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Abstract

This thesis presents results of theoretical studies of single-photon ioniza-
tion and resonance enhanced multiphoton ionization (REMPI) of several small
molecules. These studies parallel several recent experiments which use tunable
sources of radiation to photoionize molecules and measure the resulting electronic,
vibrational, and rotational population of ions via photoelectron spectroscopy. The
objective of this thesis is to examine the underlying dynamics between the ion and
the ejected electron and to understand how these interactions affect photoion state
distributions. In particular, this work focuses on the presence and influence of
localized quasi-bound states of the photoelectron called “shape resonances” which
significantly influence these ion distributions. A key feature of these studies is the |
use of accurate Hartree-Fock photoelectron wave functions determined from the
Schwinger variational method. This method provides a photoelectron wave func-
tion determined in the static-exchange and non-central field of the molecular ion.
Use of such photoelectron wave functions is crucial in an accurate determination
of transition moments and ion state populations.

The first part of the thesis examines shape resonances in the photoionization
of O,. Studies reported here include investigations of branching ratios of elec-
tronic multiplet states in the 30, and 17, photoionization of O, and a comparison
of photoionization of the singlet states, a ' A, and d 'II, (3so,1m,), with that of
the ground state of O,. These studies show that the electronic exchange interac-
tion between the ion core and the photoelectron in shape resonant energy regions
profoundly affects the electronic state distributions of the molecular ion. We also
report vibrational branching ratios in the single-photon ionization of O,, and in

REMPI of O, via the C *II, Rydberg state. In these studies, we find that a shape
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resonance causes a dependence of the electronic transition moment on the molec-
ular geometry leading to non-Franck-Condon ion vibrational distributions and a
dependence of the rotational branch intensity on the ion vibrational state.

The second part of this thesis examines shape resonances in other molecules,
focusing on the more general aspects of the photoionization dynamics. Here we
present studies of the vibrational state distributions in the 7o photoionization of
the polyatomic N, O, where a shape resonance causes non-Franck-Condon vibra-
tional state distributions, the degree of which depends on the nuclear displacements
involved and whether the shape resonance is localized on a particular bond. We
also study the photoionization dynamics of the valence shell of Cl;, where a shape
resonance is also seen. In contrast to what has been seen in other molecules, this
shape resonance is not oriented along the molecular axis, but perpendicular to
it. The shape resonance therefore is less sensitive to vibrational motion and does
not influence vibrational distributions. Finally, we present studies of the K-shell
ionization of CO. Studies in this energy region have assumed a new importance
with the development of tunable X-ray synchrotron sources. Here, electronic re-
laxation in the production of a K-shell hole is seen to significantly influence the
photoionization cross section in shape resonant energy regions. The mathematical
framework is given to separate and analyze the effects of electronic relaxation in
the photoionization cross section and calculate K-shell satellite spectra from first
principles.

The results of examination of all these photoionization processes are discussed

in the context of recent experiments.
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I. Introduction

This thesis presents results of theoretical studies of the photoionization of
molecules, emphasizing the underlying dynamics of the photoelectron-ion inter-
actions and how this affects ionic state distributions. These studies were largely
motivated by the need to understand recent experiments which use tunable sources
of radiation in the ultraviolet to soft X-ray range, such as pulsed dye-lasers! and
synchrotrons,? to ionize small molecules and measure the cross section for the prod-
uct ions as a function of incident energy. These experiments are highly molecule-
and state-specific, and can measure cross sections, both integral and differential,
for ionization of specific electronic, vibrational, and rotational levels of the neu-
tral molecule leading to specific rovibronic levels of the ion. Understanding the.
photoionization process and resulting ion distributions in these experiments is im-
portant in modeling chemical reactions which occur in the atmosphere® and in
plasmas,* in probing the orientation of adsorbates on surfaces,® in state-selection
and state-specific production of ions,® and as a probe of electronically excited
states.”

The photoionization cross section of molecules can depend on the energy of
the incident radiation in a complex way, exhibiting structure which reflects the
underlying dynamics between the ejected electron and the molecular ion field. In
particular, this thesis focuses on the presence and influence of localized, quasi-
bound states of the photoelectron called “shape resonances,” which are caused by
the trapping of the ejected electron by the centrifugal barrier of the molecular
ion field. These resonances are usually observed as distinct enhancements in the
photoionization cross section of two to ten electron volts in width and have been
observed in a wide variety of molecules.? Shape resonances also strongly influence

photoelectron angular distributions.
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This thesis consists of two main parts. The first part (chapters 1-9) investi-
gates shape resonances in the photoionization of O;. These investigations of O,
are presented in order of increasing resolution of the product ions, from electronic
to vibrational to rotational, and reflect the increasingly rich dynamical information
obtained in these studies. In open-shell molecules such as O,, where photoioniza-
tion of a molecular orbital can lead to ions with different spin couplings, shape
resonances may lead to electronic branching ratios which differ significantly from
those expected on the basis of the spin multiplicities of the final state ions. For ex-
ample, 30, photoionization of O, (X ®*L7 ) leads to quartet and doublet ions which
are expected to occur in the statistical ratio given by the spin degeneracy of these
states (2S+1): two quartet ions for every doublet ion formed. Deviations from this
statistical ratio can occur in the energy region of a shape resonance. This is due to
the localized nature of shape resonances and their resulting sensitivity to details
of the inner region of the molecular ion potential field, in this case the differing
exchange potentials of the different multiplet ions. Evaluation of the transition mo-
ments to specific ion multiplets requires an accurate potential which incorporates
the proper exchange interactions. A key feature of the present studies is the use
of accurate static-exchange Hartree-Fock photoelectron wave functions determined
with the iterative Schwinger variational method.®®* We examine multiplet-specific
effects in the electronic branching ratios in the photoionization of the 30, (chapter
1) and 17, (chapter 2) orbitals of O,. We compare our results with recent ex-
periments and note significant differences with previous calculations which did not
explicitly take into account such differences in the multiplet potentials. We also
show how multiplet-specific effects can be important in excited state ionization of
O, in the context of a recent resonance enhanced multiphoton ionization (REMPI)
experiment via the d 'II, state (chapter 3) and a single-photon experiment from

the first electronically excited state, a ' A,, of O, (chapter 4).
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In chapter 5, we again look at 30, photoionization of O,, but here the multi-
plet ions are vibrationally resolved. Because of their localized nature, these shape
resonances are quite sensitive to details of the molecular ion potential and, hence,
to molecular geometry. This sensitivity of shape resonances to nuclear geome-
try induces a dependence of the electronic transition moment on the internuclear
distance. In shape-resonant energy regions, the factorization of the nuclear and
electronic coordinates in the evaluation of the transition amplitude assumed in
the Franck-Condon approximation can hence become a poor approximation. The
presence of a shape resonance in the 30, photoionization of O, therefore causes
large deviations from predictions based on the Franck-Condon principle for the
branching ratios of ion vibrational states and the associated angular distributions
of photoelectrons. In this thesis, we examine such shape resonant deviations from
Franck-Condon behavior by explicitly evaluating the internuclear distance depen-
dence of the electronic transition moments by ab tnitio methods. Results of these
calculations are presented in chapters 6-8 for 17, photoionization of O, and are
discussed in the context of recent experiments. This work on O, demonstrates
for the first time how shape resonances, known to affect ground state photoion-
ization processes, can significantly influence the vibrational distribution of ions in
photoionization from an excited state.

Chapter 9 presents studies on the single-photon ionization of O, with rota-
tional resolution of the ions. Here the internuclear distance dependence of the
shape resonance causes a dependence of the rotational branch intensity on the ion
vibrational level. Analysis of the relative spectral intensities reveal highly detailed
information on the angular momentum composition of the shape resonance and
how it changes with vibrational excitation of the ion. These results provide a use-
ful analysis of recent state-of-the-art high-resolution experiments and are the first

to examine a shape resonance in the context of rotationally resolved transitions.
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The second part of this thesis (chapters 10-13) investigates other molecules, fo-
cusing on ways shape resonances may affect the grosser features of photoionization
spectra. Chapters 10 and 11 are studies of shape resonances in the photoionization
of N, O. This work represents the first quantitative study concerning localization
of shape resonances about a particular bond in a polyatomic molecule and how
this may selectively affect ion vibrational distributions associated with various vi-
brational modes of the molecule.

In chapter 12, we present results for photoionization of the valence orbitals of
Cl;. Although a shape resonance is found here, it is insensitive to internuclear dis-
tance, in marked contrast to behavior observed in the vicinity of shape resonances
in other diatomics. Unlike the shape resonances found in O, and N, O, which are
polarized along the molecular axis, the shape resonance in Cl, has a polarization
perpendicular to the molecular axis and is therefore less sensitive to changes in
the internuclear geometry. This study was motivated by recent studies of REMPI
of Cl; which showed non-Franck-Condon ion vibrational distributions. This work
rules out a shape resonant mechanism as the origin of these non-Franck-Condon
effects and gives an initial examination of the rich and unusual behavior of shape
resonances which can be expected for heavier systems.

Finally, in chapter 13, we will explore the influence of shape resonances in
K-shell photoionization of CO. In contrast to ionization of valence shell electrons
discussed in the previous chapters, ejection of a K-shell electron leads to major
restructuring of the ionic core. The position and width of the shape resonance are
seen to be extremely sensitive to this restructuring, particularly the screening of
the K-shell hole which accompanies the relaxation of the valence electrons. Since
the final state “relaxed” ion orbitals are different from those of the initial neutral
molecule, this restructuring of the ionic wave function introduces severe complica-

tions in the derivation of the Hartree-Fock equations for the photoelectron wave



5

function and in the evaluation of the photoionization transition moment. The
mathematical framework is given for separating and analyzing the effects of elec-
tronic relaxation in these photoionization cross sections and for obtaining K-shell
satellite spectra from first principles. This work parallels recent experimental ad-
vances in the use of tunable X-ray radiation and photoelectron spectroscopy which
are generating much new data for K-shell photoionization processes.*°

In the following section we present in detail the illustrative example of (2+1)
REMPI of O, via the C ®II, state, discussed in chapters 7 and 8. Here we will show
the general theoretical framework used in the evaluation of the photoionization
cross section and the experimental motivation behind the present work. We will
also discuss more completely the physical origin of shape resonances and how they
affect ion state distributions, the main theme of this thesis. This example of

REMPI of O, provides a good background for the other chapters in this thesis.

II. REMPI of molecular oxygen via the C %II, state

Photoionization of molecular oxygen plays an extremely important role in the
chemistry of the atmosphere.!! Because it is an open shell system, with an electron
configuration 107 102 202 202 30? 17} 17,, 17,,, valence excitations can produce
a wide variety of states'? which makes the spectrum of this molecule particularly
complicated and difficult to assign.’® In fact, the first detailed characterization of
states involving excitation of the outermost (17,) electron to a Rydberg orbital
to produce the C *II, state (17,3s0,) was obtained only in 1985.'* In this (2+1)
REMPI experiment,'* pulsed dye-laser radiation was used to excite molecular oxy-
gen from its ground state (2-photon absorption) to the C 3II, excited state and
a third photon of the same color (1-photon ionization) ionized the excited state
before it could decay. This excitation scheme is shown in figure 1. Because of the

narrow bandwidth of the laser radiation, REMPI is highly state-selective and the
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radiation frequency can be tuned so that a specific vibrational level of the C °II,
excited state can be accessed and ionized when the two-photon laser wavelength is
exactly in resonance with it. Because dipole selection rules forbid g — g transi-
tions for absorption of a single photon, this state had only been observed in electron
impact experiments!® before the advent of REMPI techniques.

The C ®I1, (1m,3s0,) state is the first member of a Rydberg series which has
the general electron configuration (core)lw,né, where n is the principal quantum
number and £ indicates the orbital angular momentum. The members of this
Rydberg series have excitation energies which follow the Rydberg formula, E... =
LP. - R/(n-6)%. Here 6§ = 1.103, I.P. = 12.01 eV, and R is the Rydberg constant.
The value of § measures the relative penetration of the Rydberg electron into the
molecular ion core. For example, the “s” Rydberg states are the most penetrating
due to the absence of an angular momentum barrier and have a higher value of §
than “p” Rydbergs. Calculations show that this orbital has about 95% s-character
and 5% d-character.

Since the Rydberg electron is essentially non-bonding, the equilibrium geom-
etry and spectroscopic constants are nearly the same for the the C *II, state and
X 211, ion; and the potential energy curves for these states are nearly parallel (see
Fig. 1). The Franck-Condon principle predicts that the intensities of the ion vi-
brational states formed are proportional to the Franck-Condon factors, that is, the
square of the overlap of the vibrational wave functions of the initial Rydberg and
final ion states. Since the potential energy curves for these sates are nearly paral-
lel, this suggests that the vibrational quantum number should be conserved in the
tonization step. The Franck-Condon factors for the ionizing transition are shown in
Table I, and indicate that this conservation of vibrational qunatum number should
be quite strong, better than 98% in all cases. Thus (n+1) REMPI via molecular

Rydberg states would appear to be an ideal method for production of vibrationally
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state-selected ions. In fact, REMPI has been used to produce state-selected ions,
with greater than 80% state selection in a large number of cases. The ability to
produce ions in a specific quantum state is extremely useful in the detailed study
of reaction dynamics.®7

Vibrational state selection of ions was the experimental motivation behind
the (2+1) REMPI experiments by Katsumata et al.'® and Miller et al.!” which
went beyond previous experiments, which had only detected the total mass ion

* and kinetic-energy analyzed the photoelectrons by time of flight, to

spectrum,!
obtain the ion vibrational state distribution for excitation through a particular
vibrational level of the C *II, state:

2hv

0, (v6)75C 10, (v') 250} X *10, (v).

The distribution of ions from the experiment of Miller et al.!” is shown in Fig.
2. Each frame corresponds to the resulting ion distributions, v*, for excitation
through a particular vibrational level, v, of the C 3II, state. Clearly, intense off-
diagonal transitions, Av = v* — v’ # 0, are observed for ionization through the
v' = 1-3 levels of the C *II, state which are thousands of times larger than those
predicted from the Franck-Condon factors shown in Table I. The Franck-Condon
intensities for the off-diagonal vibrational levels, Av # 0, would be too small to be
visible on the scale of these figures. The observed ion state distributions therefore
strongly deviate from predictions based on the Franck-Condon principle. In fact,
for v'=2 nearly 40% of the ions are redistributed from the v* = 2 level of the ion
to other vibrational levels.

Figure 2 also shows the vibrational ion distribution for photoelectron detection
parallel and perpendicular to the polarization of the laser for excitation through
the v' = 2 level of the C °II, state.!® This vibrational state dependence of the

photoelectron angular distributions further reflects non-Franck-Condon behavior.
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Clearly, something is happening in the photoionization step which is making
the Franck-Condon factorization of the electronic and vibrational factors in the
transition moment quite inaccurate. The theoretical motivation behind chapters
6-8 was to try to understand the mechanism which produces these non-Franck-
Condon effects, and severely hindered ion state-selection. Although these experi-
ments are molecule specific, the origins of these non-Franck-Condon effects can be

found in many molecular systems and the mechanism is quite general.

II1. The physical origin of shape resonances and their effects on ion state
distributions in REMPI of O,

To put the underlying dynamical processes in some context, we briefly exam-
ine photoexcitation and ionization of the simplest of cases, the 1s — np, . . .,
ep transition in the hydrogen atom. Figure 3 shows the oscillator strength of the
hydrogen atom in the discrete and adjoining continuum. The boxes in the dis-
crete spectrum represent transitions to states with n=2,3, . . normalized so that
the width is dE/dn and the height is f (dn/dE).?® As the excitation energy be-
comes greater, and the final state wave function becomes more diffuse, the overlap
between it and the 1s orbital becomes less and the oscillator strength monoton-
ically decreases through the discrete and into the ionization continuum, joining
smoothly at the ionization threshold. Figure 3 also shows results from calcula-
tions of single-photon ionization of the ground state of O, which accesses the same
photoionization continuum as the (2+1) REMPI experiments discussed previously.
The profile of this oscillator strength distribution is very non-hydrogenic, with an
enhancement around the ionization threshold region.

In most situations, the ion potential in which the outgoing electron moves is
more complex than in the hydrogenic 1s — ep case. An example of such a more

complex effective potential in which the photoelectron moves is shown in Fig. 4
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for photoionization of the 3p orbital of argon. The effective potential is formed
from a combination of the electrostatic potential (nuclear attraction and electron-
electron repulsion) between the ion core and the photoelectron which is mostly
attractive and accounts for the deep inner well, shown as V., and the centrifugal
potential which is purely repulsive and behaves as £(¢ + 1)/2r?. This effective
potential has three distinct regions, a deep inner well, a barrier, and a shallow
outer well. The deep inner well corresponds to the part of the potential which
supports bound localized electrons. At very large distances, the molecular ion
1/r Coulomb attraction dominates and leads to the shallow outer well supporting
diffuse Rydberg states. However, at distances at the “edges” of the atom, the
centrifugal force overcomes the attractive electrostatic force and a barrier forms.
The height and “shape” of the barrier may give rise to a quasi-discrete state of
the photoelectron at certain energies, E,, above the ionization potential which is
trapped behind the barrier. These trapped states are also called “shape resonances”
because they arise from the special shape of the effective potential in which the
photoelectron moves. It should be noted that these states would occur in the same
energy region accessed by the REMPI experiments on O;, within a few electron
volts of the ionization threshold.

In shape resonant energy regions, the wave function of the photoelectron, be-
ing trapped by the barrier, becomes quite localized in character. This is shown
schematically in Fig. 5, where at the shape resonant energy, E=E,, the amplitude
of the photoeletron wave function behind the barrier (near the ion core) becomes
much greater. Because of the relatively compact valence-like nature of shape reso-
nances, there is a greater overlap between the initial and final state wave functions,
so the transition matrix element can become large and the cross section enhanced
in these regions. The cross section for 3p ionization of argon is shown in the top

of Fig. 5 and indicates an enhancement in the cross section around threshold
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which reflects the localized character of the photoelectron wave function and its
greater overlap with the target 3p orbital.!® These quasi-discrete states or shape
resonances thus have a profound effect on the photoionization cross section.

Since shape resonances are quite localized in nature, the position and width of
shape resonances depend critically on the interplay of different parts of the molec-
ular ion potential, namely the electrostatic and the centrifugal parts. In particular,
how the ion potential changes when the nuclei of a molecule move can influence the
energy position and width of shape resonances. The pioneering work of Dehmer,
Dill, and Wallace?° first brought this to light in examining the energy dependence
of the ion vibrational distributions in the photoionization of the 3o, orbital of
N,. The sensitivity of shape resonances to the position of the nuclei in molecules
induces a dependence of the electronic transition moment on the snternuclear dis-
tance. A strong internuclear distance dependence of the electronic transition mo-
ment makes the Franck-Condon approximation no longer valid. With initial and
final state wave functions written as products of vibrational and electronic wave
functions (Born-Oppenheimer approximation), the Franck-Condon approximation
gives the intensity of a transition between vibrational levels as being proportional

to the square of the overlap between the initial and final vibrational wave functions:

Ly o [(x: (R):(r; R)|Elxs (R)¥; (r; R))?

o (s @1, ) ) Ix )P = MR (x: [x)1 (1)

where ;(r; R) and ¢, (r; R) are the initial and final electronic wave functions,
respectively, x;(R) and x, (R) are initial and final vibrational wave functions, re-
spectively, and [ is the dipole operator. The electronic transition moment at R.,
M(R,), results from integration of v;y;, over the electronic coordinates at R..

The number, |{(x:|x;)|?, is the Franck-Condon factor. It is quite clear from Fig. 3
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and the enhancement of the cross section near threshold, that the photoelectron
continuum of O is shape resonant. This will induce a dependence of the electronic
transition moment on the internuclear distance due to the localized nature of the
photoelectron wave function and therefore produce ion vibrational distributions
quite different from those given by the Franck-Condon approximation.

Fig. 6 shows the photoionization cross section for 3s0, — ko, channel, the
same ionizing transition as in the REMPI experiments on O, described above, at
various internuclear distances. At R=2.088 a.u., the ko, shape resonance is clearly
seen as a large enhancement in the photoionization cross section. As the internu-
clear distance is decreased, the shape resonant maximum moves to higher energy.
This strong sensitivity of the electronic transition moment to the internuclear dis-
tance due to the shape resonance is similar to that observed in the 30, single-photon
ionization of N; out of the ground electronic state.?° The present work on O, es-
tablishes for the first time shape resonances in excited state photoionization, and
suggests that this phenomenon will be equally prevalent in REMPI processes as
it has been in single-photon ionization. This dependence of the electronic tran-
sition amplitude on the internuclear distance induces strong non-Franck-Condon
effects in the ion vibrational state distributions. This is seen in Fig. 7, which
shows calculated branching ratios for excitation through the v' = 1-3 levels of the
C °II, state compared with peak intensities obtained from the measured photo-
electron spectra.!” In these calculations, we have included full R-dependence of the
electronic transition amplitude. The calculations predict pronounced non-Franck-
Condon distributions for all v' levels. Recall that the vibrational wave functions
for the C °II, and X 2II, states are nearly identical, and the branching ratios,
Av = vt — v’ # 0, of Franck-Condon factors are negligible when plotted on the

scale of Fig. 7 (see Table I). For the v' = 2 and 3 levels, the Av < 0 branching
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ratios are in satisfactory agreement with experiment, while those for Av > 0 ap-
pear to show systematic deviation. Our results for the v' = 1 level account for
some of the observed Av # O intensity, although there is substantial disagreement.
Accurate bound state calculations predict three dissociative states, A *L} B3X7,
and C *A,, arising from terms of 17} 177 electronic configuration which intersect
the ion curve.!? These states, which arise from a v, — =, valence excitation,
open up an indirect autoionizing channel which could significantly affect the ion
state vibrational distributions. In addition, these states could also dissociate giving
neutral oxygen atoms. A full theoretical treatment requires consideration of the
competing processes of direct ionization, autoionization, and dissociation and the
interference among these channels.

In figure 8, results for photoelectron angular distributions are compared with
experiment through the v’ = 3 level of the C *II, state.?! In these plots, the laser
propagation direction is into the paper, while the angle between the polarization
vector of the light (vertical direction) and the photoelectron detector is denoted by
6. For example, for the diagonal transition (v* =3), most of the photoelectron flux
is along the electric field polarization direction. The most prominent observation in
both theoretical and experimental results is the difference in angular distributions
between diagonal, Av = 0, and off-diagonal, Av # 0, transitions. This indi-
cates that the electronic transition moment is quite sensitive to the nuclear motion
and hence non-Franck-Condon. The differences in photoelectron angular distribu-
tions between diagonal and off-diagonal transitions occur because the non-resonant
kr, channel contributes to the diagonal transition but is extremely small for the
off-diagonal transition. Being nonresonant, the kx, channel follows the Franck-
Condon approximation. The integrals of the off-diagonal vibrational overlaps are
almost zero, greatly reducing the contribution of this channel to the off-diagonal

intensity. The shape resonant ko, channel, being sensitive to internuclear distance
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and hence non-Franck-Condon, is present in both diagonal and off-diagonal tran-
sitions. Therefore different partial waves will contribute to diagonal transitions,
namely ko, and kw, channels, versus off-diagonal transitions which will be mostly
ko,. Hence the diagonal and off-diagonal photoelectron angular distributions are
different due to the shape resonance and its sensitivity to internuclear distance.

In this illustrative example of REMPI of O, (discussed also in chapters 7 and 8
of this thesis), we have shown how a shape resonance can profoundly affect ion state
distributions, creating large deviations from Franck-Condon expectations, and in
this case significantly hindering ion-state selection. The remaining chapters of
this thesis concern how shape resonances, and particularly the localized character
of the photoelectron wave functions, can affect ion state distributions in other
photoionization processes and in other molecular systems. It should be stressed
that the phenomenon studied here can be expected to be quite widespread in
molecular systems and will be the focus of attention as experimental techniques
improve and more systems and more details of the photoelectron spectrum are
addressed.

As a final part of the introduction I will explain in more detail how we eval-
uate the transition amplitude, emphasizing the treatment of the photoelectron
wave function, an accurate determination of which is crucial in evaluating and
understanding molecular photoionization cross sections and photoelectron angular

distributions.

IV. Theoretical Framework
Typical photoionization experiments are done in the gas-phase with linearly
polarized light. It is also assumed that the wavelength of the incident radiation

is such that the dipole approximation applies (A > 1A= 12 keV). We then apply
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Fermi’s Golden Rule!® to obtain an expression for the (vibrationally and rotation-

ally unresolved) photoionization cross section (in a.u.):

41 E
o=
3c

(W |22 (2)

Here ¥, represents an antisymmetrized product of orbitals of the neutral molecule,
generally a single configuration which is also called the Self-Consistent-Field (SCF)
or Hartree-Fock (HF) wave function. The wave function ¥, is calculated at the
equilibrium geometry of the initial state neutral molecule and within the Born-
Oppenheimer approximation. The constant ¢ is the speed of light and F is the
energy of the incident radiation. The dipole operator, i = —er, represents the
coupling of the electric field of the incident photons with each of the charged parti-
cles of the target molecule. The final state wave function ¥, is an antisymmetrized
product of orbitals of the molecular ion and a photoelectron orbital with energy
(E — I.P.), where I.P. is the ionization potential of the target molecule. In studies
where the molecular orbital being ionized is in the valence shell, the molecular ion
orbitals are taken to be the same as those of the neutral molecule. This is called
the frozen-core Hartree-Fock (FCHF) approximation. This considerably simplifies
the evaluation of Eq. (2), so that the transition amplitude, according to the Slater-
Condon rules, involves only the orbital being photoionized and the photoelectron
orbital multiplied by a factor which allows for the fact that the final state is not
in general a single Slater determinant.?? For ionization of inner-shell electrons,
where there is a large restructuring of the electrons in the final state ion due to the
inner-shell hole, the molecular orbitals of the final state ion are used. This leads
to several complications in the evaluation of Eq. (2), discussed in chapter 13, due

to non-orthogonality of the initial state and final state.
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If vibrationally-resolved cross sections are required, ¥;(r; R) and ¥, (r; R) are
multiplied by the appropriate vibrational wave functions, x;(R) and x, (R). The
electronic transition moment is then calculated over the range of vibrational motion
and the resulting electronic transition moment as a function of R is then integrated
over the vibrational coordinates. Expressions for the rotationally resolved cross
section require inclusion of the rotational wave functions of the neutral molecule
and the ion and can become quite complicated, requiring explicit coupling of several
angular momenta.2?

Along with the total cross section, one can also measure the cross section
for photoionization at a particular angle, 6, with respect to the incident light
polarization. This angular distribution of photoelectrons provides another window
on the photoelectron-molecular ion interaction. It has been shown?* that the
differential angular cross section per solid angle for single photon ionization only
depends on the angle between the light polarization and the direction of the ejected

electron and has a particularly simple form,

518

= {;(1 + BP;(cosd)), (3)

where o is the total angle integrated cross section, P, is a Legendre polynomial,
P; = +(14+3cos26), and § is defined in terms of the ratios of transition amplitudes
and allows the various partial waves of the transition amplitude to interfere.® For
example, for photoionization of the hydrogen atom, where only s—p transitions
take place and there is only one angular momentum component in the final state,
B = 2, and the photoelectron angular distribution takes on a cos? § dependence.
The photoelectron flux is therefore peaked around the direction of polarization of

the photon beam. For molecular targets there are in general many possible final
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angular momentum states, each of which is energy dependent, so the angular dis-
tribution of photoelectrons is significantly more complex, but nevertheless contains
rich information on the photoionization process. Photoionization processes involv-
ing absorption of more than one photon include higher order Legendre polynomials
in the expression for the photoelectron angular distribution.??

Calculation of the initial state Hartree-Fock wave function is straightforward
and with widely available computer programs has become routine.?®* However, in
the case of molecular photoionization, calculation of the photoelectron orbital in
the final state wave function presents several difficulties. The photoelectron orbital,

<, must satisfy the one electron Schrodinger equation (in a.u.)

[~1/2V* + Vi, — k2 /2)(7) =, (4)

where Vy _, is the molecular ion potential and is non-local and nonspherical, and
¢; must satisfy appropriate physical boundary conditions. The fact that Vy_,
is nonspherical means that ¢; is not an eigenfunction of angular momentum and
there is a coupling of partial waves by the molecular potential, which can be espe-
cially important near the ion core. The anisotropic and non-local character of the
molecular ion potential therefore makes Eq. (4) particularly difficult to solve.

To address and attack these two problems of non-locality and the anisotropic
molecular potential encountered in problems of molecular photoionization, we re-
cast the differential equation, Eq. (4), into an integral form, i.e., the Lippmann-

Schwinger equation,®?®

¢z (F) = ¢% + G{" Ve, ()
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where 45% is the Coulomb scattering wave function which is analytically known, V

is the molecular ion potential, Vi _,, with the Coulomb potential removed, i.e.,

1
V—-_—VN_1+;, (6)

and G{™) is the Coulomb Green’s function with incoming wave boundary condi-
tions. If one considers a partial wave expansion in angular momentum eigenfunc-

tions,

86 = () T e (MY (), (7

tm

where ¢y, has an implicit sum over spherical harmonics in coordinate space, sub-
stitution into Eq. (5) shows that each ¢;,,, satisfies its own Lippmann-Schwinger

equation

Drem (T) = Prom + G‘(:—)V(ﬁkzm . (8)

To address the non-locality of the molecular potential we introduce an approximate
expression by assuming a separable approximation for the potential V' of Eq. (6)

of the form,

Vie,r)=Ve(r,r) =Y (rlV]e)[V ™ i {eVIr ), (9)

)
where the matrix V' ~! is the inverse of the matrix with elements V;; = (o;|V]e;)
and the a’s are discrete basis functions such as Cartesian or spherical Gaussian
functions which are known to be effective in representing the multicenter nature

of molecular ion potentials.?® With this approximation to V substituted into Eq.
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(8), the partial wave solution to the integral equation, after some algebra, can be

written as

vom () = Biom () + D_(FIGT V1) D™ i (5 |V 65 0 ) (10)

(%)

where
D;; = {|V = VG V|q;). (11)

With adequate basis sets, a’s, these approximate solutions d),(:lln, which satisfy
scattering boundary conditions, can provide quantitatively reliable cross sections.
Starting with these solutions, 4’53)"; , converged solutions of Eq. (8) can be ob-
tained through an iterative procedure.®®* We are thus able to obtain an accurate
description of the photoelectron wave functions which are then used to evaluate

the electronic transition moments and photoionization cross sections.
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Table 1. Calculated Franck-Condon factors for the transitions

0; C°I,(v') —» Of X:Z2I(v*t).e

v vt [ (v v ) P
0 0 0.999845

1 0 0.416395 x 10~
1 1 0.999381

1 2 0.132412 x 10~°
2 0 0.109287 x 10~3
2 1 0.106457 x 10~
2 2 0.995847

2 3 0.322933 x 10~ ?
3 0 0.163960 x 10~°
3 1 0.421358 x 10~3
3 2 0.284685 x 10~ 2
3 3 0.983515

3 4 0.123974 x 10~!
3 5 0.699919 x 10~3

2See chapter 8 for details on the molecular potentials used to construct this table.
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Figure Captions

Fig. 1: Resonance enhanced multiphoton ionization (REMPI) scheme showing the
(2+1) transition from the ground state of O; to O] via the C *II, Rydberg state.

Note that the ion and the C ®II, potential energy curves are nearly parallel.

Fig. 2: top: Photoelectron spectrum of Ref. 17 for (2+1) REMPI of O, via the
C °II, state. Each frame corresponds to excitation through a different vibrational
level of the C °II, state. bottom: Photoelectron spectrum of Ref. 16 for (2+1)
REMPI of O, via the v'=2 level of the C ®II, state detected at angles parallel and

perpendicular to the laser polarization direction.

Fig. 3: top right: Oscillator strength distribution for the 1s — p transition in
hydrogen atom from Ref. 18. The ionization potential is set to the zero of energy.
bottom: Oscillator strength distribution in the discrete and continuous spectra for
the 11, — o, transition in O; at R.. The energy scale is relative to the ionization

threshold at 12.07 eV.

Fig. 4: Coulombic (V.), Centrifugal (V..cntrisugat = ﬂ;—:’,ﬂ) and V,,, =V, +
Veentrifugat Dotentials for the ed photoelectron in the 3p photoexcitation of Ar.

Note the barrier in the effective potential, V.,,, at ~2 - 3 a.u.

Fig. 5: Schematic diagram of the effective potential, V,,,, and the photoelectron

wave function below, on, and above the shape resonance energy, E,, from Ref.
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2. Note the localization of the photoelectron wave function behind the potential
barrier at E=E,. Also shown is the photoionization cross section for 3p photoion-
ization of argon including experimental results and results from various levels of
theory, from Ref. 19. Note the enhancement in the cross section around the shape

resonant energy region near threshold.

Fig. 6: Calculated (velocity form) photoionization cross sections for the 3so, —

ko, transition of the C 31, state of O, at various internuclear distances.

Fig. 7: Calculated vibrational branching ratios for O, C *II, (v’ = 1-3) photoion-
ization compared to the measurements of Ref. 17. The theoretical results are

normalized to the experimental results by dividing by the Av = 0 peak.

Fig. 8: Calculated (dash curve) velocity form photoelectron angular distributions
for the v' = 3 level of the C *II, state of O, along with the measurements of Ref.

21 (solid curve).
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Chapter 1

Multiplet-specific shape resonant features in 30, photoionization of O,

(The text of this chapter appeared in: M. Braunstein, V. McKoy, and M. E. Smith,
J. Chem. Phys. 90, 3931 (1989).)
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Muitiplet-specific shape resonant features in 3o, photoionization of O,
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We report multiplet-specific photoionization cross sections and photoelectron angular
distributions for the 3o, orbital of O, leading to the b *Z,” and B *Z " ion states obtained
using Hartree-Fock photoelectron orbitals. These cross sections show significant nonstatistical
behavior at low photoelectron energies which arises from the sensitivity of the ko, shape
resonance to the exchange potentials of these two molecular ions. Specifically, the oscillator
strength associated with the shape resonance in the B 22, cross section is shifted to lower
energy compared to that of the b *Z,” cross section. This shift gives rise to a quartet to doublet
cross section ratio of more than 15:1 near threshold. These effects are difficult to assess in the
measured cross sections due to the presence of strong autoionization features. Significant
multiplet dependence is also seen in the calculated photoelectron angular distributions.

INTRODUCTION

Recent (2 + 1) resonant-enhanced multiphoton ioniza-
tion (REMPI) studies via the C°M,(3so,17,) and
d ', (350, 17, ) states of O, have shown significant differ-
ences in the photoelectron spectra for these two multi-
plets.'? Strong multiplet-specific effects have also been ob-
served in the 50 photoionization of NO, where a difference
of as much as 3 eV is seen in the positions of the shape reso-
nance in the cross sections for the A 'Ml(5¢~') and
5°(507") ions.>* These effects arise from differences in
the exchange potentials experienced by the photoelectron
associated with these multiplets. Such differences can be
especially important in shape resonant regions due to the
localized nature of the photoelectron wave function. With
further development and application of REMPI techniques
coupled with high resolution photoelectron spectroscopy,®
such effects will become increasingly important in our un-
derstanding of molecular photoionization dynamics.

Studies of 30, photoionization of O, by Winstead et al.¢
using an L 2 Feshbach~Fano formulation of Stieltjes moment
theory and multiplet-specific potentials have shown signifi-
cant nonstatistical behavior in the 5 *Z,” and B3, cross
sections at energies around the well known ko, shape reso-
nance.”"'? Due to strong autoionizing features,'* these dif-
ferences are difficult to assess in the experimental photoelec-
tron spectrum. However, recent high-resolution studies'*'?

J

clearly show multiplet-specific differences in these 3o, cross
sections. To further examine these multiplet-specific effects,
we have studied the photoionization cross sections and pho-
toelectron angular distributions for the 3o, level of O, using
Hartree—Fock photoelectron orbitals obtained with the iter-
ative Schwinger method.'® Our results for these cross sec-
tions agree well with those of Winstead et a/.° and, further-
more, show large differences in the muitiplet-specific
photoelectron angular distributions.

An outline of the paper is as follows. In the next section
we discuss the static-exchange potentials used in these multi-
plet-specific calculations and give a brief description of our
method for obtaining the photoelectron orbitals. In the re-
maining sections we present the results of our studies of the
3o, level of O, along with a comparison of these results with
experimental data.

THEORY

Muttiplet-specific wave functions and potentiais
Photoionization of the 3o, orbital of O, leads to the

5*3; and B*3, ion states with experimental ionization

potentials 18.17 and 20.29 eV respectively. The dipole-al-

lowed final-state wave functions for photoionization leading

to the b “Z,” ion are

YCED) =-—J:;2—[3|(core)3¢7, o, 1w} Lo | — |(core) 3o, ko, 1o 1m] |

— |(core)3o,ka, Tm; 1m; | — |(core)do ko, \mt Ta; |],

(la)

YOI, = 7:_?[3|(core)3¢7, KrF 1mj 1wy | — |(core) To, k1o 1m |

— |(core)3a k) Tm) 1wy | — |(core)da km) 1oyt Tmy | ],

(1b)

where (core) = 102 10%20% 202 174 For photoionization leading to the B >3, ion, the dipole-allowed final-state wave func-

tions are
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(i) =%[2](core) 3o ko, \n) 1o] | — [(core)la ka, 1w} 1w |

— [(core)3o kot 1a|],

(2a)

ven,) = -J-l_é-[Zl(core) 3okt o) \m; | —|(core)do k) o) o] |

— |(core)3o, ka,f Vo) 1m; |].

(2b)

With these wave functions, the static-exchange one-electron equations for the photoelectron orbital ¢, can be obtained from
the variational expression, (§W|H — E |¥) =0, where H is the fixed-nuclei Hamiltonian and E is the total energy. They are of

the form

P[f+z (W, —K) + 2(a.1,+b,x,)_slp|¢.>=o, 3)
core open

where J; and K| are the Coulomb and exchange operators, respectively, Pis a projection operator which enforces orthogona-
lity of the continuum orbital to the occupied orbitals,'” the one-electron operator fis given by

f= - 1/2vf-z£"_,

a T

(4)

Z, is the nuclear charge, and ¢ is the photoelectron kinetic energy. The coefficients a, and b, of Eq. (3) determined using the
multiplet-specific wave functions of Egs. (1) and (2) are given in Table I.

Caicuiations

The photoelectron orbitals of the static-exchange equa-
tions of Eq. (3) were obtained using the iterative Schwinger
variational method, discussed extensively elsewhere.'*!” To
solve the Lippmann-Schwinger equations for the contin-
uum orbital associated with the nonlocal molecular ion po-
tential of Eq. (3), the scattering potential is approximated
by a separable form,

U r)yaxUS(rr') = 2}: (e|Ula, ) (U ") (a,|Ur), (5)

where the matrix U ~! is the inverse of the matrix with ele-
ments U, = {(a,|U|a,) and the a,’s are discrete basis func-
tions (see Table II). To ensure convergence of the photoion-
ization cross sections, we use photoelectron orbitals
obtained after one step in our iterative procedure.'s!?

For the ground state of O, we used the [3s2p1d] Carte-
sian Gaussian basis set of Dunning ef a/.'® Calculations with
this basis at the equilibrium geometry of R(0 — 0) = 2.282
a.u. give an SCF energy of — 149.635 14 a.u.

TABLE 1. Coefficients of the static-exchange potentiais of Eq. (3).

a,/b,
Ton Channel* 3o, £ 1o,
[ 25 P I ko) 14 14 1/}
M. km,) 14 1721 14
B*3; 2 (ko) 1/~ /-3 /=1
M k) 1/ - /-3 /-3

* Channel symmetry designation of the ion plus photoelectron system.

All matrix elements and functions arising in the solution
of the Lippmann-Schwinger equations associated with Eq.
(3) were evaluated via single-center expansions about the
molecular center. The partial wave expansion of the photo-
clectron orbital, i.e.,

2\ b o+
¢§"=(~) Y YR, (6)
m (f=Omm—1

was truncated at /, = 7. The other partial wave expansion
parameters were chosen as follows'”:

(i) maximum partial wave in the expansion of the occu-
pied orbitals in the direct potentiai = 30,

(ii) maximum partial wave in the expansion of the occu-
pied orbitals in the exchange potential =20(lg,),
20(10,), 10(20,), 10(20,,), 10(30,), 10(17,), 10(1m,),

TABLE II. Scattering basis sets used in Eq. (5).

Type of Gaussian
Continuum symmetry function* Exponents
a, Cartesian § 16.0,8.0,4.0,2.0,1.0,0.5
z 1.0,0.5
Spherical /=1 4.0,2.0,1.0,0.5
[=3 4.0,2.0,1.0,0.5
I=5 1.0,0.5
™, Cartesian x 8.0,4.0,2.0,1.0,0.5
Spherical xz 0.5
[= 1.0
=3 1.0

“ Cartesian functions are centered at the nuclei and the spherical functions
at the molecular center. For details of the forms of these functions and
their use see Ref. 17.
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(iii) maximum partial wave in the expansion of 1/7,, in
the direct and exchange terms = 60 and 30, respectively,

(iv) all other partial wave expansions were truncated at
1= 30.
Based on earlier convergence studies,'” this choice of expan-
sion parameters should provide photoionization cross sec-
tions within a few percent of the converged values. The asso-
ciated radial integrals were obtained with a Simpson’s rule
quadrature. The grid contained 800 points and extended out
t0 64.0 a.u. with a step size 0f 0.01 a.u. from the origin to 2.0
a.u. Beyond 2.0 a.u. the largest step size was 0.16 a.u.

RESULTS AND DISCUSSION

Figure | shows the calculated eigenphase sums for the
ko, continuum for the two ion cores. These multiplet-specif-
ic eigenphase sums are quite different. The 42 eigen-
phase sum illustrates shape resonance behavior with a rapid
increase starting at threshold. The B3 eigenphase sum
also shows shape resonant behavior, but this behavior sug-
gests that the discrete oscillator strength distribution below
this threshold must be perturbed. Studies by Morin et al.'*
show significant Rydberg-valence mixing for the low
members of the npo, series leading to the B2Z ion. To
examine this effect on the discrete spectrum we have calcu-
lated the oscillator strengths for the first four members of
this Rydberg series. The oscillator strength £, is given by

f. = 4/9E |30, [2lna, ) 2. n

The factor of 4/9 is due to the multiplicity of the final state
ion and £ is the excitation energy in a.u. The npo, orbitals
were obtained using the improved virtual orbital (IVO) ap-
proximation'® with our SCF basis augmented by a set of p
_functions with exponents of 0.1, 0.05, 0.025, 0.001 25, and
0.000 625 at the molecular center. Figure 2 shows the result-
ing oscillator strength in histogram form for the no, Ryd-

2.0 1

1.5 4
B°L;

0.5 1

Eigenphase Sum

4 -

-0.54 p Eg

6 10 20 30 40
Photoelectron Energy (eV)
FIG. 1. Multiplet-specific eigenphase sums for the resonant 3o, - ko,
channel leading to the 5 *Z,” (30, ') and B*2, (30, ') ion states of O" .
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FIG. 2. Oscillator strength distribution in the discrete and continuous spec-

tra for the 3o, -, transition. The energy scale is relative to the ionization
threshold of 20.29 eV.

berg series of the 23 ion and the adjoining ko, contin-
uum cross section. The height and width of each step in the
histogram are f, (dn/dE) and dE /dn, respectively.?® These
results show that the o, spectral distribution for the B *Z -
state is strongly perturbed below threshold. Our calculated
discrete spectrum agrees qualitatively with the results of
Winstead et al.® obtained with a more extensive basis set.
In Fig. 3 we show our calculated 3o, photoionization
cross sections along with those of Winstead et al.® leading to
the 5% (IP =18.17 ¢V) and B2, (IP =20.29 eV)
ions. The behavior near threshold in the cross sections for

Cross Section (Mb)

0
10

20 ' 3 e  so
Photon Energy (eV)

FIG. 3. Multiplet-specific cross sections for the 5 *X;” and 8 1%, states of
O, :—and - ~, present resuits in the dipoie length and velocity forms, re-

spectively; - - - Feshbach-Fano Stieltjes moment theory multiplet-specific
results of Ref. 6.



37

eachion is due to the o, shape resonance seen in the associat-
ed eigenphase sums in Fig. 1. The weak maximum at higher
energy in these cross sections arises from the energy depen-
dence of the nonresonant kr, channel. These results show
significant nonstatistical behavior near threshold, with the
resonance maximum for the 4 *Z.” state at a photoelectron
energy of about 4 eV and the oscillator strength for the
B*2 - cross section significantly shifted toward threshold.
This behavior in the oscillator strength leads to a ratio of the
quartet to doublet photoionization cross sections of over
15:1 just below 25 eV photon energy as shown in Fig. 4.
These large deviations from statistical behavior are obvious-
ly not seen in studies with a multiplet-averaged potential
which give a resonance position of ~ 3.5 eV above threshold
for both ions.”™'® At higher energies our results are in good
agreement with these studies™'® and show the expected 2:1
statistical ratio.

In Fig. 5 we compare our calculated b *2, and B *Z;
cross sections with the experimental data of Gustaffson.!” At
low photoelectron energy, the experimental cross sections
are dominated by an autoionizing window resonance at ~21
eV involving Rydberg states leading to the ¢*Z; ion
(IP = 24.5 eV) '? and the ko, shape resonant background.
Higher resolution work shows this autoionizing structure at
low energy in more detail, '*'* as well as additional structure
in the 5 *Z; cross section arising from Rydberg levels lead-
ing to the B *2,” ion.'* In fact, 2 window resonance appears
at nearly the same energy as the peak of the shape resonance
in our calculated b *Z " cross section'* and in the region of
rapid increase in our calculated B X~ cross section.'*'* Al-
though this autoionizing structure hinders a simple “assign-
ment” of the shape resonance feature in the two multiplet
cross sections, these high resolution studies show relatively
broad shape resonance features at significantly different
photoelectron energies for the two ions. The high resolution
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FIG. 4. Ratio of the calculated b *X, cross section to the B *Z," cross sec-

tion: — and - —, present results in the dipole length and velocity forms,
respectively.
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FIG. 5. Photoionization cross sections for the 56*Z,~ and 8°Z, states of
Q,": — and - -, present results in the dipole length and velocity forms,
respectively; », experimental results of Ref. 13 for the 5 *Z, state; O, ex-
perimental results of Ref. 13 for the B*Z " state.

study of Morin et a/.'* shows a maximum in the cross section
at 21.5 eV photon energy or about 3.5 eV kinetic energy for
the 4 *Z,” ion. The B 22~ cross section peaks at about 1 eV
above threshold.'*!> This can be seen more clearly in Fig. 6
which shows the B 23~ cross section on an expanded energy
scale near threshold. Assignment of this maximum is hin-
dered by the difficulty of obtaining accurate measurements
at very low photoelectron energies.'* Clearly, however, there
is no shape resonant maximum in the B 2%~ cross sections
at 23 eV photon energy, as seen in previous theoretical stud-
ies using muitiplet-averaged potentials.”'®

Figure 7 shows our calculated photoelectron asymme-

» v
'y -t

Cross Sectign (Mb)

T 215 | 225 235 245 255

Photon Energy (eV)

o
20.5

FIG. 6. Photoionization cross sections for the B°Z,” state of Oy near
threshold: —, present resuvits (length); - - -, caiculated static-exchange vi-
brationaily averaged results of Ref. 9 using a multiplet-averaged potential;
O, experimentai resuits of Ref. 13. The dots are the experimental total cross
sections from Fig. 2 of Ref. 14. The structure at ~ 23 eV arises from autoion-
ization a8 discussed in Refs. 14 and 1S,
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FIG. 7. Photoelectron asymmetry parameters for the 5 *Z " state of Q" :
- and - -, present results in the dipole length and velocity forms, respec-
tively; - - -, MSM calculations of Ref. 10 using a multiplet-averaged poten-
tial; O, experimental results of Ref. 21.

try parameters for the 4 *Z .~ state along with the data of
Holmes et al.?' and the multiple scattering model (MSM)
calculations of Dittman et al.'® using a multiplet-averaged
potential. Both calculations are in good agreement with ex-
periment and show a dip in the asymmetry parameter at
roughly the resonance position of Fig. 3. In Fig. 8 we com-
pare our calculated photoelectron asymmetry parameters
for the B 2" state with the results of MSM calculations of
Dittman et al.'® With the muitiplet-averaged potential used
in the MSM calculations the B *Z.” asymmetry parameter is
similar to that of the 5*Z; state. The large differences
between our results and the multiplet-averaged calculations
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FIG. 8. Photoelectron asymmetry parameters for the B X, state of O;":
— and - -, present results in the dipole length and velocity forms, respec-
tively; - - -, MSM caiculations of Ref. 10 using a multiplet-averaged poten-
tial.
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of Dittman et al.'® arise primarily from our use of a multi-
plet-specific potential and the resulting shift in the oscillator
strength as discussed above. In Fig. 9 we show our calculated
photoelectron asymmetry parameters for the 5*Z” and
B?*Z states to more clearly illustrate the large predicted
multiplet-specific differences in 4. Katsumata et a/.?> have
reported values of 0.58 + 0.06 and 1.05 + 0.06 for 8 for the
6°%;, (v* =0) and B°E; (v* = 1) ions respectively at
the He [ line (21.2 eV). Although these measurements can-
not be directly compared to the present vibrationally unre-
solved resuits, they do show the same large qualitative
differences between the quartet and doublet asymmetry pa-
rameters as seen in the present work. Continuum source
measurements could provide considerable insight into the
multiplet-specific behavior of these photoelectron angular
distributions.

CONCLUSIONS

We have calculated photoionization cross sections and
photoelectron angular distributions for the 3o, level of O,
using Hartree-Fock photoelectron orbitals obtained with
multiplet-specific potentials. These cross sections for the
5*%; and B2 ions show highly nonstatistical behavior
arising from the sensitivity of the ko, shape resonance to the
exchange components of the different ion potentials seen by
the photoelectron. Specifically, the oscillator strength asso-
ciated with the o, shape resonance for the B 2~ ion is shift-
ed to lower energy compared to that of the 6 *Z.~ cross sec-
tion which peaks at ~4 eV above threshold. Our calculated
cross sections agree well with the multiplet-specific Fesh-
bach-Fano Stieltjes moment theory results of Winstead
et al.% Previous theoretical studies using a multiplet-aver-
aged potential could not distinguish such differences
between the doublet and quartet photoelectron orbitals and

2~
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10 80

26 30 40  sg
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FIG. 9. Multiplet-specific photoelectron asymmetry parameters (length)
forthe *2, and 8, states of O,".



hence led to a resonance peak at ~3.5 eV photoelectron
kinetic energy for both ions.””'° Although autoionization
structure complicates the photoelectron spectrum at low en-
ergy, high resolution experimental results do show that the
o, shape resonance for the B *Z,” ion appears much closer
to threshold than that for the 5“2 ion.'*'* These multi-
plet-specific effects are also seen in the photoelectron angu-
lar distributions where our results show substantiai differ-
ences from the multiplet-averaged results of Dittman et a/.'®
for the B *S,” ion in the shape resonance region. Continuum
source measurements of the photoelectron angular distribu-
tions for the B *Z,” ion would provide insight into such mul-
tiplet-specific effects. Above the shape resonance region our
results agree well with previous calculations’™'® as well as
experimental results''~'* and show the expected 2:1 statisti-
cal ratio.
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Abstract

We report multiplet-specific cross sections and photoelectron angular distri-
butions for photoionization of the 17, orbital of O, leading to the a *II,, A °II,
and III ?I1I, ions using Hartree-Fock photoelectron orbitals. Unlike 30, photoion-
ization of O, which also leads to quartet and doublet ions, the 17, cross sections
show mainly statistical behavior. This reflects the fact that the photoelectron
continuum is non-resonant and largely insensitive to differences in the exchange
potentials between the doublet and quartet ions. The well-known mixed nature of
the doublet states is accounted for by weighting the doublet transition moments
by the contribution of the ground state parentage ion to the final mixed ion state.
Comparison with experimental data for the a *Il, ion is made. Although exper-
imental data on the doublet states are fragmentary, comparison with the present

results is encouraging.
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I. Introduction

Recent studies of 50 photoionization of NO leading to the b °Il and A 'II
ions'~* and 30, photoionization of O, leading to the b *X; and B ?L; ions*~°
have shown that multiplet photoionization cross sections can deviate substantially
from the expected statistical ratio. These mulitplet-specific effects arise from dif-
ferences in the exchange potentials of the final ion states and are especially im-
portant in shape-resonant regions due to the localized nature of the photoelectron
wave function. Previous studies have suggested shape-resonant behavior in the
17, photoionization of O;,”'® which leads to doublet and quartet ions. To fur-
ther examine such behavior in producing non-statistical effects, we have calculated
mulitplet-specific photoionization cross sections and photoelectron angular distri-
butions for the 1w, orbital of O, leading to the a *II,, A 2II, and III 2II, ions.
We use the notation® III ?II, to refer to the diffuse band seen at ~24 eV in the
photoelectron spectrum and previously assigned 211, .10~ 12
It is well-known that the doublet ions are heavily mixed states and can be

described by a basis of three principal 2II, configurations.®!*~!® In the notation

of Ref. 14,

[>T, (A 2I,, 0 %10, , IIL ?10,)) = ¢’ TL (1)) + 2T (2)) + es:]*T1.(3)), (1)

where 211, (1), 211, (2), and 211, (3) correspond to ion states of 1T} ,°%L-,and ' A,
parentages, respectively. Only final-state configurations built on the %I, (2) ion,
which is of >, (ground state) parentage, are dipole-allowed. In the present work,
the transition moments for photoionization leading to the A ?II, and III ?II, states
are calculated with the potential corresponding to the ground state parentage ion,

211,(2). The transition moments are then weighted by ¢,:, the contribution of
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the ground state parentage ion to the final mixed ion state, as determined from a
configuration-interaction calculation. The theoretically predicted II 21, ion (L.P.
~20 eV),*'13~15 has essentially zero contribution from the basis configuration of
3¥, parentage, ?II, (2), and has not been observed experimentally.

An outline of the paper is as follows. In the next section we discuss the static-
exchange potentials used in these multiplet-specific calculations and give a brief
description of our method for obtaining the photoelectron orbitals. In Section III

we present the results of our studies along with a comparison to experimental data.

II. Method and Calculations
Photoionization of the 1w, orbital of O, leads to two ion states with ground
state (* X ) parentage: the a *II, and *II, (2) states. The dipole-allowed final state

wave functions for photoionization leading to the a *II, ion are
1 —, T - —t e -
Y(IL,) = \/—1_2{3[17rj 1w, 1n; ko 1n} 1n;) | — |1x] 17, 1x, ko, 1x] 1x; |

—|1} Tn, 17 ko, T, 1xy | — |1x} Im, 177 ko, 17} 17, |}, (2a)

- 1 T P - Tt - -
Y(Eo) = \/——2;‘-1-_{3|11r;L Ir, wg km, 1n) 1m; | — |1af 1w 1x, kn] 1ot 1] |
—|1x} Tny 1m] kn; Tmy 1m) | — [1m} Im, 1wy ke 1) 1, |
+3|1n; Im, 1} kx, 1m} 1n; | — |1x; Tm, Imy k) 1nf 1o |

—|1n; Im, 1nt knt Im) 1m; | — |1n] I, 1ot kat 1ot I |}, (2b)
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1 — — —
V(T,) = —={3|1n; Tr, 1x} k6, 1n} 15 | — |1x] Im, Tm, k6 L 1x] |

V12
~\1x] I, 1n} k6 Im, 1x; | — |1 I, 17} k6F 1n 1, |}, (2¢)

where we include implicitly the closed-shell core. For photoionization leading to

the 211, (2) ion, the dipole-allowed final state wave functions are
1 — —
Y(°I,) = 76{2|17r; 1x, 1n, ko, 17} 1n; | — |1} Im, 17] ko, 17} I, |

—\1x} T, 177 ko, 17, 17 |}, (3a)

L

\I,(32:) = \/ﬁ

(2\in} Tmy 1m, by 1nf 1ns | — |1} Im, 1mg ke, 1wt I, |
—\1x? T, 1n] ke Tm, 1o | + 2|17; Im, 1m, kn 17} 1w |
— |12 Tm, 1nt ket 1nt Im, | — |1n] I, 1} kn) Im, 1 |3}, (3b)

1 — - —
Y(°IL,) = —6{z|17r; 1x, Im, k8 1m} 1x; | — |1 Im, 1n} k6F 1mt Im, |

f
~|17] Im, 1w} k6 In) 1 |} (3¢)

With these wave functions, the static exchange one-electron equations for the pho-

toelectron orbital, ¢, , can be obtained from the variational expression, (6 ¥|H —
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E|¥) = 0, where H is the fixed-nuclei Hamiltonian and E is the total energy. These

equations have the form

P+ (2K —K)+ Y (a.dn +b,K,) +aS!', +B5., —€|P | >=0, (4)

core open

where J; and K; are Coulomb and exchange operators respectively and P is a
projection operator which enforces orthogonality of the continuum orbital to the
occupied orbitals.!® The photoelectron kinetic energy is given by € = 1/2 k?. The

operators S” and S’ are given by

St ) = 8- () [ Eralr ()" o ) (50)

and

Sla @+ (1) =m4 (rl)/d"rg [ (rg)]’;—llqu_ (r2). (50)

The one-electron operator, f, in Eq. (3) is
1 Zq
f=—§V.~2“§:;-_—, (6)

where Z, is the huclea.r charge of center a. Using the wave functions given in Egs.
(2) and (3), the coefficients a,, b,, a, and B in Eq. (4) are given in Table L.

The photoelectron orbitals of the the static-exchange equations, Eq. (3), were
obtained using the iterative Schwinger variational method, discussed extensively
elsewhere.!®'!” To solve the Lippmann-Schwinger equations for the continuum or-
bital associated with the non-local molecular ion potential, the scattering potential

is approximated by a separable form
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Ulr,x') = U’ (r,r) = Z(f | U [ e)(U™ )ijlay | U | 1), (7)

where the matrix U~ is the inverse of the matrix with elements U;; = (a | U | o)
and the a;’s are discrete basis functions (see Table II).

The initial state wave function, partial wave expansions and radial grids em-
ployed are identical to those discussed in Ref. 5. To ensure convergence, we use

photoelectron orbitals obtained after one step in our iterative procedure.'¢-17

II1. Results and Discussion

Figure 1 shows cross sections for photoionization of the 1w, orbital of O,
leading to the a *II, and ?II,(2) ions. The photon energy scale assumes an ion-
ization potential of 16.1 eV.!® The a *II, and %I, (2) cross sections show mainly
statistical behavior, with deviations from the 2 : 1 statistical ratio of 15% at most.
This insensitivity to differences in the exchange potential of the multiplet ions is in
marked contrast to the shape-resonant photoionization of the 30, orbital of O,.*~¢

The partial channel cross sections and eigenphase sums for a *II, photoion-
ization are shown in Fig. 2. The ?II,(2) results are quite similar and are not
shown. The total cross section is dominated by the ké, partial channel which has
a maximum around ~20 eV photon energy. This structure as well as the cross
sections of the other partial channels are non-resonant, as shown by examination
of the associated eigenphase sums. The non-resonant nature of the photoelectron
continuum leads to the statistical behavior seen in the a *II, and 2II,(2) cross
sections.

Figure 3 shows our calculated photoionization cross sections for the a *II,
ion along with the experimental data of Samson et al.'? and Gustafsson.!® These

experimental data also include a weak contribution from the A 2II, ion, on the
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order of 15% of the a *II, cross section.!® Because we have neglected configuration
interaction in the final state, which would include small admixtures of configu-
rations not dipole-allowed from the ground state,® our calculated result actually
overestimates the‘pure a *II, cross section and accounts for some of the A 2II,
cross section in the experiment. At low energy, the experimental data suggests
sharp structure which indicates the possible role of autoionizing resonances. The
photoionization efficiency spectrum of Dehmer and Chupka,'® as well as work by
others,?® have identified several Rydberg series in this energy range leading to
higher excited states of O which warrant further study in the present context.
The present results, however, agree well with the experimental data above these
Rydberg states, showing a gradual decline from a maximum at ~20 eV photon
energy.

Figure 4 shows our calculated results for the A ?II, (I. P. = 17.0 eV!°) and
III %11, ions (I.P. = 24.0 eV'?), along with the experimental data of Samson et al.!?
and Tabche-Fouhaile et al.?! The calculated A 2II, and III 2II, cross sections are
obtained by weighting the transition moments for final configurations derived from
the 211, (2) ion by 0.5719 and 0.6699, respectively. These weights are determined
from the minimal basis configuration interaction calculation of Honjou et al.® and
correspond to the contribution of the dipole-allowed 211, (2) configuration to the
observed mixed doublet ion states. The data of Tabche-Fouhaile et al.?! actually
extends from threshold to ~23 eV photon energy and includes rich structure near
threshold, which has also been examined in the polarized fluorescence experiments
of Keller et al.?? and the multichannel quantum defect theory (MQDT) calculations
of Lefebvre-Brion.?®* We show the data of Tabche-Fouhaile et al.?! at energies
just above this structure and at 22.5 eV where we have normalized their relative
measurements to our calculated length-form result. Between these points, the

experimental data show a general monotonic increase with increasing energy. The
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data of Samson et al.}? for the 211, state, which we assign as III 211, , also show the
same energy dependence as the present results, although we appear to overestimate
the cross section slightly at low energy. Samson et al.!? also report a point at
23.1 eV of 0.1 Mb (not shown), which accesses only a small part of the broad
III 211, vibrational envelope.!®'!! In contrast to the a *II, state, the present length
and velocity results are quite different, which we believe results from not solving
the static-exchange equations for the fully mixed doublet states. Such a problem
goes beyond the frozen-core Hartree-Fock (FCHF) model and requires solution
of considerably more complicated static-exchange equations for the photoelectron
continuum orbital than those given in Section I1.1® However, the present theoretical
treatment seems to at least qualitatively reproduce the available experimental data.
More experimental data are needed to fully assess the accuracy of the present
results.

Figure 5 shows our calculated photoelectron angular distributions along with
the multiple-scattering-model (MSM) calculations of Dittman et al.?* and the ex-
perimental data of Holmes et al.?2® and Katsumata et al.2® for the v* =4 state.
Because of the non-resonant nature of the photoelectron continuum, the experi-
mental data for vt =4 should be directly comparable to the present vibrationally-
unresolved results. At low energy, the present results agree well with those of
experiment, showing a steep increase in § from ~-0.5. This behavior closely re-
sembles 2p photoionization of atomic oxygen.?” The present results indicate that
the experimental “jump” at 24 eV photon energy could be the result of autoioniza-
tion, possibly from Rydberg series leading to the ¢ *¥ ion. Further experimental
studies are needed to explore these features.

The calculated photoelectron asymmetry parameters for the A 211, and III 211,

ions are essentially identical to those of the a *II,, ion as a function of photoelectron
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kinetic energy and are not shown. The weighting factors introduced in the calcu-
lation of the doublet cross sections have no effect on the asymmetry parameters,
as the transition moments appearing in the expression for 8 occur as a ratio, and

the weighting factors cancel.
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TABLE I. Coefficients of the static-exchange potential of Eq. (4).

an/bn a/ﬂ

Ion Channel® 17} 1m; 17r;- 17>
a *Il, *11, (koy) 2/-1 1/% 1/ 1/t 0/0
°EL (k) 2/-1 1/% 1/% 1k -1yt
*11, (ké,) 2/-1 1/% 1/% 1/1 0/0
1L, (2) *11, (ko, ) 2/-1 1/-% 1/-¢ 1/-8 0/0
°y; (km,)  2/-1 1/-% 1/-5 /-8 -1z
*11, (ké,) 2/-1 1/-% 1/-8 1/-2 0/0

* Channel symmetry designation of the ion plus photoelectron system.
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TABLE II. Basis sets used in separable potential, Eq. (7).

Photoionization Type of Gaussian Exponents
symmetry function®
o, Cartesian s 16.0,8.0,4.0,2.0,1.0,0.5
z 1.0,0.5
Spherical £=0 2.0,1.0,0.5
L=2 2.0,1.0,0.5
Ty Cartesian x 8.0,4.0,2.0,1.0,0.5
Xz 0.5
Spherical £ =2 1.0
L=4 1.0
b, Cartesian xy 8.0,4.0,2.0,1.0,0.5,0.25

Spherical £ = 2
=4

2.0,1.0,0.5
2.0,1.0,0.5

* Cartesian functions are centered at the nuclei and the spherical functions at the
molecular center. For details of the forms of these functions and their use, see Refs.

16 and 17.
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Figure Captions

Fig. 1: Cross sections for photoionization of the 17, orbital of O, leading to the
ground state parentage ions, a *II, and 2II,(2): —, present length results; - -
- present velocity results. The observed doublet ion states are actually heavily

mixed, as discussed in the text.

Fig. 2: Partial photoionization cross sections (length) and eigenphase sums for the

the a *II, state of OF .

Fig. 3: Photoionization cross sections for the a *II, states of O}: —, present
length results; - - -, present velocity results; X, experimental results of Ref. 18;
o, experimental results of Ref. 12. Note that the experimental results contain a

small contribution (~15%) from the A %II, ion.

Fig. 4: Photoionization cross sections for the A ?II, and III 2II, states of Oof:
—, present length results; - - -, present velocity results; A, experimental results of
Ref. 21 for the A 2II, state; o, experimental results of Ref. 12 for the 2II, state,
here assigned III-?II,. Note that the data of Ref. 21 have been normalized to the

present results at 22.5 eV.

Fig. 5: Photoelectron asymmetry parameters for the a *II, state of O} : —, present
length results; - - -, present velocity results; - - -, Multiple-Scattering (MSM)

results of Ref. 24; u, experimental results of Ref. 25, o, experimental results of
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Ref. 26 for the vt = 4 state. The experimental results of Ref. 25 contain a small

contribution from the A 2II, state.
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Chapter 3

Multiplet-specific shape resonance and autoionization effects in (2+1)

resonance enhanced multiphoton ionization of O, via the d !TI, state

(The text of this chapter appeared in: J. A. Stephens, M. Braunstein, and V.
McKoy, J. Chem. Phys. 92 5319 (1990).)
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Multiplet-specific shape resonance and autoionization effects in (2+41)
resonance enhanced multiphoton ionization of O, via the d 'I1, state

J. A. Stephens, M. Braunstein, and V. McKoy
Arthur Amos Noyes Laboratory of Chemical Physics,*’ California Institute of Technology, Pasadena, California

91125
(Received 9 August 1989; accepted 26 January 1990)

In this paper we discuss the single-photon ionization dynamics of the d 'T1, Rydberg state of O,.
Comparision is made with vibrationally resolved measurements of photoelectron spectra which
employ (2 + 1) resonance enhanced multiphoton ionization (REMPI) through the d 'TI, state. A g,
shape resonance near the ionization threshold leads to non-Franck—Condon vibrational branching
ratios and a substantial dependence of photoelectron angular distributions on the vibrational state of
the X T1, ion. Significant differences exist between our one-electron predictions and experiment.
These are mainly attributed to electronic autoionization of repulsive 'S, '2.*, and 'A,, states
associated with the 1 1} configuration. A proposed singlet “X ™ 'TI, Rydberg state converging to
the A 2I1, ion probably also contributes to autoionization in the d 'II, state spectrum. We also show
that autoionizing H and J °IT, Rydberg states of O, converging to the a *I1, and 4 *I1, ionic
thresholds, respectively, may play a previously unsuspected role in the C *TI, state one-color REMPI
spectra. We discuss multiplet-specific (spin-dependent) effects via comparision of these results with

recent experimental and theoretical studies of O, C *I1, photoionization.

I. INTRODUCTION

The photoionization dynamics of the C *II, (17, 3sa,)
Rydberg state of O, have recently been studied experimen-
tally and theoretically by (2 4 1) resonance enhanced mul-
tiphoton ionization spectroscopy (REMPI).'-* These stud-
ies have shown that a ¢, shape resonance leads to strong
non-Franck-Condon ionic vibrational distributions and
photoelectron angular distributions. Presently there is sig-
nificant interest in using REMPI to prepare molecular ions
in vibrationally (and rotationally) state-selected states.
Since the shape resonance in O, was shown to effectively
inhibit efficient vibrational state-specific production of ions
via the C°II, state, additional experimental studies have
probed the higher-lying “‘4s-3d * Rydberg states.*” Due to
the symmetry of the excited orbital, some of these levels may
not access the o, ionization continuum, thus permitting O,"
state preparation to better than ~ 80% for several vibration-
al levels.

In this paper, we present studies of photoionization dy-
namics of the d 'Il, (1m,3s0,) Rydberg state of O,, the
singlet analog of the C °T1, state. The d 'I1, state of O, has
been detected, and partially characterized, by several elec-
tron impact and REMPI studies.*'* The singlet coupling of
the 3so, Rydberg electron to the X 1, ion core results in a
small, positive energy shift of the potential energy curve,
relative to the triplet state ( ~0.1 eV). In contrast, the o,
shape resonance with its localized character, as well as the
energetically accessible valence autoionizing states, exhibit
large ( ~1-3 eV) energy shifts relative to their triplet ana-
logs. Due to these considerations, the REMPI photoelectron
dynamics may significantly depend on which spin state of
the neutral Rydberg level is accessed in the two-photon ab-

*' Contribution No. 8015.

sorption step. In particular, the photoelectron spectra ob-
served by Miller e al.'* for the d ', Rydberg state display
greater non-Franck—Condon behavior than that observed
for the C 11, spectra. As discussed below, we attribute this
mainly to autoionization of repuisive valence states and
Rydberg states converging to excited states of the ion and
not to the o, shape resonance. Such multiplet-specific shape
resonance and autoionization effects are generally energy
dependent. They could be further probed to great advantage
via two-color REMPI experiments.

Although we believe that autoionization is the major
source of disagreement between present theory and available
experiments, another class of electronic interactions rel-
evant to excited-state photoionization dynamics are avoided
crossings between the resonantly prepared Rydberg state
and repulsive valence states of the same electronic symme-
try. Van der Zande er al.'*'® have recently studied the C °1,
and d'I, Rydberg states of O, using charge-exchange
translational spectroscopy. Specifically they investigated
and deduced details of the Rydberg-valence interactions and
associated predissociation processes. These interactions may
influence ion vibrational distributions through electronic
correlations and perturbations of vibrational levels of the
neutral Rydberg in the vicinity of the curve crossing.

In Sec. Il we give a brief discussion of numerical details
of the calculations. In Sec. [II we present vibrational branch-
ing ratios and discuss the shape-resonance and electron cor-
relation effects relevant to ionic vibrational distributions for
photoionization of the & 'Il, Rydberg state. A qualitative
discussion of the correlation effects in terms of Franck—Con-
don factors, survival factors, and SCF calculations is given.
Rigorous incorporation of these states in the photoioniza-
tion calculations remains a major goal of our studies. Also
presented in Sec. IIl are two-color (energy-dependent)



branching ratios and vibrationally resolved photoelectron
angular distributions. Section IV gives a brief conclusion.

il. CALCULATIONAL DETAILS

In the frozen-core Hartree-Fock approximation there
are four dipole-allowed channels for ionization of the d 'I1,
state corresponding to photoionization of the singly occu-
pied 350, Rydberg orbital. The electronic continuum wave
functions are

w(rL) = —Jli_ {|(core]1m; ka,| — |[core] T, ka, 1},

(1a}
V(2 ) = {{l[corejln; km, |+ |[core]lm, knm|
~ [{core] Tm; km. | — [[core] Tm, k),
(1b)

W('2;) = i{|[core]lm} km, | — |[core]lm, km|

— |{core] tm, k| + |[core] Tr] k)
(l¢)
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1 __
Y('A,) = —{|[core] 17 knm}
V2 ' |

~ |{core] Tm )} kn} |}, (1d)

where [core] = 1o} 107 207 207 302 17} The associated one-
particle Schrodinger equations for the continuum orbitals
can be derived straightforwardly'”'® and have been present-
ed in detail in Eq. (2) of Ref. § for the case of triplet cou-
pling. The singlet-coupled equations can be obtained simply
by changing the signs preceeding the exchange operators for
the 17, electron, and the nonlocal S’ terms.

The Gaussian basis sets, internuclear distances, partial-
wave expansions, and radial grids used to evaluate the R-
dependent transition moments for the ko, and kn, channels
are identical to those for the C *[1, calculations.’’ The ini-
tial state d ‘1, SCF wave functions were calculated using a
(9s5p2d /4s3p2d) Gaussian basis set with diffuse functions
on the center of mass with exponents identical to those in
Ref. 5. The total SCF energy of the d'Il, state at
R = 2.282a, with this basis is — 149.285 87 a.u,, resulting
in an energy splitting of 0.073 eV compared to the C I,

1.6 2.1

2.6
R (Bohr)

FIG. 1. O, potential energy curves for the ground state, the first ionic state, and singlet and triplet valence states deriving from the electronic configuration

1), 1}. The potential curves are taken from Refs. 29 and 30.



state. The & '[l, state vibrational wave functions and those
for the X *T1, ion were calculated using the RKR potentials
discussed in Refs. 3 and 5. For later discussion, in Fig. 1 we
summarize potential energy curves for the O, neutral and
ionic ground states and several singlet and triplet Rydberg
and repulsive valence states relevant to this discussion.

1il. DISCUSSION OF RESULTS
A. Shape resonance effects

In Fig. 2 we show the calculated photoionization cross
section for the singlet and triplet-coupled 3so, — ko, chan-
nel at the internuclear distance R = 2.088 a,. The o, shape
resonance in the singlet-coupled channel is shifted ~2.5 eV
higher in kinetic energy than the triplet-coupled channel,
similar to singlet—triplet energy shifts typically observed for
excited valence states. This shift is due to the greater (repul-
sive) exchange interaction of the ionized electron with the
ion core in the singlet-coupled final state. In Fig. 2 the large
difference between the length and velocity cross sections at
low energy is due to our neglect of electron correlations be-
yond the Hartree-Fock level in the 11, ionization chan-
nels. These differences largely cancel upon forming the vi-
brational branching ratios (see Fig. 3). Residual
discrepancies with experiment are attributed mainly to auto-
ionization of repulsive valence states (discussed below).

For ground state photoionization of O,, the o, shape
resonance has been discussed by Raseev et al.'? for the 3o,
level, and by Gerwer et al.,* Dittman et al.,?' and Braun-
stein and McKoy**** for both the 3o, and 1, levels. Par-
ticularly for the 30, level, it was shown? that it is essential
to include multiplet-specific aspects of this problem to ac-
count for observed one-electron features of the photoioniza-
tion spectra. In these ground and the present excited-state
studies, the R dependence of the transition moment induced
by the shape resonance results in non-Franck-Condon ef-
fects observable in both vibrational branching ratios and
photoelectron angular distributions.2*

2.0 -

3dso, » ko, (R=2.088 a.u.)

Cross Section (Mb)

0.0

6 9 12 15 18
Photon Energy (eV)

FIG. 2. Calculated ionization cross sections for the 3so, — ko, chan-
nelof the O, d 'M1, and C 11, states. Solid curves: length form; dash curve:
velocity form.
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FIG. 3. Calculated vibrational branching ratios for photoionization of the
v’ = 0-3 levels of the O, d 'TI, state. Length form (crossed bar); velocity
form (crosshatched bar). The calculations are compared with the e-
ments of Miller et al. (Ref. 14, solid bar).

For the present REMPI studies, the shift of the reso-
nance to higher kinetic energy will result in some decrease in
the calculated non-Franck-Condon effect, but not as much
as Fig. 2 may suggest. Note that the shift in the o, resonance
position is much larger than the difference in ionization
thresholds (3.84 and 3.93 eV for the v’ = Olevels, respective-
ly). The photoelectron energies for the d 'Tl, and CIl,
(2 + 1) spectra range from ~0.2-1.3 eV, which is a small
portion of the abcissa scale in Fig. 2. The o, cross section still
depends strongly on R, causing only a weak detuning effect
when compared against the triplet results.’* Branching ra-
tios and angular distributions which illustrate the energy
dependence over a broad energy range are discussed below.

TABLE 1. Summary of vibrationaily resolved cross sections and branching
ratios.

7, (Mb) /L, 0,, 0, /2, 0.,
Length Velocity Length Velocity (Experiment® )

v oot (Theory) (Theory)

0 0 28373 09946 09985  0.9969 0.91

0 1 00042 00031 0005 0001 0.089

1 0 00050 00045 00016 0.0042 0.079

P 1 30365 10489 09882 09804 0.61

1 2 00313 00165 00102 00154 0.3

2 0 00073 00030 00022 0.0028 0.043

2 1 00350 00241 00107 0.0203 0.13

2 2 11049 11031 09450 0.9267 0.40

2 3 00971 00449 002985 00377 0.29

2 4 00415 00152 00126 00128 0.14

3 0 00014 00001 00004 0.0001 0.012

3 1t 00216 00135 00063 00103 0.072

3 2 01080 00694 00315 0.0529 0.14

33 293 1.0805 0.8535  0.8238 0.51

3 4 02802 01123 0.0818 0085 0.087

3 5 00905 00363 00264 0.0277 0.18

*From Ref. 14.



B. Branching ratios and correlation effects

Figure 3 shows our calculated vibrational branching ra-
tios compared with the photoelectron intensities measured
by Miller ef al.'* for the v’ = 0-3 levels of the d 'II, state.
Table I gives a summary of the calculated and measured
branching ratios. These distributions have been normalized
so that the sum over v * for each intermediate level equals
unity. Inclusion of the R dependence of the transition mo-
ment arising from the shape resonance accounts for some of
the observed Av#0 intensity, e.g., the v * = 3-5 states ac-
cessed via the v’ = 2 and 3 intermediate states. The Franck-
Condon approximation predicts essentially zero intensity
for these off-diagonal transitions. However, major discre-
pancies between theory and experiment are more apparent
for the singlet spectra than for the triplet.>** We attribute
these discrepancies mainly to autoionizing repulsive valence
states and Rydberg states converging to excited ionic states.
Perturbations of the resonant intermediate levels by repul-

sive valence states cannot be ignored; however, as discussed

below, we expect this interaction to be of lesser consequence
in the present REMPI problem.

1. Autoionization of repulsive valence states

Prior studies?”* of the photoionization of the O, C 1,
Rydberg state have suggested the importance of autoioniz-
ing *A,, 3., and ’I valence states derived from the
L, 1} electronic configuration. These repulsive states in-
tersect the lower portion and rise above the potential energy
curveof the X *1, ion, and may thus autoionize intothe ’A,,,
3}, and *Z; channels deriving from 3so, — kw, ioniza-
tion. To qualitatively discuss the importance of autoioniza-
tion of these repulsive states, we introduce dimensionless
autoionization probabilities £ 2, and the “survival factor” §
(S<1). The survival factor is the ratio between the dissocia-
tive recombination cross section and the capture cross sec-
tion for a positive ion plus electron. Its departure from unity
indicates the importance of autoionization compared with
dissociation.?” Following Giusti,” we define the quantities

§. =mx, . [V(R)|xa). (2a)

V(R)=(¢1.IH{¢‘), (Zb)
-2

s=[1+2;5.] : 20

where y . and y, are vibrational wave functions of the ion
and neutral dissociating state ®,, respectively, and H is the
fixed-nuclei electronic Hamiltonian. Here @, is the contin-
uum wave function for 3so, -k, photoionization. We
made Franck-Condon approximations to these quantities,
ie, £,. =7V (R)y,. |tr.), where R is the centroid®®
R= {x,- IR |xa)/{x, lx4)- Thedifferential Franck—Con-
don factors (y, . {x,) were calculated using the X *[1, curve
of Krupenie®® and the valence 2, '’2*, and '’A, po-
tential energy curves of Saxon and Liu*® (shown in Fig. 1).
The widths for the ’X ", 'A,, and 'Z.}’ states calculated by
Guberman®' were employed, and we have assumed the trip-
let and singlet widths for states of the same spatial symmetry
to be identical. The R-centroid procedure was employed
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TABLE 1. Autoionization probabilities and survival factors for singlet va-
lence states.

vt v c'Z, 'y 1'a,
0 0 50x10 ' 1.1x10°* 6.7x10 !
1 313x10 ? 2Ix10°° 0.21
0.93° 1.0 0.61
1 0 28x10°° s8x10 * a1t
1 2.1x10°? 83x10°° 0.21
2 6.7x10°? 46x10 ? 2.6x10°7
0.84 0.90 0.55
2 0 1.5x10°* 24x10°° 0.16
1 1.2x10 7 2.5%10 2 0.17
2 45x10°? 9.5x 1072 2.1x10°°
3 9.5% 10" 0.15 0.12
4 0.12 68x10°* 1.7x10 *
0.62 0.56 0.47
3 0 82x10-* 6.9%x107°? 0.21
1 7.4%x10°? 531032 9.5%x 10
2 30x10°? 0.14 45x10?
3 7.i%x10 0.11 8.4x10
4 0.1t 27x10°? 2.7x10
s 0.10 6.2x10 * 6.5%x10*
0.57 0.48 0.43

* The single photon energy used in the (2 + 1) REMPI experiments of Ref.
14 for the v’ = 0-3 levels are 4.118, 4.230, 4.349, and 4.450 eV, respective-
ly. The continuum vibrational energies for each repulsive state were ob-
tained from the relation £, = 3w — [E(x) ~ {Aw, ], where E(w) is
the asymptotic energy with respect to the minimum of the X *Z,” potential
curve (Ref. 29), and w, is the ground-state vibrational frequency.

®Survival factors (see explanation in text).

only for the X~ valence states, since widths for the other
symmetries are essentially R independent.’' In Tables [f and
I11 we give our caiculated { 2, matrix elements and survival
factors for singlet and triplet valence states.

Focusing on the v’ = 0 level in Fig. 3, most of the ob-
served intensity is concentrated in the Av = 0 peak. The
~10% intensity in the v* = 1 peak likely derives from

TABLE I11. Autoionization probabilities and survival factors for triplet va-
lence states.

v vt Bz, A°L; ca,
1 0 027 35x10°° 39%10-*
H 0.20 20x10°? 24x10°?
2 36x10°* 48x10°? 64x10°?
0.46° 0.87 0.84
2 0 0.20 20x10-° 2.2x10°°
i 0.24 1.3x10-?2 1.5x10-?
2 141072 3.7%x10°? 4.7x10°?
3 9.6x10-? 5.5x10°? 79%x10-?
0.42 0.82 0.77
3 V] 0.14 1.2x10-} 1.2x107°
1 0.24 84x10-° 9.6x10-°
2 68x10°? 27x107? 33%x10°!?
3 25X 10°? 48x10-? 6.6x10-?
4 0.14 49x10°? 7.7%x10°?
5 45x10°? 23x10?2 48x10°7
0.36 0.75 0.66

* The single-photon energy used in the (2 + 1) REMPI experiments of Ref,
2 for the v/ = 13 levels are 4.192, 4.306, and 4.418 ¢V, respectively.
®Survival factors (see explanation in text).



autoionization of the 'A, valence state since its survival fac-
tor ( Table I1) deviates considerably from unity. Autoioniza-
tion of the 'A, state should remain prevalent for the v’ = |
intermediate state.

Comparison with theory suggests that the v’ = 2 off-
diagonal transitions have little contribution from direct ioni-
zation. At this level of excitation, the survival factor is about
equal for all autoionizing states. Interestingly, there appears
to be an effective partitioning of autoionization strength ac-
cording to whether Av <0 or Av> 0. Particularly for Av <0
autoionization of the 'A, state is strongest, while for Av> 0,
'3 and 'I} autoionization dominates.

For the v' = 3 level again each symmetry makes a sub-
stantial contribution to autoionization. In Fig. 3 the appar-
ent agreement between theory and experiment for the
v* = 4ionic level may be fortuitous since a theoretical treat-
ment incorporating these autoionizing states will redistrib-
ute the photoelectron intensity. The increase of the param-
eter {2, for the y* =5 ionic level relative to v* = 4 for
'3} and 'A, symmetries may qualitatively account for the
observed increase in photoelectron intensity.

It is interesting to compare the survival factors of the
singlet autoionizing valence states with their triplet counter-
parts of Table I11. With the exception of the * state, auto-
ionization of the singlet states appears more significant than
in the triplet case. This circumstance supports the apparent
poor level of agreement between present theory and experi-
ment for thed 'T1, state. The large shift of the singlet valence
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states (compared to the triplets) resuits in overall more fa- .

vorable Franck—Condon overlaps between the repulsive and
ion potential curves.

The above qualitative analysis in terms of survival fac-
tors neglects interference with direct ionization. In fact, full
theoretical consideration requires simultaneous treatment of
the competing processes of direct ionization, autoionization,
and dissociation. Such calculations have recently been
achieved in REMPI studies®®?* of the C 'Il, state of H,.
MQDT studies®*** of H, and NO have earlier considered a
unified treatment of these competing processes in single-
photon absorption. We are currently attempting to include
these interactions in further studies of O,.

2. Autolonization of Rydberg states converging to the
a 1T, and A 11, ionic states

Autoionizing states converging to the a *Tl,, and 4 [T,
states of O;" have been investigated by many workers since
the early work of Price and Collins,*® and have recently been
discussed and reviewed by Wu.’” A high-resolution syn-
chrotron study of autoionizing states converging to the
a*Il, ion has recently been reported,”® as well as studies
which prepare these states by charge-exchange translational
spectroscopy.’® The earlier discussions' of the C’Il,
REMPI-PES spectra neglected the possible role of these
states. Their singlet analogs may influence the 4 'Il,
REMPI spectra as well. In Fig. 4 we show the relevant po-
tential energy curves, and discuss qualitatively in the follow-
ing section the role of these states in the C*[, and 4 ',
(2 + 1) REMPI problems.

14.0 *I
Py KL / /
A
13.5 A | \ 7 /
o N
© i /
=13.0 A i /
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12.5 A ‘ H'm,
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X,
12.0 A
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1.5 2.5 3.0 3.5
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FIG. 4. Potential energy curves for the first ionic state, the H'Il,
(1ml1m3s0,) Rydberg state converging to the a‘ll, ionic state
(IP = 16.10¢V), and the J *TI, and K 'f1, Rydberg states which converge
to the A 2f1, ionic state (IP = 17.05 eV). The potentials for the 5 and J
states are Morse curves constructed from constants given in Refs. 37 and 40.
The K state (dashed curve) is shifted upward from the Jstate by 0.15 eV, as
discussed in the text.

a. M1, autoionizing states. For triplet states, Nishitani et
al.*® have unambiguously assigned the vibrational progres-
sion in the 900-1010 A region as all belonging to a single
H’M, (17 173350, ) Rydberg state converging to thea ‘I,
ion. This state is energetically accessible in the v’ = 1-3 lev-
els of the C *I1, one-color REMPI studies. Due to the large
displacement of the potential curves, Franck-Condon fac-
tors become appreciable mainly for higher vibrational levels
of the X[, ion. Calculated Franck-Condon factors
between the H *[1, state and the X *I1, ion are given in Table
1V, which agree with the corresponding distributions plotted
in Fig. 5 of Ref. 40. For one-color (2 + 1) REMPI via the
v = 1,2 levels of the C I, state, the total photon energy
nearly coincides with the v =2(7, =12.61 ¢V) and
v=5(T, = 12.98 eV) levels of the H [, state, respective-
ly. Qualitatively, as follows from the theoretical analysis of

TABLE 1V. Calcuiated Franck-Condon factors for the transitions O,
H'N (0) -0y XM (v').?

v=0 1 2 3 4 S 6

0.0000
0.0003
0.0024
0.0104
0.0317
0.0718

0.0002
0.0021
0.0117
0.0385
0.0825
0.1170

0.0007
0.0069
0.0297
0.0716
0.0997
0.0715

0.0019
0.0156
0.0520
0.0871
0.0672
0.0106

0.0080
0.0419
0.0755
0.0441
0.0002
0.0336

0.0132
0.0543
0.0672
0.0149
0.0102
0.0477

0.0043
0.0280
0.0698
0.0746
0.0211
0.0046

[P N

* Franck-Condon factors were obtained using a Morse potential with spec-
troscopic constants from Ref. 40 for the O, A M, state, and with the
RKR potential of Ref. 29 for the O;" X *11, state.



Smith*' and Mies,*” we would expect autoionization to be
favored in the Av> 0 transitions, i.e., thev* = 2 and 3 lev-
els. These states could influence the vibrational distribution
for the v' = 3 level of the C M1, state as well. Note that,
although the Franck-Condon factors in Table IV are small,
autoionization of the H *TI, state is prominent in single-pho-
ton ionization spectra leading to the X *I1, ion.***

The J*I, (17 152350, ) state, which is the first mem-
ber of a Rydberg series converging to the 4 21, ion,*”* lies
0.8 eV above the H °[1, state and is energetically accessible
in the v’ = 3 REMPI spectra of the C*I1, state. The total
photon energy for v’ = 3 (13.254 eV) lies slightly below the
v=1level (T, = 13.27eV) of the J'Il, state. This level
would preferentially autoionize into the v * = 3-5 levels of
the ion, as qualitatively indicated by examining the v =1
Franck—-Condon distribution in Table IV, which shouid be
nearly identical for the J >I1, and H °I1, states.

b. "N, autoionizing states. Singlet Rydberg states with
the 11, 172 350, configuration, which have not yet been ob-
served, are likely relevant to one-color REMPI of the d 'ﬂ,
state. Such a singlet Rydberg state with the above configura-
tion, which we denote X ‘11, may only be associated with
the 4 I1, ion core, i.e., the singlet analog of the J °[1, state
(see Fig. 4). The predicted term value of 7, = 13.30 ¢V (de-
rived below) makes this state energetically accessible for the
v’ = 3IREMPI spectraof the d '[1, state (Fig. 3). In particu-
lar, the total photon energy for the v’ =3 d'Il, state
REMPI spectra (13.380 V) nearly coincides withthev =0
level of the X ', state. Therefore, from Table IV (which
should remain essentially valid for the X '[1, state) we ex-
pect preferential autoionization into v * = 3-5 levels of the
ion.

¢. SCF calculations. To support the above qualitative
discussion and previous assignments of the & and J°II,
states,””*® we have performed single-configuration SCF cal-
culations on the J, H, and the K '[1, state of O,. The open-
shell wave functions for these states have the form

W(HM,) = -\/—:_-5— Oiry Toy Vo) oo, 1m) in) |

— o) 1o} o] 3so,la) o] |
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With a basis identical to that of the C T, and d 'I, state
SCF calculations, we find total energies of — 149.240 43,
— 148.875 84, and — 148.870 34 a.u., at R = 2.282 g, re-
spectively, for these states. For the / *I1, state, we calculate
the 3so, orbital eigenvalue to be — 3.52 ¢V. Using the ex-
perimental ionization potential of 16.10eV,*”*® we calculate
