do not significantly affect
the main information derived from the results.

The B parameters and branching ratios for the v = 0-5
levels are plotted in Figs. 3 and 4. Also plotted for reference
in Fig. 3 is the fixed-nuclei theoretical curve from Ref. 3,
which is more appropriately to be compared with the vibra-
tionally averaged experimental results. The calculated
Franck—Condon factors from Ref. 51 are shown with the
branching ratio measurements in Fig. 4. The sum of the
branching ratios for the v = 6-13 levels is plotted in Fig. 5.
And the vibrationally averaged B parameter results are plot-
ted in Fig. 6 along with previous vibrationally unresolved
data® and three theoretical curves.'>*

Itis seen in Fig. 5 that the v > 5 levels, which have negli-
gible intensity in direct, Franck—Condon ionization, are
strongly enhanced below 18 V. Individual results for levels
v> 5 are not shown, however, they appear similar to the re-
sults shown for v = 5 in Figs. 3 and 4. In particular, the 8
parameters for the v = 6 and 7 levels also appear to display
broad, deep minima near 21 eV. The v = 0-4 levels also dis-
play an increasingly pronounced, broad feature in their 8
parameters in the 19-22 eV region. Correspondingly pro-
nounced structure in this energy region is not apparent in the
branching ratio measurements. This spectral structure is
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FIG. 3. The photoelectron asymmetry parameters for the v = 0-5 vibra-
tional levels of NO* (27 ') X '2*. Open circles: present results obtained
at lower sample gas pressure; closed circles: present results obtained at high-
er pressure. The same fixed-nuclei theoretical curve from Ref. 3 is shown for
all the levels.

likely associated with Rydberg excitations from the 4o orbi-
tal which have been observed in photoabsorption spec-
tra.*' It would be expected that more pronounced reso-
nance features would be observed for the v > 4 levels, because
weak final states are more sensitive to interchannel interac-
tions. However, while the v = 0 and 3 levels have compara-
ble intensities, the v = 3 level displays a suppression of 8
above approximately 19 eV, while the v = O level does not.
This indicates that the resonance effect depends on internu-
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FIG. 4. The vibrational branching ratios for the v = 0-5 levels of NO*
(27— ') X 'S . The dashed lines are the calculated Franck—Condon factors

from Ref. 51.
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FIG. 5. The summed vibrational branching ratio for the levels v = 6-13 of
NO* 2r hHXx'3+,

clear separation. In this regard, we note that the thresholds
for the ion fragmentation channels N + O (20.124 eV)
and N* + O (21.04 €V) occur in this energy region.* Ion-
pair formation N* 4+ O~ is also observed.*® And fluores-
cence from atomic fragments shows that the 40 Rydberg
excitations decay in part by neutral dissociation.>>** There-
fore, the resonance effects observed in this energy region
may be of a complex, multichannel nature which includes
various ionization and dissociation pathways which may in-
teract to a significant degree.

Returning to the results for Av < 18 eV, it is seen that the
v = 0-5 levels display an apparently broad structure in their
[s and branching ratios which is v dependent. With the ex-
ception of the features in 5 over 19-22 eV discussed above,
there is essentially Franck-Condon behavior above approxi-
mately 18 eV. That is, the branching ratios are close to the
Franck—-Condon factors and the £ values are similar and
slowly varying. The vibrationally averaged asymmetry pa-
rameter, plotted in Fig. 6, also shows a broad maximum
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FIG. 6. The photoelectron asymmetry parameter for NO+ (27~') X 'T+.
Closed circles: present vibrationally averaged results; open triangles: vibra-
tionally unresolved results from Ref. 8; solid curve: fixed-nuclei calculation
from Ref. 3; dashed curve: fixed-nuclei calculation from Ref. 4; chain-
dashed curve: vibrationally averaged calculation from Ref. 1.
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between 13-17 eV in qualitative agreement with fixed-nuclei
theoretical calculations.** These calculations include the ef-
fect of the o shape resonance but do not include interchannel
interactions. We have no explanation for the shift in absolute
magnitude between the present results and earlier, vibration-
ally unresolved B measurements. ® The present results are in
better agreement with recent calculations above 18 eV, the
region of apparently nonresonant photoionization.

The broad, vibrationally dependent structure observed
below 18 eV is supportive of the presence of the predicted o
shape resonance. As discussed earlier, however, autoioniz-
ing Rydberg and valence excitations are likely to also play a
role. Some sharp structure is apparent in the data, indicating
the presence of Rydberg excitations. No attempt was made
in the present measurements to either hit or miss prominent
Rydberg excitations which are known from photoabsorp-
tion and photoionization studies. Autoionizing Rydberg
states excited from valence orbitals generally produce rela-
tively narrow ( <0.1 eV) resonance structures, however,
several closely spaced or overlapping series of resonances
can occur for a given ionization threshold, due to alternative
angular momentum and vibrational quantum numbers of
the Rydberg levels. An additional complexity arises in the
present case where the open-shell structure of NO results in
seven electronic ionization thresholds based on the 17~ ' and
507! configurations in the range hv=15.5-19.5 eV.2>** The
presence of these many ionic states with their associated vi-
brational structure results in several closely spaced or over-
lapping Rydberg series over the energy range hv=12-18
eV.'72! These numerous, unresolved Rydberg excitations
conceivably could contribute to the apparently broad spec-
tral features observed in the present PES measurements,
considering our limited wavelength resolution and point
density.

Several early studies of NO 27~ ! PES obtained using
discrete-line-excitation sources also revealed dramatic non-
Franck-Condon vibrational intensity distributions.’®*?
These early observations of non-Franck-Condon effects
were attributed to electronic autoionization, and theoretical
models were developed®® based on the configuration-interac-
tion formalism.** In this model, the partial cross section for
producing a particular vibrational level of the ion can, in
certain cases, be expressed in terms of Franck—Condon over-
lap integrals among the neutral ground state, the Rydberg
state, and the ionic state.>> One result of this model was the
explanation of multiple maxima appearing in the photoelec-
tron vibrational intensity distributions to be a reflection of
the multiple maxima which occur in the probability distribu-
tion over internuclear distance R of vibrationally excited
Rydberg states.*>** Some of the presently recorded PES do
display multiple maxima in the vibrational intensity distri-
butions, thus suggesting a contribution from electronic auto-
ionization. We note in addition, however, that the model
calculation of Guyon ez al.*® of an autoionizing dissociative
state also resulted in multiple maxima in the photoelectron
vibrational distribution. In the present case of NO in the
hv=11-18 eV region, photoionization yield measure-
ments'® and fluorescence from atomic fragments® indicate
that dissociation is a prominent decay mode. Thus, the possi-

bility exists of an interaction between dissociation and ioni-
zation.

IV. CONCLUSIONS

The purpose of the present study was to search for broad
structure arising from a shape resonance, and this was ap-
parently observed. However, interchannel interactions in-
volving Rydberg and valence excitations are also likely to
play a role and interaction with dissociative channels is also a
possible factor. Additional photoelectron measurements
made at high spectral resolution may help address these is-
sues. On the theoretical side, it would be useful at this point
to compare the vibrationally resolved data of Figs. 3 and 4
with corresponding v-dependent calculations obtained at the
independent electron level to see if the o shape resonance can
account for the observed broad structure. Such calculations
are underway.>®’’ Beyond that, theoretical studies would
also be required to test the suggestions of more complex reso-
nance phenomena involving interchannel interactions, in-
cluding dissociative channels. In fact, Lynch ef al.’” have
calculated the effects of autoionizing valence and Rydberg
excitations and have found them to be highly significant.
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