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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.



v

Table of Contents

Acknowledgments . e e . e e e . p.ii
Abstract . . . . . . . . e e e . . . p.iii
Introduction . . . . . . . . . . . . . . . . . . . . p1

Chapter 1 Multiplet-specific shape resonant features in 30, photoionization of O,
[M. Braunstein, V. McKoy, and M. E. Smith, J. Chem. Phys. 90, 3931
(1989)] . . . . . . . . . . . . . . . . . . . p.33

Chapter 2 Photoionization of the 1w, orbital of O, [M. Braunstein, V. McKoy,

and M. E. Smith] . . . . . . . . . . . p.40

Chapter 3 Multiplet-specific shape resonance and autoionization effects in (2+1)
resonance enhanced multiphoton ionization of O, via the d 'II, state
[J. A. Stephens, M. Braunstein, and V. McKoy, J. Chem. Phys. 92
5319 (1990)] . . . . . . . . . . . . . p.62

Chapter 4 Studies of the photoionization of the lowest excited state, a 'A,, and

ground state, X 32X~

-, of molecular oxygen [M. Braunstein and V.

McKoy] . . . . . . . . . . . . . . p.T2

Chapter 5 Multiplet-specific shape resonant features in vibrationally resolved 3o,
photoionization of O, [M. Braunstein and V. McKoy, J. Chem. Phys.

91,150(1989)] . . . . . . . . . . . . . p.92



Chapter 6

Chapter 7

Chapter 8

Chapter 9

Chapter 10

Chapter 11

vi

Shape resonance behavior in 17, photoionization of O, [M. Braunstein

and V. McKoy, J. Chem. Phys. 90,2575 (1989)] . . . . p. 98

Shape-resonance-induced non-Franck-Condon effects in (2+1) reso-
nance enhanced multiphoton ionization of the C *II, state of O, {J.
A. Stephens, M. Braunstein, and V. McKoy, J. Chem. Phys. 89 3923

(1989)] . . . . . . . . . . . . . .p. 104

Shape resonance and non-Franck-Condon effects in (2+1) resonance
enhanced multiphoton ionization of O, via the C ®II, state [M. Braun-
stein, J. A. Stephens, and V. McKoy, J. Chem. Phys. 90, 633 (1989)|

. p. 108

Shape resonance effects in the rotationally resolved photoelectron spec-
tra of O; [M. Braunstein, V. McKoy, S. N. Dixit, R. G. Tonkyn,
and M. G. White, J. Chem. Phys. (submitted for publication)]

p. 117

Shape resonances in the photoionization of N; O [M. Braunstein and V.

McKoy, J. Chem. Phys. 87,224 (1987)] . . . . . . p.127

Vibrational branching ratios and shape resonant photoionization dy-
namics in N,O [M. Braunstein and V. McKoy, J. Chem. Phys. 90

1535 (1989)) . . . . . . . . . . . . . .p. 133



vii
Chapter 12 Studies of the valence shell photoionization of Cl, {M. Braunstein and
V. McKoy, J. Chem. Phys. 92 4887 (1990)] . . . . . bp. 143

Chapter 13 Molecular K-shell photoionization cross sections in the relaxed core
Hartree-Fock approximation [J. Schirmer, M. Braunstein, and V. McKoy,

Phys. Rev. A41283(1990)) . . . . . . . . . . p.150



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
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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.
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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



49

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] |

-\t o) \w] 3s0, ) \m) |

~ |z} Tn) to; 3so 0w} Ta; |}, (3a)
v(JOm,) =—‘;—6{2|11r: Try Ta] 3o \m) 1n] |

~ 1o} T} ] 3o, 1w} T |

—m} To 1o, 350, Tl 1|}, (3b)

W(K',) =% Q2 Tof 1ms 350, Ta) Taf |
= (1o} 1o} 177 3s0,1m} T |
—|tw} T} o] 3s0, Tn} 17, |

+2)lg} 1o} 1m; -3;;,1#: 1 E
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=} Tm ) ) 3so 0w} Tr[ |

=t 1) 1] 3so, Inl e[} (30)
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
a term value and quantum defect of T, = 12.58 ¢V and
& = 1.034, which compare reasonably well with the experi-
mental values*® of 12.35 eV and 1.095, respectively. The
J’M, and X '[1, states each consist of 2 mixture between
three components, corresponding to the three parentages
%, ', and '3 associated with the 11, (1) 172 ) states
of the jon core.**¢ Instead of solving a three term secular
problem, we invoke a simplification by initially calculating
the J°I1, and K 'T1, SCF states corresponding to pure °%,”
parentage. The wave functions given in Egs. (3b) and (3c)
above assume this single parentage. We then calculated an
empirically corrected term value for the J °T1,, state by em-
ploying the 3so, orbital eigenvalue, ~ 3.67 eV, and the ob-
served A 1, ionization potential, 17.05 eV.™* For the
J'M, state our calculation gives T, = 13.38 eV and
& = 1.075, compared to the experimental values* of 13.15
¢V and 1.133, respectively. Using the singlet-triplet splitting
obtained by subtracting total J °I1, and X '[1, SCF energies
(0.15 V), and the experimental term value of the JIT,
state, the predicted term value of the K 'Il, state is
T, = 13.30 eV, with a singlet quantum defect of § = 1.095.
The '*T1, Rydberg states may be incorporated into ab
initio photoionization calculations using the Smith-Mies—
Fano*'*’ procedure or an appropriate MQDT treatment.
However since the '*I1, ionization channels contain the o,
shape resonance, the associated non-Franck-Condon effect
must be incorporated explicitly, as done here at the one-

clectron level for direct photoionization.

3. Initial-state perturbations

Another mechanism leading to non-Franck-Condon ef-
fects in vibrational distributions is perturbation of the initial
Rydberg state by the valence-Rydberg interaction, i.e., an
avoided crossing. The C °I1, and d 'I1, Rydberg states of O,
are intersected by 1 *[1, and 1 ', valence potential energy
curves, which are derived from the electronic configuration
30, 1m,. Cartwright et al.® first postulated the weak elec-
tronic interaction leading to the interpretation of two cross-
ing diabatic states near the minimum of the C °I1, Rydberg
potential curve. For the d '[1, state, Van der Zande er al.'®
have recently deduced the coupling matrix element H,, of 55
meV from their kinetic-energy-release spectra, and account-
ed for the decrease in rotational constant B, going from
v’ = 0-3, and its return to that of the ion for v’ > 3. To esti-
mate the effect of this perturbation on the 4 'lf, REMPI
spectra, we calculated the v’ = 0-3 vibrational wave func-
tions for the lower adiabatic potential (v' = 1,4,8,12 for the
double well'® ) without nonadiabatic coupling, and directly
incorporated them in the calculation of the vibrational



branching ratios. Since a dipole transition between the
30,17} state and the 350, ~km, continuum is very weak,
and nonadiabatic corrections to the vibrational wave func-
tions are small,'® we expect this procedure to be a good ap-
proximation. We found almost negligible changes in the
branching ratios, due to the preservation of nodal structure
of the vibrational wave functions in the inner region of the
double-well potential curve. This further indicates that the
(final-state) autoionization effects discussed above are like-
ly dominant. For situations where there is a strong avoided
crossing, e.g., the B3 -E°% system of O;, one must
solve the coupled Schrodinger equations for a full treat-
ment.*"*®

C. Photoelectron angular distributions

Figure 5 shows calculated vibrationally resolved photo-
electron angular distributions for the v’ = 0 and 1 levels of
thed 'TT, Rydberg state. In these figures we have piotted the
angular distribution

d
ﬁ«l + BP, (cos 8), 4)

where B is the asymmetry parameter for an unaligned mo-
lecular target, 6 is the angle between the direction of the light
polarization and the photoelectron momentum, and P, is a
Legendre polynomial. The numerical values of the £ param-
eters and those for other v’ levels are given in Table V. No
experimental values are available for the d '[T, state, al-
though a comparision between theory and experimental re-
sults for the C °I1, state has been made, with satisfying re-
sults.** Note that we have neglected any effects due to state

vV=0—v*t=0

V=0—uvt=1l

W=l =ut=1

ozl =t =2

FIG. 3. Calculated photoclectron angular distributions for the v = Oand |
levels of the O, 4 'TI, state. Solid curve: length form; dash curve: velocity
form. In this figure 8 = 0 is vertical.
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TABLE V. Summary of calculated vibrationally resolved asymmetry pa-
rameters.

v v* B,..
Length Velocity

0 0 1.213 1.126
4] i 0.282 0.143
1 0 0.202 —0.086
i 1 1.227 1.162
| 2 - 0.150 -0.027
2 0 0.572 0.591
2 1 —0.181 -0.110
2 2 1.232 1.201
2 3 0.013 -0.092
2 4 0.790 0.660
3 a 0.121 0.128
3 ! 0.448 0.445
3 2 0.002 0.086
3 3 1.240 1.278
k] 4 0.335 0.098
3 5 0.683 0.583

alignment arising from the two-photon excitation. This will
be of interest in future experimental studies of specific rota-
tional branches.

The difference between Av = 0 and Av 0 distributions
is very large, due to the non-Franck—Condon effect associat-
ed with the o, resonance. This is similar to that discussed for
the C°I1, state.” However, there is also considerable differ-
ence between the Av#0 angular distributions for the singlet
state compared to the triplet. For example, for the
v' = I =v* =2 transition, the calculated® (velocity form)
B for the triplet state is0.55,and 8 = — 0.027 for the singlet
(Table V), at nearly the same total photon energy of ~12.5
eVv.

It would be interesting to experimentally measure these
photoelectron angular distributions to confirm this {arge
multiplet-specific effect, which is not too apparent when
comparing the singlet and triplet branching ratios. Addi-
tionally, it would be useful to measure changes in the higher-
order terms in the REMPI angular distributions and com-
pare them with their triplet counterparts*® so as to ascertain
the role of spin coupling in the alignment induced by the
two-photon absorption step.

D. Energy-dependent branching ratios and angular
distributions

(2 + 1") two-color REMPI studies of the 4 ', state
may provide useful insight into the role of autoionization on
these ion vibrational distributions. To illustrate what the
present one-electron theory predicts for the energy depend-
ence of such distributions, Fig. 6 shows calculated vibration-
ally resolved branching ratios and photoelectron angular
distributions for photoionization of the v’ = 3 level over a
range of photon energies. For the branching ratios, all curves
begin at 4.32 ¢V photon energy above the v’ = 3 level of the
d ', state and the v* = 0-5 channels are hence energeti-



—
(=]

Branching ratio
o
v

1~ 2= .
5
0.0 =0
1.5 1
\’\/_v’ -
1.0 4 4
Q. 2
<L _ 5
0.5 1 [
0.0 |
-0.5 T "
3 6 § 12 15 8
Photon energy (eVS
FIG. 6. Calculated energy-dep vibrational branching ratios and

asymmetry parameters for the v’ = 3 level of the O, d 'TI, state leading to
the v* = 0-5 levels of the ion.

cally open. The distributions are normalized such that a sum
at any photon energy equals unity.

The Av = 0 component dominates at all photon ener-
gies. For Av#0 distributions, the v’ = 3 -v* =4 ratio is
the dominant component, due to strong asymmetry of the R-
dependent amplitudes at larger internuclear distances where
the shape resonance is most intense. Due to nodal structure
of the vibrationally excited initial state wave functions, sec-
ondary maxima associated with the resonance may occur in
the cross sections (and thus branching ratios), e.g., ~ 11 eV
photon energy. Thus, we predict an apparent ‘“‘detuning”
effect from the resonance to occur near threshold, e.g., ~9
eV for the v = 3—v™* = 24 ratios, and at photon energies
beyond 15 eV for all transitions.

The strong variation in asymmetry parameter 8 with
v* in the bottom of Fig. 6 reflects the non-Franck-Condon
effect induced by the shape resonance, as seen previously in
angular distribution studies of O, C *I1, photoionization,*”
and other studies of molecules in their ground state.>* The
structure in the v * = 3 and 4 distributions reflects the sec-
ondary maxima occuring in the vibrational branching ratios.

IV. CONCLUSION

We have presented ionic vibrational branching ratios
and vibrationally resolved photoelectron angular distribu-
tions for photoionization of the d 'IT, Rydberg state of O,.

70

The non-Franck—-Condon effects induced by the o, shape
resonance accounts for some of the observed'* deviations
from the expected Av = O propensity rule for ionization of
molecular Rydberg states. However, the vibrational branch-
ing ratios calculated with the Hartree—-Fock model, which
include the effects of the shape resonance, differ significantly
from the observed values. There are no measurements of the
photoelectron angular distributions for the d 'II, state. It
would be interesting to compare these photoelectron angular
distributions with those for the C *I1, state,* since the pres-
ent calculations predict significant differences due to the
particular spin couplings in the resonant intermediate and
final states.

In the present d ‘11, REMPI problem, multichannel in-
teractions involving both repulsive and Rydberg autoioniz-
ing states likely result in the major departures from the sim-
ple Franck-Condon prediction. We have tentatively
identified these interactions as arising from autoionization
of singlet valence states derived from the 1) 1, electronic
configuration, analogous to earlier assessments for the
C 11, state.”* Evidence has also been presented which indi-
cates that Rydberg states which converge to the a *Il, and
A *11, ion states may be responsible for a portion of the ob-
served Avs0 intensity, in both C’Il, and d'fl, state
REMPI spectra. Since the singlet states associated with the
A 11, ion core have not been observed, it may be of interest
to probe them directly by inducing single-photon transitions
from, e.g.,, the O, X 2 or 'A, states, or by charge-ex-
change translational spectroscopy.
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Studies of the photoionization of the lowest excited state, a 'A,,

and ground state, X *Z >, of molecular oxygen

M. Braunstein and V. McKoy
Arthur Amos Noyes Laboratory of Chemical Physics
California Institute of Technology

Pasadena, California 91125
Abstract

We report photoionization cross sections and photoelectron angular distribu-
tions for O, from its ground state, X *L, and lowest electronically excited state,
a 'A,, leading to the ground state ion, X 2II,, using Hartree-Fock photoelectron
orbitals obtained from the Schwinger variational method. These studies were mo-
tivated by recent line source experiments at 21.2 eV which showed substantial
differences between these cross sections. We find that the low energy o, shape res-
onance previously observed in ground state photoionization of O, also influences
the a ' A, cross sections, but does not account for the differences in the ground
and excited state cross sections seen experimentally. In fact our results show that

these cross sections are quite similar over a broad energy range.
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I. Introduction

Although photoionization of the lowest electronically excited state of molec-
ular oxygen, a 'A,, is known to play an important role in the chemistry of the
atmosphere,! relatively little is known about its photoionization cross sections and
there has been no report on the photoelectron angular distributions from this ex-
cited state. Clark and Wayne,?> using the relative measurements of Cairns and
Samson,® have reported the absolute cross sections within about one eV of the
X 211, threshold, showing a rise from ~2 Mb to ~6 Mb with sharp autoionizing
structure superimposed. Recently, there has been a measurement of the a ' A,
— X 2II, cross section at the He I line (21.2 eV) which gave a value of 11.8
Mb,* which compares with a value of 7.4 Mb for the cross section from the ground
state of O,, X X7 — X *II;, at the same photon energy.® The only available
theoretical work on the a 'A, photoionization cross section used orthogonalized
plane waves to represent the photoelectron continuum.® These cross sections differ
substantially from the measurements at the He I line, being nearly identical to the
photoionization cross sections of the ground state, X *L. — X ?II,, over a broad
energy range.

It has been shown, however, that there is a low energy shape resonance in the
ground state photoionization of O,.7~° This shape resonance is probably not well
represented by the orthogonal plane wave calculations on the a ' A, state and could
be important in explaining the difference in magnitude between the X *L; and
a !A, cross sections observed experimentally. To investigate this possiblity and
make a more complete picture of excited state a ' A, photoionization, we have cal-
culated cross sections and photoelectron angular distributions for photoionization
of the a ! A, state leading to the X ?II, ion using Hartree-Fock photoelectron con-
tinuum orbitals obtained with the Schwinger variational method!® which should

accurately reflect any shape resonant structure. To provide some context for these



75

studies we have also calculated vibrationally-unresolved photoionization cross sec-
tions and photoelectron angular distributions for ground state photoionization of
O, leading to the X 2II, ion over a broad energy range, extending our previous
study’ on the vibrationally-resolved cross sections of the ground state at low en-
ergy.

The remainder of this study is as follows. In Section II we will discuss the
relevant Hartree-Fock wave functions and static-exchange potentials. We will also
briefly discuss the method we use to calculate the photoelectron orbitals. In Section
III, we will present our results for X *L; and a ' A; photoionization leading to the

X 211, ion and compare these results to experiment.

II. Method and Calculations
The electronic structure of O; is 102 102 207 202 302 17} 173, For the ground
state, the 17, electrons are triplet coupled and are singlet coupled for the excited
state, a ' A,. This results in an energy splitting of about 1 eV. The equilibrium
bond length and spectroscopic constants remain nearly identical.'?
Photoionization of the ground state, X *L;, leading to the X 211, ion gives

three dipole-allowed final states:

V(L) = |17} ko, |, (1a)

(L) g kg | = [1mg kn ([} (16)

1
= 72—,“17’
$(TL) = 1} k6, (1)

where we include implicitly the closed-shell core. For photoionization of the a * A,

state the dipole-allowed final state wave functions are
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1 —_— [
Y('IL,) = ${|17r;' ko,| — |1n] ko, |}, (2a)
V(8) = Sl | - ] b ), (28)
V(0.) = |t keT| - 1] ke ) (2¢)

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

equations have the form

P(f+)_(2) —K)+ Y (anJn +b.K,) + @Sy, +BS., —€P|¢ >=0, (3)

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 k2. The

operators S” and S’ are given by

Ste, b (12) = 8- (1) [ @ral- )" o () (4a)

and

Ste, 6+ (0) = 70 (1) [ Eralr- ()" 29 (r2) (4)

The one-electron operator, f, in Eq. (3) is
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f=—yvi-Y 2, (5)

where Z, is the nuclear charge of center a. Using the wave functions given in Egs.
(1) and (2), the coefficients a,, b,, a, and 8 in Eq. (3) are given in Table I

The photoelectron orbitals of the the static-exchange equations, Eq. (3), were
obtained using the iterative Schwinger variational method, discussed extensively
elsewhere.'®'1? 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

U(r,r) = U (r,r') = Z(r | U | e} (U™ )sj{ey | U | ), (6)

L3

where the matrix U~ ! is the inverse of the matrix with elements U;; = (a | U | ;)
and the o;’s are discrete basis functions (see Table II). To ensure convergence of
the photoionization cross sections, we use photoelectron wave functions obtained
after one step in our iterative procedure.!®

For the ground state of O,, we used the [3s2p| Cartesian Gaussian basis set
of Dunning'® with a single d-type polarization function.!* Calculations with this
basis set at the equilibrium geometry of R, (0-O) = 2.282 a.u. give an SCF energy
of -149.635 14 a.u. For the a ! A, state, we used the [4s3p| basis set of Dunning'®
with two uncontracted d-type polarization functions'*. Calculations with this basis
set at the equilibrium geometry R,(0-0O) = 2.297 a.u. for this state give an SCF
energy of 149.562 19 a.u.!® This gives a calculated singlet-triplet splitting of 1.98 eV
compared to the experimental value of 0.98 eV.!! All matrix elements and functions

arising in the solution of the Lippmann-Schwinger equations associated with Eq.
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(3) were evaluated via single-center expansions about the molecular center. The

partial-wave expansion of the photoelectron orbital, i.e.,

- ”22' S 67 (Yo (), ™)

=0m=-1

was truncated at £, = 7. The other partial-wave expansion parameters and radial
grid were the same as those used in Ref. 16 for the ground state of O, and Ref. 7

for the excited state.

Finally, it is important to note that the total cross section, o, given in terms

of the final state symmetry contributions (see Table II) can be written

81rwr

o= (g IF1 ko )II* + [[(mg o [lma)]1* + [I(mg [P~ 1 [KEDIZ, (8)

where #,, = F(z % iy)/V2 and #, = z, and is the same for photoionization for
transitions from the ground state and a ' A, excited state of O, to the X?II, state of
O . This means that in the high energy limit, where the slight differences between
the target orbitals and static-exchange potentials become less important and away
from any resonant structure, one should expect the photoionization cross sections
from these two states to the ground state of the ion to be nearly the same. This
has important consequences in understanding the differences in the cross sections

from these two states.

II1. Results and Discussion
Calculations of the vibrationally-resolved photoionization cross section and
photoelectron angular distributions near threshold for photoionization of the ground

state of O, to the ground state ion have been presented previously.” These studies
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showed that a low energy o, shape resonance significantly influences the ion vibra-
tional distributions, producing large deviations from Franck-Condon behavior. In
figure 1 we show results for the vibrationally unresolved cross section along with

experimental data5'17:18

over an extended energy range to provide a context for
understanding photoionization of the excited a ' A, state. Below ~25 eV, there is
extensive scatter in the experimental data which suggests sharp structure typical
of autoionization. Several authors'?~?! have investigated this rich autoionizing
structure in detail with high resolution experiments and have assigned many Ry-
dberg states associated with excited ion cores in this energy region.?? Above ~25
eV there is good agreement between the present results and the experimental data
which shows the cross section slowly diminishing after a maximum at ~25 eV.
The agreement between the calculated asymmetry parameters and the experimen-
tal data®®~2¢ are also quite good over a broad energy range and show a rapid
variation of # from threshold to about 30 eV photon energy.

In Fig. 2, we show the partial cross sections and eigenphase sums for the
transition X 3 X, — X ?II,. The “hump” seen in the total cross section is clearly
mainly composed of the kr, and ké, partial channels which are comparable in mag-
nitude and quite large. As shown by their eigenphase sums, these cross sections are
nonresonant and their structure is caused by the energy dependence of the tran-
sition matrix elements. The ko, partial cross section is largest at threshold and
diminishes slowly with photon energy. As shown in previous studies,”~° the ko,
channel is shape resonant. At the equilibrium bond distance, however, the shape
resonance does not influence the photoionization cross section but in fact perturbs
the adjoining (17,no0,) Rydberg series.”® For vibrationally-resolved spectra lead-
ing to the ground state ion, shorter bond lengths are sampled by the vibrational

wave function and the shape resonance is clearly seen in the photoionization cross

section, inducing non-Franck-Condon effects near threshold.”
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Figure 3 shows the photoionization cross section and photoelectron angular
distributions for the a * A, — X 2II, transition. These results are quite similar
to those found in ground state photoionization. Indeed, the change in the static-
exchange potentials brought about by the excited state target wavefunction is
reflected in only modest differences in these cross sections near threshold. At low
energies, the a 'A, cross section is slightly enhanced compared to the ground
state cross sections due to the more repulsive potential which shifts the oscillator
strength associated with the resonant o, continuum. This is seen clearly in Fig. 4
which shows the partial channel cross sections and eigenphase sums for the a * A,
— X 211, transition. The kx, and ké, cross sections and eigenphase sums are
nearly the same as those in transitions from the ground state, indicating that
these nonresonant partial channels are quite insensitive to differences from the
ground state photoionization process. Indeed, above the shape resonant region
near threshold, the a *A; and X *XL; cross sections are nearly the same, which
agrees with expectations indicated by Eq. (8) showing the contributions to the
total cross section from the ground state and a ! A, state to be the same.

Clark and Wayne? have reported the photoionization cross section from the
a 'A, state within about 1 eV of threshold. These results show a rise from about
2 Mb at threshold to over 6 Mb at about 1 eV above threshold with sharp au-
toionizing structure superimposed. Our results show the same general behavior,
but increase less steeply. More recently, there has been a measurement of the
a 'A, cross section at 21.2 eV photon energy which gave a value of 11.8 Mb,
nearly 1.6 times that for transitions from the ground state at that energy. This is
a quite different value from that predicted from the present results, which show the
ground state and excited state cross sections to be nearly the same. In comparing
theoretical and experimental results, it is important to note, however, that the

experimental value of the a ' A, cross sections was obtained from normalizing to
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the X X7 cross section at the same photon energy.*'® Codling et al.?” have shown
that Rydberg states leading to the ¢ *X; (20 !) ion significantly affects the pho-
toionization cross section in this energy range, creating a strong energy dependence
of the cross section over a narrow spectral region. This would make such a nor-
malization procedure at this energy somewhat uncertain, along with experimental
difficulties inherent in accurately measuring photoionization cross sections of tran-
sient species such as the a ' A, state of O,.*'2® Furthermore, there is the possiblity
that previously unobserved Rydberg states leading to the (20 ') ion, where the
17, electrons are singlet coupled, could play a role in the photoionization of the
a 'A, state and be responsible for the difference between the present results and
the experimental result at 21.2 eV. Clearly, experiments with tunable sources of
radiation are needed to obtain a full understanding of the photoionization of the
a 'A, state and its energy dependence. In addition, calculations which include

electronic autoionization would be helpful.
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TABLE I. Coefficients of the static-exchange potential of Eq. (3).

a, /b, a/B

Initial state Channel® 1x, 1m,
X35 *11, (ko) 1/-1 0/0
387 (k) 1/-1 -1/1

311, (ké,) 1/-1 0/0

alA, 11, (ko ) 1/1 0/0
LA, (k) 1/1 0/0

19, (ké,) 1/1 0/0

*Channel symmetry designation of the ion plus photoelectron system.
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TABLE II. Basis sets used in separable potential, Eq. (6).

Photoionization Type of Gaussian Exponents
symmetry function®
Oy Cartesian s 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
L=5 1.0,0.5
Ty Cartesian x 8.0,4.0,2.0,1.0,0.5
XZ 0.5
Spherical £=1 1.0
£=3 1.0
bu Cartesian xy 4.0,2.0,1.0,0.5,0.25
Spherical £=3 1.0
£=5 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 Refs.

10 and 12.
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Figure Captions

Fig. 1: Photoionization cross sections and photoelectron angular distributions for
the transition (O,;) X *X; — (OF) X II,;: —, present results (length); - - -
present results (velocity); X, experimental data of Ref. 17; o, experimental data
of Ref. 5; e, experimental data of Ref. 18; +, experimental data of Ref. 23; *,
experimental data of Ref. 24; A, experimental data of Ref. 25; ¢, experimental

data of Ref. 26.

Fig. 2: Partial photoionization cross sections (length) and eigenphase sums (ra-
dians) for each symmetry channel for photoionization of the X 3% state of O,

leading to the X %II, state of O} .

Fig. 3: Photoionization cross sections and photoelectron angular distributions for
the transition (0,) a 'tA, — (O} ) X ?II,: —, present results (length); - - -,

present results (velocity).

Fig. 4: Partial photoionization cross sections (length) and eigenphase sums (ra-
dians) for each symmetry channel for photoionization of the a *A, state of O,

leading to the X ?II, state of O .
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Chapter 5

Multiplet-specific shape resonant features in vibrationally resolved

30, photoionization of O,

(The text of this chapter appeared in: M. Braunstein and V. McKoy, J. Chem.
Phys. 91, 150 (1989).)
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Multiplet-specific shape resonant features in vibrationally resolved 3a,

photoionization of O,

M. Braunstein and V. McKoy
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(Received 7 February 1989; accepted 21 March 1989)

We report multiplet-specific vibrationally resolved photoionization cross sections and
photoelectron angular distributions for the 3o, orbital of O, leading to the v* = 0-3 levels of
the 52" and B 2E states of O;" . These studies were motivated by recent work which shows
significant nonstatistical behavior in the vibrationally unresolved spectrum at low
photoelectron energies arising from the sensitivity of the ko, shape resonance to the multiplet-

specific exchange potentials. In addition to the anticipated non-Franck-Condon vibrational
distributions arising from the ko, shape resonance, we also find substantial nonstatistical
effects in our vibrationally resolved cross sections and particularly in our photoelectron
angular distributions over a broad energy range. Extensive electronic autoionization due to
Rydberg levels leading to the ¢ “2. (20,7 ') ion makes it difficult to assess these effects in the

available experimental data.

INTRODUCTION

Previous theoretical studies of vibrationally unresolved
30, photoionization of O, leading to the B2, and b ‘X
ions have shown significant nonstatistical behavior in the
spectral region of the well known o, shape resonance. "2 The
sensitivity of this shape resonance to the multiplet-specific
exchange potentials of these molecular ions gives rise to
shifts in the oscillator strength distributions near threshold.
In fact, the b*Z," cross section peaks around 4 eV above
threshold, while the oscillator strength associated with the
o, shape resonance in the B 2~ cross section shifts closer
to threshold, perturbing the spectral distribution of the no,
Rydberg states leading to the B *X,~ ion.? This shift in oscil-
lator strength associated with the o, shape resonance is also
reflected in large differences in the multiplet-specific photo-
electron angular distributions.? These differences are diffi-
cult to assess in the experimental spectra due to extensive
electronic autoionization of Rydberg states leading to the
€*3;] (20, ') ion>** However, recent high-resolution
measuremnents do show a relatively broad maximum in the
B*Z, cross section at considerably lower photoelectron en-
ergies than the shape-resonant maximum seen in the b ‘X~
cross section.”® Similar mulitiplet-specific behavior has also
been observed in the So photoionization of NO leading to the
A 'T1 and b °T1 ions, where a difference of as much as 3 eV is
seen in the positions of the shape resonance.*'' In (2 + 1)
resonance-enhanced multiphoton ionization (REMPI) of
0, viathe C°I, (m,3s0,) and d '[1(m,3so, ) states, signifi-
cant multiplet-specific effects were also seen in the vibration-
ally resolved ion cross sections and photoelectron angular
distributions.'*'?

In the present work we extend our previous vibrational-
ly unresolved studies of muitiplet-specific 3o, photoioniza-
tion in O, (Ref. 2) by obtaining vibrationally resolved cross
sections and photoelectron angular distributions for
v+ = 0-3 to further assess multiplet-specific effects. Our vi-
brationally resolved cross sections show the expected large
non-Franck-Condon effects in the region of the o, shape

resonance as well as significant multiplet-specific behavior
in the cross sections. Comparison with experimental mea-
surements’ is again made difficult by the role of electronic
autoionization in the region of these shape resonances. The
photoelectron angular distributions also show both non-
Franck-Condon behavior and multiplet-specific differences
well beyond the energy range of autoionizing features in the
measured cross sections. Measurements of these photoelec-
tron angular distributions using tunable radiation would be
of considerable importance in understanding these multi-
plet-specific effects.

THEORY

Our procedure for obtaining vibrationally resolved pho-
toionization cross sections and photoelectron angular distri-
butions has been described extensively elsewhere.!'*'’
Briefly, we include full kinetic energy and internuclear de-
pendence in the bound—free transition moment,

Moo = [ dR xou (kRO (0

Here 4, (k,R) is the transition moment between the initial
bound state of O, (X *X," ) and final continuum state (ionic
core + photoelectron). In Table I we give the internuclear
distances at which the transition moments are determined.
For the ground state of O, we used a Hartree-Fock SCF
wave function obtained with a [453p2d] Cartesian Gaussian
basis set.* For the final state we used the frozen-core ap-
proximation with Hartree-Fock photoelectron orbitals for
the dipole-allowed 2" (ko) and *T1, (k7. ) channels ob-
tained with the interative Schwinger variational technique
and multiplet-specific static-exchange potentials.? All inte-
grations associated with obtaining the transition moments
were carried out via partial-wave expansions with the result-
ing radial integrals evaluated by Simpson’s rule. The partial-
wave expansion parameters and radial grid are the same as
those of Ref. 14.

The vibrational wave functions y of Eq. (1) were ob-



TABLE I. Internuclear distances of O, at which photoionization transition
moments were evaluated.

Continuum symmetry Internuclear distance*

ka,® 2.0,2.1,2.182,2.232,2.282
2.332,2.382,2.482,2.6,2.3,3.0
ki 2.0,2.182,2.282,2.382,3.0

* In atomic units.
® Resonant channel.

tained by numerical integration. For the ground and 4 ‘X"
ion states, we used the Rydberg-Klein—Rees (RKR) poten-
tials of Krupenie.'®* A Morse potential was used for the
B % ion potential with spectroscopic constants given by
Huber and Herzberg.'® Franck-Condon factors obtained
with these potentials are given in Table II along with other
calculated values®® and measured vibrational intensities at
high energy,’'** well away from the influence of the ko,
shape resonance.

RESULTS AND DISCUSSION

In Figs. 1(a) and 1(b) we show our calculated multi-
plet-specific photoionization cross sections for the
3o, —~ ko, transition in O, at various internuclear distances
for the 4*Z, and B*Z. ions, respectively. The most
prominent feature here is the large maximum in the cross
section caused by the well known ko, shape reso-
nance.'~*?>2¢ These resonant cross sections show the ex-
pected dependence on internuclear distance, becoming
broader and peaking at higher energy with decreasing inter-
nuclear distance (R). This dependence leads to deviations
from Franck-Condon behavior.2”"?® For a particular R, the

TABLE 1. Franck—Condon f: fort itions from the ground state of
0, (R, =2.282 a.u.) to vibrational levels of the 5°%; (3o, ') and
BE; (307 ') states of O . :

5%, (R, =24182u.)

Ref. 20 Ref. 21
v Present work (theory) (experiment)*
0 0.408 0.411 0.452
1 0.336 0337 0.319
2 0.164 0.163 0.154
3 0.062 0.062 0.057
BT (R, =2453au)
Ref. 22 Ref. 21
[2e Present work (experiment) (experiment)
0 0.245 0.247 0.265
1 0.293 0.316 0.307
2 0.213 0.211 0.220
3 0.125 0.130 0.135
* Experi | quantities are obtained at the He 11 resonance line (40.8eV)

and have been normalized by taking the total relative intensitites to be
unity. This energy is far enough away from any shape and/or autoionizing
resonances 30 that Franck—-Condon behavior is expected.

94

25
(a)
R = 2482
— 20 = 2.382
a 1 R = 2.332
2 R = 2282 b -
c 154 R = 22232 b Zg
© 1
- ] R = 2182
by ]
v 104 R = 2100 au.
0 1
0 ]
8 5: R = 2000 a.u.
04 . , .
15 25 35 45
Photon Energy (eV)
154
] {b)
—~ 1 2 -
s B%x,
=
2 104 R e 2232
C 1 R = 2182
Q
°
o
w p
w31 R = 2.000 c.u.
4 1R = 2.282
S
Q
15 25 35 45

Photon Energy (eV)

FI1G. 1. (a) and (b) Photoionization cross sections (dipole Iengthi for the
shape resonant 3o, - ko, channel in O, at several internuciear distances for
the 5*E; and B, ions, respectively.

peak of the shape resonance for each mulitiplet is at consider-
ably different photoelectron energies. At R, of the ground
state (2.282 a.u.) the shape resonance is seen ~4 eV above
threshold for the 5 “Z. ion, while the oscillator strength
associated with the B X cross section is shifted toward
threshold,'? and, in fact, significantly perturbs the discrete
spectral distribution.? This shift arises from the sensitivity of
the o, shape resonance to differences in the exchange com-
ponent of the multiplet potentials and is not seen in studies
using multiplet-averaged potentials.?>-?® This behavior leads
to large differences in the cross sections and photoelectron
angular distributions for these multiplets.

Figures 2(a) and 2(b) show our vibrationally resolved
photoionization cross sections for the 6“2, and B *Z,” ion
states, respectively. These multiplet-specific cross sections
for the 4 “Z,” ion agree with the static-exchange multiplet-
averaged calculations of Raseev et al.,2® but are consistently
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F1G. 2. (1) and () Vibrationally resolved photoiosization crom sections
(dipole length) for the b ‘X, and B *X, ions, respectively. Dipole-veloc-
ity resuits are nearly the same but are sometimes slightly less in magnitude.
See Ref. 2 for more details.

slightly farger. The vibrationally resoived cross sections of
both studies peak at successively higher photon energies
with increasing vibrational excitation. For the vibrationally
resolved B *X, cross sections, however, there are significant
differences between the multiplet-averaged calculations of
Raseev ez al.,** which are expectedly similar to the ‘X~
cross sections, and the present multipiet-specific results.
These differences reflect the strong muitiplet-specific behav-
ior seen in the fixed-nuclei cross sections. Shape-resonant
behavior appears closer to threshold in the vibrationally re-
solved B2X," croes sections than in the 5%, cross sec-
tions. The B 22" cross sections also show a strong minimum
around a photoelectron energy of 5 eV. This is due to cancel-
lation between partial-wave contributions to the transition
moment in the ko, channel and can be understood by exam-
ining the partial-wave composition of the initial bound 30,

and final continuum ko, orbitals. The 3o, orbitalis ~ 50% s
wave and ~ 50% d wave for the internuclear distances of
interest here. These s and 4 waves both show a radial node at
~1.2 a.u. from the molecular center. The principle-value
transition moments for the ¢, = 1 and ¢, = 3 continuum
partial waves—made up of mostly p and f waves—go
through zero at this energy producing a minimum in the ko,
cross section. This is akin to the so-called Cooper mini-
mum?®** seen in atoms, except that the anisotropic molecu-
lar potential induces partial-wave mixing. The dominant
contribution to the total cross sections arises from the k7,
partial channel in this region. This cancellation also occurs
in the 5 *X; channel at a higher energy (15 eV photoelec-
tron kinetic energy) where the km, cross section is larger
thus obscuring the effect in the total cross section. Studies of
fluorescence polarization for the X, ion do show the
,:0, cross section ratio growing rapidly from threshold to
~30 eV photon energy.’*** Measurements of the fluores-
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FIG. . (a) and (b) Vibrational branching ratics for photoionization (di-

pole length) for the 5°E,; and B, ions, respectively. Horizontal lines
show the Franck-Condon ratics.



cence polarization at slightly higher energy shouid show this
behavior clearly as the ko, cross section goes through a min-
imum there.

High resolution vibrationally resolved photoionization
measurements from threshold up to ~ 24 eV photon energy
show differences between the vibrationally resolved multi-
plet cross sections.” However, electronic autoionization
from Rydberg leveis leading to the ¢ ‘X" ion (IP =24.5
eV) in the energy region of the shape resonance makes com-
parisons difficult. Experiments over a broader energy range
and theoretical studies which include these autoionizing
states are needed to better understand these multiplet-specif-
ic effects.

Ion vibrational branching ratios for the 5*Z,;~ and
B %[ ions are shown in Figs. 3(a) and 3(b), respectively,
where we use the notation 7:0 to denote the branching ratio,
o(v=0—v* =n)/o(v=0-v* =0). Dramatic devia-

2.0 ~

(a)

15 2s 35 45
Photon Energy (eV)

(b)

-~0.5 4

-’1.0 v U v T
15 25 35 45
Photon Energy (eV)

FIG. 4. (a) and (b) Vibrationally resolved photoel ssymmetry pa-
rameters (dipole length) for the ‘X, and 87X, ions, respectively. The
open circles are experimental data from Ref. 34 for the v = Olevel (b *E
ion) and u* = 1 level (BE, iom).

96

tions from Franck-Condon behavior are seen in these
branching ratios. For the 5%, ion this behavior extends
over a large energy range similar to that seen in 3o, pho-
toionization of N,,'”¥"-2° while the B 2, branching ratios
show non-Franck-Condon behavior only in a limited energy
range near threshold. These features reflect differences seen
in the vibrationally resolved multiplet-specific cross sections
of Figs. 2(a) and 2(b).

Vibrationally resolved photoelectron angular distribu-
tions for these two multiplets of O," (30, ') are shown in
Figs. 4(a) and 4(b). These photoelectron asymmetry pa-
rameters are vibrational-state dependent. This non-Franck—
Condon behavior extends over a broader energy range than
in the vibrational branching ratios. The vibrationally re-
solved B8 's also show strong multiplet-specific effects. In par-
ticular, there is a shoulder in the B *Z” f'sataround 25eV
photon energy, the same energy where the o, cross section
goes through a minimum, which is not seen in the 8 s for the
5%, ion. These multiplet-specific differences extend over a
broad range, well beyond the complicating effects of auto-
ionization due to states leading to the ¢ 2. ion. Measured
photoelectron asymmetry parameters of Katsumata e al.>*
at21.2and 40.8 ¢V are also shown in Figs. 4(a) and 4(b). At
low energy there is a significant difference between the mea-
sured multiplet 8°s, while at higher energy, away from the
shape resonance, this difference is considerably less. Contin-
uum source measurements are needed to fully assess the ac-
curacy of these calcuiations.
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Shape resonance behavior in 17, photoionization of O,
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We report calculations of vibrationaily resolved cross sections and photoelectron angular
distributions for photoionization of O, leading to the X *II, (v* = 0—4) states of O," using
Hartree-Fock continuum photoelectron orbitals. These studies were motivated by recent
results which show that a o, shape resonance plays a dominant role in producing non-Franck-
Condon vibrational distributions in resonant multiphoton ionization of O, via the C °TI,

(1m, 350, ) Rydberg state. In the present study, we investigate how this shape resonance
influences photoionization dynamics in single-photon ionization. Below 21 eV photon energy,
we find significant non-Franck—Condon effects in the vibrational branching ratios as well as in
the vibrationally resolved photoelectron angular distributions. Substantial autoionization
hinders a direct comparison between theory and experiment.

I. INTRODUCTION

Recent resonant multiphoton ionization studies via the
C M, (1m,3s0,) state of O, have shown that a shape reso-
nance has a substantial influence on the vibrational distribu-
tion of the ground state X *I1, ion.' For single-photon ioni-
zation leading to the same ion, however, experimental
evidence of any corresponding shape-resonant feature is in-
conclusive. Experimental studies of O, in the near-threshold
region by single-photon ionization is complicated by exten-
sive autoionization features®® which, to date, have hindered
assessment of the possible role of a low-energy shape reso-
nance in the photoionization dynamics. To some extent this
complication was avoided in the resonant multiphoton ioni-
zation studies’ through specific and limited selection of the
photon wavelength.

To further elucidate the role of the o, shape resonance
in single-photon ionization, we have calculated vibrationally
resolved cross sections and photoelectron angular distribu-
tions for photoionization leading to the X *II, state of O;*
using frozen-core Hartree-Fock photoelectron orbitals.”*
These results show that a o, shape resonance becomes very
evident in the cross section near the ionization threshold as
the internuclear distance R is decreased. This dependence of
the transition moment on R, particularly for R values less
than R, of O, in this case, leads to significant deviations in
the caiculated branching ratios from Franck-Condon values
for energies from theshold to ~21 ¢V. The non-Franck-
Condon effects are also apparent in our photoelectron asym-
metry parameters. Comparison and subsequent interpreta-
tion of existing measured branching ratios (obtained from
line-source measurements) is inconclusive, giving impetus
for measurements that employ tunable radiation and extend
to the ionization threshoid.

An outline of the paper is as follows. In Sec. IT we briefly
discuss the Schwinger variational method used to obtain the
Hartree-Fock photoelectron orbitals and the procedures
with which we obtain our vibrationally resolved cross sec-
tions and photoelectron angular distributions. In Sec. Il our
results are discussed and compared with available experi-
mental data, and in Sec. IV concluding remarks are given.

Il. METHOD AND CALCULATIONS

The continuum wave functions were obtained using the
iterative Schwinger variational method’* to solve the one-
electron Schrodinger equation which the photoelectron or-
bitals satisfy in the frozen-core Hartree~Fock approxima-
tion. In this procedure, the (/,m) partial-wave component of
the continuum orbital is given by the equation®

©.(0) = G (1) + T (1IG ™ U la)
[¥]

X [D ~"14e, | U | $m s (1)
where

D; = (a,|U-UG."Ula,), (2)
U'is twice the static-exchange interaction potential of the ion
core with the Coulomb potential removed, G { ~ is the Cou-
lomb Green’s function, ¢5,, is the (/,m) component of the
Coulomb scattering function, and the a’s are discrete basis
functions, the same as those used in Ref. 9. This large basis
was sufficient to obtain well-converged results without re-
sorting to an iterative procedure for improving ¢.9), .* All
integrations were carried out via partial-wave expansions
with the resulting radial integrals evaluated by Simpson’s
rule. The parameters used in the expansion of the static-
exchange potential were the same as those in our previous
studies of O, (Ref. 9) except that the maximum /included in
the expansion of the occupied orbitals in the exchange terms
were made slightly larger so that /{* = 24 (10,), 24 (10,),
14 (20,),14 (20,), 12 (30,), 12 (1m,), 12 (17,). The grid
used to compute the radial integrals consisted of 900 points
and extended out to 96.0 a.u. The continuum solutions are
constrained to be orthogonal to the bound orbitals of the
same symmetry. More details can be found in earlier stud-
ies.”

The Hartree-Fock wave function for O, was construct-
ed from a [9s5p]/(4s3p) contracted Gaussian basis set'” and
two d-type polarization functions with exponents of 2.7040
and 0.5350.'! The Hartree-Fock energy with this basis at the
equilibrium internuclear distance of 2.282 awu. is

— 149.634 130 a.u.



We have obtained the photoionization transition matrix
elements in both the dipole-length form

I (R) = k(W (r, R)|r, WS i (1, R)), €)
and the dipole-velocity form

I}, (R) = (k'3/EY(W,(r, R)|V, Wi (r, R)) (4)

at the internuclear distances listed in Table I. In Egs. (3) and
(4), ¥, represents the initial N-electron wave function and
W, is the wave function for the final ionized state, i.e., an
N — | molecular ion plus photoelectron, R specifies the nu-
clear coordinates, and r stands collectively for all electronic
coordinates. These matrix elements were then interpolated
with a cubic spline function. The length and velocity forms
of the cross section for ionization of the v = 0 level of O, to
the nth vibrational state of O," are then given by

e n = T ES (G UEL L = (5)
3¢ imu

where y are appropriate vibrational wave functions, £ is the
photon energy, and c is the speed of light. The vibrationally
resolved photoelectron asymmetry parameter 3; is defined
from the photoelectron differential cross section by

doylo . on  00lo .y —n
aQ, | 4r

X[1+B8E) . =aPilcos8)], (6)

where g is the angle between the direction of polarization of
the light and the photoelectron momentum.

The vibrational wave functions were obtained by nu-
merical integration of the Schrodinger equation using the
Rydberg-Klein—Rees potentials of Krupenie.!>? The
Franck-Condon factors thus obtained agreed with those of

Ref. 12, ie. (v=00" =0)=0.1884, (v=00"* =1)
=0.3645, (v=00%"=2)=02901, (v=0p*" =3)
=0.1227, (v =00 "* =4) =0.0298.
{1l. RESULTS AND DISCUSSION
In previous studies of O, , a o, shape resonance has been
assigned experimentally'*'* and investigated theoretically in

near-threshold 30, photoionization.”'*'* For 1, pho-
toionization, an earlier fixed-nuclei Stieltjes moment theory
(SMT) study showed an apparently weak set of no, transi-
tions converging to the first ionization threshold.'” From
consideration of the energy dependence of the quantum de-

TABLE L Internuclesr geometries of O, at which photoionization matrix
elements were evaluated.

Continuum symmetry Internuclear distance (a.u.)

ka,* 1.8, 1.9, 2.0, 2.1, 2.14, 2.182, 2.232,
2.282,2.382, 2.482, 2.6

km, 1.8,2.1,2.282, 2.6

k8, 1.8,2.1,2.282, 2.6

“Resonant channel,
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FIG. 1. Oscillator strength distribution in the discrete and continuous spec-
tra for the 17, — o, transition at R, . The energy scale is relative to the ioni-
zation threshoid at 12.07 eV. Calculations of Ref. 17 were used to construct
the discrete part and the present resuits (dipole length) are shown above
threshold.

fect associated with these states, the spectral distribution of
these transitions actually display the onset of resonance be-
havior and connect smoothly'® to the adjoining ko, contin-
uum, as illustrated in Fig. 1. However, the magnitude and
variation of the ko, partial cross section is masked by large
nonresonant km, and k8, contributions to the total cross
section. The larger equilibrium internuclear distance of O,
(R, =2.282 a.u.) compared to N, (R, = 2.068 a.u.) and
CO (R, = 2.132 a.u.), where the o shape resonance is well
above threshold, shifts the resonance down to near thresh-
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FIG. 2. Photoionization cross sections (dipole length) for the 17, ~ ko,
channel in O, at severai values of the internuclear distance.
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old, obscuring its presence.

For purposes of illustration, in Fig. 2 we show the ko,
partial cross sections for photoionization out of the 17, orbi-
tal of O, at eight internuclear distances. The photon energy
scale in this figure assumes an ionization potential of 12.07
eV. The dependence of the shape-resonant cross section on
internuclear distance is as expected.”®** becoming broader
and shifting to higher energy as the internuclear distance is
decreased. This dependence leads to non-Franck—Condon
behavior in the calculated ionic vibrational distributions. In
Fig. 3 we show the vibrationally resolved photoionization
cross sections for the v+ = 0-4 states of the X *II, ion. The
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FIG. 4. Vibrational branching ratios for photoionization leading to the
XTI, state of O,": —, present resuits (dipole length); ---, present results
(dipole veiocity). The horizontal lines are the Franck—Condon values.
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FIG. 5. Vibrationally resolved photoionization cross sections for the 17,
—ko, transition (dipole length).

shape resonance partially obscured by the nonresonant &,
and k8, channels, appears as a weak feature in the total cross
section at low energy. These variations are sufficient to cause
significant deviations from Franck—Condon values in the
branching ratios, ow=0~v* =n)/o(v=

0—v™ =0), atenergies below 21 eV photon energy. We use
the notation 7:0 to denote the branching ratio for the nth
vibrational level. As seen in Fig. 4 the non-Franck-Condon
behavior is quite substantial near threshold but by 21 eV the
branching ratios reach their Franck—Condon values. For the
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FIG. 6. Ph cross for the X *[1, state of O,": —, pres-
ent results (dipole length) obtained by summing contributions from v *
= 04 vibrational levels; - (short dash), fixed-nuclei results of Ref. 15 at
R, (MSM); — — — (long dash), vibrationally averaged results of Ref. 15
(MSM); ~ - - (medium dash), fixed-nuclei resuits of Ref. 17 at R, (SMT);
O experimental (e, 2e) results of Brion eral. (Ref. 6); A, experimental line-
source results of Samson er al. (Ref. 3). Our fixed-nuclei results at R, are
nearly identical to our vibrationally summed results and are not shown.
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lower vibrational levels (v* =0-2), the behavior of the
branching ratios can be understood by examining the de-
pendence of the integrand in Eq. (5) on internuclear dis-
tance for the shape-resonant o, channel. For these levels the
integrand is strongly peaked around one value of the inter-
nuclear distance R for the energy range studied. As the vi-
brational level increases, the largest contribution to the inte-
grand comes from increasing values of R. The resulting
shape-resonant o, cross sections peak at successively lower
values of the photoelectron kinetic energy for increasing vi-
brational excitation. This behavior is best illustrated in Fig. 5
by showing vibrationally resolved ko, partial cross sections.
The ratios of the total cross sections therefore give rise to the
sharp increase at threshold and dip at ~ 15.0 eV photon en-
ergy for the 1:0 and 2:0 branching ratios. For the higher ionic
vibrational levels, larger internuclear distances are sampled,
but the behavior of the integrands is more complex and can-
not be as straightforwardly interpreted.

In Fig. 6 we show the vibrationally summed cross sec-
tions for v* = 0-4. Our results calculated at equilibrium
geometry are nearly identical to the vibrationally summed
results and are not shown. We also show both the fixed-

nuclei results at R, and the vibrationally averaged cross sec-
tions of the multiple scattering model (MSM) study of Ditt-
man ez al.'?, and the fixed-nuclei results at equilibrium of the
SMT study of Gerwer et al.!” We find that vibrational aver-
aging hardly affects the present cross sections, in contrast to
what is seen in the MSM study. This exaggeration of the
effects of vibrational averaging in the MSM treatment has
also been noted in earlier studies on N,.?! Moreover, the
shape resonance is much more pronounced and at higher
energy than in the present study. Figure 6 also shows the
experimental results of Samson et al.’ and Brion ef al.® The
prominent structure in the experimental data indicates that
autoionization may play a significant role in the low-energy
cross section for the X *[1, state of O;". Holmes e a/.>* sug-
gest that Rydberg states leading to the  *Z,” ion (ionization
potential equal to 18.17 eV) are responsible for some of the
autoionization in the vibrationally unresolved angular dis-
tributions. Moreover, the high-resolution photoionization
efficiency study of Dehmer er al.?* identifies several other
Rydberg states which may contribute to autoionization fea-
tures in the vibrationally resolved photoionization cross sec-
tions. Clearly, the autoionization structure is rich and com-
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pole length) leading to the X XTI, state of O;".

plex, and warrants further detailed experimental and
theoretical study, as has been done on 3¢, photoionization.™

In Fig. 7 we compare our calculated branching ratios to
the line source data of Gardner et al.’® As discussed above,
autoionization structure complicates a comparison of the
branching ratios with experimental data. Experiments em-
ploying a synchrotron source are needed to investigate the
role of autoionization on these spectra.

Finally, in Fig. 8 we show our calculated vibrationally
resolved photoelectron asymmetry parameters. These 8's
are strongly state dependent, particularly near threshold.
This non-Franck-Condon behavior should be observable ex-
perimentally, barring additional complicating structure due
to autoionization.

V. CONCLUDING REMARKS

We have studied the vibrationally resolved cross sec-
tions and photoelectron angular distributions for photoioni-
zation leading to the X *[I, (v* = 0—4) states of O;". These
studies were motivated by recent work showing the promi-
nent role of a shape resonance in producing non-Franck-
Condon effects in resonant multiphoton ionization of O, via
the C *I1, Rydberg state.'* A o, shape resonance strongly
influences these cross sections near the ionization threshold.
This o, shape resonance leads to significant non-Franck-
Condon behavior in ionization of the 17, level, and is evi-
dent in both the branching ratios and a vibrational state de-
pendence of the photoelectron angular distributions below
21 eV photon energy. Comparison of our vibrationally re-

solved cross sections with available line-source data is seri-
ously hindered by autoionization. Continuum source experi-
ments are needed to further understand this structure, and to
elucidate the shape-resonant continuum.
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Chapter 7

Shape-resonance-induced non-Franck-Condon effects in (2+1) resonance

enhanced multiphoton ionization of the C ®II, state of O,
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Resonance  enhanced  multiphoton  ionization
(REMPI) coupled with high resolution, angle-resolved
photoelectron spectroscopy is becoming an important probe
of the photoionization dynamics of excited molecular
states.! Recent measurements of (2 + |) REMPI spectra of
the C°I1, (3s0,) Rydberg state of O, by Miller ez al.? (pre-
ceeding paper) and Katsumata et al’ show pronounced
non-Franck—Condon effects, as evident by the observation
of intense off-diagonal (Av = v* — v’ #0) peaks for alterna-
tive vibrational states of the ground state ion. Miller er al.
have also suggested that the non-Franck-Condon behavior
arises from autoionization of the (17,30, )*I1, valence state
which would be equivalent, in the present context, to the
formation of a shape resonance in the o, ionization contin-
uum.* The dependence of the energy and width of shape
resonances on internuclear distance induces strong varia-
tions in the electronic transition dipole moment to specific
vibrational states of the ion. This mechanism for inducing
non-Franck-Condon vibrational distributions in the pho-
toionization of ground state molecules was first predicted
and observed in N, and CO.*

The purpose of this Letter is to present ab initio calcula-
tions of the O, C °TI, state photoelectron spectra which have
been measured by Miller ez al. These calculations establish
that in photoionization of this resonantly prepared Rydberg
state, a shape resonance at threshold signficantly alters vi-
brational distributions from those based on the Franck-
Condon principle. Such resonantly induced distributions
will strongly influence the preparation of state-selected ions
by REMPY, and perhaps more importantly, complicate the
extraction of state populations from REMPI signals. Al-
though these calculations account for a significant part of
the observed non-Franck—-Condon intensity, some discre-
pancies between theory and experiment remain for certain
portions of the spectrum. These discrepancies are tentatively
interpreted by invoking mechanisms involving initial-state
correlation and final-state channel interaction with excited
valence states.

To account for non-Franck-Condon effects due to the
shape resonance, we have included®’ full kinetic energy and
R dependence in the bound-free transition dipole moment
T = SR x?- (R)rg(k;R)y, (R). Here 75 (k;R) is the
transition moment calculated at fixed internuclear distance
R and electron momentum £, for a bound (Rydberg) initial
state |i) and continuum (photoelectron + ionic core) final
states | f). For the C°I1, initial state we used a Hartree-
Fock SCF wave function,®® and for the final state we used
continuum Hartree-Fock orbitals for the dipole-allowed
’M,,°A,, %2, and >~ channels. The continuum orbitals
were obtained using the iterative Schwinger variational tech-

nique.'® For the C 1, state vibrational wave functions we
constructed and numerically integrated an RKR potential
curve, employing vibrational constants measured by York
and Comer'' and the rotational constant measured by Sur er
al.'’ The vibrational wave functions for the X *II, ion were
obtained by numerically integrating the RKR potential
curve given by Krupenie.' The range of R included in calcu-
lating ali transition matrix elements ., varied from 1.7 to
3.2 a,. Further details of the calculations will be reported in a
separate paper.

The calculated photoionization cross sections for the
(lm,3so, ' ko, ), channel (not shown) predict a o, (£
wave) shape resonance, whose position and width are ex-
tremely sensitive to changes in the internuclear distance.
The R dependence of the transition moment, particularly
near the equilibrium bond distance and ~0-2 eV photoelec-
tron kinetic energy, is responsible for the non-Franck~Con-
don effects in the vibrational distributions. The cross sec-
tions for final states associated with kr, ionization channels
are relatively small and reveal almost negligible variation
with R. The ground state, fixed-nuclei calculations of
Gerwer et al.' for 30, and 1, photoionization predict this
resonance near the ionic thresholds. Theoretical studies'*
which include R dependence in ground state photoioniza-
tion confirm the presence of the low-energy o, resonance,
and further predict significant non-Franck—Condon effects.

In Fig. 1 we show our calculated branching ratios for the
v' = 1-3 levels of the C*Ti, state, compared with the peak
intensities obtained from the measured photoelectron spec-
tra. The calculations predict for ail v’ levels pronounced non-
Franck-Condon distributions: the vibrational wave func-
tions for the C °T1, and X *I1, potentials are nearly identical,
and the ratios Av#0 of Franck-Condon factors are negligi-
ble when plotted on the scale in Fig. 1. For the v’ =2 and 3
levels, the Av <O ratios are in satisfactory agreement with
experiment, while those for Av > 0 appear to show systemat-
ic deviation. Our results for the v’ = 1 level account for some
of the observed Av 70 intensity, although there is substantial
disagreement. We mention two mechanisms which could
underly these discrepancies. First, several experiments®!>'¢
have suggested perturbations of the low vibrational levels of
the C °[1, state, particularly involving the v’ = | level. It has
been proposed™'? that the perturbations arise from weak
configuration interaction with the (3o, 1)) *IT, valence
state. Inclusion of this configuration in the present theory
(as initial-state correlation) would introduce R-dependent
expansion coefficients into the dipole amplitude 74 (R). Due
to the R dependence induced by the resonance, these coeffi-
cients could alter the calculated distributions for the v’ = 1
transition such that the off-diagonal v* components in-



106

10 1 =
O v = 1 E
= v z —
-~ = ge
T 04 hy = 4.18
S

- 0O Experiment
Q003 4 p
= Theory — length
= = .
O 02 1 = & Theory - velocity
o
©
£ 01 - :
m
= 2 E
00 3 I 2 v’
10 1 10 1
r
Q V' = 2 =3 :
S hv = 4.303eV 061 hy = 4.418eV H ]
g os{ W= : :
St
Qo3 4
o
- q—
el
Q 0.2
o
o]
S 0.1
m :
HH : - : :

00 vt 1 2 3 + 35 v’

FIG. 1. Calculated vibrational branching ratios for O, C I, (v' = 1~3) ph ion, compared with the measurements of Miller ez al. (Ref. 2). The

theoretical results were normalized to experiment by dividing by the Av = 0 peak.

crease their relative magnitudes. Second, the deviations ob-
served in the Av> 0 components of the v’ = 2,3 levels could
arise from electronic autoionization of °I1,, *A,,’2 ", and
33 bound states into the four continuum final states of
identical symmetry. Accurate bound-state calculations'’'®
predict ’A, and *Z* dissociative states arising from terms of
the 1, 17} electronic configuration, which intersect the in-
ner region of the ion curve near the v* = 3-5 levels. Auto-
ionization of the B2 state could perturb the vibrational
intensity for the v = | level as well. These valence-shell
excitations are not dipole accessible from the C°Il, state,
however, residual Coulomb interactions exist between con-
tinuum and bound configurations which differ by two mo-
lecular orbitals. The energy and R dependence of the bound-
continuum mixing coefficients could substantially modify
the present one-electron results for the higher v™ levels.
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Chapter 8

Shape resonance and non-Franck-Condon effects in (241) resonance

enhanced multiphoton ionization of O, via the C *II, state

(The text of this chapter appeared in: M. Braunstein, J. A. Stephens, and V.
McKoy, J. Chem. Phys. 90, 633 (1989).)
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We report vibrationally resolved photoelectron angular distributions for photoionization of the
C 'l1, Rydberg state of O,. Comparison is made with recent experimental measurements of
angular distributions which employ (2 + 1) resonant enhanced multiphoton ionization of the
C 'l state. The present theory treats the process as single-photon ionization from an
unaligned Rydberg state, and qualitatively accounts for much of the observed trends. Non-
Franck-Condon effects induced by the ko, shape resonance lead to a substantial dependence
of the angular distributions on the vibrational state of the X 21, ion. Discrepancies between
our theoretical results and experiment are qualitatively discussed and tentatively attributed to

residual electron correiations.

I. INTRODUCTION

The photoionization dynamics of the (1m,3s0,)
'I1, and 'll, Rydberg states of O, have been recently stud-
ied using (2 + 1) resonant enhanced multiphoton ioniza-
tion (REMPI) spectroscopy.'™ Analysis of the ion-current
and associated photoelectron spectra have yielded the rota-
tional and vibrational constants of these states which are
seen to be nearly equivalent to that of the X *Il, ion. In
addition they have probed specific electronic interactions
with repuisive (30, 1m;) "Il valence states, which had
earlier been investigated by employing electron-impact exci-
tation spectroscopy.*~’ Most recently, measurements of vi-
brationally resolved photoelectron spectra of the v' = 1-3
levels of the C'il, state revealed intense, off-diagonal
(Av=v' — v’ #0) peaks for alternative vibrational states
of the *11,, state of the ion."* This observation was unexpect-
ed since for an unperturbed, single-configuration Rydberg
state (converging to a specific ion core), the Franck-Con-
don principle predicts the propensity rule Av = 0.'° The ob-
served non-Franck-Condon behavior was interpreted®” as
arising from the formation of a low-energy shape resonance
in the o, ionization continuum. The dependence of the ener-
gy and width of shape resonances on internuclear distance
induces strong variations in the electronic transition mo-
ment to specific vibrational states of the ion. This mecha-
nism for inducing non-Franck-Condon vibrational distribu-
tions was initially investigated in the photoionization
dynamics of ground state diatomic molecules.''~** The pres-
ent multiphoton ionization studies of O, establish shape-res-
onant, non-Franck-Condon effects as a prototypical case for
study in the context of photoionization of molecular excited
states.

In this paper we present studies of photoelectron angu-
lar distributions for ionization of the C *l1, Rydberg state of
O,, and also report further details of the ab initio calculations
published in Ref. 9. Following the measurements” and calcu-
lations” of vibrationally resolved photoelectron spectra,
Miller ¢t al.'* have recently measured vibrationally resolved

* Contribwtion No. 7822,

photoelectron angular distributions for photoionization of
this same state. Comparison of our calculated angular distri-
butions with the measurements of Miller er al. reveal that the
a, shape resonance, through its angular momentum compo-
sition and dependence on nuclear motion, is responsible for
much of the observed trends. The present theory treats the
process as single-photon ionization from an unaligned Ryd-
berg state, thus neglecting any consideration of alignment
arising in the two-photon excitation process. We ascribe the
remaining discrepancies between our calculations and ex-
periment to our neglect of alignment of the C °I1, state, and
probably more importantly, neglect of electron correlations
(beyond the Hartree-Fock level) in the theory. These
aspects of the problem are now being investigated, and will
be discussed in later publications.

It. THEORY
A. Wave functions and potentiale

Within the frozen-core Hartree-Fock approximation,
there are four dipole-allowed channels for ionization of the
C 11, state, corresponding to photoionization of the singly
occupied 3so, Rydberg orbital. The electronic continuum
wave functions are

V(L) = |[core]lm;f ko, |, (1a)
1

V(L ) = — {{[core]1n ' k|
V2 { f

+ |[corellm, k= |}, (1b)

YOI, ) = 7‘_2. {I[coreltn,! k|

— |[core]lm, km}r |}, (lc)

V('A,) = |[core)lm, kmf |, (1d)
where [core] = 107 102203207% 302 1ot With these wave
functions the static-exchange, one-particle Schrédinger

equations for the continuum orbitals can be derived straight-
forwardly,'™'7 and are of the form
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Jn,‘:}"'[fﬁ- Z (U, -K) +‘]|"_

core

-K,_. —s]Plka,,):O (2a)

TP+ Y (W ~K)+I —K

core

Y,

+S;’,.—S{,.—E]P|k1r,[)=0, (2b)

Ty

32,,':P[f+ Y (. -K)+J, -K
—wa,+S;-._€]P5k”u')=0, (2¢)
3A,,:P[f+ D (ZJ,—K,)+J,,.

-K,,. -e]P|k1r:)=o (2d)

In these equations J; and X are the Coulomb and exchange
operators, and P is a projection operator which enforces
orthogonality of the continuum orbital to the occupied orbi-
tals, and ¢ is the photoelectron kinetic energy. The operators
5" and S’ are defined by

S74.(r) =4_(r) d"z[ﬂ-(l‘z)l‘—rl—fu(rz)

12
3
and

Siute) =7 r) [dnlr (104 _(r),
12 (4)
and the one-electron operator inEq. (2)is

Z-— (5)

where Z_ is a nuclear charge.

An iterative procedure for solving the Lippmann-
Schwinger equations associated with Eq. (2) has been devel-
oped based on the Schwinger variational principle.'*'” This
procedure, discussed in detail elsewhere,'” begins by solving
the Lippmann-Schwinger equations for a separable approxi-
mation to the potential U of the form

R A

Ulrr') = Z(l'|ai)[U_']L,~(ajll"). (6)
Ly

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 such as Cartesian or spherical Gaussian functions, and
U is twice the static-exchange potential in Eq. (2) with the
long-range Coulomb potential removed. Solutions obtained
with this separable potential can be iteratively improved to
yield the converged solutions of the Lippmann-Schwinger
equations.'™'” In this study we used the zero-order solu-
tions, i.¢., no iteration, but employed a large basis set {a, } in
Eq. (6). Previous studies have shown that such use of a suffi-
ciently large basis ensures convergence of the photoelectron
wave function without the need for iterative improvement.

B. Computationa!l details

Determination of the vibrationally resolved cross sec-
tions and asymmetry parameters requires the photoioniza-
tion transition moment, (¥, (r,R)|d|¥, (r,R)), at several
values of the internuclear distance R spanning the range of
the vibrational motion."'"™'¥ Here d is the electric dipole
operator and r represents the electronic coordinates. In the
adiabatic-nuclei approximation the photoionization cross
section for a transition from the v’ vibrational level of the
C M1, Rydbergstate to the v’ vibrational level of the X *11,
ion is given by

o =2 E S (W IEL N )

im

Here I %, are partial-wave components of the length (L) or
velocity (¥) incoming-wave normalized transition mo-
ment,'* E is the photon energy, c is the speed of light, and
x(v') and y(v") are the vibrational wave functions of the
Rydberg state and the ion, respectively. The vibrationally
resolved asymmetry parameter 3 /=%, is defined through the
differential photoionization cross section

do.:y d“ Y [14B%Y Pycos 8) 8
cos s
an; 2 ] (8)

where 8 is the angle between the direction of the light polar-
ization and photoelectron momentum k, and P, is a Le-
gendre polynomial of degree two. The transition moments
I, for the ko, and k7, channels were evaluated at the
internuclear distances given in Table I, and interpolated us-
ing cubic spline functions. The initial state C *I1, SCF wave
functions were calculated using a (9s5p2d /4s3p2d) con-
tracted Gaussian basis set, augmented to include four (with
exponents 0.08, 0.02, 0.00S, 0.001 25), three (0.05, 0.0125,
0.003 125), and two (0.036 358, 0.010 769) s, p, and d-type
diffuse functions, respectively.*2*-22 The total SCF energy of
the Cll, state at R=2282 g, with this basis is
— 149.288 556 a.u.

For the final state, we assume the frozen-core Hartree—
Fock model, in which the ionic orbitals are constrained to be
identical to those of the neutral molecule and the photoelec-
tron orbital is a solution of the one-electron Schriodinger
equations given above. For the basis functions a; in the ex-
pansion of Eq. (6) (see Table II) we used Cartesian Gaus-
sian functions centered on each atom and spherical Gaussian
functions at the center of mass. All matrix elements in the
solution of the Lippmann-Schwinger equations were evaiu-
ated using single-center expansions about the center of
mass.'” The partial-wave expansion of the photoelectron or-

TABLE 1. Internucicar distances of O, where photoionization matrix ele-
ments were cvaluated.

Photoionization

symmetry Internuciear distance (a.u.)

3o, — ko, 1.7,1.894,2.088,2.188.2.238, 2.282
2.311,2.34,2.4,2.588,2.894,3.2

Iso, -k, 1.7,2.088,2.282,2.588,3.2

* Shape-resonant channcl.
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TABLE I1. Basis sets used in separable potential, Eq. (6).

Photoionization Type of Gaussian
symmetry function® Exponents
Iso, ~ka, Cartesian s 16.0,8.0,4.0,2.0,1.00.5
z 1.00.5
Spherical /=1 4.0,2.0,1.0,0.5,0.25
=13 4.0,2.0,1.0,0.5,0.25
=5 1.0,0.5,0.25
3so, ~kw, Cartesian x 16.0,8.0,40,2.0,1.00.8
xz 1.0,0.5
Spherical /=1 4.0,2.0,1.0,0.5,0.25
=3 4.0.2.0,1.0,0.5,0.25
=5 1.0.0.5.0.25
*Canesian G basis functi are defined as ¢4 (r) = N(x

~A) (y=A,)" (2~ A,)" exp( — ajr — A|*) and spherical Gaussian
functions are defined as ¢™'™*4(r) = N|r — A|' exp( —a|r — A]})
Y. (), _.). The Cartesian functions are centered on the nuclei and

spherical functions are centered on the bond midpoint.

bitals were truncated at / = 7. The other expansion param-
eters'® were chosen as follows:

(i) maximum partial wave in the expansion of the occu-

pied orbitals in the direct potential = 30,

(ii) maximum partial wave in the expansion of the occu-

pied orbitals in the exchange potential = 26 (14, ), 26

(lg,), 14 (20,), 14 (20,), 14 (30,), 14 (Im,), 14

(1m,),

(iii) maximum partial wave expansion of 1/r,, in the

direct and exchange terms = 60 and 30, respectively,

(iv) maximum partial wave expansion of the nuclear

potential = 60,

(v) all other partial wave expansions were truncated at

{=30.

These parameters provide photoionization cross sections
that are within a few percent of the converged values. The
associated radial integrals were obtained with a Simpson’s
rule quadrature. The grid contained 900 points and extended
to 96 a.u. with a step size of 0.0 a.u. from the origin to 2.0
a.u. Beyond 2.0 a.u. the largest step size was 0.32 a.u.

For the C *I1, state vibrational wave functions, an RKR
potential curve was constructed, and is reported for the first
time in Table 11, with caiculated Franck—Condon factors
given in Tabile IV. The vibrational wave functions for the
XM, ion were obtained by numerically integrating the
RKR potential curve given by Krupenie,?* in the range of
1.7<R<3.2a.0.

11l. DISCUSSION OF RESULTS
A. Fixed-nuciei caiculations
In Fig. 1 we show the eigenphase sums for the

3sa, — ko, channel calculated at various internuclear dis-
tances. The eigenphase sum 4 is given by

4= ;arctan(U’KU),_‘,,,. 9)

where here U is the matrix which diagonalizes the real, sym-
metric K matrix. A rapid rise of ~ 7 with increasing photo-
electron kinetic energy signals the presence of a shape reso-
nance,'* and examination of the contributions to § indicates

TABLE III. Spectroscopic constants and RKR potentiai energy curve for
the C '[1, state of O,.*

w, = 1951° w,x, = 20.16 8, =168
D. =498x10"** a_=00214° D, = 46264.9°
v 14 P [/
-05 0.0 2111
0.0 000442374 20314065 22073272
1.0 0.01313318 19755605 2.2806727
2.0 002165853 19392354 23337787
3.0 002999981 19110517 2378678 S
4.0 0.038 15702  1.8876584 24188213
5.0 0.046 13015  1.8675170  2.4557778
6.0 0.05391920 1.8497699 24904208
7.0 0.061 524 18 1.8338812 25232946
8.0 006894508 18194894 25547664

* All spectroscopic constants are in cm ~'. The potential ¥, r,,,, and r,,,
arein a.u.

"From Ref. 7.

“From Ref. 2.

“ These constants were obtained from the following relations: D, = 8 !/w?;

a, = (6Jw.x. B /w,) — (681 /w,); D, = (v} /4w, x.} — w, /2
- w X /4.

its f~wave (/ = 3) character. The behavior of the eigenphase
sum in the 3so, - ko, channel shows that the resonance is
extremely sensitive to changes in R, and in this case extends
its spectral variation into the discrete portion of the ko,
channel near the equilibrium bond distance of the ion. Anal-
ysis of the fixed-R quantum defects reported by Gerwer
et al.** for 1w, photoionization reveals the resonant en-
hancement of the no,, Rydberg series which converges to the
first ionic threshold. Near-threshold shape resonance behav-
ior was discussed by Raseev er al.? for the 3o, level of O,,
and by Dittman er al.® for the 3¢, and 1, levels.

The calculated photoionization cross sections for the

TABLE 1V. Calculated Franck-Condon factors for the transitions O,
C'M(v) -0 XM, (v*)*

o vt 1{o* ') |?
0 0 0.999 845

1 0 0.416 395)(‘0-‘:
1 1 0.999 3181

1 2 0.132412x10°*
2 0 0.109 287x 10~*
2 1 0.106 457 10~*
2 2 0.995 847

2 3 0.322933x 102
3 0 0.163960x 10" *
3 1 0.421 358x 10"
3 2 0.284 685x10°*
3 3 0.983 518

] 4 0.123974x 107"
k] s 0.699919x 10 '

* Franck—Condon factors were obtained with the potential described in Ta-
bile {1 for the O, C 'I1, state, and with the RKR potential of Ref. 23 for the
0, X111, state.
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FIG. 1. Calcuiated cigenphase sums for the o, symmetry at various inter-
nuclear distances.

3soy —ko, channel, shown in Fig. 2, display the corre-
sponding ko, shape resonance. The R dependence of the
transition moment, particularly near the equilibrium bond
distance (2.282 a,) and ~0-2 eV photoelectron kinetic en-
ergy, is primarily responsible for the non-Franck-Condon
effects observed in the photoelectron angular distributions
and branching ratios.

B. Photoelectron anguiar distributions and branching
ratios

In Figs. 3-6 we show our calculated vibrationally re-
solved photoelectron angular distributions and branching
ratios for photoionization of the v’ = 1-3 levels of the C*I1,
Rydberg state. Also plotted are the experimental results of
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F1G. 2. Calculated (velocity form) photoionization cross sections for the
350, — ko, channet at various internuclear distances.
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FIG. 3. Calculated (dash curve, velocity form) photoelectron angular dis-
tributions for the v’ = O and | levels of the C 'l1, state, compared with the
measurements of Miller ef a/. (Ref. 15, solid curve).

vVi=2avt=1

v=2—ovt=2

FIG. 4. Calculated (dash curve, velocity form) photoelectron angular dis-
tributions for the v’ = 2 level of the C 'l state, compared with the mea-
surements of Miller er al. (Ref. 15, solid curve).
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FIG. 5. Calculated (dash curve, velocity form) photoelectron angular dis-
tributions for the ' = 3 level of the C ‘11, state, compared with the mes-
surements of Miller et al. (Ref. 15, solid curve).

Miller et al.*'* Figures 3-5 compare the angular distribution
of photoelectron current obtained from theory and the ex-
periment. As shown, each angular distribution is normalized
so that in the expansion of the angular distribution, i.c.,

do
—_— a,, P, (cos ),
P an wh

the g, term equais unity. Note that for an unaligned state
only g, and a, are nonvanishing, and # = a,/a,. The branch-
ing ratios have been discussed previously,"” and we include
them here (Fig. 6) for completeness, and for comparison
with the photoelectron angular distributions. Tables V and
VI summarize our calculated results in addition to the mea-
surements.

Referring to Table VI, comparison of our calculated
B, asymmetry parameters with experiment shows that re-
sults for the diagonal (Av = 0) transitions are in near quan-
titative agreement. Our calculated off-diagonal (Av#0) co-
efficients essentially reproduce the observed trends (smaller
a, values), however, discrepancies between theory and ex-
periment previously noted™” for the vibrational branching
ratios are also apparent here. The most prominent observa-
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tion in both theoretical and experimental results is the differ-
ence in angular distribution between the diagonal and off-
diagonal transitions.

The ko, shape resonance exerts its influence in both
diagonal and off-diagonal transitions, and actually consti-
tutes much of the “direct” (i.e., one-electron) transition
strength. For example, in the v’ = 1 —v™ = 1 transition, the
ko, channel accounts for ~ 53% of the total dipole strength,
with the remaining strength partitioned among the A,
3%, and *Z; km, channels. Within the ko, channel of the
v = |l -v* = | transition, the dipole strength is composed
of ~30% f-wave, and ~ 70% p-wave contributions, the p-f
coupling being essential for formation of the shape reso-
nance. Because the k7, channels are nonresonant and hence
strongly dominated by the 3so, — &7, (/ = 1) component at
these energies, the angular distributions for the Av = 0 tran-
sitions display characteristic p-wave-type patterns, as seen in
Figs. 3-5 for all diagonal transitions. In contrast, for the off
diagonal transitions, the ko, channel accounts for ~ 88% of
the total (kg, + km,) dipole strength. The fwave compo-
nent of the ko, resonance causes substantial deviations from
“s— p”-type photoejection (seee.g., they' = | «»™ = 2 dis-
tribution in Fig. 3). The 3so, —kw, dipole strengths are
quite small ( ~ 1%-5% ) compared to that of the ko, chan-
nel for Av O transitions, due to the validity of Franck-Con-
don factorization in these channels. This enormous differ-
ence in transition strength for these two continua (ko, and
km,) in Av#0 transitions accounts for the calculated and
observed differences in the asymmetry parameters.

The a, and g, coefficients measured by Miller et al.'*
become particularly significant for the v* = 3 intermediate
level, which is also evident by inspection of our Fig. 5. The
magnitude of the a, and g, terms depend on the degree of
alignment of the resonant intermediate C *Tl, state, as well
as the relative phase (and hence interference) between am-
plitudes for the one-photon ionization step.”** Since the
present experiments and theoretical analysis have not at-
tempted to investigate specific rotational excitation
branches, it is difficult to rationalize the small magnitudes of
a, and a,,.

In some cases the magnitude of the discrepancy between
the theoretical and measured quantities in Figs. 3-6 appears
different whether angular distributions or vibrational
branching ratios are compared. For example, the calculated
v = 3-uv* = 4 asymmetry parameter agrees well with the
measured value, while the corresponding branching ratio
does not. On the other hand, the discrepancies of the calcu-
lated v =1—v* =2 and V' =2-v* = 3 asymmetry pa-
rameters appear to be consistent with those seen in the
branching ratios. Such observations have been documented
in single-photon studies, '* i.¢., photoionization dynamics in-
volving shape resonances and electron correlation effects
can be mirrored in different ways for the two observables.
Since the diagonal transitions are dominated by direct inten-
sity from four continuum channels, electron correlation ef-
fects are probably less apparent compared to the off-diag-
onal transitions, where the single ko, channel is prevalent.
This circumstance permits us to assess the importance of
correlation effects in a qualitative, yet preliminary, manner.
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O Experiment

Theory — length
Theory -~ velocity

v - 3
hv - 4418V

TABLE V. Summary of vibrationally resolved cross sections and branching

FIG. 6. Calculated vibrational
branching ratios for O, C’Il,
(v = 1-3) photoionmization, com-
pared with the measurements of
Miller et al. (Ref. 8). The theoreti-
cal results were normalized to ex-
periment by dividing by the Av = 0
peak.

ratios. TABLE VI. Summary of vibrationaily resolved photoelectron angular dis-
i b i
oy, (MB)Y a,, /o(dv=0)
B,. (Theory)
Length velocity Length velocity o, ,. /o(Av = 0)
v v* {Theory) (Theory) (Experiment® ) v vt Length  Velocity a, (Experiment* )
0 0 41997 13176 1.0000 1.0000 0 [1] 1.622 1.456 1.38
1 0 0.0756 0.0495 00177 0.034S 0.326 ] 0o 0.128 aImn 0.27
I t 4.2836 1.4367 1.0000 1.0000 1.000 1 1.630 1.533 1.66
1 2 0.2580 0.1196 0.0602 0.083) 0.438 1 2 0.537 0.551 0.94
2 0 0.0212 0.0158 00057 00119 0.035 2 0 0.394 0.433 0.12
2 1 0.2452 0.1611 0.0660 0.1213 0.088 2 1 0.219 0.271 0.67
2 2 37172 1.3288 1.0000 1.0000 1.000 2 2 1.634 1.629 178
2 3 04830 0.2068 0.1299 0.1556 0.425 2 3 0.618 0.513 1.04
k) [} 0.0140 0.0120 0.0052 0.0123 0.024 3 0 0.210 0.230 0.36
3 1 0.0964 0.0747 0.0360 0.0808 0.037 3 1 0.192 0.264 0.15
3 2 0.3118 0.2068 0.1163 0.2239 0.134 3 2 0.197 0.353 0.98
3 3 2.6802 09236 1.0000 1.0000 1.000 3 k) 1.623 1.656 1.64
) 4 0.5027 0.1944 0.1876 0.2104 0.622 3 4 0.973 0.794 0.89
3 5 02720 0.1101 0.1015 0.1192 0.366 k] H 0.877 0.902 .-
*From Ref. 8. “ From Ref. 15. See this reference for a, and a, coefficients.



C. Electron correlation effects

Several mechanisms which can give rise to anomalous
photoelectron spectra of Rydberg states have been pointed
out in the literature,**** and recently discussed extensively
by Chupka.'® Such mechanisms may involve one-electron
dynamical features (such as the shape resonance in the pres-
ent study), autoionization of repulsive doubly excited
states,'"2°->! and Rydberg-valence mixing of the resonant
intermediate state.’*'” The latter two mechanisms are
many-electron processes requiring theoretical description
beyond a Hartree-Fock level for the intermediate bound and
continuum final states, respectively. Mechanisms involving
many-electron processes have been proposed™® to account
for discrepancies between the present calculations and mea-
surements. We discuss them here in more detail to provide a
guide for future theoretical effort.

Focusing on the branching ratio results in Fig. 6, there
are two ( possibly competing) mechanisms which could re-
sult in the observed deviations. Earlier experimental evi-
dence suggests*™® perturbations of the v’ = 1 level of the
C 1, state, arising from weak configuration interaction
with the repulsive (30, 1)) *I1, valence state.”>** This is
corroborated by the MPI spectra of Sur et al.,” which reveal
diffuse (rotationally unresolved) spectra for the low vibra-
tional levels (except for the v’ = 2 band), and is indicative of
predissociation. If the ionization step is fast compared to the
predissociation induced by the 3o, I state, then the rela-
tive intensities for the v’ = 1 level should be unaffected. On
the other hand, correlation of the repulsive 3o, 17} state
with the Rydberg state, viz.

oy (R) = C,(R)¥(Im 3s0,) + C,(R)¥ (30, 17))

would introduce an R-dependent coefficient into the effec-
tive transition moment,

(W, |d|Wpr,q) = C,(R)(ka,|d|3sa,) .

Buenker and Peyerimhoff 5 have shown that the C°II,
state contains a significant contribution from this repulsive
state (near the outer turning point of the v’ = 1 level), in
addition 1o the doubly excited 177 17,40, configuration.
Due to the sensitive R dependence already induced in the
transition matrix element by the shape resonance, changes in
the Rydberg coefficient due to configuration mixing could
significantly alter the calculated branching ratios and angu-
lar distributions for the v’ = 1 level.

A second mechanism invokes electronic autoionization
of dissociative states, which possess many-electron symme-
tries (*Z ', ', , *A, ) associated with the k7, continua ac-
cessed from the C *[1, state. (The known states of *TI, sym-
metry are inaccessible for autoionization in the present
experiments.) The 1717} electronic configuration gives
risetothe 4 'S ', B*Z, ,and C A, states, which have been
studied by accurate ab initio calculations,*®** particularly in
the context of dissociative recombination.’® Considering
these potential curves and the relevant range of internuclear
distances (see e.g., Fig. 2 of Ref. 39), the B'X_ state may
autoionize leaving O,' inallv* levels produced for a given v’
excitation. Autoionization of the 4 *2 and C*A, states
likely affects only the v* = 3-5 levels, produced via the
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v’ = 2,3 excitations. With the present approximations the
A’} , B3], and C’A, states are not dipole accessible
from the C °[1, state (since the configurations differ by two
spin orbitals), yet they contribute to autoionization through
the dispersion term of the effective transition amplitude or ¢
parameter. Schematically, consider the zero-order states
Ye =|lmkm,|, ¢, = |1m 17|, &= |lm, 3s0,|, and the
interaction matrix element ¥z = (¢¢|H |#,). The resonant
continuum wave function W is***!

Ve =NE{PVE+ [E-E(E))¢e},

where N(E) is a normalization factor (with maximum value
at £ = E, ), and E; and P, are the modified discrete energy
and wave function of the autoionizing state ¢,. The dipole
amplitude between the initial state &, and the resonant state,
and the Fano g parameter are accordingly

(We|d|Wo) = N(EYV 2{(4:d|®;)

™ . ,
vp [ ag LEUcl®)
o E-E'

+ [E—Ei(E)](!l';ldl"o)} ,

@ldidd 1

.= [E)
TGO VE T

- R l
J; E—E f(E)’

where the function f(E) = V §(¥|d|{®,) and P indicates
principal part. For states derived from the 1) 17} configu-
ration, the dipole amplitude (4, |d|®,) vanishes, as noted
above. Near the resonance (E~E;), contributions to
(W |d|¥,) are therefore dominated by the dispersion term.
This circumstance alone supports the contention of Miller
et al.® that the B 3% state should appear as a window reso-
nance (¢~0) in the k, continuum. On the other hand,
contributions to ¢ from the dispersion term actually de-
pend*? on rapid variations of the ratio f (E ') /f (E) about the
singularity. The resonance profile may change with internu-
clear distance, depending principaily on the R dependence of
the matrix element V.

IV. SUMMARY AND CONCLUSION

We have presented vibrationally resoived photoelectron
angular distributions for photoionization of the C °*I1, Ryd-
berg state of O,. The observed trends in the measured asym-
metry parameters are reproduced, in some cases quantita-
tively, by the theory. The large difference in angular
dependence between the diagonal and off-diagonal param-
eters may be understood by analysis of the contributing de-
generate ko, and kr, ionization channels. Although both
Av =0 and Av#0 transitions are enhanced by the shape
resonance, the off-diagonal asymmetry parameters are
dominated by contributions from the ko, channel. Hence
the strong f-wave component which is characteristic of the
ko, shape resonance causes substantial deviations from
s—p-type photoejection. -

Non-Franck—Condon effects induced by the shape reso-
nance have been identified as an important mechanism
which causes striking deviations from the well-known
Av = 0 propensity rule for ionization of molecular Rydberg
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states. From the present comparison with measurements, we
conclude that specific, multichanne! interactions not includ-
ed in the present theory are aiso very important. We have
tentatively identified these interactions as deriving from con-
figuration mixing of the initial C 'l1, state with excited va-
lence states, and autoionization of repulsive valence states
derived from the 1, 17, electronic configuration. Future
theoretical effort should aim at understanding the REMPI
dynamics inclusive of these effects.

Finally, due to the ubiquity of shape resonances now
documented in single-photon ionization of ground state
molecules,'* we expect them to have important implications
for ionization of molecular excited states. Such resonantly
induced vibrational distributions strongly influence the
preparation of state-selected ions. Indeed, the present stud-
ies indicate that vibrational state selection of O,' via the
C 11, state is seriously limited.
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Abstract

We report the results of theoretical and experimental studies of the rotationally
resolved photoelectron spectra of O, at low temperature leading to the v* =
0, 1, and 2 levels of the X 2II, state of O] . A delayed, pulsed field ionization
technique is used in conjunction with a coherent VUV radiation source to obtain
high resolution spectra near threshold. The data are compared with theoretical
results obtained using static-exchange photoelectron orbitals and a full description
of the mixed Hund’s case (a)-(b) ionic ground state. Agreement with experiment is

good, especially for the v = 1 and vt = 2 levels. Analysis of the rotational branch
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intensities yields detailed information on the angular momentum composition of the
shape resonance near threshold. We also show that the dependence of the electronic
transition moment on internuclear distance caused by the shape resonance leads to

a significant dependence of the rotational branch intensity on ion vibrational level.

* Contribution No. 8145
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Studies of rotationally resolved photoioniz‘ation in molecules can provide in-
sight into molecular properties and dynamics, including important details of ex-
cited electronic states,’'? as well as the angular momentum composition of>~® and
the influence of autoionization on®~2 the electronic continuum. Recently, Tonkyn
et al.’ used narrow band VUV laser radiation and a novel pulsed field ioniza-
tion (PFI) technique to measure the photoelectron spectrum of O, with rotational
resolution near threshold, where a shape resonance has been well documented in
vibrationally resolved and other studies.!®~2° Analysis of rotational branch inten-
sities (and photoelectron angular distributions) should reveal rich and otherwise
unavailable information on the partial wave character of shape resonances. In ad-
dition, the internuclear distance dependence of the electronic transition moment

21-24 can be expected to lead to a dependence

associated with this shape resonance
of the rotational branch intensity on the ion vibrational state.

Figure 1 shows results of theoretical and experimental studies of rotationally
resolved single-photon photoelectron spectra of O, leading to the vt = 0, 1, and
2 levels of the X 2II, state of O at threshold. These “cold spectra” clarify the
analysis of the rotationally warm (T ~ 200° K) spectrum reported in Ref. 9, which
showed a great deal of spectral congestion. The photoelectron spectrometer and
VUV laser source have been described in detail elsewhere.®?®* The spectrometer
has been modified here to incorporate a differentially pumped pulsed molecular
beam source for rotational cooling of the target molecules. The rotationally re-
solved photoelectron spectra are calculated by generalizing the earlier treatment?®
to include a complete description of the mixed Hund’s case (a)-(b) ionic ground
state, the details of which will be given elsewhere.?” The required bound-free am-

28,29

plitudes are obtained with static-exchange photoelectron orbitals and include
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a full treatment of the internuclear distance dependence of the electronic transition
moment caused by the shape resonance.®

The calculated rotational spectra at 5° K, where only the K = 1 rotational
level of the ground state is significantly populated, are dominated by low AK =
(K* — K) branches (Q-S for F1; R-T for F2). Analysis of the transition amplitudes
shows that these branches are mostly due to £ = 1 partial waves. The high AK
branches (T-V for F1; U-V for F2), on the other hand, are dominated by ¢ =
3 partial waves. The difference in the angular momentum composition of the
photoelectron wave function for low AK peaks versus high AK peaks is especially
evident in the photoelectron angular distributions which will be discussed in a
future publication.?” Higher resolution spectra (not shown) which can distinguish
between different ground state J levels (J = 0, 1 and 2 for K = 1)3° reveal even
richer information on the partial wave character of the photoelectron continuum.
For example, for certain J resolved branches, only £ = 3 and higher waves are
allowed.?”

As the vibrational excitation increases from v* = 0to 1 to 2 in the 5° spectra,
the ratio of low AK peaks to high AK peaks increases significantly. This mirrors
the fact that the £ = 1 photoelectron amplitudes become much larger with vibra-
tional excitation compared to the £ = 3 components, and is the direct result of the
internuclear distance dependence of the electronic transition moment due to the
shape resonance. Without the shape resonance, we would expect the same ratio of
£ =1 to £ = 3 amplitudes for all vibrational levels and therefore the same relative
peak heights in all spectra. In analyzing these rotational intensities, it is important
to stress that the angular momentum components of the o, shape resonance are
highly coupled;'® and hence the shape resonance cannot be solely attributed to the

dominating £ = 1 partial wave.
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At T = 10° K, these differences in the rotational branch intensities with vi-
brational level are still evident in the theoretical and experimental spectra, but
are more difficult to quantify due to the overlapping transitions originating from
the K = 3 level, which now has an appreciable population (approximately 30% of
the total intensity comes from K = 3 at 10°). The agreement between these 10°
spectra is encouraging, especially for the v = 1 and 2 levels. Some important
differences do exist, and will be addressed in a future publication.?’
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Figure Caption

Fig. 1 : Threshold photoelectron spectra for single-photon ionization of O,

(X *Z;) leading to O] (X ?IL,). The branch designations refer to AK = (K* -

K) transitions. For example, an“S” branch under F1 on the bottom row of letters
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refers to a transitions from the K = 1 rotational level of the ground state to the K+
= 3 level of the F1 spin-orbit manifold of the ion. The theoretical spectra have an
assumed linewidth of 2 cm™!. The experimental spectra have arbitrary intensity

units. The baselines of the 10° spectra have been shifted upward by a constant

amount.
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Chapter 10

Shape resonances in the photoionization of N,O

(The text of this chapter appeared in: M. Braunstein and V. McKoy, J. Chem.
Phys. 87, 224 (1987).)
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We report the results of studies of the cross sections and photoelectron asymmetry parameters for
photoionization of the 7o level of N,O using Hartree-Fock photoelectron continuum orbitals. These
studies were motivated by recent measurements which showed significant non-Franck-Condon
vibrational distributions at low photoelectron energies where previously only autoionizing resonances,
but no shape resonance, had been identified. Our results establish that there are two o shape
resonances in the 7o ionization continuum, a pronounced resonance at low photoelectron energies, and
another at higher energy which is essentially obscured in the vibrationally unresolved cross sections.
The shape resonant structure that emerges from these studies differs significantly from the predictions
of previous model studies. Studies in progress reveal a rich and unusual dependence of these

resonances on changes in internuclear distances.

1. INTRODUCTION

Shape resonances play a central role in studies of the
dynamics of molecular photoionization. These resonances
or quasibound states, formed by the trapping of photoelec-
trons by the centrifugal barrier of the molecular force field,
give rise to several distinct features in the photoionization
spectra of molecules such as enhancement of the cross sec-
tions, a pronounced influence on photoelectron angular dis-
tributions, and non-Franck-Condon effects in vibrationally
resolved spectra.’ Furthermore, shape resonances are being
identified in an increasingly wide range of small molecules.

The effects of shape resonances have been studied in
many molecules using the intense tunable radiation pro-
vided by synchrotron sources. Such experimental studies
and related theoretical efforts have served to clarify many of
the properties associated with shape resonances such as their
positions and symmetries in several diatomic molecules, e.g.,
N,, CO, O,, and NO and in polyatomic molecules, e.g., CO,,
C,H,, and C,N,.2

These results have already shown that resonance fea-
tures in the photoionization of polyatomic molecules, e.g.,
CO,** and C,N,*¢ can behave quite differently from what
could be expected on the basis of simple diatomic molecules.
For example, although it is uncommon to find two shape
resonances in the same continuum channel, studies of the
photoionization of cyanogen have identified two such reson-
ances in the ko, continuum within about 20 eV of photo-
electron kinetic energy of each other.” Furthermore, shape
resonant vibrational branching ratios and their associated
photoelectron angular distributions have been more exten-
sively studied in diatomic molecules, e.g., N,* and CO,*'°
than in polyatomic systems such as CO,'! and N,0.'>**
With their alternative vibrational modes, vibrationally re-
solved studies of shape resonances in polyatomic molecules
can provide rich dynamical insight into molecular photoion-
ization. In many of these polyatomic molecules, shape reson-
ances may result from the interaction between resonances

* Contribution No. 7545.

associated with subgroups of the molecule. Vibrationally re-
solved data will be needed in order to understand the behay-
ior of these shape resonances for alternative internuclear
configurations and to develop a more intuitive understand-
ing of shape resonances in polyatomic molecules.

From dispersed fluoresence measurements, Poliakoff ef
al.'* recently determined the vibrational branching ratios
for the symmetric and asymmetric stretching modes in pho-
toionization of the 7o level of N,O leading to the A >3+ state
of N;O™. The ionization potential of this 7o level is about
16.4 eV and measurements were carried out for photon ener-
gies from about 17t0 22 ¢V. The vibrational branching ratios
were found to be energy dependent, implying a breakdown
of the Franck-Condon approximation due to underlying re-
sonances in this spectral region. Poliakoff ef a/.'* suggested
that these results were due to the wings of a shape resonance
with autoionizing resonances superimposed in certain nar-
row spectral subregions. Earlier vibrationally unresolved
and resolved photoelectron studies of this channel'*!* had
identified resonance behavior in this same region. However,
in these studies this non-Franck—-Condon behavior was gen-
erally interpreted in terms of autoionizing resonances. This
assignment was partially motivated by the results of multiple
scattering model studies of these cross sections which did not
show any shape resonance within a few electron volts of the
70 ionization threshold.'?

We have initiated vibrationally resolved studies of the
70 photoionization of N,O so as to provide some further
quaatitative insight into the effect of shape resonances on the
branching ratios and photoelectron angular distributions for
the symmetric and asymmetric stretching modes over a wide
spectral range.'’ Here we present the results of these studies
at the equilibrium geometry of the ground state. These re-
sults reveal an interesting shape resonant structure which,
we believe, is perhaps representative of what can be expected
in the photoionization spectra of related polyatomic mole-
cules. The results show two shape resonances in the  elec-
tronic continuum in 7o photoionization of N,O. The low-
energy resonance is intense and narrow with a peak cross



section of about 15 Mb just below 20 eV pho‘on energy or a
photoelectron energy of about 3 eV. The higher energy shape
resonance at a photon energy of about 38 eV is essentially not
evident in the vibrationally unresolved cross sections but
does lead to a broad, but pronounced, minimum in the pho-
toelectron asymmetry parameter. Both of these resonances
can be identified from the behavior of their associated eigen-
phase sums, illustrating the utility of obtaining eigenphase
sums in molecular photoionization studies. The dependence
of these eigenphase sums on changes in the N-O and N-N
distances suggest that these resonances cannot be readily
associated with a specific region of the molecule. The shifts
in the positions of these shape resonances with alternative
vibrational modes and their influence on the vibrational
branching ratios will be discussed in a future publication.'*

An outline of the paper is as follows. In Sec. I we briefly
discuss the Schwinger variational method which we use to
obtain the Hartree-Fock electronic continuum orbitals
needed in studies of molecular photoionization and then give
some relevant details of the numerical methods used in these
studies. In Sec. III our results are presented and compared
with available synchrotron radiation data and the results of
earlier multiple scattering calculations.

Il. METHOD AND CALCULATIONS

The rotationally unresolved fixed-nuclei photoioniza-
tion cross section is given by

oR) = T2 (¥, RO, R M

where y is the electric dipole operator, @ is the photon fre-
quency, and (r,R) represents the electronic and nuclear co-
ordinates. In Eq.(1), ¥, represents the initial state wave
function and ¥, is the wave function for the final ionized
state, i.e., molecular ion plus photoelectron. In these studies
we use a Hartree-Fock wave function for ¥,. For ¥, we
assume the frozen-core Hartree-Fock model in which the
ionic orbitals are constrained to be identical to those of the
neutral molecule and the photoelectron orbital is a solution
of the one-electron Schrodinger equation

2
[ -%vz + ¥y (LR) —"T]mrx) =0, @

where ¥, (r,R) is the static-exchange potential of the mo-
lecular ion charge density, & ?/2 is the photoelectron kinetic
energy, and ¢, satisfies the appropriate scattering boundary
conditions.

To solve for ¢x we work with the integral form of
Eq.(2), i.e., the Lippmann-Schwinger equation

S(r) =g, +G. Ve, 3
where 5 is the Coulomb scattering wave function, ¥ is the
molecular ion potential ¥, _, with the Cov'omb potential
removed, i.e.,

v=v,_, +1, 4
r

and G’ is the Coulomb Green’s function with incoming-
wave boundary conditions. Expansion of #y in partial
waves, i.e.,
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and substitution into Eq.(3) shows that each gy, satisfies
its own Lippmann-Schwinger equation:

Yitm (1) = Siim + G {7 Vb (6)

We have developed an iterative procedure for solving
Eq.(6) which is based on the Schwinger variational method.
Details of this technique have been discussed elsewhere'’
and here we will only outline a few essential features of the
procedure. We first obtain an approximate solution to
Eq.(6) by assuming a separable approximation to the poten-
tial ¥ of Eq.(4) of the form

Ve )=V (rr)

=3 Vlad(V =Y, (a|VIr), (M
]

where the matrix ¥ ~' is the inverse of the matrix with ele-
ments ¥; = (a; |V |a;) and the a,’s are discrete basis func-
tions such as Cartesian'® or sphericai'® Gaussian functions
which are known to be effective in representing the multi-
center nature of molecular ion potentials. With this approxi-
mation to V'in Eq.(6), the solutions of this integral equation
can be written as

Yo () =Sy (1)

+Z<rIG:_)V,al)(D‘l)u«I/IVIskIm)'
]

(8)

where the matrix D ~! is the inverse of the matrix with ele-
ments

D, =(a|V—-VG{~'V|a,). 9

With adequate basis sets, a,’s, these approximate solu-
tions 7., which satisfy scattering boundary conditions,
can provide quantitatively reliable photoionization cross
sections. These cross sections can, furthermore, be shown to
be variationally stable.? Starting with these solutions y{2’ ,
converged solutions of Eq. (5) can be obtained through an
iterative procedure.'’

For the ground state of N,O, with the electronic config-
uration 10220%30740%50%60° 17*70*27*, we used the SCF
Slater basis of McLean and Yoshimine.?' Calculations were
done at the equilibrium geometry with N-N and N-O bond
distances of 2.1273 and 2.2418 a.u., respectively. At this ge-
ometry, this basis gives an SCF energy of -183.756 68 a.u.
For the basis functions, a, (r), in the expansion of Eq. (7) we
used spherical Gaussian functions defined by

W) =Nir—Al'exp(—alr - A) Y. (D, _.),
(10)

where A locates the origin of the basis function. The basis
sets for the o and  ionization continua are given in Table I.

.All matrix elements and functions arising in the solution
of Eq.(8) are evaluated using single-center expansions about
the central nitrogen atom. The partial wave expansion of the
photoelectron orbital, Eq.(5), was truncated at /, = 8. The
other partial wave expansion parameters were chosen as fol-
lows:



TABLE 1. Scattering basis sets used in obtaining the photoclectron
orbitals.

Channei  Center ! m Exponent
o N(terminal) 0 16,8,4,2,1,0.5
1 0 4,2,1,05
2 0 2,1,058
N{central) 0 0 16,8,4,2,1,0.5
1 0 4,2,1,05
2 0 2,1,05
3 0 1
4 0 1
s 0 1
[o] 0 0 16,8,4,2,1,0.5
1 0 4,2,1,05
2 0 2,1,08
T N(terminal) | i 8,42
2 1 8,4,2
N{central) 1 1 8,4,2
2 1 8,4,2
(o] 1 1 16,8, 4,2
b3 l 8,4,2

*See Eq. (10) in the text.

(i) maximum partial wave in the expansion of the occu-
pied orbitals in the direct potential = 58,

(ii) maximum partial wave in the expansion of the occu-
pied orbitals in the exchange potential = 40 (oxygen K
shell), 40 (terminal nitrogen K shell), 10 (central nitrogen
K shell), 20(40), 23(50), 19(60), 15(1m), 19(70),
15(2m),

(ili) maximum partial wave in the expansion of 1/7,, in
the direct and exchange terms = 116 and 58, respectively,

(iv) all other partial wave expansions were truncated at
| = 58

Based on our convergence studies of such expansions,
this choice of expansion parameters should provide pho-
toionization cross sections which are within a few percent of
the converged values. The associated radial integrals were
obtained using a Simpson’s rule quadrature. The grid con-
tained 750 points and extended out to 90.5 a.u. with a step
size 0f 0.01 a.u. from the origin out t0 3.5 a.u. Beyond 3.5a.u.
the largest step size was 0.4 a.u.

{ll. RESULTS AND DISCUSSION

Figure I shows our calculated o and 7 contributions to
the photoionization cross section for the 7o orbital of N,O
leading to the 4 22+ state of N,O™ along with the total
cross section. The photon energy scale in this and other fig-
ures assumes the experimental ionization potential of 16.4
eV."* These results were obtained using the dipole length
form for the photoionization cross section. The cross sec-
tions obtained with the dipole velocity form for these cross
sections differ only slightly from these results and are not
shown in Fig. 1. Furthermore, these cross sections were cal-
culated with the uniterated solutions of Eq. (8) for the pho-
toelectron continuum orbitals. Calculations at several pho-
ton energies using more converged photoelectron orbitals
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obtained with our iterative procedure for solving Eq. (6)'7
show that the cross sections are, at worst, within 7% of the
converged values.

The most significant feature in the cross sections of Fig.
1 is the prominent shape resonance in the 7o — ko channel
just below 20eV. The 7o — k contribution to the photoion-
ization cross section is nonresonant and the broad enhance-
ment around 38 eV is due to the expected energy dependence
of the dipole matrix element. Figure 2 shows the eigenphase
sum for the ko continuum of this N,O*(7¢!) ion. The
behavior of this eigenphase sum shows clearly that there are
two resonances in this continuum. The low energy resonance
associated with the increase in the eigenphase sum around 20
eV is very pronounced in the cross sections. However, the
higher energy shape resonance, seen just below 40 eV in the
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FIG. 2. Eigenphase sum for the 70 — ko channel in N,O.
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eigenphase sum, is completely obscured in both the calculat-
ed and, as will be discussed, measured vibrationally unre-
solved photoionization cross sections. The composition of
these resonances in terms of possible contributions from re-
sonances associated with molecular subgroups, e.g., N-N
and N-O, will provide important physical insight into po-
lyatomic shape resonances. Although the position of the
low-energy shape resonance in N,O would be consistent
with shifts expected on the basis of changes in NO bond
distances between NO and N,O, i.e., 2.173 a, t0 2.2418 g, '®
the dependence of the eigenphase sum on the N-O and N-N
distances in N,O shows that this resonance cannot be viewed
as predominantly associated with the N-O fragment.'* The
behavior of these two shape resonances with changes in al-
ternative vibrational modes, and combinations thereof, and
the related vibrational branching ratios will be discussed in
detail in a future publication.'*

In Fig. 3 we compare our calculated cross sections with
the experimental data of Truesdale er al."> and of Carlson et
al.'* The agreement between our cross sections calculated in
the frozen-core Hartree-Fock fixed-nuclei approximation
and the experimental data is quite good. This comparison
clearly identifies the resonance feature around 20 eV as due
to a shape resonance. From these results it becomes clear
that the slight enhancement of the cross sections around 35
eV is not shape resonant but comes from the usual energy
dependence of the nonresonant 7o — k7 channel. Figure 3
also shows the cross sections obtained using the muitiple
scattering model with two different choices for the potential,
i.e., the ground and transition state potentials.'? These re-
sults show a distinct shape resonant feature in the cross sec-
tions at 8 or 13 eV photoelectron energy depending on the
choice of potential. On this basis, Carlson er al.'? assigned
the weak maximum around 32 eV in the measured cross
sections as due to a shape resonance. The present results
show no such shape resonant enhancement of the vibration-
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of Ref. 12; ---, muitiple scattering results (ground state potential) of Ref. 12;
- — -, multiple scattering results (transition state potential) of Ref. 12.

ally unresolved cross sections in this energy range. Further-
more, on the basis of these muitiple scattering results the
rapid increase in the cross sections at lower photoelectron
energy was not interpreted as arising from the low-energy
shape resonance seen in the present Hartree~Fock results at
a photoelectron energy around 3 eV. In fact, in the studies of
Carlson et al.'? this low-energy resonance feature was attri-
buted to autoionization. Although autoionization is known
to occur in this spectrum below 20 eV,?? our results show
that a shape resonance must play a significant role in pho-
toionization out of this 7o level at low photoelectron energy.
In summary, the role of shape resonances in these photoioni-
zation spectra emerging from the present studies is quite dif-
ferent from that seen in the earlier muitiple scattering re-
sults.'?

In Fig. 4 we compare our calculated photoelectron
asymmetry parameters for the 7o level of N,O with the mea-
sured values of Carlson ez al.'? and of Truesdale et al.'* The
pronounced minimum at around 19 eV in the calculated
asymmetry parameters is obviously associated with the low-
energy shape resonance seen earlier in both the cross sections
and eigenphase sums of Figs. 1 and 2, respectively. The
agreement between the calculated and measured photoelec-
tron asymmetry parameters for photon energies up to about
30 eV is excellent. This agreement establishes that the rapid
increase in the asymmetry parameters for photon energies
above 19 eV seen in the experimental data is due to a shape
resonance. Our calculated asymmetry parameters show a
second and broader minimum around 40 eV arising from the
higher energy shape resonance seen at about the same energy
in the eigenphase sums of Fig. 2. It is important to note that
this shape resonance was not seen in the vibrationally unre-
solved cross sections of Figs. | and 3. This broad minimum
in the calculated asymmetry parameters around 40 eV is in
qualitative agreement with the somewhat more pronounced
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N,O*: —, present resuits (dipole length): O, experimental data of Ref. {3;
+ , experimental data of Ref. 12; ---, multiple scattering results {ground
state potential) of Ref. 12, - - -, multiple scattering results (transition state
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minimum seen in the experimental data at 38 eV. Measure-
ments of the vibrationally-resolved photoelectron spectra
around this minimum would clearly help to identify possible
reasons for the differences seen in the calculated and mea-
sured asymmetry parameters between 30 and 45 eV. Note
that the data of Carlson et al.'? falls off more rapidly than
that of Truesdale et al.'? just above 30 eV. Finally, the calcu-
lated and measured asymmetry parameters agree very well
beyond 45 eV.

Figure 4 also shows the photoelectron asymmetry pa-
rameters obtained using the multiple scattering model with
different choices of the potential, i.e., the ground and transi-
tion potentials.'? These multiple scattering asymmetry pa-
rameters are substantially different from the present results
calculated with frozen-core Hartree-Fock photoelectron or-
bitals. The differences between the multiple scattering and
Hartree-Fock results for this polyatomic system are larger
than generally seen previously in diatomic molecules.' The
multiple scattering results, particularly those using the
ground state potential, do, however, show the presence of
two shape resonances in these photoionization spectra.

IV. CONCLUDING REMARKS

In this paper we have presented the cross sections and
photoelectron asymmetry parameters for photoionization of
the 7o level of N,O. These studies were motivated by recent
dispersed fluorescence measurements'* which showed sig-
nificant non-Franck-Condon behavior in the vibrational
branching ratios for both the symmetric and asymmetric
stretching modes at low photoelectron energies where pre-
viously only autoionizing resonances, but no shape reso-
nance, had been identified.'*!* Earlier vibrationally unre-
solved measurements of these cross sections had been
interpreted, partly on the basis of multiple scattering studies,
in terms of autoionizing resonances at low photoelectron en-
ergies and one shape resonance at considerably higher ener-
gy in the ko channel. Our resuits establish that there are two
o shape resonances in the 7o photoionization of N,O. One is
a low-energy resonance which is very evident in both the
cross sections and asymmetry parameters. The other occurs
at higher energy where it is essentially obscured in the vibra-
tionally unresolved cross sections but is clearly seen in the
asymmetry parameters. Although unusual, certainly for di-
atomic molecules, the presence of two shape resonances in
the same continuum as seen here promises to be more com-
mon for polyatomics.” Studies of the vibrationally resoived
cross sections in the region of these shape resonances which
are in progress reveal a rich and unusuai dependence of these

resonances on changes in internuclear distance.'® Such stud-
ies along with experimental measurements of vibrational
branching ratios using dispersed fluorescence techniques
can be expected to provide much needed insight into the
nature of resonant photoionization in polyatomic molecules.
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Vibrational branching ratios and photoelectron asymmetry parameters for alternative
vibrational modes in the photoionization of N,O(7a~') have been studied using accurate
photoelectron continuum orbitals. Earlier dispersed ionic fluorescence measurements {E. D.
Poliakoff, M. H. Ho, M. G. White, and G. E. Leroi, Chem. Phys. Lett. 130, 91 (1986) }
revealed strong non-Franck—Condon vibrational ion distributions for both the symmetric and
antisymmetric stretching modes at low photoelectron energies. Our results establish that these
features arise from a ¢ shape resonance which, based on its dependence on internuclear
geometry, must be associated with the molecular framework as a whole and not with either of
its fragments, N-N or N-O. This behavior accounts for the more pronounced deviations of the
vibrational branching ratios from Franck—Condon values observed in the symmetric than in
the antisymmetric mode. The o continuum also supports a second shape resonance at higher

energy which does not influence the vibrational branching ratios but is quite evident in the
photoelectron asymmetry parameters around a photon energy of 40 eV. These vibrationally
resolved studies of the photoelectron spectra of this polyatomic system provide an interesting
example of the rich shape resonant behavior that can be expected to arise in polyatomic

molecuies with their alternative vibrational modes.

1. INTRODUCTION

Shape resonant features have been studied in the pho-
toionization spectra of a wide range of molecules.' One of the
more significant dynamical features arising in molecular
photoionization cross sections from such resonances is the
non-Franck-Condon behavior seen in the vibrationally re-
solved photoelectron spectra where the ionic vibrational dis-
tribution is no longer given simply by Franck-Condon fac-
tors and photoelectron angular distributions depend on the
vibrational level. This breakdown of the Franck-Condon
principle, first identified by Dehmer et al.? in the N, spectra
and subsequently studied both experimentaily and theoreti-
cally by others,'* is due to the strong dependence of the
position and lifetime of the resonance on internuclear sepa-
ration and is obviously an important probe of photoelectron
dynamics. Much of our physical understanding of the role of
shape resonances in vibrationally resolved photoelectron
spectra is based on the simple picture of their behavior in
diatomics,’ i.e., shifts to higher energies with shorter bond
distances. With their alternative vibrational modes and the
possibility of shape resonances associated with specific
bonds in the molecule, as well as intramolecular interaction
among such resonances,” shape resonant behavior in polya-
tomics can be expected to be potentially richer than in the
simpler diatomic molecules. Vibrationally resolved studies
are required to probe the behavior of shape resonances with
alternative internuclear configurations.

Recently, Poliakoff et al.,” using dispersed ionic fluores-
cence—a technique which shows considerable promise for

** Contribution No. 7858,

studies of vibrationally resolved photoelectron spectra of po-
lyatomic molecules—have measured branching ratios for
the (1,0,0) and (0,0,1) vibrational levels, the symmetric and
antisymmetric  stretching modes,respectively, of the
AZ* (707" state of N,O* for photoelectron energies
ranging from about 0.5 to 5 eV. These branching ratios were
seen to be dependent on excitation energy, implying a break-
down of the Franck—Condon approximation. More recent
ion fluorescence studies and photoelectron measurements of
Kelly ez al.* and Ferrett et al.,” respectively, at higher energy
also show significant non-Franck-Condon branching ratios
for these vibrational levels, particularly in the symmetric
stretching mode. Earlier vibrationally unresolved studies'®
of the 7o photoionization of N,O identified two shape reson-
ances in the o ionization continuum, a low-energy pro-
nounced resonance centered around 20 eV—the 7o ioniza-
tion potential is about 16.4 eV—responsible for the
non-Franck—Condon vibrational branching ratios seen by
Poliakoff e a/.,” and a higher energy one around 38 eV which
is essentially not evident in either the vibrationally resolved
or unresolved cross sections but leads to a broad minimum in
the photoelectron asymmetry parameters.

In this paper we present the results of vibrationally re-
solved studies of the cross sections and photoelectron asym-
metry parameters for photoionization of the 7o level in N,O
in the region of these two shape resonances. An important
objective of these studies is to obtain some insight into the
behavior of shape resonances for alternative internuclear
configurations in a polyatomic molecule and hence their in-
fluence on specific vibrational branching ratios. For exam-
ple, in a2 molecule such as N,O do the shape resonances seen
around 20 and 38 eV “belong’ primarily to specific regions



135

of the molecule, i.e., N=N or N-O bonds, or would their
behavior at different internuclear configurations suggest
that they belong to the molecule as a whole? The answer to
this question would obviously determine the influences these
resonances can be expected to have on the branching ratios
for symmetric and antisymmetric stretching modes. What
we do find, perhaps in contrast to the more intuitive notion
that these resonances in N,O, particularly the low-energy
one, should be associated with the localized N-N or N-O
region of the molecule, is that they behave as though they
belong to the molecule as a whole. As a result we expect that
the shape resonance at 20 eV would more strongly influence
the vibrational branching ratios for the symmetric stretch
than for the antisymmetric stretch. In fact, although our
calculated vibrational branching ratios show non-Franck-
Condon behavior for both vibrational modes, the deviations
are much more pronounced in the symmetric mode, in
agreement with what is seen experimentally.”™ '

An outline of the remaining sections of this paper is as
follows. In Sec. I we briefly discuss the method we use to
obtain the molecular photoelectron orbitals needed to deter-
mine the photoionization cross sections. In this section we
also discuss the vibrational wave functions used. In Sec. 111
we present the results of fixed-nuclei calculations at 16 inter-
nuclear geometries. In Sec. 1V our vibrationally resolved
cross sections are discussed and compared with available
experimental data.

itl. METHOD AND CALCULATIONS

In these studies of the photoionization cross sections we
use a Hartree~Fock wave function for the initial state. For
the final state we use a frozen-core madel in which the bound
orbitals are assumed identical to those in the initial state
Hartree-Fock wave function and the photoelectron wave
function is determined in the field of these (¥ — 1) unre-
laxed core orbitals. The static-exchange photoelectron con-
tinuum orbital then satisfies the one-electron Schrodinger
equation,

(1294 ¥V, (rL,R)—k*/2)$, (r,R) =0, (1)

where ¥, | (r,R) is the nonlocal, nonspherical ion core po-
tential, k 2/2 is the photoelectron kinetic energy, R denotes
the internuclear geometry and ¢, satisfies the appropriate
boundary conditions. If @, is expanded in spherical harmon-
ics defined about &, i.e.,

N

the functions g,,,, (r,R) satisfy the same Schrodinger equa-
tion as @, itself. We will discuss our procedure for solving
Eq. (1) for these functions ¢, ,,,, later. With these functions
@im We define the length and velocity forms of the photo-
electron matrix element as

I/I[..,. (Ry =k ”2<¢7,,(r-R)I’,, I‘PL/.,,(T-R))- 3
17, (R) = (k" /E){$y (r.RMY |1, (LR}, (4)
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where ¢, , is the occupied 7o level of N,O and £ is the photon
energy. The vibrationally resolved photoionization cross
section o(v,0') can then be written as

RN (RY Y, (R,

(5)
where y, and y, are vibrational wave functions for N,O and
N.O", respectively, and c is the speed of light. The corre-
sponding photoelectron asymmetry parameter is defined as
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(6)
where & is the angle between the polarization vector of the
light and the photoelectron momentum k.

To obtain the photoelectron continuum orbital
Pum (PR, @, 1s further expanded in spherical harmonics,
Y. (7). The resulting coupled equations are solved using an
adaption of the Schwinger variational principle for long-
range potentials in which the direct component ¥, of the
molecular ion potential ¥, | is treated exactly by numeri-
cal integration and the exchange interaction V., is approxi-
mated by a separable form of the potential of the Schwinger
type, i.e.,

Vo=V, =3 Vala, > (V. ), <alV.,, (N
"

where a, are discrete basis functions. The approach yields
variationally stable photoionization cross sections and in-
cludes an iterative procedure for obtaining the converged
scattering solutions, @,,,,.'' We have shown that the method
can provide good approximations to the photoelectron orbi-
tals even with modest expansions in Eq. (7)."' For the ex-
pansion in Eq. (7) in these studies we used the basis shown in
Table I of Ref. 10. With this basis the “*zero-order” solutions
were essentially converged and it was not necessary to resort
to an iterative procedure. All matrix elements arising in the
equations associated with this procedure are evaluated via
single-center expansions about the central nitrogen atom
and a Simpson’s rule quadrature. The partial wave expan-
sion parameters and the grids for the Simpson’s rule quadra-
ture of the radial integrals used here are the same as those
given in Ref. 10.

For the ground state of N,O, with an electron configura-
tion 10°20%30°40°50°60° | r* 70727, we used the Slater ba-
sis SCF wave functions of McLean and Yoshimine'>'" for
the 16 internuclear distances at which we obtained the pho-
toionization cross sections. At four of these geometries the
wave functions were taken from Ref. 12. The wave functions
at the other geometries were kindly provided by McLean."'
At the N-N and N-O equilibrium bond distances of 2.1273
and 2.2418 a.u., respectively, this basis gives an SCF energy
of — 183.756 68 a.u.

TABLE 1. Force constants for N,O and N,O* (7o ') used in Eq. (R)."

N,O N,O' (o )
ky, 130" 19.33
k,, 1133 13.93
k,, 071 0.07

‘Reference 14,
" In units of 10* dyncm '
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FIG. I. Calculated cross sections (Mbs) for photoionization of the 7o level of N,O: —, total cross section (dipole length); -, total cross section (dipole
velocity ). Along the horizontal axis from left to right, each frame corresponds to an N-N internuclear distance of 1.914 57, 2.05, 2.2, and 2.35 a.u., respective-
ly. Along the vertical axis from bottom to top, each frame corresponds to an N-O internuclear distance of 2.017 62, 2.15, 2.3, and 2.45 a.u., respectively, The

photon energy scale here and in Figs. 2 and 3 an

The vibrational wave functions for the symmetric and
antisymmetric stretching modes of the ground state of N,O
and the 4 °Z * state of N,O* were obtained by solving the
vibrational Schrodinger equation for a nonbending, nonro-
tating linear triatomic molecule. Highly accurate potentiais
have not been determined for the 4 °E * state for N,O*. For
this state and for the ground state we hence used effective
harmonic force fields with potentials of the form

2V = k,,Ar(N=-N)? + k,,Ar(N-0)?
+ 2k,,Ar(N-N)Ar(N-O), (8)

where Ar(N-N) = R(N-N) — R_.(N-N), Ar(N-O)
= R(N-0) — R, (N-0). The values of the force constants,
taken from Cailomon and Creutzberg,'* are listed in Table 1.

ial of 16.4 eV (1 Mb = 10" cm?).

The form of the kinetic energy operator is given by Wilson et
al.'* The vibrational wave functions were expanded in a basis
of the form &, = ¢, (Ry_n)¥;(Rno) with the bond dis-
placement functions ¢; chosen as harmonic oscillator func-
tions. Diagonalization of the vibrational Hamiltonian in
such a product basis containing the first five harmonic oscil-
lator functions gave converged solutions. The resulting
Franck-Condon  factors were  (000,000) = 0.583,
(000,100) = 0.198, and (000,001) = 0.099. These vibra-
tional wave functions for this polyatomic molecule obtained
using harmonic potentials can certainly be expected to be of
lower quality than for other ions for which more refined
potentials are available. Measurements of the vibrational
branching ratios at high photoelectron energies wouid be
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FIG. 2. Eigenphase sums in radians at several internuclear configurations for the 7o — ko channel in N,O. Each frame corresponds to the gcometry described

in Fig. 1.

useful in assessing the accuracy of the calculated Franck-
Condon factors.

The photoelectron matrix clements /,,,, (R) of Egs. (3)
and {4) were determined at 16 internuclear geometries cho-
sen as points of a 4 X 4 grid with Ry, = 1.914 57,2.05,2.2,
and 2.35 a.u. and Ry, = 2.017 62, 2.15, 2.3, and 2.45 a.u.
The real and imaginary parts of the photoelectron matrix
elements at these internuclear distances were fitted to a bicu-
bic spline which was then interpolated to obtain values need-
ed in the Simpson’s rule quadrature of Eq. (5). Asacheck on
this procedure the interpolated valuesof /,,,, for 18 eV at the
equilibrium geometry of Ry 5 =2.1273 awu. and Ry,

= 2.2418 a.u. were found to be within 5% of the values
explicitly calculated at this geometry.

Iil. FIXED-NUCLEI RESULTS

Figure 1 shows our calculated photoionization cross
sections for the 7o level of N,O at 16 internuclear geome-
tries. The most significant feature of these cross sections is
the behavior of the pronounced shape resonance with inter-
nuclear goemetry. This resonance moves to lower or higher
energies with an increase or decrease respectively in either
the N-N or N-O bond distance. As can be seen from the
appropriate frames of Fig. 1, the position of the resonance
depends primarily on the overall length of the molecule and
not on the individual N-N and N-O bond distances. It is
interesting, however, to compare the position of the o shape
resonance in the 7o photoionization of N,O with the o shape
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resonance in the photoionization cross section of the 5o level
of NO seen at a photoelectron energy of about 7-8 eV.'s!’
The simple model of the shifts in resonance positions with
internuclear separation in diatomics? would suggest that this
o shape resonance in NO with an R, of 2.173 a.u. would
move down to a photoelectron energy of 3-4 eV for the N-O
separation of 2.2418 a.u. in N,O.'* Although this relation-
ship is suggestive, the results of Fig. 1 show that this o shape
resonance in N,O does not behave as though it is localized in
the NO bond. In fact, a plot of these resonance positions
versus total bond length of the molecule / shows that the
photoelectron energy on resonance varies as 1//2, consistent
with the naive model of the behavior expected in such a reso-
nance. Finally, the slight enhancement in the cross sections

y described in Fig. 1.

around 35 eV at some internuclear geometries is not shape
resonant but arises from the usual energy dependence of the
7o — km contribution. This feature becomes much less evi-
dent as the width of the resonance increases.

Figure 2 shows the eigenphase sum for the ko contin-
uum of the N,O(70 ') ion at the same internuclear geome-
tries as in Fig. 1. Their behavior shows that there are two
shape resonances in this continuum. The low-energy reso-
nance associated with the rise in the eigenphase sum around
20 eV at the equilibrium geometry is seen prominently in the
cross sections of Fig. 1. However, the higher shape reso-
nance around 40 eV in the cigenphase sum is completely
obscured in the fixed-nuclei cross sections of Fig. 1. We will
see shortly that the effect of this resonance is also not evident



139

7+ 74 74
N (o) _ (0) R (©)
e -+ 0 a4
g . é‘ 30
34 54 34
$ \ $ s
D+ G T
g - & &
" 34 :‘. 34 : 34
91 214 . Q124
S S . S
1+ 4 t4 ; :
1o » £ « % « ° n % @ % © 0 £y % “ 0 ©
Photon Energy (eV) Photon Energy (eV) Photon Energy (eV)

FIG. 4. Cross sections for 7' photoionization of N () to the (000), ( 100), and (001) vibrational levelsof N,O' : (a) (000) level; -, present resuits (dipole
length); O, experimental data of Ref. 8; (b) (100) Jevel; -, present results (dipole length); [, experimental data of Ref. 8; (¢) (001) level; -, present results
(dipoie length); A, expernimental data of Ref. 8. See the text for explanation of how the experimental data has been normalized.

in the vibrationally resolved cross sections but leads to a
broad dip in the photoelectron asymmetry parameters. The
behavior of these eigenphase sums with N-N and N-O dis-
tances also shows that these resonances cannot be viewed as
predominantly associated with either of these two regions of
the molecule.

In Fig. 3 we show the fixed-nuclei photoelectron asym-
metry parameters for 7o photoionization at 16 internuclear
geometries. The pronounced minimum in these asymmetry
parameters at low photoelectron energies is clearly associat-
ed with the shape resonance seen in both the cross sections
and eigenphase sums of Figs | and 2, respectively. These
asymmetry parameters also show a broad minimum at high-
er energy which can be identified as arising from the shape
resonance seen at the same energy in the eigenphase sums of
Fig. 2. This broad shape resonance produces essentially no
enhancement in the fixed-nuclei cross sections.

IV. VIBRATIONALLY RESOLVED RESULTS

Figures 4(a)-4(c) show calculated vibrationally re-
solved cross sections for photoionization leading to the

(000), (100), and (001) levels of the 4 22 * (7o ') state of
N,O ", respectively. Also shown are the results of Kelly er
al* derived from ionic fluorescence data (this issue) and
normalized to our calculated (000) cross section at 40 eV.
Although the physically significant features of these calcu-
lated cross sections agree reasonably well with measured rel-
ative cross sections, the calculated peak resonance positions
are consistently about two eVs too high. We attribute this to
inadequacies in our vibrational wave functions, particularly
for N,O', for which harmonic potentials were assumed

since more refined potentials were not available. In fact, our
calculated vibrationally unresolved cross sections show a

resonance peak very close in energy to the measured peak

position. '’ Comparison of the calculated (000), (100), and

(001) cross sections, shifted down by 2 eV so as to bring the

peak position of the calculated (000) cross section into

agreement with the measured values, with the experimental

data in Figs. 5(a)~5(c) also suggests that the potentials as-

sumed here are not too reliable. This example serves to un-

derscore a serious difficulty that will arise in the analysis of
vibrationally resolved photoelectron spectra of polyatomic

moiecules.
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In Figs. 6(a)-6(b) we show our calculated (100)/
(000) and (001)/(000) branching ratios for 7o photoioni-
zation of N,O along with the ionic fluorescence and photo-
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electron data of Kelly et al.” and Ferrett et al.,” respectively.
The most significant feature in the (100)/(000) branching
ratio is its strong energy dependence (non-Franck—-Condon
behavior) around a photon energy of about 20 eV which
arises from the ko shape resonance seen in the results of Fig.
1. The dip in this calculated branching ratio occurs at higher
energy than the one seen experimentally. This discrepancy is
probably again due to our use of approximate potentials in
obtaining the vibrational wave functions for N,O*."* In
fact, our calculated (100)/(000) branching ratio ap-
proaches a Franck-Condon limit significantly different
from the experimental value. This discrepancy is another
reflection of the limited quality of the available N,O* poten-
tial energy curves. The non-Franck-Condon behavior also
extends to higher energy—almost to 40 eV—in the mea-
sured than in the calculated branching ratios. It is also inter-
esting to speculate whether the behavior seen in the mea-
sured branching ratio between 35 and 40 eV arises from the
weak o shape resonance seen at these energies in the eigen-
phase sums of Fig. 2. Our calculations do show non-Franck-
Condon behavior in the branching ratios arising from the ko
channel in this energy range, but it is washed out by the large
nonresonant k7 channel.

The (001)/(000) branching ratio also shows non-
Franck-Condon behavior around 20 eV which, however, is
much less pronounced than in the (100)/(000) branching
ratio and also approaches the Franck—Condon value above
about 28 eV. The reason for the significantly larger devia-
tions from the Franck—Condon behavior for the symmetric
than for the antisymmetric modes can be readily seen from
the fixed-nuclei cross sections shown in Fig. 1. These results
show that the o shape resonance moves to lower or higher
energies with an increase or decrease respectively in either
the N-N or N-O bond distance. The resonance hence be-
haves as though it belongs to the entire molecule and its
position and width depend to a great extent on the overall
length of the molecule. In the antisymmetric mode, (001),
the total bond length of the molecule does not change much
and hence the influence of the resonance on its vibrational
branching ratio is less pronounced than for the symmetric

(a)

o] L4 o]
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FIG. 7. Photoelectron asymmetry r
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for 7o ' photoionization of N.O: (a) ((X))) level: —, present results (dipole length); O, experimental data of

Ref.9; (b) (100) level; —, present resuits (dipole fength ); O, experimental data of Ref. 9: (¢) (001) level; — present results (dipole length): A, experimental

data of Ref. 9.
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FIG. 8. Comparisons of the caiculated asymmetry parameters for photoionization leading to the (000}, (100), and (001) levelsof the 4 ‘X * (7o ') state of
N,O*, shifted down by 2 eV, with the measured values of Ref. 9. Sce the text for explanation.

stretching mode, (100), where vibrational motion involves
changes in the total bond length. These results provide an
interesting example of how shape resonances can distinctly
influence alternative vibrational modes in polyatomics.

Our calculated photoelectron asymmetry parameters
for the (000), (100), and (001) levels are shown in Figs.
7(a)-7(c) along with the measured values of Ferrett et al.”
The calculated asymmetry parameters show clear evidence
of the low-energy shape resonance around 20 ¢V, in general
agreement with the experimental data. These caiculated
asymmetry parameters also show a broad minimum around
40 eV which arises from the higher shape resonance seen in
the eigenphase sums and asymmetry parameters of Figs. 2
and 3, respectively. No experimental data is available in this
energy range. As in the vibrationally resolved cross sections
of Figs. 4(a)-4(c), the strong dip in the asymmetry param-
eters also occurs at a slightly higher energy than in the ex-
perimental data. This difference again is probably due to our
use of harmonic potentials in obtaining the vibrational wave
functions. Purely for suggestive reasons we compare these
vibrationally resolved photoelectron angular distributions,
shifted to lower energy by 2 eV [ the same as was done for the
resonance peaks in Figs. 5(a)~5(c) | with the experimental
values in Figs. 8(a)-8(c).

V. CONCLUDING REMARKS

We have studied the vibrationally resolved cross sec-
tions and photoelectron asymmetry parameters for pho-
toionization leading to the (000), (100), and (001) levels of
the 4 2X* (70~") state of N,O*. One of the main objectives
of these studies was to provide some insight into shape reso-
nance behavior for alternative internuclear configurations in
polyatomics and hence to predict the expected influence of
these resonances on specific vibrational branching ratios.
Coupled with the experimental studies reported in the ac-
companying papers, these results provide an example of the
rich dynamical behavior of shape resonances that can be ex-
pected in polyatomics. An important conclusion of these

studies is that the more pronounced deviations of the vibra-
tional branching ratios observed for the symmetric than for
the antisymmetric stretching mode in the region of the low-
energy o shape resonance is essentially due to the fact that
this shape resonance behaves as though it belongs to the mol-
ecule as a whole and hence its position and width depend on
the overall length of the molecule and not on the specific N-
N or N-O bond distances. It is clear that vibrationally re-
solved studies of the photoionization of polyatomic motle-
cules, as illustrated here for N,O, will provide new insight
into molecular photoionization dynamics.
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We report photoionization cross sections and photoelectron angular distributions for the So,, 2, and
21, orbitals of Cl, from threshold to ~20 eV photoelectron energy obtained using Hartree-Fock
photoelectron orbitals. These studies were motivated by recent (2 + 1) resonance enhanced
muitiphoton ionization (REMPI) experiments via the 2 '[1, (27} 4s0, ) state which show strong non-
Franck-Condon effects in the ion vibrational distribution suggesting that shape and/or autoionizing
resonances may play a role near threshold. Previous single-photon experiments on the valence orbitals
of Cl, do not give a consistent picture of these cross sections at low energies. Qur results show that
there is a shape resonance in the k7, continuum. However, preliminary studies show that these 7,
cross sections have almost no dependence on internuclear distance and could not be the cause of non-
Franck~Condon effects observed in the REMPI experiments.

I. INTRODUCTION

In recent resonance enhanced multiphoton ionization
(REMPI) studies of molecular chlorine via the
2 ', (2m;4s0, ) state, Koenders et al.' found ion vibration-
al distributions which could not be explained by a simple
Franck-Condon picture. Such large non-Franck-Condon
effects have been observed in REMPI of other diatomic mol-
ecules’'* and have been seen to arise from several different
mechanisms.'" In the case of molecular chlorine, studies by
Li et al.'*'3 show that Rydberg-valence interactions involv-
ing the 1 'T1, (7, ~0, ) valence state’* are small, suggesting
that low energy shape and/or autoionizing resonances may
play a role in producing these non-Franck-Condon effects.
Single-photon ionization studies of the valence orbitals of
molecular chlorine have been carried out by Carlson et al., '
but these studies were mainly concerned with the region
around the Cooper minimum at 30 to 40 eV above threshold
and did not extend to low photoelectron energies. More re-
cently, Samson et al.'® have obtained total ion cross sections
beginning around the 27, ionization threshold. These cross
sections differ in magnitude by about a factor of 2 from those
of Carlson e al.,'* but show the same general dependence on
energy. van de Meer et al.'” have measured the photoioniza-
tion cross sections for the valence oribitals of Cl, at the Hel
line (21.2 ¢V). These measurements differ significantly from
those of Carlson et al.'® and are in better agreement but still
differ with the total ion cross sections of Samson et al.'® To
try to understand these differences and to provide some in-
sight into how the electronic continuum may affect REMPI
experiments on Cl,, we have obtained photoionization cross
sections and photoelectron asymmetry parameters for sin-
gle-photon ionization of the valence orbitals (50,,27,,27,)
of Cl, from threshold to ~20 eV photoelectron energy using
Hartree-Fock photoelectron orbitals. These studies are pre-
liminary to REMPI studies of Cl, via the 2 'T1, state.

1t is well known that interchannel coupling is important
in 3p photoionization of chlorine atom at low photoeiectron
energies.'*?° Such coupling can also be expected to be im-
portant in the photoionization of molecular chlorine. Never-
theless, the present study should illustrate some general dy-

namical features of the photoionization cross sections of Cl,
and serve as a basis for future studies beyond the Hartree-
Fock level. Indeed, we do find strong shape resonant struc-
ture in the &, continuum which arises mainly from the
/=13 partial wave, not unlike but more pronounced than
that seen in F,.?' Preliminary studies indicate, however, that
these cross sections do not depend on internuclear distance.
These results suggest that a shape resonant mechanism is
probably not responsible for the non-Franck—Condon ef-
fects observed in the REMPI experiments of Koenders et al.!
and that other mechanisms need to be investigated.

In Sec. II we give a brief description of our procedure for
obtaining the Hartree~Fock photoelectron oribitals. In Sec.
III we present our photoionization cross sections and photo-
clectron asymmetry parameters for the 50,,27,, and 27,
orbitals of Cl, and compare these with experimental results.

Il. METHOD AND CALCULATIONS

Our method for obtaining Hartree~Fock photoelectron
orbitals has been discussed extensively elsewhere?*?? and
will only be briefly summarized here. We assume a frozen
core Hartree-Fock model in which the ion orbitals are con-
strained to be identical to those of the neutral molecule and
the photoelectron orbital is a solution of the one-electron
Schrddinger equation

2
[ ~Ivev e —i‘z—]¢.(r,x) =0

where ¥y, _, (r,R) is the static-exchange potential of the mo-
lecular jon, k 2/2 is the photoelectron kinetic energy, and ¢,
satisfies appropriate scattering boundary conditions. To
solve for ¢, we work with the integral form of Eq. (1), i.e.,
the Lippmann-Schwinger equation

b =6, + GV, )
where 45 is the Coulomb scattering wave function, ¥ is the
molecular ion potential ¥y _, with the Coulomb potential
removed, and G { ~’ is the Coulomb Green’s function with
incoming-wave boundary conditions. We first obtain an ap-
proximate solution of Eq. (2) by assuming.a separable ap-
proximation to the potential ¥ of the form



Vier) sV (er) =3 (| Vie) [V '], {a|VIr),
¥
(3
where the matrix ¥ ~ ' is the inverse of the matrix with ele-
ments ¥, = {a,| ¥ |a,) and the a's are discrete basis func-
tions such as Cartesian or spherical Gaussian functions.?

With this approximation to V, the partial wave solution to
the integral equation can be written as

ki (£) = B (1)

+ 2 (G V@) (D7 ey V| )s (4)

where
D, ={a,|V—-VG.~'V\a,) (5)
and

2\ %, ! ”
aw=(3)7s 3 Buwrnd.  ©

I=Omm= —1{
With adequate basis sets a’s, these approximate solutions
#.2),, which satisfy scattering boundary conditions, can pro-
vide quantitatively reliable cross sections®* and have been
used in calculating the photoionization cross sections and
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For the ground state SCF wave function
of CL with its electronic configuration
10310720, 20% 302307 17 1m 402 402 50228 2wt we used
the {8s5p] contracted Gaussian basis set of Dunning and
Hay** with two additional d-type polarization functions
with exponents 0.797 and 0.220 on each nucleus.?® Calcula-
tions with this basis at the equilibrium geometry of Cl, (R,
= 3.7568 a.u.) give an SCF energy of — 918.908 278 a.u.
For the basis sets {a} in Eqgs. (3) and (4) we used Cartesian
Gaussian functions centered on the atomic nuclei and
spherical Gaussians at the center of mass. These functions
for each photoelectron symmetry are given in Table I.

All matrix elements and functions arising in the solution
of the Lippmann-Schwinger equation, Eq. (2), were evalu-
ated via single-center expansions about the molecular cen-
ter. The partial wave expansion of the photoelectron orbital,
Eq. (6), was truncated at /, == 13. The other partial wave
expansion parameters were chosen as follows:

(i) maximum partial wave in the expansion of the occu-
pied orbitals = 80,

(ii) maximum partial wave in the expansion of the occu-

photoelectron asymmetry parameters reported below.

TABLE 1. Basis sets used in separable potential, Eq. (3).

Photoionization Type of Gaussian
y Y function® Exponents
o, Cartesian 5 16.0,8.0,4.0,2.0,1.0,0.5,0.1
z 1.0,0.5,0.1
Spherical /=0 4.0,2.0,1.0,0.5,0.1
=2 4.0,2.0,1.0,0.5,0.1
I=4 1.0,0.5,0.1
a, Cartesian s 16.0,8.0,4.0,2.0,1.0,0.5,0.1
z 1.0,0.5,0.1
Spherical /=1 4.0,2.0,1.0,0.5,0.1
(=13 4.0,2.0,1.0,0.5,0.1
{=5 1.0,0.5,0.1
™ Cartesian x 16.0,8.0,4.0,2.0,1.0,0.5,0.1
x2 1.0,0.5,0.1
Spherical /=2 4.0,2.0,1.0,0.5,0.1
=4 4.0,2.0,1.0,0.5,0.1
., Cartesian x 16.0,8.0,4.0,2.0,1.0,0.5,0.1
xz 1.0,0.5.0.1
Spherical /=1 4.0,2.0,1.0,0.5,0.1
=3 4.0,2.0,1.0,0.5,0.1
=5 1.0,0.5,0.1
5 Cartesian xy 16.0,8.0,4.0,2.0,1.0,0.5,0.1
Spherical /=2 4.0,2.0,1.0,0.5,0.1
=4 1.0,0.5,0.1
8, Cartesian xy 16.0,8.0,4.0,2.0,1.0,0.5,0.1
Spherical /=3 4.0,2.0,1.0,0.5,0.1
(=5 1.0,0.5,0.1

pied orbitals in the exchange potential = 80(lo,),
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*Cartesian Gaussian basis functions are defined as ¢>'""*(r)
=Nx—-4,)(y—A4,)"(z~A4,)'exp( —ajr— A|’) and spherical
Gaussian functions as $tmA(r) = Nt — Al'exp( ~ alr
~ AN Y, (0, _,). The Cartesian functions are centered on the nuclei
and spherical funictions on the bond midpoint.
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FIG. 1. Partial photoionization cross sections {length) and eigenphase
sums for the So, orbital of Cl,.



80(1a,), 70(20,), 70(20,), 50(3c,), 50(3a,),
50(17,), S0(im,), S50(4a,), 50(4c,), 40(5c,),
4027, ), 40(2m,),

(iii) maximum partial wave in the expansion of 1/r, in
the direct and exchange terms = 160 and 80, respective-

ly,

(iv) all other partial wave expansions were truncated at
! = 80.

Based on our studies with such partial-wave expansions,
this choice of expansion parameters should provide cross
sections within a few percent of the converged values. The
associated radial integrals were obtained using a Simpson’s
rule quadrature. The grid contained 850 points and extended
to 94.5 a.u.with a step size varying from 0.01 a.u. near the
atomic nuclei to 0.5 a.u. at large distances.

11l. RESULTS AND DISCUSSION

Figure 1 shows the ko, and k7, partial cross sections
and eigenphase sums for photoionization of the 5o, orbital
of Cl,, assuming an ionization potential (IP) of 16.1 V.72

30+

Cross Section (Mb)

1.0 4

0.0 4

-1.0 20

10 20 30

Photon Energy (eV)
FIG. 2. Total pbotoionization cross sections and photoelectron asymmetry
parameters for the S0, orbital of Cl,:—, present results (length);—, present
results (velocity); O, synchrotron measurements of Ref. 15. Error bars are
not shown at higher energies; @, Hel line measurement of Ref. 17.
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In contrast to what is seen in other lighter diatomics such as
N, ?® and O, * with their shorter bond lengths, the ko,
channel is weak and shows no evidence of shape resonant
behavior at these internuclear distances. The k7, eigenphase
sum shows a rapid rise near threshold which is reflected in
the large enhancement in the kr, partial channel cross sec-
tion. Calculations at several internuclear distances show al-
most no change in these k7, cross sections, in contrast to
previous studies of the behavior of ko, shape resonances in
other molecules.’’ For a kr, shape resonance, oriented per-
pendicular to the molecular axis, one perhaps would not ex-
pect changes in the bond length to affect the cross sections.
With its insensitivity to bond distance, this shape resonant
continuum should not lead to any significant non-Franck-
Condon behavior.

Examination of the U matrix which diagonalizes the X
matrix to obtain the eigenphase sum>?

S= ;:mun(U'KU) @))]

shows this resonance behavior to be associated principally
with the / = 3 partial wave. Indeed, a plot of the correspond-
ing resonant eigenchannel function??

¥a =§¢,..U,..., (8)
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FIG. 3. Partial photoionization cross sections (length) and eigenphase

sums for the 2, orbital of Cl,.
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where ¥,,, is the K-matrix normalized partial wave compo-
nent of the continuum orbital and « is an eigenchannel in-
dex, shows f-wave nodal structure (not shown).

In Fig. 2 we show our calculated cross sections and pho-
toelectron asymmetry parameters for photoionization of the
5o, orbital of Cl, along with the experimental synchrotron
results of Carison et al.'* and the Hel line measurement of
van der Meer et al.'” Differences between the cross sections
obtained in the length and velocity approximations are
known to arise primarily from neglect of electronic correla-
tions in the Hartree~Fock wave functions used here.?* The
pronounced peak in the calculated cross sections arises from
the shape resonant k7, partial channel shown in Fig. 1. Be-
low ~25 eV photon energy there are large differences
between the measured values of Carlson ef al.'® and the pres-
ent results. The results of multiple-scattering model (MSM)
calculations of Carlson et al.,'* which extend down to ~ 19
eV photon energy (not shown) agree well with the present
calculations, showing the same enhancement near thresh-
old. The agreement between the He I line measurement of
van der Meer et al.'” and the calculated cross sections is

Cross Section (Mb)

10 20 30 40
Photon Energy (eV)

FIG. 4. Totai photoionization cross and photoelectron asy y

parameters for the 27, orbital of Cl,:—, present results (length);-—, present

results (velocity); O, synchrotron messurements of Ref. 15. Error bars are

not shown at higher energies; @, Hel line measurement of Ref. 17.

encouraging. Additional measurements at low photoelec-
tron energies would be helpful in clarifying the resonant be-
havior of these cross sections. The agreement between the
calculated photoelectron asymmetry parameters and the
measurements of Carlson ez al.'’ is also quite satisfactory.
Further experimental studies of these asymmetry param-
eters in the region of the “dip” in the present results would be
helpful.

Figure 3 shows our calculated partial cross sections and
eigenphase sums for the 27, orbital of Cl, assuming an ioni-
zation potential of 14.4 eV.2"-*® The k8, cross section, which
is primarily / = 2, shows a broad enhancement at low ener-
gy. The km, cross section is smail at low energy and shows a
mild enhancement at ~ 25 eV photon energy where the ei-
genphase sum rises slightly due to the / = 4 partial wave. The
total cross sections and photoelectron asymmetry param-
eters for the 2, level are shown in Fig. 4. There are again
substantial differences between the present calculated re-
sults and the measurements of Carlson et al.'* The cross
section at the Hel line measured by van der Meer et al.'” is
again also in good agreement with the calculated value. The
calculated photoelectron angular distributions, however,
agree well with the measurements of Carlson ez al.'* over the
entire energy range.
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FIG. 5. Partial photoionization cross sections {length) and eigenphase
sums for the 27, orbital of Cl,.
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In Fig. 5 we show the partial cross sections and eigen-
phase sums for photoionization of the 2, level (IP = 11.6
eV).?"28 The kr, eigenphase sums show the same rise near
threshold seen in 5o, photoionization. There is a similar but
slow rise in the k8, eigenphase sums. This behavior in the
eigenphase sums is also evident in enhancements in the k7,
and k8, cross sections. Figure 6 shows the total cross sec-
tions and photoelectron asymmetry parameters for 277, pho-
toionization. Qur calculated cross sections agree with those
of Carlson et al.'® above ~25 eV photon energy, but differ
significantly closer to threshold. The agreement between the
calculated cross sections and the measured value of van der
Meer et al.'” at the Hel line is again encouraging. The calcu-
lated photoelectron asymmetry parameters are in good
agreement with the measured values of Carlson er al.'*

Figure 7 shows the total photoionization cross sections
for the 5o, + 27, + 27, orbitals of molecular chlorine
along with results of experiment. The *‘steps” at low energy
in the present resuits indicate the onset of these ionization
thresholds. These thresholds are also indicated by the ar-
rows on the photon energy axis. Note that the data of Sam-
son et al.'® record the total ion yield and include contribu-
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FIG. 6. Total photoionization cross sections and photoelectron asymmetry
parameters for the 27, orbitai of Cl,:~—, present results (length) ;- present

resuits (velocity); O, synchrotron of Ref. 15. Error bars are
not shown at higher energies; @, Hel line measurement of Ref. 17.
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FIG. 7. Total photoionization cross sections (5o, + 27, +2m,) for
Cly:—, present results (length);-—, present resuits (velocity); O, synchro-
tron measurements of Ref. 15. Error bars are not shown at higher energies;
@, Hel line measurement of Ref. 17; A experimental measurements of Ref.
16. Above ~27 eV the data of Ref. 16 contain contributions from other
lower lying molecular orbitals.

tions from the 40, orbital (IP~27 eV) and 40, orbital
(IP~34eV). The data of Carlson et a/.'* and Samson et a/.'®
show the same general energy dependence, except for the
data point of Carlson er al.'® at 18 eV photon energy, but
differ substantially in magnitude. Above ~20 eV photon
energy the data of Samson ef al. ' agree well with the present
results. Below the So, threshold, however, the data of Sam-
son et al.'® and the present results show a quite different
energy dependence. Several studies®*>* show rich autoioniz-
ing structure within a few electron volts of the 2, ionization
threshold and this may account for some of these differences.
The data of van der Meer ez al.'” at 21.2 eV differs from that
of Samson et al.'® Both of these experimental results are
bracketed by the present length and velocity Hartree-Fock
results. The difference between the length and velocity re-
sults indicates that electron correlations beyond the Har-
tree-Fock level are important in this region. Future theore-
tical studies need to include such effects and interchannel
coupling to understand these experimental cross sections. In
addition, further experimental studies of orbital cross sec-
tions are needed to provide a consistent picture of photoioni-
zation of Cl, at low energies.
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Molecular K-shell photoionization cross sections in the

relaxed core Hartree-Fock approximation
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The reiaxed-core Hartree-Fock (RCHF) approach to the calculation of K-shell photoionization
cross sections is analyzed and applied to K-shell single-hole ionization in CO. A direct method
based on the Schwinger variational principle and single-center-expansion techniques is used to gen-
erate the continuum orbitals associated with the motion of the photoelectron in the direct and ex-
change potential of the relaxed ion. A method is presented for evaluating the N-clectron transition
moment, a step that has posed a considerabie computationai obstacle due to the lack of orthogonali-
ty between the frozen and relaxed orbitals in the initial and final N-electron states, respectively. Be-
sides being very practical and efficient, this formulation establishes the distinction between the
“direct” and “conjugate” part of the transition moment, introducing bound-free dipole and overlap
integrals, respectively. Whereas for large photoelectron energies the conjugate terms can be
neglected, they become important near threshold, contributing, for example, up to 30% to the s
cross sections in CO. An analysis by means of low-order perturbation theory shows that the RCHF
model correctly describes the effect of ionic relaxation, that is, essentiaily the screening of the s
hole by the valence clectrons. As a consequence the o* shape resonance is substantially shifted to
higher energy and broadened compared with the frozen-core Hartree-Fock picture where the more
attractive unscreened 1s-hole potentials are used. The remaining discrepancies with the experimen-

tal results are attributed to the neglect of target polarization in the RCHF model.

L. INTRODUCTION

Photoionization of atoms or molecules with sufficiently
energetic photons generates highly excited ionic states
characterized by a K-shell electron vacancy."? The dom-
inant process is the ejection of a single s electron
reflected by a main peak in the photoelectron spectrum.
Smaller peaks or satellites appearing at higher ionization
energy are associated with shake-up (or shake-offf pro-
cesses, where, in addition to the ls hole, one or more
valence electrons are excited.>® Typically, 30-40 % of
the ls-photoionization cross section may be diverted to
these shake-up (shake-off) states. Prominent satellites
states at low energy with intensities up to 10% of that of
the main peak arise from the 7-7* excitations in simple
unsaturated molecules like N, and CO.’?

The availability of tunable synchrotron radiation has
made it possible to study the dynamics of the photoion-
ization process, that is, to map the spectral intensities
(partial photoionization cross sections) of individual ionic
states as a function of photon energy.* In the K-shell re-
gion several such studies have been carried out for the
Is-hole main state of atoms® and molecules.®” In the case
of N, and CO, previously studied by electron energy loss®
and photoabsorption spectroscopy,’~'! the most conspi-
cuous feature in the molecular photoelectron spectrum is
the occurrence of o-type shape resonances. In the case of
K-shell satellites, where the lower intensities make experi-
ments more difficult, synchrotron-radiation studies have
been performed for the noble-gas atoms He and Ar (Ref,
5) and the CO molecule.'?

A common feature of several approaches'®~!* used in

theoretical studies of molecular photoionization is that
the photoelectron continuum is determined by a single-
particle (Hartree-Fock) equation with a suitably chosen
potential for the electron-ion interaction. To date most
applications have adopted the frozen-core Hartree-Fock
(FCHF) model. In this approximation the neutral-
molecule ground-state Hartree-Fock (HF) orbitals are as-
sumed for both the initiai and the final ionic states, and
corresponding potentials defining the motion of the pho-
toelectron in the field of the ion can readily be derived.
The FCHF model neglects both the effects of relaxation,
that is, the adjustment of the other electrons to the pres-
ence of the hole, and correlation.

Relaxation is particularly important in the case of K-
shell ionization, often exceeding by far correlation correc-
tions. Almost all previous studies of K-sheil photoioniza-
tion of molecules have been carried out in the FCHF ap-
proximation.'$~!* While these studies proved quite suc-
cessful in establishing and clarifying the occurrence of
o-type shape resonances in the K-shell single-hole photo-
ionization cross section, the agreement with experimental
resonance positions and widths was often less than satis-
factory. Recently, Lynch and McKoy?® used a relaxed-
core Hartree-Fock (RCHF) model to study the resonant
K-shell photoionization cross section in N,. In this mod-
el the ionic state and the associated potential are ex-
pressed in terms of the “relaxed” orbitals generated by a
separate HF calculation for the ionic state. This RCHF
potential accounts for screening of the 1s hole by the re-
laxation of the valence orbitals and is hence less attrac-
tive than the unscreened FCHF potential, leading to
shifts of the resonance positions to higher energy.
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Indeed, for the N, K shell?® the RCHF resonance posi-
tion was 7-8 eV higher than the FCHF result and 3-4
eV above the experimental position. Furthermore, the
broadening of the resonance in the RCHF description re-
sults in better agreement with the experimental cross sec-
tions than seen in'the FCHF model.

Although the RCHF approximation maintains the sim-
plicity of a single-particle model, the absence of orbital
orthogonality introduces several complications into its
application. First, in contrast to the FCHF case, the
variational principle used to derive the ion-clectron
scattering equation does not impose orthogonality be-
tween the continuum and the relaxed open-shell orbital,
resulting in a significantly more complicated equation for
the continuum electron. Fortunately, this problem is not
acute in the case of K-shell (main) ionization since, to a
good approximation, the ls-continuum nonorthogonality
can be neglected. As we shall see, this is a consequence
of the core-valence separation (CVS) associated with the
large energy difference of K-shell and valence levels and
of the weak coupling matrix elements for states with
different K-shell occupation numbers. Secondly, the ini-
tial and final N-electron states are formulated in terms of
mutually nonorthogonal sets of “relaxed” and “frozen”
orbitals, complicating the evaluation of the N-electron
transition moment. As a result the initial ground and
final excited N-clectron states lack strict orthogonality
which introduces a dependence of the transition-moment
matrix element on the origin of the molecular coordinate
frame. This is clearly an artifact of the RCHF model.
For K-shell ionization we will show that the CVS approx-
imation can be used to eliminate in a well-defined manner
these unphysical contributions. The remaining nonortho-
gonality contributions to the RCHF transition moment
are, of course, meaningful and establish the improved lev-
el of description compared with the FCHF approxima-
tion.

Nonorthogonality of the relaxed continuum orbital and
the frozen ground-state orbitals gives rise to specific con-
tributions in the RCHF transition moment that contain
continuum-bound overlap integrais.! This contribution
to the transition moment, referred to as the “conjugate’
part,?"# may be distinguished from the ‘“direct” part
containing continuum-bound dipole integrals. Obviously
the relative importance of these two contributions de-
pends on the photoelectron energy. In the high-energy or
“sudden” limit* the overlap integrals vanish much more
rapidly than the dipoie integrals and the transition mo-
ment is determined by the direct part. On the other
hand, for low energies, the overlap contributions could
become appreciable and substantially affect the photoion-
ization cross section. The effect of these conjugate con-
tributions may be more significant for satellite intensities
than for single-hole cross sections, since selection rules
for these differ from those of the direct part."* As a
consequence, satellites not detected at high photon ener-
gy might appear in a spectrum taken at near-threshoid
energy. Possible candidates for “conjugate shake-up”
are, for example, the 2p-3s 2P satellites in the Ne s pho-
toelectron spectrum.

To our knowledge, the role of the conjugate contribu-

tion in molecular photoionization cross sections has nev-
er been investigated very quantitatively. Even for atoms,
where more sophisticated methods are available?* the na-
ture of these conjugate contributions is not fully under-
stood. The striking discrepancy between theory and ex-
periment seen in the Ne Is satellites referred to above
serves as an example.>?

The present study continues the previous work® on
molecular K-shell ionization in the framework of the
RCHF model. We present an alternative approach for
evaluating the central quantity, i.e., the N-electron transi-
tion amplitude between the frozen ground and relaxed
final states. The resulting expressions for both the
single-hole and satellite states of the ion are more trans-
parent and practical than the biorthogonal orbital formu-
lations used previously.?® They aliow us, in particular, to
analyze and calculate separately the direct and conjugate
contributions to the transition amplitudes and photoion-
ization cross sections. The case of K-shell ionization of
CO has been chosen for the present numerical studies.
This choice focuses directly on K-shell relaxation and
avoids possible complications arising from hole localiza-
tion. In the present study we confine ourselves to the
single-hole (main) states. Results for the 1s satellites will
be reported in a forthcoming publication.?

An outline of this paper is as follows. Section II
discusses our formulation of the photoionization ampli-
tudes in the RCHF model and the CVS approximation.
The choice of single-particle scattering potentials to
determine the photoelectron continua is reviewed in Sec.
III. In Sec. IV we analyze the energies (resonance posi-
tions) and cross sections in the RCHF description in the
framework of (low-order) perturbation theory. The com-
putational details are given in Sec. V, while Sec. VI con-
tains the discussion of our results and comparison to ex-
periment. A summary of our findings and conclusions
are given in Sec. VII.

II. PHOTOIONIZATION CROSS SECTIONS
IN THE FROZEN AND RELAXED HARTREE-FOCK
APPROXIMATIONS

A. Final-state wave fuaction

The partial photoionization cross section at a photon
energy o leading to an ionic state [¥¥ ') and a photo-
electron with kinetic energy k2/2 is given by the familiar
golden-rule expression (in atomic units):

rr@ =40 S (WY, 1B W) M
3c ko g

Here |WY¥,..) represents the final N-electron state
describing asymptotically the ion in the state |%%, ') and
a photoelectron in the state |kA). The additional quan-
tum numbers v and A specify degeneracies not observed
in the experiment, e.g., magnetic spin quantum numbers,
and angular momentum of the photoelectron. A nonde-
generate initial (ground state) |W5 ) is assumed in Eq. (1),
and D%, u=x,y,z denotes the components of the N-
electron dipole operator
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A N :
D=. 2 r(l) . (2)
i=1

Energy conservation requires k/2=w—E) “l+EY,
where EY and E.Y ™! are the energies of the initial ground
state and the final ionic state, respectively. Rotational
and vibrational degrees of freedom are suppressed in Eq.
(1) and a fixed nuclear geometry is assumed for all elec-
tronic states.

To disentangle the many-body and continuum aspects
in evaluating the bound-free N-electron transition ampli-
tude

AL‘:,)kA=(‘l’f.vv,kA|ﬁ Wiy, (3)

a product approximation is normally assumed for the
final state and |¥7, ;,) is written as the antisymmetrized
product

|‘l’fv.u)='-';x|‘l’7:‘) 4)

of the ionic state |W¥,7!) and the one-electron scattering
orbital |{¢i3') (with incoming-wave boundary condi-
tions). In Eq. (4) we use the second-quantized notation,
where clA represents the creation operator associated
with the continuum orbital |¢};'). The form of Eq. (1)
for the cross section assumes the final states to be normal-
ized by

k,z kZ

(WX Yepaeta 1N, 1) =8 [ - 5

22

To proceed we may insert the second-quantized represen-
tation of the dipole operator in Eq. (3) and make use of
the commutation relations for (fermion) operators. For
this purpose we use a representation in terms of neutral
ground-state (frozen) Hartree-Fock orbitals |4, ) and the
associated operators a,f (a;):

b= (4:1d"\g))afa; . )

Since ¢, may be expressed as
=3 (6 le)a; M

in terms of the operators a;, the expression for the transi-
; ; ;10 @n21,27,28
tion amplitude can be written

A,,,k=(\1’,,”"lc,,§]'l’g)
=3 (¢ '|d1¢, ) (¥¥ ~Ya,|¥})

+ 3 (18, )W 1| Ba, ) . ®

Here and in the following the additional quantum num-
bers v and A and the specification u of the dipole operator
are suppressed whenever they are not essential. Accord-
ing to Eq. (8), A, is the sum of two distinct parts 4.,
and AJ,. The first part 4}, referred to as the direct
part, combines the one-electron dipole matrix elements
(¢, |d|,) with the so-called spectroscopic amplitudes

x{M=(¥¥~1g |@l) . , 9)

The second term, on the other hand, contains products of '
the bound-continuum overlap integrals (¢} 'l¢,) and
the bound-bound transition integrals

yim=(¥¥ =1 g |¥Y) . (10)

This contribution is the conjugate or nonorthogonality
part;?"22 it only gives a contribution if the continuum or-
bital |y¥. ') is not ‘“orthogonal” to |¥Y), ie,
(Whlefe, | WY)=£0. It is interesting to note that the
direct and conjugate amplitudes impose different selec-
tion rules among the molecular orbitals, i.e., dipole and
monopole rules, respectively. The energy dependence of
the conjugate amplitude has not been directly calculated
previously and should provide new insight into K-sheil
photoionization, especially in the context of satellite in-
tensities. If the HF ground state

i¢o”)=l¢l"'¢~| an

is taken as the initial state, then the summation on the
right-hand side of Eq. (8) runs over occupied orbitals
(n,=1) only. If allowance for ground-state correlation is
made, unoccupied orbitals (7, =1-—n,=1) may also give
contributions.

The simplest and most widely used approximation for
the transition amplitudes of Eq. (8) is the frozen-core
Hartree-Fock model. Here, besides using the HF approx-
imation |®Y) for the ground state, the ionic states are
also expressed in terms of the “frozen” HF orbitals of the
neutral ground state. Specifically, the states

oV~ 1) =g,|®F), n,=1 {12a)

and

o4 Y =ala,a | ®}), Anym=1 (12b)

are used to represent a single-hole (main) and a two-
hole-one-particle (2h-1p) satellite state, respectively.
Consistently defined “frozen” potentials (see Sec. III) are
used to determine the continuum orbitals |, ”™'). These
FCHF potentials impose orthogonality constraints'®

(¢'18,)=0, n,=1

between the continuum and the occupied HF orbitals,
and consequently the conjugate part of the transition am-
plitude vanishes. For a single-hole (main) state the spec-
troscopic amplitudes of Eq. (9) are trivial,

xM=(dYlala,|®Y) =8, , (13)
so that the transition amplitude reduces to
A= 1d1e,) . (14)

For satellite states [Eq. (12b)] the FCHF model cannot be
used, since both parts of the amplitude 4, , vanish. For
the direct part this is so because the spectroscopic ampli-
tudes vanish

xM=( Y aalaa,|®f)=0. (15

For the conjugate part, on the other hand, we find non-
vanishing moments,
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y*=(®Y\alala;Da,|®Y)
=8,(¢;ld1¢y)—8,(9;ldlg,) .

However, the bound-free overlap integrals (¢\”'l¢,)
vanish.

In the framework of many-body perturbation theory
the FCHF model may be viewed as the zeroth-order ap-
proximation to the transition amplitudes (see Sec. IV B).
Obviously one has to go beyond this level of description
to account for relaxation and correlation. If one is only
interested in the bound-bound amplitudes x, and y, one
may, of course, resort to the well-developed methods of
quantum chemistry. For the spectroscopic amplitudes x,
direct computational schemes based on the one-particle
Green’s function have been widely applied.? In the
present study, rather than trying to obtain more accurate
bound-bound amplitudes we are interested in a consistent
treatment of the many-body and continuum aspects of
the problem. Such a level of description, which goes
beyond the FCHF model but maintains the essential
simplifications of the single-particle picture, is provided
by the relaxed-core Hartree-Fock approximation, dis-
cussed in Sec. II B.

(16

B. Spectroscopic amplitudes and conjugate transitioa moments
: in the RCHF approximatioa

In the RCHF approximation distinct HF wave func-
tions are used for the initial ground state and the final
ionic state; a consistent relaxed ion core potential is used
to determine the photoelectron continuum (see Sec. III).
The lack of orthogonality between the frozen-core and
relaxed-core HF orbitals leads to obvious complications.
In the following we present a transparent and tractable

approach allowing us, in particular, to distinguish readily

between direct and conjugate contributions to the photo-
ionization cross sections.

In addition to the FCHF orbitals |¢,) and the corre-
sponding creation (destruction) operators a,’ (a;) con-
sidered in Sec. Il A, we now introduce the set of relaxed
orbitals |, ) generated by an appropriate HF calculation
for the ion. Denoting the associated creation (destruc-
tion) operators by cf (¢;), the RCHF representation of a
single-hole (main) state is

WV -1y=¢,|1BY), n,=1 an

where
(B =19 ¥yl (18)

is defined in analogy to |®}') as the Slater determinant of
the lowest N relaxed orbitals |, ). To obtain the spectro-
scopic amplitude x/* for the single-hole state of Eq. (17)
and the uncorrelated ground state |®)) we have to
evaluate the overlap integral between the two (¥ —1)-
electron states ¢, |® )) and a,|®Y) represented by Slater
determinants of mutually nonorthogonal sets of orbitals.
As shown in the Appendix the result simply is

M= (B lefo, o) =74 (B0, . (9

Here, S denotes the N X N matrix of the “relaxed-frozen”
overlap integrals

Sy={¥;l¢;), nj=n,=1 (20)

(PA®))=ders . @2n
Similarly, one finds for the conjugate transition moment

y=(B3\c)Da,|®f)

=[—(£7'd87 a4

HS AT S HYK D YD), , 22)
where ¢ denotes the N X N matrix of dipole integrals
d,=(g;|dlg;), m=n;=1 23)

for the occupied relaxed and frozen orbitals, and Tr(g) is
the trace of g. We note in passing that transition mo-
ments of this type are also encountered in the HF
description of x-ray emission intensities. The final result
for the single-hole state photoionization amplitude in the
RCHF approximation is

A= 3 (116,28 D

+( e M—(87'dS™ 4
+(E™HLTId STHID Y DY),
24

To identify clearly the major contributions in Eq. (24) we
consider the simplified amplitude obtained by setting
S=1andd,=(4,|dl¢,;):

A = (7316, = 3 (718, )(9,1d 1640,

+(#19s) 3 (8,1d1g; )n; . (25)
i
The “diagonal” term in Eq. (25) depends on the origin of
the molecular coordinates. As discussed in Sec. I1C, this
is due to spurious contributions which arise from the lack
of strict orthogonality between the initial ground and the
final excited state.
The 2h-1p satellite states are given in the RCHF ap-
proximation by
WA Y =cleyc,|BY), Aimym=1. (26)

The corresponding spectroscopic amplitudes x,* and
conjugate transition moments y'/*’ can be obtained
analogously to the case of singie-hole states (see Appen-
dix). The resulting expressions are

xM=(BYclcle,a,|0)
= [[(S"),IE (916,08 &'
~[hel] ](Eg!o‘:)n, Qn

and
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= [ [(S—l)rl 2 <w/‘3!¢u >(§—l)uh+(5-‘d S—l)rh 2 <wj|¢u)(s_l)ul

(8™, 3 (Y18, HE TN [Te(dS " H1—d S ™', J—[h«»n}@mq»g')n, , (28)

where [h«+{] means repeating the preceding terms, but with A and [ indices interchanged. Here, besides the occupied
orbital overlap and dipole matrices § and d, the overlap (y;|4, ) and dipole (y, |d|$, ) integrals are required for the re-
laxed (unoccupied) orbital NJ,- ) of the satellite state and the frozen occupied orbitals |4, ), r <N. Again, the dominant
direct and conjugate contributions to the satellite amplitude A4, become apparent in the (zeroth-order) approxima-

tion §=1and d;;=(¢,d|$,):

A= [CHT1d10 ) (W10, + (0T 19 ) (9,11, ) + 3 (0716, ) (8,118, ) (19, ),

-(t/!‘[’l«#:)2(¢,l¢,><¢,|3|¢».)"»+<¢5¢°‘!¢1>(¢,-|¢;.>2(¢.-|3|¢,~>n.- —[(hel] 29)

It should be noted that the more intuitively derived ex-
pression for the conjugate shake-up amplitude®

AT= (U180 (8, 1d 18, ) — (18, ) (w)ld 18 GO)

represents only a part of the conjugate contribution in
Eq. (29).

C. Nonorthogonality of initial and final states

Complications arise in the RCHF approximation due
to the lack of strict orthogonality between the N-electron
ground state |®Y) and the final (excited) states c]c, [P )
or clc;c,,c,i'sg' ), respectively. In the case of a single-
hole ionic core the overlap integral may be evaluated as
follows:

(Bflcie o)) =3 (v 718,)x™, (3la)
where the spectroscopic amplitudes x/* are specified by
Eq. (19). Similarly we find

<$§|ckcjc;cfl¢g)= 3 (yi 1, dxiA0 (31b)

in the case of a 2A-1p satellite; the spectroscopic ampli-
tudes x'/" are given by Eq. (27). As a consequence of
this nonorthogonality the dipole transition amplitudes
A, [Eq. (3)] depend on the choice of origin of the
molecular coordinate frame. In our explicit RCHF ex-
pressions [Egs. (24), (25), and (27)~-(29)] this becomes ap-
parent through the occurrence of origin-dependent in-
tegrals such as (¢} "'|d]$,) or (¢,|d}é,). Clearly such
contributions bear no physical meaning and are a mere
artifact of the RCHF model. How can one distinguish
between these artificial contributions to the transition
amplitude and the genuine conjugate contributions in the
RCHF approximation? In general, the answer is by no
means clear. In the case of K-shell ionization, however,
on which we shall focus here, the artificial nonortho-
gonality contributions can be discarded in a well-defined
way as discussed in Sec. I D.

D. Core-valence separation approximation

Specialization to the case of K-shell ionization allows
for a considerable simplification of the RCHF transition

|
amplitudes. This is achieved by adopting the so-called
core-valence separation approximation in which one
neglects the coupling of states with different 1s occupa-
tions. Formally this decoupling is introduced by neglect-
ing the following types of Coulomb integrals:*

Vcw'u"= chu'v“= =0 ’
Vecrers = Vcc'vc"= e =0, (32)
Vcc'uu'= Vuu'cc’=0 ’

where ¢, ¢, and ¢ and v, v’, and v” label K-shell and
valence orbitals, respectively. The errors introduced here
in the wave functions and energies are of the order of
V /Ag and V2/Ag, respectively, where ¥ stands for one of
the neglected Coulomb integrals (32) and Ae is the core-
valence energy separation. To see the effect of the core-
valence separation on the RCHF amplitudes, consider
the relaxed core orbital {,). The perturbation expan-
sion of |, ) in terms of the frozen orbitals |¢, ) through
first order,

V.
=180+ 3 L2180 +o2), (33)

rake

shows that the relaxed orbital differs from the frozen one
by the admixture of valence orbitals, the mixing
coefficients being of the order of ¥, /(¢,—¢.). In Eq.
(33) y is a constant, depending on the specific RCHF
treatment. Obviously, in the CVS approximation, the
relaxed- and frozen-core orbitals are identical (up to an
eventual phase factor) leading to the foilowing
simplifications for the relaxed-frozen overlap integrals:

(¢l =1, (34a)
(¢,l9.)=0, r#c (34b)
(¢ 'lé.)=0. (34c)

An immediate consequence of the CVS approximation is
that the initial-final state overlaps in Eqs. (31a) and (31b),
vanish, and there are no longer artificial contributions in
the transition amplitudes. Applying the CVS approxima-
tion Eq. (34) to the amplitude A4, for a K-shell single-
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Ace= (A7 118 = 3 (W7 1808 ™h,,

x{y,dlg,) (YY) .

(35)
as can be readily shown, the quantity

B=3 16, 087", (¥, (36)

is a non-Hermitian projection operator, and using this
definition the amplitude A, ; may be written as

A =T =Bidlg (DYDY . a7
Comparing this result with the direct amplitude,
Ali=(d1e (DY), (38)

we see that the effect of the conjugate contribution is to
project out a certain part of the continuum orbital, name-
ly, its occupied frozen-orbital components, as can be seen
from the zeroth-order approximation to the projector

[Eq. 36)],
BO=314,)4,ln, . (39)

r

A further understanding of the contributions to the
RCHF amplitude will be gained from the perturbation
point of view given in Sec. IV B.

In the case of a 2h-1p satellite (j',c~',/™!) where ¢
denotes a core orbital, the general RCHF result [Egs. (8),
(27), and (28)] simplifies considerably in the CVS approxi-
mation {Eq. (34)] and the final result for the amplitude
A x can be put into the compact form

A =[— (B 11=P)d1g, ) (¥,18,)*F
+{yl1~P)dlg. ) (¥l ) TS 0N .
(40)

Here £ is given by Eq. (36) and the “effective” overlaps
are defined:

(¢j}¢1 Y= z (¢jl¢,)(5-l),{ s (41a)
(B 7)) =S (ko N8N,y - (41b)

The direct amplitude above is given by
AL =71 dle ) (= (98 ) B0, @)

where the factor
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xU=— (¢ )N DY o) (43)

is readily identified as the spectroscopic satellite ampli-
tude. Comparison of the direct and the full amplitudes
clarifies the effect of the conjugate part: except for intro-
ducing the projection operator P in the direct part, there
arises an additional term formally obtained by exchang-
ing the role of j and k in the first (“effective” direct) part
(Al c— Aly;). We may call this latter part the
“effective” conjugate shake-up amplitude. It should be
noted that the quantity

A= (9| (1= B)d19. (B §loY) (44)

represents the transition moment for a bound K-shell sin-
gle excitation (j'c ~!) in the CVS approximation.

The expressions (35)-(40) for K-shell ionization ampli-
tudes in the RCHF and CVS approximations are still in
terms of (primitive) spin-orbital representations. The
construction of spin-free equations for ionic states of
proper spatial and spin symmetry is straightforward.
The resulting expression for the 1s-hole main state in the
1s photoionization of CO will be given in Sec. V. The
case of K-shell sateilites will be discussed in a forthcom-
ing publication.?

IIL. POTENTIALS FOR K-SHELL
PHOTOELECTRONS

Single-particle scattering eciuations may be derived
from the variational expression*!

(5¥¥ A -Ew¥)=0, (45)

where |%¥) is an N-electron final state expressed in terms
of target-state orbitals that are kept fixed and a continu-
um orbital |#,~') which is to be determined. Here the
variation |§W") arises from the variation of the continu-
um orbital {8¢,) only. In the FCHF model for the pho-
toionization of a closed-shell molecule the final state
(with S=0) corresponding to a single-hole ionic state

o)1) =ay, @} (46a)
may be written as

|~vﬁ,’.‘)=—‘7'.;<a1,a,,,+a;,a,,,)l¢g’> , (46b)
where the second-quantized notation introduced in Sec.

I1 A is used and a and B are the usual spin states. The
analogous RCHF state reads

[wi,:{,)=‘—/‘.-2-(c;,c,,,+clpc,,,)|$5’) ) (46¢)

In either case the result of the variation of Eq. (45) takes
on the form'*

|
T+ 3 (27, ~R)n,+3, + R, +EY —e, —E |Ik) + |k ) Ak NEY —2¢y + T4 —E)
i
+}h)(h T+ 3 (20, -Rm, k)+ 1+ 3 (20~ Rom ) (AK)=0, @)

ik

i*h



where the notation |i ) applies to the frozen orbitals |¢, )
or the relaxed orbitals |y, ), respectively. In Eq. 47) 7
represents the kinetic energy and the electron-nuclei at-
traction, J, and K; denote Coulomb and exchange opera-
tors associated with the orbitals |i). The energy e, of
the open-shell orbitals is given by

e,,=<h ‘?+ ;(z.?i-k, n; ‘h) : 48)

which still applies if |4 ) is not an eigenfunction of the in-
serted HF operator. Furthermore,

Juw=ChIT,1hY = (hIR,R) (49)
is the Coulomb self-energy of the orbital |4 ) and
EY=(NIBIN) (50)

represents the (first-order) energy of the frozen
(IN)=|0%)) or relaxed (IN)=|BY)) N-electron
ground state. In deriving Eq. (47) orthogonality was as-
sumed between the continuum orbital |k) and the doubly
occupied orbitals |7), n,=1, r#A, but no such restric-
tion with respect to the open-shell orbital [A) was im-
posed on |k ).

To discuss the complications introduced by the possi-
ble lack of orthogonality between the orbitals |k) and
|h) we project both sides of Eq. (47) on |h ), yielding the

equation
y

(h T+ 3 (Zji_ki n;+7,
+(EY ~e, —EXhlk)=0. (51

ik

In the FCHF model, since |k ) is an eigenfunction of the
(ground-state) HF operator, this equation reduces to'’

0=(E§ —E)(hlk)=(e, - 1k*){hlk) , (52)

where the second equation follows by writing the total
energy E as

E=E{—¢,+1k?. (53)
Obviously, Eq. (52) requires {hlk) =0 for positive ener-
gies 1k? and with this orthogonality constraint one ob-
taing2 the familiar improved virtual orbital (IVO) equa-
tion

t+ 3 27, —Rom+J,+R, -1k Ik)=0. (58)
ik
It should be noted that the orthogonality properties,
(kli)=0, n,=1

are not automatically fulfilled by the solution of Eq. (54)
but rather must be introduced as an additional con-
straint.

Turning to the case of the RCHF model we write the
continuum function as

KY=Ik')+(Alk)|n), (55

where (4/k’) =0. Equation (51) can then be transformed
to the following equation:
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i+ 3 (27, —Rm,+17,

i*=h

(hlk)= (56)

( t)
€y = %k 2

for the bound-free overlap (hlk). In general, the
numerator on the right-hand side of Eq. (56) does not
vanish and one is faced with the situation that the varia-
tional principle explicitly requires a nonvanishing overlap
(hlk). Besides the much more complicated coupled
equations that may resuit from Eq. (47) for k') and
{h|k), it is by no means clear how a properly normalized
N-particle final state could be constructed in this case.

Fortunately, specialization to K-shell ionization allows
one to get rid of these complications to a very good ap-
proximation. If |A)=/|c ) is a K-shell orbital the absolute
value of the denominator in Eq. (56) is of the order of the
core-valence energy gap. The matrix elements appearing
in the numerator are small since they are of the mixed
core-valence type ., and V... Hence only a very smail
error is introduced by setting { h|k ) =0, i.e., by adopting
the strict core-valence separation approximation dis-
cussed in Sec. IID. Thus in the RCHF model of K-shell
photoionization we may safely adopt the IVO Eq. (54).

IV. ANALYSIS OF THE RCHF MODEL

A. Resonance positions through second order
of perturbation theory

In the FCHF description of shape-resonant K-sheil
photoionization the potential does not include the effect
of screening of the 1s hole by the reorganization (relaxa-
tion) of the valence clectrons. The FCHF potential is
hence too attractive and the resulting resonance positions
are usually several eV below the experimental values. A
substantial shifting to higher energies has indeed been
found by Lynch and McKoy®™ for the o* shape reso-
nance in N, by allowing for electronic relaxation through
the RCHF potential. While the shape of the resonance is
now in much better agreement with the experiment the
calculated resonance position lies a few eV above the ex-
perimental value. This discrepancy in resonance position
was tentatively attributed to an *“overscreening” intro-
duced by the RCHF potential. To clarify this concept
and to get a better understanding of the frozen- and
relaxed-core approximations we compare the resonance
energies in the FCHF and RCHF models with the exact
result through second order of perturbation theory.

We specifically consider the energy EY of a singlet core
excitation |W¥) obtained from the unperturbed singly
excited state

o) = —‘/l—i—(alfcam+a,f,a¢,)l¢{," ). 57

Here |v) represents an unoccupied (valence) orbital, e.g.,

m* or o*, and c a 1s orbital. The term value
R,=EN-EN-!, (58)

i.e., the energy with respect to that of the 1s-hole state,

W2, |0,
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can be positive or negative. In the former case the term
value is related to a resonance position, while in the latter
it refers to the position of a bound state below the ls-
ionization threshold. All perturbation expansions used in
the following are defined with respect to the ground-state
HF representation.

Let us begin with the FCHF model. Here the term
value RFC is given by the eigenvalue €7 of the FCHF
Eq. (54

FECFCY =FClpFC) | (59)
The FCHF operator f T€ can be written as
Fre=f~T.+2R., (60)
where
fo=t+ z(ﬁ—ki)n‘- 61

is the ground-state HF operator. The form of the right-

hand side of Eq. (61) makes the perturbation expansions
for {vFC) and €5 obvious:
Ve +2V,
W) =lp)+ § —F— 5 lg)+0(2),
p €, —E,
- (62a)
RIC=efC=¢,~J, +2K, +2K,
+s (Vm,—-ZVm,)’ﬁ,
) €78
qFy
+0(2)+0(3) . (62b)

The direct part {—J,.) of the first-order contribution to
the orbital energy accounts for the lowering of the elec-
trostatic repulsion upon removal of a Is electron. The
second-order term for the energy (and the first-order term
for the wave function) reflects the adjustment (relaxation)
of the relevant orbital [v ) to the 1s vacancy. It should be
noted that the perturbation expansions (62) already in-
clude the effect of the orthogonality constraints
(vFCr) =0, n,=1 of the FCHF model by restricting the
summations to unoccupied orbitals |¢ ).

In the RCHF model too, the term value R} is given
by the single particle energy eXC. The RCHF operator

FRE=p+ ) (23 ~Rn+T.+R,

ik

(63)

has the same form as the FCHF operator but—as indi-
cated by the primes—the Coulomb and exchange opera-
tors here are defined with respect to the relaxed orbitals
{4,) of a HF calculation for the ion. To derive the
desired perturbation expansions we decompose the
RCHF operator according to

fkc=fo+fl1w , {64a)
FRC=—F +2k + 3 (27 -R; =2, + R,
e
+7+K.~-7. R, (64b)

where one has to take into account that the perturbation
part / R€ itself has its perturbation expansion

FRE=PROOV+ SR+ <o . (65)
The zeroth-order term is clearly identified as
Fro=-7.+2K, (66)

and the first-order term may be easily evaluated once the
ionic HF operator generating the relaxed orbitals has
been specified. Obviously this operator may deviate from
the IVO form of Eq. (54); it may even be the case that the
relaxed orbitals are calculated by a generalized HF pro-
cedure where the operator approach does not apply at all.
In any case, we may assume the following form for the
expansion of the relaxed orbitals through first order

=~V FVYV,
w)=ip+ 3 —=lm ) 100,
g

i~ %

q%J
where ¥ is a parameter, depending on the choice of the
jonic HF equations. Now the perturbation expansion of
the excited RCHF orbital [v*¢) may be written as

=¥ eac T2V,

(67}

ROy =jp)+ 3 —E_ T g )
" €,~¢
g%
-V, +yV
+ 3 —= L4 n,lg)+0(2).  (68)
q E‘,‘—Eq
q*v

Here, in addition to the first-ordes FCHF form, admix-

tures of occupied orbitals |g) occur. Note that in the

latter part the exchange terms have the factor y instead

of 2; this guarantees the orthogonality constraints

{vR€ly;) =0 for the occupied relaxed orbitals l#;) {Eq.

(67)] through first order. For the RCHF energy £,€ the
second-order expansion

- 2
REC=ghemgrg4 3 Lo T e
, €, €

+ RS D) +0(3) (69a)

comprises the FCHF result €f°(2) [Eq. (62b)] and two ad-
ditional terms, the first of which is associated with the
occupied-orbital admixtures to |v). The other term
reads

(uiffClo)=3 w2~ R, =27, +R,lv)n,

r#e
(= Ve ¥ Vg 2V g — Viorgo)
=13 e
rg r q
rec
Xn Ay , (69b)

where real-valued Coulomb integrals have been assumed
for simplicity. This term has the obvious physical mean-
ing of a screening energy for the orbital Ju), since it ac-
counts for the change in the electrostatic respulsion be-
tween the orbital |v) and the occupied valence orbitals
upon relaxation of the latter. It should be noted that in
the core-valence separation approximation, which for
simplicity will also be adopted in the present perturbation



studies, |, ) =lc) and hence the part TI+R-T.-R,
of £ %€ vanishes.

Now we may compare the FCHF and RCHF approxi-
mations with the exact term values R, through second
order. The second-order expansion of the energy of the
excited state | WY ) has the following form:

EN=Efi+e,~e .~ +2K, + UD(p-h)
+ U 2p-20)+ U2 3p-3h) . (70)

Here EY(1)=(®}|B|®}) is the ground-state HF ener-
gy. The three terms UM (p-h), U2 2p-2h), and UZY(3p-
3h) represent the second-order contributions arising from
the interaction of |®¥) with (other) p-h states, 2p-2h
states, and 3p-3h states, respectively. Similarly, we find
for the energy of the ionic state the expansion

EN-H2)=EJ(1)y—e,+ UP(2h-1p)
+ U 3k-2p) , {1

where U?'(2h-1p) and U{P(3h-2p) arise from the interac-
tion of the single-hole state with 24-1p and 3h-2p states,
respectively. Combining the expansions (70) and (71)
yields for the term value

R(D)=¢,—J, +2K, +UPp-n)+ UF(2p-2h)
~U22h-1p)+ UP(3p-38)~ U (3h-2p) .
(12

The second-order contributions appearing here have been
specified elsewhere’* in the case of primitive (spin-
orbital} excitations. Here we have to consider the some-
what more complicated spin-free expressions appropriate
for a singlet excitation (57) and a doublet ionic state.
Again using the core-valence approximation we find

(Vrege =2V eeq
Udtp-hy= 3 ——"—7, . 3
q L )

g*o
This result is readily identified as the second-order contri-
bution of the FCHF energy (62b). The contribution

U 2h-1p)

2VE_+2VE -2V, V.
A LT, (T4)

Py g, ¢,
represents the second-order relaxation energy of the ionic
state. For discussion of the 2p-2k contribution U*(2p-
2h) it is useful to split it into & part U, (2p-2h) arising
from excitations of the form (¢)'(v)e) " Y%r)™! and a
remainder U, (2p-2h). The former part, being the cssen-
tial one, can be brought into the following form:

Uy(2p-20y=Q +5+P, (75a)

==2 3 (V2 Vg Vi + V2 I, R,

ar E,"‘E,
q¥*v

-3 - _’_E (Vg + Vope V1, (75b)
r ce r
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s=23% -——l—g—uvmvw—v v,
ar 4

eq — 2 creg 7 vry
il
= Verge Virog T2V erge Virgy 1117,
1
P23 T Ve Vone Woms (75¢)
rove r
= 1 -
pP==-2 ;'g Py (Vo = Virg Vorge + Vi 11,7,
g
-3 . _l_g vi.n, . (75d)
r v r

Each of these parts has a distinct physical meaning. The
first part @ is identical with the s relaxation energy (74),
except for the term in which ¢ =v. With respect to the
term value this means that the s relaxation energy large-
ly cancels out, the remainder being

V2 —4v. V. __+V2
Q~-UP2h-1p)= 3 —= E"’j_ s"“‘ n, . (76)
r 14 r

Up to terms with exchangc integrals, this part is retrieved
in the RCHF energy £RC, namely, in the second term on
the right-hand side of Eq. (69a). The next part S in Eq.
(75) obviously recovers the screening energy {69b) intro-
duced by the RCHF approximation. It should, however,
be noted that there remain discrepancies with respect to
exchange contributions irrespective of the choice of ¥
[Eq. (67)] adopted for the relaxed orbitals. Neither the
FCHF nor the RCHF approximation includes the third
part P accounting for the polarization of the ionic core by
the bound or free electron in the orbital v. The energy as-
sociated with the polarization is clearly negative, shifting
the term value or the resonance position to lower energy.
The remaining second-order contributions are the
remainder of the 2p-2/ part (& denotes the exchange en-

ergy)

Usp2ky=— 3
e
qSg'tp)

WL +6
——p A A, (D
g, T, —E, g,

and the difference
U2(3h-2p)~ UP(3h-2p)
=4 2

rr
rse

W2, +6

Ann, (78)
g, +e,—g,~¢, !

mainly reflecting the difference of correlation energies in
the excited and the ionic states. Both contributions are
absent in the singie-particle approximations but are ex-
pected to be only of minor importance.

We can summarize our results as follows. Of all
second-order contributions the FCHF energy includes
only the Tamm-Dancoff (TDA) term [ U2 (p-4)] arising
from the mixing with other single excitations. The
FCHEF result (in second order) differs from the RCHF en-
ergy by the screening energy (69b) and the occupied or-
bital analogous to U.2(p-h), that is,



(Viege =7 Vieog 1

p g, ~€,
Both contributions are positive, explaining the higher
RCHF energies. In the exact second-order result they
are retrieved (up to exchange terms) as the energy S [Eg.
(75b)] and the difference Q —U!?(2h-1p) {Eq. (76)] of
excited- and ionic-state relaxation energies. The major
deficiency of the RCHF model appears to be the neglect
of the polarization energy (75d) leading to too high term
values or resonance positions.

B. Transition amplitudes

In the preceding section, Sec. IV A, we adopted pertur-
bation theory to analyze resonance positions or term
values in K-shell photoexcitation. We now look at the
corresponding transition amplitudes in light of perturba-
tion theory. Again, we consider the singlet K-sheil hole
state | WY ) resulting from the zeroth-order state |®Y ) of
Eq. (57), where |v) represents an unoccupied valence or
continuum orbital. The expansion of the transition am-
plitude A, =(WY|D|¥)) [see Eq. (3)] through first or-
der is

A, (D=V2(u|dlc)+ (¥ |BloY)
+(oN|DI¥"), (79

where [W1) and |W)’) represent the first-order excited
and ground states, respectively. The first-order contribu-
tion,

Voooe T2V,

(WDIDIe)=v2 3 —== g (gldle) ,
q v

q*:v
(80

arises from the admixture of other single excitations
[®X) (adopting here again the CVS approximation).
This part of the first-order amplitude is properly account-
ed for by the Tamm-Dancoff approximation to electronic
excitation.’® The other first-order contribution in Eq.
(79), associated with ground-state correlation, or more
precisely, with the admixture of double excitations to the
HF ground state, is included in the random-phase ap-
proximation®® (RPA) which provides a consistent first-
order description of the single-excitation transition am-
plitudes; for a more detailed discussion see, ¢.g., Ref. 33.
In the present context it is important to realize that for
K-shell excitations in the CVS approximation the RPA
reduces to the TDA and the ground-state correlation
contribution (@Y |5 (W) in Eq. (79) vanishes.

We can now compare the full first-order result (in the
CVS approximation) with the RCHF amplitude ARXC
[Eqgs. (35) or (40)]. To first order and in spin-free notation
we find

AXW=v2 |(vldle) + (VI dlc)
=3 wMr)rdlcIn, ) . (81)

Obviously, the conjugate part cancels all contributions
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arising from the occupied orbitals in the first-order term
of [v®€) [Eq. (701}, i.e.,

FRUES JISTEIE

Vg +2V,

=3 —=FE _Fig), (82

? €, — €, ald

qF*0
and the final result is seen to be identical with the full
(first-order) amplitude. Thus we have arrived at the im-
portant conclusions that the RCHF description of single
photoexcitation amplitudes in the K-shell regime is com-
plete (up to terms vanishing in the CVS approximation)
through first order of perturbation theory, and is thus
comparable to the level of the RPA treatment. Interest-
ingly, the FCHF amplitudes Ac'_:,,c are also consistent
through first order, since, due to the orthogonality con-
straints (vFC|r) =0, n, =1, the first-order term of |vFC)
[Eq. (62a)] contains only unoccupied orbitals |q ).

V. CALCULATIONS

The bound electronic wave functions required in the
present applications were obtained from Hartree-Fock
calculations for the ':* ground state of CO
(10%20%30%40%17*50?) and for the C 1s and O 1s hole’
states of CO*. The SCF basis used in these calculations
consisted of the 7s/4p/2d contraction of 13s/8p/2d
Cartesian Gaussians. The exponents and contraction
coefficients (No. 6.72.2 for C and No. 8.76.2 for O) were
taken from Huzinaga.’® The exponents for the d func-
tions were 0.92 and 0.256 for C, and 1.324 and 0.445 for
O. The calculations were done at the equilibrium nuclear
geometry of 2.132 a.u. For the ground state of the neu-
tral molecule an SCF energy of —112.7844 a.u. was ob-
tained; the energies for the C 1s and O 1s hole states were
—101.8625 and —92.8818 a.u., respectively. The overlap
integrals S;; [Eq. (20)] and dipole integrals d;; [Eq. (23)]
between the frozen (ground-state HF) and the relaxed
(ionic HF) orbitals were calculated using the single-center
expansion techniques described below. The results are
listed in Tables I and II.

The methods for obtaining the photoelectron continu-
um wave functions and bound-continuum integrals have
been used in many previous applications and are amply
described in Refs. 15 and 37. In brief, the continuum
function is written as the partial-wave expansion

n
# ()= 2 l
™

Each partial wave ,,,(r) satisfies the Lippmann-
Schwinger equation

’z 'Idr‘u’,.’(r)}’,;,(k) . (83)
, m

Wi D)= + 617 [+ gy 34

Here G!™’ is the Coulomb Green’s function with
incoming-wave boundary conditions and ¥ is the static-
exchange potential for the molecular ion [see Eq. (54)]
taken either in the frozen core (5 =5 FC) or the relaxed
core (3=DRC) representation, Orthogonalization be-
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TABLE I. Overlap integrals S;; [Eq. (20)]. These overlaps contain an arbitrary phase due to the sign of the wave function.

Frozen lo 20 Jo 40 5o Ir
Relaxed

C 1s(20)*

lo 0.999 —0.905x107% -0.177x 107} ~0.381x107? 0.107X107}

20 -0.877% 1073 —0.998 0.622X107? 0.688 X 1072 -0.700% 1072

3o -0.393x1073 —0.498x 1072 —0.994 0.887x107" —0.142x 107"

40 0.569> 1073 —0.431x1072 0.906x 107! 0.988 0.747x 10"

So ~0.149X 107} —0.341% 1072 —0.196Xx 107! -0.799% 107! 0.976

1r 0.986
O Is({la)?®

lo 0.999 —0.696X 1074 0.749% 1072 0.372x 1072 0.866x107?

20 -0.693x107* —0.999 0.150x 1073 0.242x107? 0.107x 1072

3o 0.561 %1072 0.229x107?} —-0.995 0.125x107" -0.480% 10"

4o -0.232x107?2 0.225x 1073 0.732x 1072 0.981 ~0.142

S50 —0.656x 1073 0.137x1072 —-0.521x10™! 0.147 0.981

tr —0.972

*The frozen orbitals are from the neutral ground state. The relaxed orbitals are from the ion state, 20 ', i.e., the C 1s ! state of

Cco*.

*The same as footnote a except the relaxed orbitals are from the ion state 1o ™', i.e., the O 1s ~! state of CO™*.

tween the continuum and the occupied orbitals is taken
into account by means of the Philips-Kleinman pseudo-
potential as described in Ref. 15. The solution of the
Lippmann-Schwinger equations (84) is based on the
Schwinger variational method. By assuming a separable

the solutions of the integral equations (84) can be written
as

Yhim (1) =0m(0)+ X (£lG{ Pl D1,
[¥)

approximation to the potential, X {a,l P165m) - (87)
P=p+ L i (&%) Here ¥ and D denote matrices with matrix elements
" v, =(a,|Pla;) (88)
of the form
PaxPi=3 (el Pla, X1, (a;i¥ir) (86) and
=V'= 2 Va0, (e, ' D,;={a,|P-PG'Pla,) . (89)

TABLE I1. Dipole integrais d;; [Eq. (23)] between frozen and relaxed orbitals in a.u. For the o —o, v— transition d=z for

g—w,d=(x —-iy)/‘/i; and for r—0,d=—(x +iy)/\/§.

Frozen lo 20 3o 4o So ir
Relaxed

C 1s(20)
lo 0.913* 0437107  —0.181x107! 0.472x107" ~0.234x 107! ~0.511x10""
20 —-0.114X 1072 1.216 0.370% 10! -0.204X 107! 0.853%10™! —0.494X% 107!
3o 0.202x107! 0.499%10" -0.257 —0.595 —0.107 0.604
40 0.440% 107" 0.176 107" 0.708 0.879 -0.905 —0.126
So —0.268x 107! 0.697x 10"} —0.103x 1072 —~0.885 —1.551 0.297
Iz 0.489x 10~} —0.581x10°" 0.625 0.160X% 107! ~0.329 0.283

O ls(lg)
1o 0.912 —0.100X10"*  —0.144Xx10! ~0.595% 10~ —0.328x 107! -0.605x107!
20 ~0.506x 10~3 1.216 0.369x 107! —0.188x 107! 0.563% 107! -0.389x 107!
3o '0.260x10™! 0.358x 10" ~0.355 -0.617 —0.243%x 10! 0.592
40 0.571x107" 0.243x 107! 0.621 1.002 —0.588 —0.108
5o —0.205%x10"" ~0.549x 107" 0.168 —0.735 -1.742 0.327
1w —0.668x 107" 0.283x10~! —0.600 —0.143 0.183 -0.532

*Note that diagonal elements depend on the origin of coordinates and are not included in the calculation of the transition amplitude
due to the CVS approximation discussed in Sec. II D.
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The set of functions |a;) referred to as the scattering
basis set consists of suitably chosen discrete functions
such as Cartesian Gaussian functions. The scattering
basis set used in the present calculations is specified in
Table III.

All matrix elements and functions arising in the com-
putation of the partial wave v\, according to Egs.
(87)-(89) are evaluated using single-center expansions
about the center of gravity. The details of these expan-
sions are as follows.

(i) Maximum angular momentum in the expansion of
the occupied orbitals in the direct potential is 29.

{ii) Maximum angular momentum in the expansion of
the occupied orbitals in the exchange potential is 25 (1¢),

]

1
Dy = 7—‘2‘( A kimg T AL kima)

=VABOY) ((Yin 12,1010 = T (Wl 16,0870, 17,144,

Here, the dipole operator components

F(R:P)/VE for p==1,

2 for u=0 G

m

are used and |¢,, ) refers to the core orbital C 1s(20) or
O 1s(1co). In Eq. (90b) only spin-free (spatial) quantities
are retained, and, in particular, S represents the matrix of
spatial relaxed-frozen overlap integrals (¢,/¢, ). The N-
electron overlap (3 )I®Y) is given by the square of
det(S). The decomposition of the full amplitude 7,
into the direct ' and conjugate contribution 7'V,

Ilmu =II(I=I)‘A +Il(nl|l‘: ’ (92)

according to Eq. (90b), is obvious. The dipole integrals
{Wum!P,101;) and overlaps (¥, |#,) were calculated
with the single-center expansion technique specified
above. The total photoionization cross section for the
1s-hole main state averaged over all molecular orienta-
tions is obtained from the partial amplitudes (90b) by

o=2T ik 3 Ul 93)
3¢ i

The corresponding asymmetry parameter 8 of the photo-
electron angular distribution (with respect to the polar-

TABLE III. Scattering basis sets used in Eq. (37).

Continuum Type of Gaussian
symmetry function® Exponents
o Cartesian s 10.0,4.0,1.5,0.5,0.1
Cartesian z 2.0,1.0,0.5,0.1
T Cartesian g, 10.0,4.0,1.5,0.5,0.1
Cartesian d,, 1.0,0.1

*Cartesian functions are centered on each nucleus. For details
of the forms of these functions and their use see Ref. 15.

25(20), 15 (30), 15 (40), 10 (50), and 10 (17).

(iii) Maximum angular momentum in the expansion of
1/r,; in the direct and exchange terms is 58 and 29, re-
spectively.

(iv) All other single-center expansions were truncated
at [=29.

The partial-wave expansion of the continuum orbital,
Eq. (83), was truncated at /, =8. The resulting radial in-
tegrals were obtained using a Simpson-rule quadrature.
The grid contained 500 points and extended to 69.0 a.u.
with a step size of 0.01 a.u. near the nuclei and a max-
imum step size of 0.40 a.u.

Following Eq. (35) we introduce the spin-free transition
amplitudes I}, for the partial waves ¥,

(90a)

(90b)

f
ization of the light) is given by

_ 4 -
P
o
x(21'+1)]'/3( 1100120 (1I'0[20)
X (M —pp' 2w W —m—m'{2—p") .
(94)

Here (I;m,l;m,|Im) is the Clebsch-Gordan coefficient
(1,m,1,m,}1,1;Im) in the notation of Edmonds.*®

VL. RESULTS AND DISCUSSION

A. C(1s) ionization

Figure 1 shows the shape-resonant C 1s photoioniza-
tion cross section in CO calculated both in the FCHF and
the RCHF approximations, together with experimental
results by Kay et al.’? and by Truesdale et al.® As for
N,, the two results are significantly different. Without
valence-electron relaxation one finds a relatively narrow
and intense peak about 5 ¢V above the C ls ionization
threshold (296.2 eV). The relaxed description (RCHF),
on the other hand, results in a substantial lowering,
broadening, and shifting of the o* resonance centered at
11.2 eV above threshold. This difference is clearly an
effect of the screening of the Is hole by the relaxed
valence electrons leading to a much less attractive poten-
tial than the “unscreened” potential of the FCHF model.
The experimental resonance position, somewhat obscured
by autoionization structures, appears to be between 8 and
9 ¢V, that is 2-3 eV below our RCHF result. According
to the discussion in Sec. IV A the overshooting of the cal-
culated resonance position seems to be primarily induced
by the neglect of target polarization in the present ap-
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FIG. 1. Photoionization cross sections leading to the 20 ™ (C
1s~") state of CO*. ——, present results (length) in the FCHF
approximation; — — —, present results (length) in the RCHF
approximation; #, experimental resuits of Ref. 39; A, experi-
mental resuits of Ref. 6.

proach. Inclusion of the attractive polarization potential
not only would lower the resonance position but would
also enhance the resonance peak.

It may be worth noting that the different magnitudes in
the frozen and relaxed cross sections result to some ex-
tent from the absence of the overall spectroscopic factor

lx, P=KB e,

in the expression for the FCHF cross section. This quan-
tity specifies the amount of spectral strength diverted
from the single-hole state to shake-up and shake-off
states. The present RCHF calculations give a value of
|x,,}2=0.79 which is slightly larger than the result (0.68)
found in a recent Green’s-function study.*

In Fig. 2 we compare our calculated frozen- and
relaxed-core photoionization cross sections with the
frozen-core results obtained ereviously by the Stieltjes-
Tschebycheff moment theory'® (STMT) and by the multi-
ple scattering (MS) method.' The present frozen-core
curves should be essentially identical to those of the
STMT studies, since the underlying single-particle
scattering potential is the same. Nevertheless, we see
drastic discrepancies in these results. The cross section
of the STMT method shows a very broad resonance
feature with a maximum 9 ¢V above threshold, in ap-
parent good agreement with the experimental data. The
resonance peak of the MS calculation is centered at even
higher energy, almost coinciding with our relaxed-core
result; its width and height is somewhat larger than that
given by the present FCHF calculation. According to
our discussion in Sec. IV A, it is certainly not realistic to
expect resonance positions at or even above the experi-
mental value when using the unscreened core-hole poten-
tial of the frozen-core model. Similar discrepancies be-
tween the STMT result and the iterative Schwinger
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FIG. 2. Photoionization cross sections leading to the 20 ™' (C
1s~') state of CO*. £~-8, present results (length) in the
FCHF approximation; © -©, present results (length) in the
RCHF approximation; ——, calculated FCHF results of Ref.
18 using the STMT method; — — —, calculated results of Ref.
41 using the MSM method.

static-exchange (FCHF) cross sections have been found
for the K-shell ionization of N,.2°

Figure 3 shows the decomposition of the total C Is
photoionization cross section into the contributions of
the ko and k# subchannels. To investigate the role of
the conjugate contributions we have also plotted (dashed
line) the “direct” ko and k1 cross sections obtained by
omitting the conjugate (overlap) part in the amplitude
(90b). Note that the overall spectroscopic factor
{1x,,/*=0.79) is not taken into account in Fig. 3. In both
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FIG. 3. Partial channel photoionization cross sections lead-
ing to the 20~!. (C 1s~!) state of CO* in the RCHF approxi-
mation. ——, direct plus conjugate cross sections as per Eq.
(90b); — — —, only direct cross sections using the first term of
Eq. (90b). Note that these cross sections omit the overall spec-
troscopic factor.



channels we see a significant enhancement of the cross
section upon inclusion of the conjugate contribution.
The modification due to the bound-free overlap terms is
largest at low photoelectron energy and becomes small
towards larger energies, as expected. At the resonance
position in the ko channel the enhancement of the direct
part amounts to 0.16 Mb, that is, almost 30% of the
direct value. In the k7 channel the largest difference be-
tween the direct and full cross section is found at thresh-
old, being here about 30%.

A more detailed view of the bound-free overlaps is
given in Fig. 4. Here we have plotted the quantities

$.00=3T 0k S (g 1912 95)
3¢ Pyl

as a function of energy for the occupied (frozen) valence
orbitals » =30, 40, So, and 1. Note that these quanti-
ties are dimensionless and when multiplied by the square
of the appropriate bound-bound transition matrix ele-
ment, correspond to a “conjugate transition cross sec-
tion.” It is aiso important to note that each / component
of the conjugate amplitude may interfere with the direct
part of the amplitude [see Fig. 90(b)]. In addition, in CO
there may be additional interference in the sum over or-
bital contributions, (r,#'}, in the conjugate amplitude.

In the k7 channel the squared overlap S;,(k) assumes
a value of 22.75 at threshold and decreases rapidly with
increasing photoelectron energy. In the ko curves this
type of behavior is superimposed on a resonance enhance-
ment, leading to local maxima (and minima) in the 30
and 40 overlap curves and a distinct shoulder in the 5¢
curve. The value at threshold is largest for the outermost
valence orbital 5o [S,,(0)23.5}; distinctly lower values,
namely, 5,,{(0)=0.6 and §,,(0)=0.1, respectively, are
found for the inner-valence orbitals.

The squared overlap S,{k) for the core orbitals O 1s
{1o) and C 1s (20) are smaller than 10™* and 0.03, re-
spectively. In the strict core-valence separation approxi-

4.
3-
(207"
' 24
1.4
04
295 315 335 355 375 395

Photon Energy (eV)

FI1G. 4. Frozen bound-relaxed continuum orbital overlaps, S,
of Eq. 9%). B, r=3g; —&~, r=d4a; 9, r=3o; o,
r=1m. See Sec. VI for more details.

164

mation the frozen- and relaxed-core orbitals are identical
and orthogonal to the (relaxed) continuum orbital. How-
ever, since this approximation has not been enforced in
the calculation of the relaxed orbitals the frozen Is
relaxed-continuum overlap integrals are not identically
zero. These deviations give an estimate of the error in-
troduced by the core-valence separation approximation.

Figure 5 shows the photoelectron asymmetry parame-
ter 8 calculated in the frozen- and relaxed-core models.
The shifting and broadening of the shape resonance by
the screening of the C 1s hole are apparent in these re-
sults. Both the frozen and the relaxed 8 curves have a
distinct minimum in the energy regions of the respective
frozen and relaxed resonance positions, as seen in the
cross sections. Beside the shift in the position, the re-
laxed curve assumes a somewhat high 8 value at the
minimum and is flatter than the frozen one. The experi-
mental data of Truesdale et al.5 seem to be in better
agreement with the relaxed curve, in particular, if shifted
by 2-3 eV to lower energy in order to agree with the ex-
perimental resonance position.

Figure 5 also displays the direct part of the relaxed 8
curve obtained by neglecting the conjugate contributions
in amplitude (90b). The direct curve differs only little
from the solid curve; in particular, above the minimum
they are almost identical. This shows that the 8 parame-
ter is little affected by the conjugate contributions.

The 1s photoelectron asymmetry parameters for CO
have been calculated previously by Dill et a/.*? and by
Grimm* using the multiple-scattering model (MSM).
These calculations were based on the transition state
self-consistent-field (SCF) treatment in which one-half of
an electron was removed from the K-shell. Correspond-
ingly, only half of the Is-hole screening was accounted
for by the scattering potential. The results of such a
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0.0 4

-0.5 A

“1-0,05 300 305 3lo ais a%o 335

Photon Energy (eV)

FIG. 5. Photoelectron asymmetry parameters for photoion-
ization leading to the 207! (C 1s7') state of CO*. —0,
present results (length) in the FCHF approximation; — — —,
present results (length) in the RCHF approximation; —,
present results (length) only using the direct part of the transi-
tion amplitude; &, experimental results of Ref. 6.
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“half-relaxed” method lie, of course, somewhere between
those of the frozen- and the fully relaxed-core approxima-
tions. In spite of the usually better agreement with ex-
periment there is little physical justification for this pro-
cedure, since the shortcoming of the RCHF model is not
“overscreening” but neglect of target polarization.

B. O (1s) ionization

The O 1s photoionization cross sections calculated
both in the frozen- and relaxed-core approximations are
shown in Fig. 6, along with experimental results of
Barrus ef al.'! (photoabsorption) and Truesdale er al.®
and previous theoretical results of Padial et al.'® ob-
tained using the FCHF model and STMT methods. Asin
the C 1s cross section, the shape resonance is drastically
shifted and broadened in the relaxed potential compared
to the frozen-core potential. However, here the
differences between the frozen and relaxed calculations
are more dramatic. The shift of the resonance position
induced by the screening of the O 1s hole in the RCHF
modetl is about 10.5 eV, which is over 4 ¢V larger than in
the C 1s cross section; concommitantly the relaxed O Is
resonance peak is even flatter and more extended than its
C 15 counterpart. The difference in the screening effect
for the C 15 and the O 15 hole is, of course, a consequence
of the larger electronic reorganization (relaxation) in the
presence of a K-shell hole at the atom with higher nu-
clear charge. The relaxation shifts for the C Isand O Is
ionization energies of about 13 and 21 eV, respectively,
may serve as a measure of this difference.

As in the C 1s case, the experimental shape resonance
result lies between the frozen and relaxed theoretical
curves. Again, we expect that inclusion of polarization in
the RCHF potential would lead to better agreement with
experiment. However, here the experimental resonance
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FIG. 6. Photoionization cross sections leading to the lo ™!
{0 157') state of CO*. ~——, present results (length) in the
FCHF approximation; — — —, present results (length) in the
RCHF approximation; ——, calculated FCHF results of Ref. 18
using the STMT method; O, experimental resuits (photoabsorp~
tion) of Ref. 11; O, experimentai results of Ref. 6.

position (about 7.5 ¢V above threshold) differs by 5.5 eV
from the result of the relaxed-core calculation, and this
discrepancy appears somewhat too large to be accounted
for only by polarization. The overall spectroscopic factor
|x1, |? contained in the relaxed-core result (but absent in
the frozen-core result) was calculated to be 0.74, a value
larger than the previous ab initio result*®® of 0.61. The O
15 cross section calculated by Padial er al.'® in the FCHF
approximation using the STMT method is again at vari-
ance with our frozen-core result even at high photon en-
ergy.

The decomposition of the relaxed-core O 1s cross sec-
tion into the ko and k subchannels is shown in Fig. 7.
Also plotted here are the direct parts of the respective
cross sections, thus making apparent the role of the con-
jugate contributions. As in the C ls ionization they re-
sult in a substantial enhancement of the cross section in
both channels. Remarkably, the direct k7 cross section
increases even at 100 eV above threshold, and the
enhancement by the conjugate contribution is still of the
order of 10%.

The frozen and relaxed photoelectron asymmetry pa-
rameters for O ls ionization are plotted in Fig. 8. For
both curves the S values at low energies are higher than
for C ls ionization. As in the cross sections, the
differences between FCHF and RCHF B's are qualitative-
ly the same as in C (1s) photoionization. The relaxed 8
curve exhibits a pronounced maximum near threshold.
The synchrotron data by Truesdale et al.® are somewhat
scarce and scattered, making the comparison between
theory and experiment inconclusive.

VII. SUMMARY AND CONCLUSIONS

The relaxed-core Hartree-Fock model used here to
study molecular K-shell photoionization cross sections
and angular distributions contains the following approxi-
mations.

(i) The N-electron initial state is given by its HF repre-
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FIG. 7. Same as Fig. 3 except for photoionization leading to
the 1071 (O 1s~") state of CO™*.



sentation, that is, as a Slater determinant of “frozen” or-
bitals.

(ii) The relaxed orbitals generated by a HF calculation
for the ls-hole state are used to represent the ion and the
potential for the electron-ion scattering. The photoelec-
tron continuum orbitals are constrained to be orthogonal
to the occupied relaxed orbitals.

(iii) The N-electron final state is—apart from spin (and
spatial symmetry) coupling—represented by an anti-
symmetrized product of the ionic state and the continu-
um orbital.

In addition, we have introduced the core-valence separa-
tion approximation, which is justified in the case of K-
shell ionization due to the large energy separation be-
tween the 1s and valence levels and to the small coupling
matrix elements for states with differing K-shell occupa-
tions. In the CVS approximation the N-clectron initial
and final states are strictly orthogonal and thus one gets
rid of unphysical contributions to the RCHF N-electron
transition moment. Furthermore, in the CVS approxima-
tion the familiar IVO form of the static-exchange poten-
tial is consistent with the general variational principle
used to derive the RCHF potential.

Compared to the more widely used frozen-core
Hartree-Fock calculations, the essential computational
complication of the RCHF model arises from the
nonorthogonality of the frozen and relaxed orbitals in the
initial and final states, respectively. The method pro-
posed here to evaluate N-electron matrix elements for
determinants with mutually nonorthogonal orbitals has
proven to be particularly practical and transparent in the
case of the RCHF transition moment. Besides the com-
putational aspect, the new formulation also leads to a
conceptual clarification, since it allows one to make a dis-
tinction between the direct and the conjugate parts of the
transition moment. The latter part arises due to the lack
of orthogonality between the (relaxed) continuum orbital
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FIG. 8. Photoelectron asymmetry parameters for photoion-
ization leading to the lo~' (O 1s7') state of CO*. —,
present resuits (length) in the FCHF approximation; — — —
present results {length) in the RCHF approximation; U, experi-
mental resuits of Ref. 6.
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and the frozen occupied orbitals, which is reflected in the
bound-free overlap integrals introduced here. The direct
part, on the other hand, is characterized by the oc-
currence of the usual bound-free dipole (transition) in-
tegrals, and prevails, of course, also in the case of ortho-
gonality between bound and continuum orbitals. The
effect of the conjugate part can be viewed as a
modification of the bound-free dipole integral, essentially
projecting out the occupied frozen orbital contributions
in the continuum orbital. An explicit study of the rela-
tive importance of these contributions was made for the
case of C is ionization. Here the conjugate contributions
were seen to enhance quite substantially the “direct”
cross section at low photoelectron energy. Towards
higher energy their influence becomes small, as the
bound-free overlap integrals tend to vanish rapidly.

To better understand the potential and the limitation
of the RCHF approximation we have analyzed its resuits
by means of perturbation theory. With respect to ener-
gies, i.e., resonance positions or term values (below the 1s
threshold) the RCHF description is complete through
first order but only partially recovers the correct second-
order contributions. As expected, the RCHF comprises,
apart from exchange terms, contributions associated with
ionic relaxation. In particular, the screening of the ls
hole by the reorganization of the valence electrons is
correctly described in second order. It is this effect that
leads to considerably larger resonance energies than cal-
culated using the unscreened 1s-hole potential of the
FCHF model. The analysis in second order reveals also
the main deficiency of the RCHF approximation: the
neglect of target polarization, i.e., effects associated with
the response of the ion to the presence of the photoelec-
tron. The polarization correction makes the ion-electron
potential more attractive and leads to a lowering of reso-
nance positions. The discrepancies found between the
RCHF results and experimental results have to be at-
tributed mainly to this source. The analysis by perturba-
tion theory has also been applied to the N-electron transi-
tion moment. Apart from contributions vanishing in the
CVS approximation, here a consistent first-order treat-
ment is achieved at the RCHF level.

The picture emerging from this study shows that,
recognizing its limitations, the RCHF approximation es-
tablishes a good approach to the theoretical description
of K-shell ionization, and is, indeed, superior to the
FCHF model which ignores the important relaxation
effects. A very efficient computational scheme, combin-
ing our methods for solving the single-particle scattering
equations with the new formulation of the transition mo-
ment, is now available for further such studies.
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APPENDIX: OVERLAP AND TRANSITION
MATRIX ELEMENTS FOR FROZEN
AND RELAXED STATES

In the following we consider two distinct sets {|g;)}
and {|y,}] of orbitals, e.g., the sets of frozen and relaxed
HF orbitals discussed in Sec. II. The associated opera-
tors in second-quantized notation are denoted by a; and
¢;, respectively. The Slater determinants of the first N or-
bitals,

[y =Ig, - -onl, (A1)
[BYY=I¢ - yul, (A2)

within each set are referred to as the frozen and relaxed
ground states, respectively. Further definitions needed
are the relaxed-frozen overlap matrix §,

Sy=(yl¢;), Lj<N (A3)
and the matrix ¢ of dipole integrals
d;=(y,|d¢,), i,j<N . (A4)

Both matrices are N X N matrices defined for the sets of
occupied orbitals 1,...,N. In a more compact (matrix)
notation we may write

S=¢¢),
d=y'.de),

where ¢=(|¢,),...,[85)) and ¥=(¥),...,1¢x))
denote rows of the first N frozen and relaxed orbitals, re-
spectively. The biorthogonalization procedure for the
two sets ¢ and ¢ of mutually nonorthogonal functions
consists of determining the unitary transformations

é=e U, (A5a)

=9V (ASb)
within each of these sets, fulfiiling the condition that the
overlap matrix for the transformed orbitals be diagonal
(4)

F =L eU=r'su=a. (A6)
As in (Al) and (A2) one may define Slater determinants
[®4) and | ) for the sets of biorthogonalized orbitals
é and §. Since U and ¥ are unitary matrices the rela-
tions

1Y) =det(U)i®Y) , (ATa)

3

&Yy =det(¥)IBY) (ATb)

hold, where

|det(U)| =|det(¥)|=1.

Using these relations and Eq. (A6) one readily arrives at
the well-known result

(B J1DY) =det(S) (A8)

for the relaxed-frozen ground-state overlap, which, of
course, can also be obtained directly. Next we consider
the (N —1)-electron overlap mtegral of the relaxed and
frozen single-hole states ¢, |$ ') and a,|®f), respective-
ly. Using the blorthogonahzed orbltals we may write

(¢g’|cqa‘,l¢8’)

=S VaU( B!z B ) det UK. (A9
rs

Here the operators ¢, and 2, are defined with respect to
the biorthogonalized orbitals with transformation rela-
tions reading

N
a,= 3 U3,

s=]

(A10a)

N
=3 V2 (A10b)
r=|

Now the matrix element on the right-hand side of Eq.
(A9) is readily evaluated, yielding

(Y1)
PNeta B =5, —— (A1D)
< Oltrall 0) rs ($’|$’)
Inserting this result in Eq. (A9) we obtain
(B1cla,|0) = 3 V3 U, (18, (BYo})
’ (A12)

Comparison of the expression on the right-hand side with
the relation

sT'=yaT'y, (A13)
which follows from Eq. (A6), leads to the final result
(Bflcla, |08y =(S 1, (BHoF) . (A14)

The important feature of this result is that all “biorthogo-
nalized” quantities have dropped out and the final expres-
sion requires only the simple overlap matrix §. Proceed-
ing in the same way we may evaluate the transition mo-
ment for the single-hole states:

(81c)Da, |0f) = 3 Ve U, (B Ye 02,1 deny v~

A LALI L 31218,) —
2 TG 2 | 2 Gy (|
"-’ iy
g ——HdE) o FB) 1]z an
| Z R 2y |3 | #he
=[—(S7'd 8 +(8~ ?),,Trus DKEY oY) . ALS)



168

Here g is the matrix of relaxed-frozen dipoie integrals defined by Eq. (A4). For the following quantities we give only the

results.

(i} Overlap relaxed single excitation-frozen ground state

N
(Bflcfe /o) =3 (le, 1S, (B o) .

r=1

(A16)

(ii) Transition moment relaxed single excitation-frozen ground state

(Blc/c, Dol =3 (¢,ldle, ) SV, +T¥l6,(—§ 'S +Trtd STHg ™), (B Y o) .

(A17)

(iii) Overlap relaxed 2A-1p satellite-frozen single-hole state (& Vic/c/c ,a, DY) [see Eq. 27).
(iv) Transition moment relaxed 2A-1p satellite-frozen single-hole state (& lc,7c,fcjﬁa,]¢{,v ) [see Eq. (28)].
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