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1. INTRODUCTION

The last decade has witnessed remarkable progress in charac-
terizing dynamical aspects of the molecular photoionization pro-
cess. The general challenge is to gain physical insight into
those processes occuring during photoexcitation and eventual
escape of the photoelectron through the anisotropic molecular
field, in terms of various observables such as photoionization
cross-sections and branching ratios, photoelectron angular dis-
tributions and even newer probes mentioned below. Much of the
progress in this field has mirrored earlier work in atomic photo-
ionization dynamics [1] where many key ideas were developed
(e.g., channel interaction, quantum defect analysis, potential
barrier phenomena and experimental techniques). However, addi-
tional concepts and techniques were required to deal with the
strictly molecular aspects of the problem, particularly the an-
isotropy of the multicenter molecular field and the interaction
among rovibronic modes.
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From among the great variety of successful approaches to the
study of molecular photoionization dynamics, one can identify
four broad classes which together form the core of recent activ-—
ities in this field: First, the extensive measurements of to-
tal photoionization cross-sections from the VUV to the x-ray
range by a variety of means(see, e.g., [2,3] and original liter-
ature cited below) have continuously provided fresh impetus to
account for a variety of phenomena displayed in molecular oscil-
lator strength distributions. Second, in response to observa-
tions [4-17] of broad, intense features in photoionization spec-—
tra of small molecules, the interpretation and study of shape
resonances in molecular photoionization began [18-32] and grew
into a sizable subfield [33-134]. Benefitting greatly from the
timely development of realistic, independent-electron models
[67,94,123,135,136] for molecular photoionization, studies in
this area not only accounted for the features in the total pho-
toionization spectra, but also established and predicted several
manifestations in other physical observables as discussed below.
Third, multichannel quantum defect theory (MQDT) was adapted
[137-150] to molecular photoionization, thus providing a frame-
work for.the quantitative and microscopic analysis of autoioni-
zation phenomena. This powerful theoretical framework has been
successfully applied to a number of prototypical diatomic mole-
cules, yielding both insight into detailed dynamics of resonant
photoionization and some specific predictions for experimental
testing by means discussed in the next item. Fourth, technical
advances, especially the development of intense synchrotron ra-
diation sources [151-156], have made it feasible to perform tri-
ply-differential photoionization measurements (see, e.g., [75,
157-163]1) on gas-phase atoms and molecules. By "triply-differ-
ential" we mean that photoelectron measurements are made as a
function of three independent variables - - incident photon wave-
length, photoelectron energy and photoelectron ejection angle.
Variable wavelength permits the study of photoionization at and
within spectral features of interest; photoelectron energy an-
alysis permits separation and selection of individual (ro)vi-
bronic ionization channels; and measurement of photoelectron
angular distributions accesses dynamical information (i.e.,
relative phases of alternative, degenerate ionization channels)
not present in integrated cross-sections. This level of experi-
mental detail approaches that at which theoretical calculations
are made and, hence, permits us to isolate and study dynamical
details which are otherwise swamped in integrated or averaged
quantities. We emphasize that, although the current trend is
toward the use of synchrotron radiation for variable-wavelength
studies, a variety of light sources have been successfully used
to study photoionization dynamics. For example, in the shape-
resonance literature cited above, many of the pioneering mea-
surements were carried out with laboratory-scale sources. Like-
wise, although most current measurements of vibrational branch-
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ing ratios [132-134,164-170] and angular distributions [166-170]
within autoionizing resonances employ synchrotron radiation,
many early and ongoing studies with traditional light sources
have made significant observations of the effects of autoioniza-
tion on vibrational branching ratios [171-183] and angular dis-
tributions [175,184-193].

In this paper we review the recent progress outlined above,
with emphasis on photoionization dynamics exhibited by shape and
autoionizing resonance phenomena. Prototypes, such as H, and Ny,
will be used in order to best illustrate the fundamental aspects
and the variety of manifestations of these processes. Finally,
in Section 4, we present an overview of several other approaches
to the study of molecular photoionization dynamics in order to
show how they complement those topics emphasized here and to con-
vey, to some extent, the richness of the field.

2. SHAPE RESONANCES IN MOLECULAR PHOTOTIONIZATION
2.1 Overview

Shape resonances are quasibound states in which a particle
is temporarily trapped by a potential barrier, through which it
may eventually tunnel and escape. Tn molecular fields, such
states can result from so-called "centrifugal barriers", which
block the motion of otherwise free electrons in certain direc-
tions, trapping them in a region of space with molecular dimen-
sions. Over the past few years, this basic resonance mechanism
has been found to play a prominent role in a variety of process-—
es in molecular physics, most notably in photoionization and
electron scattering. As discussed more fully in later sections,
the expanding interest in shape-resonant phenomena arises from a
few key factors:

First, shape resonance effects are being identified in the
spectra of a growing and diverse collection of molecules and
now appear to be active somewhere in the observable properties
of most small (nonhydride) molecules. Examples of those process -
es which exhibit shape resonance effects are x-ray and VUV ab-
sorption spectra, photoelectron branching ratios and photoelec-
tron angular distributions (including those vibrationally re-
solved), Auger-electron angular distributions [82], elastic
electron scattering [194-196], vibrational excitation by elec-
tron impact [81,195-196], and so on. Thus, concepts and tech-
niques developed in this connection can be used extensively in
molecular physics.

Second, being quasibound inside a potential barrier on the
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perimeter of the molecule, shape resonances are localized, have
enhanced electron density in the molecular core, and are un-
coupled from the external environment of the molecule. This
localization often produces intense, easily studied spectral
features, while suppressing the nearby continuum and/or Rydberg
structure and, as discussed more fully below, has a marked in-
fluence on vibrational motion. 1In addition, localization causes
much of the conceptual framework developed for shape resonances
in free molecules to apply equally well [68] to photoionization
and electron scattering, and to other states of matter such as
adsorbed molecules [29,31,197-198], molecular crystals [11,20]
and ionic solids [199].

Third, resonant trapping by a centrifugal barrier often im-
parts a well-defined orbital momentum character to the escaping
electron. This can be directly observed (e.g., by angular dis-
tributions of scattered electrons [194-196] or photoelectron an-
gular distributions from oriented molecules (29,31,197,198]) and
shows that the centrifugal-trapping mechanism has physical mean-
ing and is not merely a theoretical construct. Recent case
studies have revealed trapping of 2 =1 to 2 =5 components of
continuum molecular wave functions. The purely molecular ori-
gin of the great majority of these cases is illustrated by the
Ny prototype discussed in Section 2.2.

Fourth, the predominantly one-electron nature of the phenom-
enon lends itself to theoretical treatment by realistic, inde-
pendent-electron methods [67,94,123,135-136], with the concomi-
tant flexibility in terms of complexity of molecular systems, en
ergy ranges and alternative physical processes. This has been a
major factor in the rapid exploration of this area. Continuing
development of computational schemes holds the promise of elevat
ing the level of theoretical work on molecular ionization and
scattering in order to test and quantify the independent-parti-
cle results and to treat other circumstances such as weak chan-
nels, multiply-excited states, etc., where the simpler schemes
become invalid.

The earliest, and still possibly the most dramatic, examples
of shape resonance effects in molecules are the photoabsorption
spectra of the sulfur K- [4,14a) and L-shells [5,8,11,14a] in
SFg . The sulfur L-shell absorption spectra of SF¢ and H,S,
shown in Fig. 1, illustrate the types of phenomena that origin-
ally drew attention to this area. 1In Fig. 1, both spectra are
plotted on a photon energy scale referenced to the sulfur L-
shell ionization potential (IP), which is chemically shifted by
a few eV in the two molecular environments but which lies near
hv =~ 175 eV. The ordinates represent relative photoabsorption
cross—sections and have been adjusted so that the integrated
oscillator strength for the two systems is roughly equal in this
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Fig. 1. Photoabsorption spectra of HyS (adapted from [8])

and SF¢ (adapted from [11]) near the sulfur L, 3
edge. i ’

spectral range (absolute calibrations are not known). The H.S
spectrum is used here as a "normal" reference spectrum since
hydrogen atoms normally do not contribute appreciably to shape
resonance effects and, in this particular context, can be re-
garded as weak perturbations on the inner-shell spectra of the
heavy atom. Indeed, the photoabsorption spectrum exhibits a
valence tramsition, followed by partially resolved Rydberg
structure which converges to a smooth continuum. The gradual
rise at threshold is attributable to the delayed onset of the
"2p > ed" continuum which, for second-row atoms, will exhibit a

. delayed onset prior to the occupation of the 3d subshell. This
is the qualitative behavior one might well expect for the ab-
sorption spectrum of a core level.
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In sharp contrast to this, the photoabsorption spectrum of
the same sulfur 2p subshell in SF; shows no vestige of the "nor-
mal" behavior just described. Instead, three intense, broad
peaks appear, one below the ionization threshold and two above,
and the continuum absorption cross-section is greatly reduced
elsewhere. Moreover, no Rydberg structure is apparent although
an infinite number of Rydberg states must necessarily be associ-
ated with any molecular ion. (Actually, Rydberg states were de-
tected [33], using photographic methods, superimposed on the
weak bump below the IP; obviously, however, these states are ex-—
tremely weak in this spectrum.) This radical reorganization of
the oscillator strength distribution has been interpreted [20]
in terms of potential barrier effects in SF., resulting in three
shape-resonantly enhanced final-state features of a1, t and
e, symmetry (in order of increasing energy). Another shape-re-
sonant feature (t;, symmetry) is prominent in the sulfur K-shell
spectrum [4] and, in fact, is responsible, via channel interac-
tions, for the weak feature just below the IP in Fig. 1. Hence,
four prominent features occur in the photoexcitation spectrum of
SFg as a consequence of potential barriers caused by the molecu-
lar environment of the sulfur atom. Another significant obser-
vation [11] is that the SF, curve in Fig. 1 represents both gas-—
eous and solid SF¢, within experimental error bars. This is de-
finitive evidence that the resonances are eigenfunctions of the
potential well inside the barrier and are effectively uncoupled
from the molecule's external environment.

In what follows, we describe the underlying physics of shape
resonances in molecular fields and go on to discuss several oth-
er manifestations of this phenomenon, manifestations which have
been brought to light since the initial interpretation [20] of
the features in Fig. 1.

2.2 Basic Properties

The central concept in shape resonance phenomena is the sin-
gle-channel, barrier-penetration model familiar from introduc-
tory quantum mechanics. In fact, the name '"shape resonance"
means simply that the resonance behavior arises from the "shape"
(i.e., the barrier and associated inner and outer wells) of a
local potential. The basic shape resonance mechanism is illus-
trated schematically [200] in Fig. 2. There, an effective poten-
tial for an excited and/or unbound electron is shown to have an
inner well at small distances, a potential barrier at intermedi-
ate distances and an outer well (asymptotic form not shown) at
large separations. 1In the context of molecular photoionization,
this would be a one-dimensional abstraction of the effective po-
tential for the photoelectron in the field of a molecular ion.
Accordingly, the inmer well would be formed by the partially
screened nuclei in the molecular core and would therefore be
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Fig. 2. Schematic of the effect of a potential barrier
on an unbound wavefunction in the vicinity of a
quasibound state at E = E_ (adapted from [200]).
In the present context, the horizontal axis re-
presents the distance of the excited electron
from the center of the molecule.

highly anisotropic and would overlap much of the molecular
charge distribution (i.e., the initial states of the photoioni-
zation process). The barrier, in all well-documented cases, is
a so-called centrifugal barrier (other forces such as repulsive
exchange forces, high concentrations of negative charge, etc.
may also contribute, but have not yet been documented to be pivo-
tal in the molecular systems studied to date). This centrifu-
gal barrier derives from a competition between repulsive centri-
fugal forces and attractive electrostatic forces and usually re-
sides on the perimeter of the molecular charge distribution
where the centrifugal forces can compete effectively with elec-
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trostatic forces. Similar barriers are known for d and f waves
in atomic fields [1]; however, the g (orbital angular momentum)
character of resonances in molecular fields tends to be higher
than those of constituent atoms owing to the larger spatial ex-
tent of the molecular charge distribution (e.g., see the discus-
sion given below in connection with Ny photoionization). The
outer well lies outside the molecule where the Coulomb potential
(v-r-1) of the molecular ion again dominates the centrifugal
terms (nr-2) in the potential. We stress that this description
has been radically simplified to convey the essential aspects

of the underlying physics. In reality, effective barriers to
electron motion in molecular fields occur for particular 2 com-
ponents of particular ionization channels and restrict motion
only in certain directions. Again, a specific example is de-
scribed below.

Focusing now on the wavefunctions in Fig. 2, we see the ef-
fect of the potential barrier on the wave mechanics of the photo-
electron. For energies below the resonance energy E < E, (low-
er part of Fig. 2), the inner well does not support a quasibound
state (i.e., the wave function is not exponentially decaying as
it enters the classically forbidden region of the barrier).
Thus, thé wavefunction begins to diverge in the barrier region
and emerges in the outer well with a much larger amplitude than
that in the inner well. When properly normalized at large r,
the amplitude in the molecular core is very small; hence, we say
this wavefunction is essentially an eigenfunction of the outer
well although small precursor loops extend inside the barrier
into the molecular core.

At E = E., the inner well supports a quasibound state. The
wavefunction exhibits exponential decay in the barrier region
so that if the barrier extended to r - «~, a true bound state
would lie very near this total energy. Therefore, the antinode
that was not supported in the inner well at E < E_. has traversed
the barrier to become part of a quasibound waveform which de-
cays monotonically until it reemerges in the outer-well region,
much diminished in amplitude. This "barrier penetration” by an
antinode produces a rapid increase in the asymptotic phase shift
by ~m radians and greatly enhances the amplitude in the inmer
well over a narrow band of energy near E,.. Therefore, at E = E,
the wavefunction is essentially an eigenfunction of the inner
well although it decays through the barrier and reemerges in the
outer well. The energy halfwidth of the resonance is related to
the lifetime of the quasibound state and to the energy deriva-
tive of the rise in the phase shift in well-known ways. Final-
ly, for E > E, the wavefunction reverts to being an eigenfunc-
tion of the outer well since the behavior of the wavefunction
at the outer edge of the inner well is no longer characteristic
of a bound state.
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Obviously, this resonant behavior will cause significant
physical effects: The enhancement of the inner-well amplitude
at E * E, results in good overlap with the initial states, which
reside mainly in the inner well. Conversely, for energies below
the top of the barrier but not within the resonance hal fwidth of
Ey, the inner amplitude is diminished relative to a more typical
barrier-free case. This accounts for the strong modulation of i
the oscillator strength distribution in Fig. 1. Also, the rapid |
rise in the phase shift induces shape resonance effects in the |
photoelectron angular distribution. Another important aspect is
that eigenfunctions of the inner well are localized inside the i
barrier and are substantially uncoupled from the external envi-
ronment of the molecule. As mentioned above, this means that
shape-resonant phenomena often persist in going from the gas
phase to the condensed phase (cf., Fig..l) and, with suitable
modification, shape resonances in molecular photoionization can
be mapped [68] into electron-scattering processes and vice
versa. Finally, note that this discussion was focused on total
energies, measured from the bottom of the outer well to the top
of the barrier, and that no explicit mention was made of the |
asymptotic potential that determines the threshold for ioniza- i
tion. Thus, valence or Rydberg states in this range can also
exhibit shape-resonant enhancement, even though they have true
bound state behavior at large r, beyond the outer well. i

We now turn, for the remainder of this section, to the spec-
ific example of the well-known o, shape resonance in Ny photo-
ionization, which was the first documented case [28] in a dia-
tomic molecule and has since been used as a prototype in studies
of various shape resonance effects. To identify the major final-
state features in Ny photoionization at the independent-electron
level, we show (Fig. 3) the original calculation [28-30] of the
K-shell photoionization spectrum, performed with the multiple-
scattering model. This calculation agrees qualitatively, with
all major features in the experimental spectrum [13,44,87], ex-
cept for a narrow band of double excitation features, and with
subsequent, somewhat more accurate, calculations using L4 tech-
niques [47]. The four partial cross-sections in Fig. 3 repre-
sent the four dipole-allowed channels for K-shell (IP = 409.9
eV) photoionization. Here, we have neglected the localization
[54] of the K-shell hole, since it does not greatly affect the
integrated cross-sections, and the separation into u and g sym-
metry both helps the present discussion and is rigorously appli-
cable to the subsequent discussion of valence-shell excitation.
(Note that the identification of shape-resonant behavior is gen-
erally easier in inner-shell spectra since the problems of over-
lapping spectra, channel interaction and zeros in the dipole ma-
trix element are all reduced relative to valence-shell spectra.)
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Fig. 3. Partial photoionization cross-sections for the four

dipole-allowed channels in K-shell photoionization
of Ny. Note that the energy scale is referenced
to the K-shell IP (409.9 eV) and is expanded two-
fold in the discrete part of the spectrum.

The most striking spectral feature in Fig. 3 is the first
member of the Ty sequence, which dominates every other feature
in the theoretical spectrum by a factor of “30. (Note that the
first mg peak has been reduced by a factor of 10 in order to fit
in the frame.) The concentration of oscillator strength in
this peak is a centrifugal-barrier effect in the d-wave compo-
nent of the 7, wavefunction. The final state in this transi-
tion is a higﬁly localized state, about the size of the
molecular core, and is the counterpart of the well-known [195,
196] Tg shape resonance in e-Nj scattering at 2.4 eV. For the
latter case, Krauss and Mies [201] demonstrated that the effec-
tive potential for the 7, elastic channel in e-Nj scattering ex-
hibits a potential barrier resulting from the centrifugal repul-
sion acting on the dominant %= 2 lead term in the partial-wave
expansion of the m, wavefunction. In the case of N, photoion-
ization, there is one less electron in the molecular field to
screen the nuclear charge so that this resonance feature is
shifted [68] to lower energy and appears in the discrete region
of the spectrum. It is in this sense that we refer to such fea-
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tures as "discrete" shape resonances. The remainder of the w
partial cross-section consists of a Rydberg series and a flat
continuum. The 7 and o, channels both exhibit Rydberg series,
the initial members of wﬁich correlate well with partially re-
solved transitions in the experimental spectrum below the
K-shell 1IP.

The o, partial cross-section, on the other hand, was found
to exhibit behavior rather unexpected for the K-shell of a
first-row diatomic. Its Rydberg series was extremely weak and
an intense, broad peak appeared at “1 Ry above the IP in the
low-energy continuum. This effect is caused by a centrifugal
barrier acting on the £ = 3 component of the o wavefunction.
The essence of the phenomenon can be described in mechanistic
terms as follows: The electric-dipole interaction, localized
within the atomic K shell, produces a photoelectron with angular
momentum £ = 1. As this p wave escapes to infinity, the aniso-
tropic molecular field can scatter it into the entire range of
angular momentum states contributing to the allowed g- and w-
ionization channels (AX = 0, *1). 1In addition, the spatial ex-
tent of the molecular field, consisting of two atoms separated
by 1.1 R, enables the £ = 3 component of the o, continuum wave-
function to overcome its centrifugal barrier and to penetrate
into the molecular core at a kinetic energy of ~1 Ry. This pen-
etration is rapid, with a phase shift of ~r occurring over a
range of 0.3 Ry. These two circumstances combine to produce a
dramatic enhancement of photoelectron current at ~l Ry kinetic
energy, with predominantly f-wave character.

The specifically molecular character of this phenomenon is
emphasized by comparison with K-shell photoionization in atomic
nitrogen and in the united-atom case, silicon. In contrast to
Ny, there is no mechanism for the essential p-f coupling and
neither atomic field is strong enough to support resonant pene-
tration of high-% partial waves through their centrifugal bar-
riers. (With substitution of "d" for "f", this argument applies
equally well to the d-type resonance in the discrete part of the
spectrum.) Note that the 7, channel also has an % = 3 compo-
nent but does not resonate. This underscores the directionality
and symmetry dependence of the trapping mechanism.

To place the o, resonance in a broader perspective and to
show its conmection with high-energy behavior, we present, in
Fig. 4, an extension of the calculation of Fig. 3 to much higher
energy. Again, the four dipole-allowed channels in Do}, symmetry
are shown. The dashed line is two times the atomic nitrogen K-
shell cross-section. Note that the modulation about the atomic
cross-section, caused by the potential barrier, extends to "~100
eV above threshold before the molecular and atomic curves
seem to coalesce.
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Fig. 4. Partial photoionization cross-sections for the

K shell of Ny over a broad energy range. The
dashed line represents twice the K-shell photo-
ionization cross-section for atomic nitrogen,
as represented by a Hartree-Slater potential.

At higher energies, a weaker modulation appears in each par-
tial cross-section. This weak modulation is a diffraction pat-
tern, resulting from scattering of the photoelectron by the
neighboring atom in the molecule, or, more precisely, by the
molecular field., - Structure of this type was first studied over
50 years ago by Kronig [202] in the context of metal lattices.
It currently goes by the acronym EXAFS (extended x-ray absorp-
tion fine structure) and is used extensively [151,152] for local
structure determination in molecules, solids and surfaces. The
net oscillation is very weak in N, since the light atom is a
weak scatterer. More pronounced effects are seen, for example,
in K-shell spectra [203] of Br, and GeCl,. Our reason for show-
ing the weak EXAFS structure in Ny is to emphasize that the low-
energy resonant modulation (called "near-edge' structure in the
context of EXAFS) and high-energy EXAFS evolve continuously into
one another and emerge naturally from a single molecular frame-
work, although high-energy EXAFS is usually treated from an
atomic point of view.

Fig. 5 shows a hypothetical experiment which clearly demon-
strates the 2 character of the o, resonance. In this experi-
ment, we first fix the nitrogen molecule in space and orient the
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Fig. 5. Fixed-molecule photoelectron angular distribu-
tion for kinetic energies 0-5 Ry above the K-
shell IP of N,. The polarization of the ioniz-
ing radiation is oriented along the molecular
axis in order to excite the o continua; and the
photoelectron ejection angle, 8, is measured
relative to the molecular axis.

polarization direction of a photon beam, tuned near the nitrogen
K edge, along the molecular axis. This orientation will cause
photoexcitation into ¢ final states, including the resonant Ty
ionization channel. Fig. 5 shows the angular distribution of
photocurrent as a function of both excess energy above the K-
shell IP and angle of ejection 6, relative to the molecular
axis, The enhanced photocurrent at the resonance position,

KE =~ 1 Ry, is very apparent in Fig. 5. Moreover, the angular
distribution exhibits three nodes, with most of the photocur-
rent exiting the molecule along the molecular axis and none. at
right angles to it. This is an f-wave (% = 3) pattern and
clearly indicates that the resonant enhancement is caused by

an ¢ = 3 centrifugal barrier in the o, continuum of Nj. Thus,
the centrifugal barrier has observable physical meaning and is
not merely a theoretical construct. Note that the correspon-
dence between the dominant, asymptotic partial wave and the trap-
ping mechanism is not always valid, especially when the trapping
is on an internal or off-center atomic site where the trapped
partial wave can be scattered by the anisotropic molecular field
into alternative asymptotic partial waves, as is the case in,
for example, BF3 [114] and SFq. Finally, note that the hypothet -
ical experiment discussed above has been approximately realized
by photoionizing molecules adsorbed on surfaces. The shape-re-
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sonant features tend to survive adsorption and, owing to their
observable % character, can even provide evidence [197,198] as
to the orientation of the molecule on the surface.

The final topic in the discussion of basic properties of
shape resonances involves eigenchannel contour maps [107], or,
"pictures" of unbound electrons. This is the continuum counter-
part of contour maps of bound-state electronic wavefunctions,
maps which have proven so valuable as tools in quantum-chemical
visualization and analysis. TIndeed, the present example helps
achieve a physical picture of the ¢, shape resonance and the gen-
eral technique promises to be a useful tool for future analyses
of resonant trapping mechanisms and other observable properties.
The key to this visualization (given in Eq. (5) below) is the
construction of those particular combinations of continuum orbit-
al momenta that diagonalize the interaction of the unbound elec-
tron with the anisotropic molecular field. These combinations,
known as eigenchannels, are the continuum analogues of the eigen-
states in the discrete spectrum (i.e., the bound states).

The electronic eigenvalue problem in the molecular continu-
um is inhomogeneous --- that is, there is a solution at every
energy. Moreover, there are, in general, alternative solutions
possible at a given energy, depending upon how the inhomogeneity
is chosen. Typically, calculations are done in terms of real,
oscillatory radial functions for the alternative possible orbit-
al momenta. The result is the K-matrix normalized partial-wave
expansion of the continuum electronic wavefunction, which takes
the asymptotic form [67,135,204]

1/2 5

v v @0 P TN fsine gy 6, Ky cosey ) Y, B (D)
where L=(2,m), the photoelectron orbital momentum and its pro-
jection along the molecular z axis: k2 is the electron kinetic
energy in Rydbergs: the electron distance r from the molecular
center is in Bohrs: 8, = kr - &(n/2) + w, where the Coulomb
phase w = -(Z/k)In(2kr) + argl[2+1-i1(Z/k)]; molecular-ion charge
is Z=1. The coefficients Ky of the cosine terms form a

real, symmetric matrix known as the K matrix. The K matrix
tells us about the coupling, due to the nonspherical molecular
potential, between different angular momenta and, as such, sum-
marizes the electron-molecule interaction in a compact way.

That single orbital momentum L (we refer here to % and m col-
lectively as orbital momentum) for which there occurs a sine
term specifies the inhomogeneity, and each choice of L gives a
row of the K matrix. By determining all rows in this way, we
obtain the full K matrix and thereby a complete set of functions

at the given energy.
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The wavefunction (1) specifies what might be called a calcu-
lational boundary condition. Its form allows us to obtain the K-
matrix while working in terms of real radial functions. There
are two other types of boundary conditions [67,135,204], how-
ever -- physical boundary conditions, appropriate for represent-
ing physical observables, and eigenchannel boundary conditions,
appropriate for analysis of the continuum wavefunction itself.
The sets of wavefunctions for these alternative three types of
boundary conditions are interrelated by unitary transformations.

Physical boundary conditions are introduced to obtain physi-
cal observables. One transforms to complex radial functions so
that the directional character of the continuum electron at
large distances, where it is detected, can be represented. This
so-called S-matrix boundary condition, and its use in represent-
ing electron-molecule scattering and molecular photoionization,
is discussed, for example, in [67,135].

Physical boundary conditions, however, are not well-suited
to analysis of the continuum wavefunction itself. What is need-
ed, rather, are the "normal modes" of the interaction of the
continuum electron with the molecule --- that is, the eigenchan-
nels of the electron-molecule complex. These are obtained by
diagonalizing the K-matrix

U (2)

tan(m )8 v = Lipv Uyp Kppo

L'a'

to give the eigenvectors Y, and eigenphases Hy. The coeffi-
cients Uy, give the composition of the alternative eigenvectors
¥, in terms of the K-matrix-normalized functions Yp:

a
Yo = Ly Yy Upg )
Using Eq. (2) and the fact that the matrix U is unitary,

8 (4)

= Lo Ve Vot s
we can rewrite the eigenvectors as [204]

1/2

v v (o727 T [sing ) + tan(m) cos8,] Y, () U . (5)

2
Eq. (5) is the key result of this discussion. Because mole-
cules are not spherical, an electron of a particular angular
momentum is, in general, "rescattered" into a range of angular
momenta. This rescattering is indicated in Eq. (1) by the sum
over L', and the coefficients Kpj' give the relative amplitudes
of the various rescatterings. The eigenchannel functions (5),
on the other hand, correspond to those special combinations of
incident angular momenta which are unchanged by the anisotropic
potential of the molecule, i.e., the normal (eigen) modes of the
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electron-molecule interaction.

Comparison of Eq. (5) with Eq. (1), then, shows why the
eigenchammel representation (5) is more suitable for analysis of
the continuum molecular electronic wavefunction: First, as we
have seen, the mixing of different orbital momenta is greatly
simplified. Second, the radial wavefunctions for different an-
gular momenta all have the same mixing coefficient tan(ﬂua).
Third, if an eigenchannel is dominated by a particular orbital
momentum, the eigenchannel wavefunction (5) has the characteris-
tic angular pattern of the corresponding spherical harmonic.
Last, and perhaps most important, because quasibound, shape-res-
onant states generally resonate in a single eigenchannel a, the
eigenchannel representation gives us the most direct image of
these resonant states.

As discussed earlier, the O, resonance is accompanied by a
corresponding rise by “Vr radians in one component of the eigen-
phase sum

u = za My e (6)

This resonant component, in turn, consists almost entirely of
the single partial wave % = 3,

UL“res * 823 . 2

At these kinetic energies only one other orbital momentum, % =
1, contributes appreciably to the photoelectron wavefunction.
(Orbital momenta & = 0,2,4, etc. do not contribute because they
are of even parity, and ¢ = 5 and higher odd orbital momenta are
kept away from the molecule by their centrifugal barriers.)

This means that there is only one other appreciable eigenchan-
nel. The eigenphase component of this channel, primarily £ =1,
is nearly constant throughout the resonant region. Thus, within
about 20 eV above the ionization threshold, the N, odd-parity
continuum can be analyzed in terms of just two eigenchannels, a
nonresonant p-like channel and a resonant f-like one.

In Fig. 6, we have plotted the p-like eigenchannel wavefunc-
tion for two kinetic energies, one before (top) and one at (bot-
tom) the resonaance, which in this calculation falls at 1.2 Ry.
The molecule is in the yz plane, along the z axis. The surface
contours have been projected onto the plane to show more clearly
the angular variation of the wavefunction. The single nodal
plane characteristic of p waves is clearly seen in this projec-
tion. It is remarkable that, despite the complex L-mixing in-
duced by the anisotropic molecular potential, this eigenchannel
has such a well-defined (2 = 1) orbital momentum character. We
stress, however, that such emergence of a single orbital momen-



PHOTOIONIZATION DYNAMICS OF SMALL MOLECULES

N, 0. -9Ry, =7

p-wave-dominated eigenchannel wavefunctions for
two electron kinetic energies in the o, continu-
um of Ny. The molecule is in the yz plane, a-
long the z axis, centered at y = z = 0. Contours
mark steps of 0.03, from 0.02 to 0.29; positive
= solid, negative = dashed.
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tum is not universal and that the angular pattern can be expect- ‘
ed, in general, to be more complex. The cusps in the surface o
mark the nuclear positions. The only apparent change from one '
surface to the other is the slight shortening of wavelength as
the kinetic energy increases. This smooth contraction of nodes
continues monotonically through the resonance energy to higher
energies. We conclude from Fig. 6 that the p eigenchannel is
indeed nonresonant.

The f-like eigenchannel, plotted in Fig. 7, exhibits strik- f
ingly different behavior. In this case the surfaces (the con- ‘
tours of which have, at large distances, the three nodal planes
characteristic of f orbitals) clearly show the resonant nature
of the f eigenchannel. Note again the definite emergence of a
single (2 = 3) orbital momentum character over the whole wave-
function. Below and above (not shown) the resonance energy, the
probability amplitude is similar to the p-wave amplitude. But,
at the resonance energy, there is an enormous enhancement of the
wavefunction in the molecular interior; the wavefunction now re- ?
sembles a molecular bound-state probability amplitude distribu-
tion. It is this enhancement, in the region occupied by the ;
bound states, that leads to the very large increase in oscilla- ?
tor strength indicative of the resonance, and to the other mani-
festations discussed earlier and in the next section.

These eigenchannel plots are discussed more fully elsewhere
[107]; however, several points should be noted before leaving ‘
the subject. First, the Ny example that we have chosen is
somewhat special in that there is a near one-to-one correspon-
dence between the eigenchannels and single values of orbital an-
gular momentum. Orbital angular momentum is, however, not a
"good" quantum number in molecules and, generally, we should not
always expect such clear nodal patterns. More typically, earli-
er work [67,96,113,114] indicates that several angular momenta
often contribute to the continuum eigenchannels (although
a barrier in only one { component will be primarily responsible
for the temporary trapping that causes the enhancement in that
component, and in components coupled to it), thus implying
that the resulting eigenchannel plots will be correspondingly
richer. Second, Egqs. (1) and (5) are asymptotic expressions.
The orbital momentum composition of these wavefunctions is more
complicated in the molecular interior, as seen, for example, in
Figs. 6 and 7. Nonetheless, continuity, and a dominant ¢ compo-
nent may, as in the case of Nj, cause the emergence of a dis-
tinct 2 pattern, even into the core region. Third, even though
these ideas were developed [107] in the context of molecular
photoionization, the continuum eigenchannel concept carries over
without any fundamental change to electron-molecule scattering.
This is a further example of the close connections [68] between
shape resonances in molecular photoionization and electron-
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Fig. 7.
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f-wave-dominated eigenchannel wavefunctions for
nonresonant (top) and resonant (bottom) electron
kinetic energies in the o, continuum of Nj. The
molecule is in the yz plane, along the z axis,
centered at y = z = 0. Contours mark steps of
0.03, from 0.02 to 0.29; positive = solid, nega-
tive = dashed. The lack of contour lines near
the nuclei for 1.2 Ry is because of the 0.29
cutoff.
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molecule scattering. Finally, while we have used one-electron
wavefunctions here, obtained within the multiple-scattering
model, we emphasize that the eigenchannel concept is a general
one, and we look forward to its use in the analysis of more soph-
isticated, many-electron molecular continuum wavefunctions.

2.3 Shape-Resonance-Induced Non-Franck-Condon Effects

2.3a Theoretical Predictions

Molecular photoionization at wavelengths unaffected by auto-
ionization, predissociation or ionic thresholds has been gen-
erally believed to produce Franck-Condon (FC) vibrational in-
tensity distributions within the final ionic state, and v-inde-
pendent photoelectron angular distributions. We now discuss a
recent prediction [69,81] that shape resonances represent an im-
portant class of exceptions to this picture. These ideas are
illustrated with a calculation of the 30g > €0y, €m, photoioni-
zation channel of N), which accesses the same 0, shape resonance
as that discussed above, at approximately hv = 30 eV, or "“l14 eV
above the 308 IP. The potential energy curves for N) are shown
in Fig. 8 in otder to orient this discussion and for later ref-
erence in Sections 3 and 4. The process we are considering in-
volves photoexcitation of Ny X 1z , in its vibrational ground
state, with photon energies starting from the first IP and ex-
tending beyond the region of the shape resonance at hv = 30 eV.
This process ejects photoelectrons, leaving behind N2+ ions  in
energetically accessible states. TFig. 9 shows a typical photo-
electron spectrum, measured at hv = 21,2 eV, which exhibits pho-
toelectron peaks corresponding to production of N *in its X, A
and B states (i.e., the three lowest ionic states in Fig. 8).
Since we are interested in %ogization of the 304 electron, an
event which produces the X “I, ground state of No , we are con-
cerned with the photoelectron band in the range 15.5 eV < IP <
16.5 eV in Fig. 9. The physical effects we seek involve the
relative intensities and angular distributions of the v = 0-2
vibrational peaks in the X ZE electronic band and, more speci-
fically, the departures of these observables from behavior
predicted by the FC separation.

The breakdown of the FC principle arises from the quasibound
nature of the shape resonance which, as we discussed in Section
2.2, is localized in a spatial region of molecular dimensions by
a centrifugal barrier. This barrier and, hence, the energy and
lifetime (width) of the resonance are sensitive functions of in-
ternuclear separation R and vary significantly over a range of R
corresponding to the ground-state vibrational motion. This is
illustrated in the upper portion of Figs. 10 and 11, where the
dashed curves represent separate, fixed-R calculations of the
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Fig. 8. Potential energy curves for Nj and N2+.

partial cross-section and asymmetry parameter (respectively) for
N, 30g photoionization over the range 1.824ap <R < 2.324a,
which spans the N, ground-state vibrational wavefunction.

Of central importance in Fig. 10 is the clear demonstration
that resonance positions, strengths and widths are sensitive
functions of R. 1In particular, for larger separations, the in-
ner well of the effective potential acting on the % = 3 compo-
nent of the ¢, wavefunction is more attractive, and the shape
resonance shifts to lower kinetic energy, becoming narrower and
higher. Conversely, for lower values of R, the resonance is
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Fig. 9. Photoelectron spectrum of Ny at hv = 21.2 eV.

pushed to higher kinetic energy and is weakened. This indicate
that nuclear motion exercises great leverage on the spectral be
havior of shape resonances and that small variations in R can
significantly shift the delicate balance between attractive
(mainly Coulomb) and repulsive (mainly centrifugal) forces whic
combine to form the barrier. 1In the present case, variations i
R, corresponding to the ground-state variation in Ny, produce
significant shifts of the resonant behavior over a spectral
range several times the fullwidth at half maximum of the reso-
nance calculated at R = R,. By contrast, nonresonant channels
are relatively insensitive to such variation in R, as was showr
by results [98] on the 1w, and 20, photoionization channels in

Thus, in the vicinity of a shape resonance, the electronic
transition moment varies rapidly with R. This parametric coup-
ling was estimated [69,205], in the adiabatic-nuclei approxima-
tion, by computing the net transition moment for a particular
vibrational channel as an average of the R-dependent dipole amp
litude, weighted by the product of the initial- and final-state
vibrational wavefunctions at each R:
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Fig. 10. Cross-sections, 0, for photoionization of the
30, (v5 = 0) level of N,. Top: fixed-R (dash-
g i 2
ed curves) and R-averaged, vibrationally-unre-
solved (solid curve) results. Bottom: results
for resolved, final-state vibrational levels,
vg = 0-2.

Dygv, = dexvar <R>D_<R)xvi(R) : (8)

The vibrational wavefunctions were approximated by harmonic-
oscillator functions and the superscript " - " denotes that in-
coming-wave boundary conditions have been applied and that the
transition moment is complex. Note that even when the final vib-
rational levels v. of the ion are unresolved (summed over), vib-
rational motion within the initial state v; = 0 can cause the
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Fig. 11. Asymmetry parameters,B, for photoionization of
the 30, (vi = 0) level of N,. Top: fixed-R
(dasheé curves) and R-averaged, vibrationally-
unresolved (solid curve) results. Bottom: re-
sults for resolved, final-state vibrational
levels, vg = 0-2.

above equation to yield results significantly different from the
R = R result, since the R dependence of the shape resonance 1is
highly asymmetric. This gross effect of R averaging can be seen
in the upper half of Fig. 10, by comparing the solid line (R-av-
eraged result, summed over vg) and the middle dashed line (R =
Re). Hence, even for the calculation of gross properties of

the whole, unresolved electron band, it is necessary to take in-
to account vibrational motion effects in channels exhibiting
shape resonances. As we stated earlier, this is generally not a
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critical issue in nonresonant channels.

Effects of nuclear motion on individual vibrational levels
are shown in the bottom half of Figs. 10 and 11. Looking first
at the partial cross-sections in Fig. 10, we see that the reson-
ance position varies over a few volts depending on the final vib-
rational state and that higher levels are relatively more en-
hanced at their resonance position than is vg = 0. This sensi-
tivity to v¢ arises because transitions to alternative final vib-
rational states preferentially sample different regions of R.

In particular, Ve = 1,2 sample successively smaller R, governed
by the maximum overlap with the ground vibrational state, which
causes the resonance in those vibrational channels to peak at
higher energy than that for ve = 0. The impact of these effects
on branching ratios is clearly seen in Fig. 12, where the ratio
of the higher ve intensities to the intensity of veg = 0 is plot-
ted in the resonance region. There we see that the ratios are
slightly above the FC factors (9.3%, ve = 1; 0.6%, vp = 2) at
zero kinetic energy, go through a minimum just below the reson-
ance energy in v¢ = 0, then increase to a maximum as individual
vg > 0 vibrational intensities peak and, finally, approach the
FC factors again at high kinetic energy. Note that the maximum
enhancement over the FC factors is progressively more pronounced
for higher v¢, i.e., 340% and 1300% for vg = 1,2, respectively.

The effects on B(vg), shown in the lower portion

of Fig. 11, are equally dramatic. Especially at and below the
resonance position, the B's vary greatly for different final

N, 30g branching ratios
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Fig. 12. Vibrational branching ratios G(Vf)/U(Vf=0)
for photoionization of the 3Gg level of N,.
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vibrational levels. The v¢ = 0 curve agrees well with the solid
curve (in the upper half) since the gross behavior of the vibra-
tionally-unresolved electronic band will be governed by the B of
the most intense component. The R = Ry curve has been found to
agree well with recent wavelength-dependent measurements [75,78]
and the agreement is improved by the slight damping caused by R
averaging. More significant for the present discussion, however,
is the v dependence of B. Carlson first observed [175,184]
that, at 584 R, the v = 1 level in the 3og channel of N2 had a
much larger B than the vi = 0 level, even though there was no
apparent autoionizing state at this wavelength. This is in
semiquantitative agreement with the present calculation which
gives g(vy = 0) = 1.0 and B(vg = 1) = 1.5. Although the agree-
ment is not exact, we feel this demonstrates that the "anomal-
ous" v. dependence of 8 in Ny stems mainly from the 0, shape
resonance, a resonance which acts over a range of the spectrum
many times its own 5 eV width. The underlying cause of this
effect is the shape-resonance-enhanced R dependence of the di-
pole amplitude, just as for the vibrational partial cross-sec-
tions. TIn the case of B(v¢), however, both the R dependence of
the phase and of the magnitude of the complex dipole amplitude
play a crucial role, whereas the partial cross—sections depend
only upon the magnitude.

The above prototypical study demonstrates several new as-
pects of photoionization channels exhibiting shape resonances:
First, the time delay in photoelectron escape, associated with
a shape resonance, enhances the coupling between nuclear motion
and electronic motion, invalidating the FC factorization of the
two modes. In time-independent language, the great asymmetric
and nonmonotonic sensitivity of the transition amplitude to in-
ternuclear separation requires a folding of the transition amp-
litude with the vibrational motion of the molecule, at the very
least in an adiabatic scheme. When resonance lifetimes and the
vibrational period are comparable, nonadiabatic effects (analo-
gous to those observed [195,1961 for the 2.4 eV 7, resonance in
e-N, scattering) are likely to be important as well. Second,
shape resonance effects are large for both vibrational intensi-
ties and angular distributions, but were largely overlooked in
earlier work because these effects tend to lie in an inconven-
ient wavelength range for laboratory light sources. Synchrotron
radiation has since solved this problem, as discussed in the
next section. Third, it is significant to note that the effects
of the shape resonance, as described above, act over tens of
volts of the spectrum, several times the half-width of the reso-
nance, and that ¢ and B probe the effects differently, i.e., ©
and B exhibit maximal effects in different energy regions. This
underscores the well-known difference in dynamical information
contained in the two physical observables. Fourth, a long-
standing "anomalous' v; dependence in the photoelectron angular
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distributions of the 30, channel of N has been resolved. Fin-
ally, the phenomena described here for one channel of N, should
be very widespread since shape resonances now appear to affect
one or more inner- and outer-shell channels in most small (non-
hydride) molecules.

2.3b Triply-Differential Photoelectron Measurements

In order to fully examine dynamical aspects discussed in
earlier sections, especially the last section, it is essential
to perform measurements of photoelectron intensity as a function
of three independent variables --- wavelength of the incident
light, to select the spectral features; photoelectron kinetic
energy, to select the ionization channel of interest; and ejec-
tion angle, to measure angular distributions. For convenience,
we refer to this level of experiment as "triply-differential®
photoionization experiments. Over the last few years, electron
spectroscopy has been combined with synchrotron radiation
sources to achieve successful triply-differential measurements
in molecules, including vibrational state resolution. Presently
several groups (e.g., [75,157-163]) in the U.S., France, Germany
and England are involved in this type of experiment, each with
its own specific experimental configuration and special empha-
sis, but each fulfilling the requirements for full triply-dif-
ferential studies. Here we will review, as an example, the ex-
perimental aspects of a new instrument [163] at the Synchrotron
Ultraviolet Radiation Facility (SURF-II), at the U.S. National
Bureau of Standards, in order to focus on some of the experimen-
tal considerations in triply-differential photoionization stud-
ies. After a review of experimental techniques, we show how ear-
lier measurements at SURF-II [99] and elsewhere [79] were used
to test the predictions of non-FC effects in Ny photoioniza-
tion.

The new triply-differential electron spectrometer system at
NBS consists of a high-throughput, normal-incidence monochrom-
ator [206] (Fig. 13) and a pair of 10 cm mean-radius hemispheri-
cal electron spectrometers in an experimental chamber (Fig. 14).
To avoid later confusion, we note that an earlier configuration
using the same monochromator with a single, rotatable 5 cm mean-
radius spectrometer [159] has been used for the past five years
in several triply-differential photoionization studies and is,
in fact, the instrument used to obtain the data presented later
in Figs. 15, 27 and 28. The special emphasis with both genera-
tions of instruments has been the same, namely, to optimize the
photon and electron resolution in order to probe detailed dynam-
ics within shape resonance and autoionization structure in the
near-normal-incidence range (hv < 35 eV). The new instrument
further optimizes several aspects of the electron spectrometer
system to greatly extend the sensitivity and/or resolution com-
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Fig. 13. Schematic diagram of high-throughput, normal-

incidence monochromator (taken from [2067]).

pared to earlier measurements, for reasons discussed in Section
3.

The high-flux, 2-meter monochromator shown in Fig. 13 has
been specifically matched to the characteristics of the SURF-II
storage ring: First and foremost, it uses the small vertical
dimension of the stored electron beam (~80 ym) as the entrance
aperture of the monochromator, a unique feature which eliminates
loss of incident flux on the entrance slit. Second, it is at-
tached directly to the exit port of the storage ring, resulting
in a very large capture angle of 65 mrad in the horizontal plane
This arrangement produces approximately 1010 photons sec‘lx‘lper
mA of circulating current (typical initial current =15 mA) at
1000 £ and has been used for triply-differential measurements
down to 375 K. Together with a 1200 line/mm grating and a 200
pm (100 pm) exit slit, this configuration yields a photon resolu-
tion of 0.8 K (0.4 %). Plans have been made to improve the res-
olution with a higher-dispersion grating. The dispersed light
is channeled by a 2 mm i.d. capillary tube for a distance of "25
cm into the interaction region of the experimental chamber. The
low pumping conductance of this capillary tubé is very effective
in reducing the gas load on the monochromator and storage ring
during experiments in which the gas pressure in the experimental
chamber can be as high as 10~%4 torr.

The new electron spectrometer system is shown schematically
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Fig. 14. Schematic diagram of dual electron spectrometer
system (taken from [163]).

in Fig. 14. The chamber is a 76 cm diameter, 92 cm long stain-
less-steel vacuum chamber. It is pumped by a 500 liter/sec tur-—
bomolecular pump and a 2000 liter/sec closed-cycle helium cryo-
pump to provide maximum flexibility in studying the whole range
of gaseous targets. Low magnetic fields of <500 pgauss are
maintained throughout the chamber by three layers of high-perme-
ability magnetic shielding.

The system is designed to operate with either one rotating
(ES-1) or two (ES-1 and ES-2) electron spectrometers. In either
configuration the electron spectra can be recorded as a function
of ejection angle relative to the principle axis of polarization.
This leads to the determination of the photoelectron branching
ratios and angular distributions according to the following ex-
pression, which applies to dipole excitation of free molecules
with elliptically-polarized light [159,207]:

doy _ Oy By
9 " ar [1 + 3 (3P cos 26 + 1) 9)

where,
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By = asymmetry parameter for vibrational state v.

oy = total cross-section for transition to vibrational
state v.

P = polarization of the light with the horizontal compo-

nent being the major axis.

® = angle of ejection of photoelectrons with respect to
the horizontal direction.

The number of electrons ejected per unit light flux per umnit
solid angle, dn,/dQ, is proportional to the differential cross-
section and, hence, we can write:

dny B
v v + 1
) N |1l + i (3P cos 28 1)} . (10)

Measurement of P, 6 and the number of electrons as a func-
tion of 6 enables a determination of 8, and N,. N,, when norm-
alized over a relevant set of possible alternative ionization
channels, gives the branching ratio for the particular transi-
tion. The measurement of P is accomplished with a triple-re-
flection polarizer based upon the considerations of Horton, et
al. [208]. The incoming light flux is monitored by a 90% trans-
parent tungsten photocathode on the input aperture of the polar-
ization monitor. After three reflections, the light is inter-
cepted by a second tungsten photodiode. The ratio of these two
photodiode signals, at 0° and 90° with respect to the major po-
larization axis, determines the polarization.

Each electron analyzer is a 10 cm mean-radius version of our
previous instrument [159] and maintains the same electron-lens
system ~—— a three-aperture zoom lens to focus the electrons in-
to the hemispherical dispersive element and a similar one to
refocus the energy-analyzed electrons on the exit slit. There
are no entrance or exit apertures in the equatorial plane of the
hemisphere and, therefore, the aperture in the entrance cone
determines the basic resolution. This entrance aperture, and an
aperture in front of the channeltron, are changeable to ensure
control of geometric constraints on the resolution. The resolu-
tion obtainable, while yet maintaining a good signal, is expect-
ed to be on the order of 20 meV. This resolution is a signifi-
cant improvement over that typically used now and will allow for
the extension of studies of non-Franck-Condon effects to small
polyatomic molecules.

The electrical aspects of the electron spectrometer are
maintained much as in the previously described apparatus [159].
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Briefly, the fixed voltages are controlled by highly regulated
conventional power supplies and the variable voltages are under
computer control. A 16 bit digital-to-analog converter (DAC)
with a basic increment of 0.0005 V controls the ramping of off-
set voltages. The variable focus voltages are controlled by
isolated power sources run by the computer. The computer (LSI-
11) resides in a CAMAC crate and also controls the grating
drive, angular position, light-detecting system, electron-count-
ing system and other experimental chores. Both analyzers are
ramped off the 16 bit DAC but have their own separately control-
led power supplies for lens voltages. The two identical instru-
ments will allow a determination of the branching ratios and
asymmetry parameters without rotation (i.e., the electron inten-
sity at two angles can be measured simultaneously). The device
can be calibrated by reference to a gas with a known cross-sec-
tion [209] and asymmetry parameter [192,210]. The calibration
features for the two instruments are incorporated into a compu-
ter program that analyzes and reduces the data. Area detectors
have been purchased and will soon be integrated into the experi-
ment, thus significantly increasing the sensitivity of the sys-
tem.

The gas-inlet system is mounted on an XYZ manipulator for
external alignment of the gas jet to optimize signal intensity
and resolution. Exit nozzles of the system are interchangeable
and provide both effusive beams and supersonic jets by use of
pinhole apertures of diameter 7-50 um. The positioning of the
supersonic source is of particular importance and necessitates
the positioning capability of this inlet system. With the larg-
er hemispherical dispersive element, the use of two analyzers,
better gas-source technology, incorporation of area detectors
and enhanced pumping, we expect a significant improvement in
basic sensitivity of the instrument (a very conservative esti-
mate would be >100x) as compared to our present 5 cm radius sin-
gle—-analyzer system.

The same LSI-11 computer used for automation is also used
for data reduction. The basic data consist of electron counts
as a function of wavelength, ramp voltage and angle. The ramp
voltage is converted, using known quantities, to electron kine-
tic energy. The electron counts are then normalized for correc-
tion factors that depend upon kinetic energy, such as the trans-
mission functions of the instruments and any angular correction
factors. Upon obtaining a suitably normalized set of data, the
photoelectron spectra are fitted to a gaussian basis set, using
spectroscopic values for vibrational energy spacings, and treat-
ing peak height, peak width and overall position as free param-
eters. The areas of the respective peaks are used to infer the
values of the branching ratios and asymmetry parameters from the
equation given above. The calculated curve and normalized data
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are plotted to aid in the evaluation of the quality of fit.
In addition, this fitting program outputs statistical parameters
which can be used to estimate accuracy.

2.3c Experimental Confirmation of Non-FC Effects

The theoretical predictions of Section 2.3a were soon tested
in two separate experiments, as indicated in Figs. 15 and 16.
In Fig. 15, the branch1n§ rat1o for production of the v=0 and 1
vibrational levels of N, is shown.  The dash-dot line is
the original prediction [69] from Fig. 12. The solid dots are
recent measurements [99] in the vicinity of the shape resonance
at hv = 30 eV. The conclusion drawn from this comparison is
that the observed variation of the vibrational branching ratio
relative to the FC factor over a broad spectral range qualita-
tively confirms the prediction; however, subsequent calculations
[94,109] with fewer approximations have achieved much better
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Fig. 15. Branching ratios for productlon of the v =
0,1 levels of N, *x by photoionization
of No. References %99], A, [181]; =+—-—,
multiple-scattering model prediction from
[69]; ——, frozen-core Hartree-Fock dipole-
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agreement based on the same mechanism for breakdown of the FC
separation. The dashed and solid curves in Fig. 15 are re-
sults based on a Schwinger variational treatment [109] of the
photoelectron wavefunction. The two curves represent a length
and velocity representation of the transition matrix element,
both of which are in excellent agreement with the data. This
is an outstanding example of interaction between experiment and
theory, proceeding as it did from a novel prediction, through
experimental testing, and final quantitative theoretical agree-
ment in a short time. Also shown in Fig. 15 are data in the
15.5 eV < hv < 22 eV region which represent earlier results
[181] obtained using laboratory line sources. The apparently
chaotic behavior arises from unresolved autoionization struc-
ture, the detailed study of which is discussed in Section 3.3.

Fig. 16 shows angular distribution asymmetry parameters, B8,
for the v=0,1 levels of N2+ x2:t over roughly the same energy
region as that discussed above. These data were obtained at the
Synchrotron Radiation Center at the University of Wisconsin by
Carlson and co-workers [79]. 1In the region above hv = 25 eV,
these data also show qualitative agreement with the predicted
[69] v dependence of B caused by the 0, shape resonance. In
this case, the agreement is somewhat improved in later calcula-
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Fig, 16. Photoelectron asymmetrx parameters for the v =
0,1 levels of N2+ X 22 References: o, v = 0
data from [79]; e, v = 1 data from [79]; long-
dashed curve, v = 0 prediction from [69]; solid
curve, v = 1 prediction from [69]; other data
described in [79], from which this figure was
taken.
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tions [109], mainly for v=1: however, the change is less dramat-
ic than for the branching ratios.

2.4 Progress and Prospects

In summary, we have used prototypical studies on N7 to con-
vey the progress made in the study of shape resonances in mole-
cular photoionization, most of which has occurred over the last
ten years or so. This included the identification of shape-re-
sonant features in photoionization spectra of molecules and the
accrual of substantial physical insight into their properties,
many of which are peculiar to molecular fields. One very recent
example has been the prediction and experimental confirmation of
the role of shape resonances in producing non-Franck-Condon ef-
fects in vibrational branching ratios and photoelectron angular
distributions.

What this discussion has failed to convey so far is the al-
ready extensive body of work that has developed around these
basic themes. Even in an early interpretation [20] of shape re-
sonance effects in x-ray spectra, it was obvious that the pheno-
mena would be widespread since more than ten molecules, or local
molecular moieties, were observed (see, e.g., [8,20]) to exhibit
shape-resonant behavior. At the present, it is not difficult to
identify over two dozen examples of molecules exhibiting the ef-
fects discussed above, in one or more final-state symmetries.
(The following examples are found in [2-134] and the inner-shell
cases are listed according to molecule in the bibliography given
by Hitchcock [3].) These include simple diatomics (NZ’ 0,, co,
NO), polyatomics with subgroups related to the first—-row diatom-
ics (HCN, CyN,, CH4CN), triatomics (CO,, CS), OCS, N0, S0y) and
more highly coordinated molecules and local molecular environ-
ments (SF¢, 50,2, SF5CFy, SF,0,, SF,0, BF3, SiF,, SiCl,, SiFg?,
SiOz, NF, CF4). There is no doubt that many cases have been
overlooked in this listing and that many more examples will be
identified in the future as the exploration of molecular photo-
ionization dynamics continues, particularly with the increasing
utilization of synchrotron radiation sources.

Several examples from the above body of literature serve
both to emphasize some of the interesting complications that can
arise, and to caution against assuming that manifestations of
shape resonances will always conform to the independent-electron
concepts used above to explain the fundamentals of the subject
in connection with Ny photoionization: (i) For example, in the
iso-electronic molecule €O, much of what was said for Ny would
carry over with suitable modifications to account for the loss
of inversion symmetry. However, for photoionization of the out-
ermost 50 orbital (the counterpart of the 3¢, in Nj) the vibra-
tional branching ratios [76] and g's [80] for the weaker v 2 2
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channels deviate qualitatively from calculations [112]. This
has been postulated [112] to arise from channel interaction with
weak, doubly-excited autoionizing states in the region of the
shape resonance. In any case, some departures from the simpli-
fied picture drastically alter the otherwise anticipated behav-
ior of these weak vibrational channels. (ii) In the case of 0,
photoionization; an analogous o, shape resonance is expected
[84,111,119] but its identification in the photoionization spec-—
trum has been complicated by the existence of extensive autoion-
ization structure in the region of interest. Recent work [132],
using variable-wavelength photoelectron measurements and an MQDT
analysis of the principal autoionizing Rydberg series, has sort-
ed out this puzzle, with the result that the o, shape resonance
was established to be approximately where expected but was not
at all clearly identifiable without extensive analysis. (iii)
In the case of CO,, a o, shape resonance of completely different
origin was expected [85,96] in photoionization of the 40, orbit-
al, leading to the C 23t state of COZ+. This resonance, how-
ever, was not apparent in partial cross-section measurements on
this chanmnel [56], for reasons still not definitely known. Nev-
ertheless, predictions [85,113] of a shape-resonant feature in
the corresponding B were confirmed [101] and results from sever-
al laboratories [85,92,96,101,102,108,110,113,122] have now con-
verged to reasonable agreement for this observable. Future ex-
perimental work on vibrational branching ratios [113] and v-de-
pendent B's [113] would greatly aid in the further study of this
puzzle. (iv) The most dramatic display of shape resonance phe-
nomena is in SFg, a molecule which exhibits four prominent reso-
nantly-enhanced features (aj,, tiy, tyg and e, symmetries) in
its inner-shell spectrum [4,%,20]. However, the role of the tpg
and eg shape resonances in valence-shell spectra is poorly estab-
lished. The experimental and theoretical evidence is too in-
volved to summarize here; however, we do note that strong
evidence [129], associated with the behavior of the tj), reso-
nance, exists for strong channel interaction among valence-
shell photoionization channels. Moreover, the failure to clear-
ly observe [55,74] the eg resonance also suggests substantial
departures from the elementary ideas described above. (v) Fin-
ally, returning to the case of N,, we note that the photoioniza-
tion of the 20, should also access the o, shape resonance. How-
ever, for this inner-valence orbital, extensive vibronic coup-
ling causes a breakdown [211] of the single-particle model,
leading to the observation [91] of tens of "satellite" vibronic
states in the photoelectron spectrum instead of a single peak
due to ionization of the 20, orbital. Nevertheless, if the inten-
sity of this complicated structure is summed and plotted ver-
sus photon energy, the resonant enhancement reemerges.

These five cases are excellent examples of the additiomal
challenges that can arise in the study of shape resonance phenom-
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ena. These challenges should not diminish the simplicity and
power of the fundamental shape resonance dynamics; rather, they
show how the fundamental framework showcases more complicated
(and interesting) photoionization dynamics which, in turn, re-
quire a more sophisticated framework for full understanding.

Another form of progress is measured by the applicability of
ideas to other observables or, more broadly, to other subfields:
(i) We have already touched upon the close connection [68] be-
tween shape resonance phenomena in molecular photoionization and
electron-molecule scattering. The mapping of the set of shape
resonances from one case to the other by a shift of V10 eV on
the kinetic energy scale has been discussed elsewhere [68].

(ii) Shape resonances in adsorbed molecules are now used rather
extensively [197,198] as a probe of the geometry and electromic
properties of adsorption sites. (iii) As discussed in connec-
tion with inner-shell spectra of SFg, free-molecule concepts
concerning localized states carry over to the condensed phase.
In such cases a local "molecular" point of view can often pro-
vide more direct physical insight into photoexcitation dynamics
of solids than does a band-structure approach. It is interest-
ing to note that shape-resonant features in solid S$i0j, inter-
preted [20] long ago, are now used to monitor the oxidation of
silicon in the fabrication of metal-oxide semiconductors. (iv)
As noted above, shape resonances are often low-energy precursors
to EXAFS structure occurring from “100 eV to thousands of eV
above inner-shell edges. In fact, such resonant features are
very sensitive to local structure (cf. Section 2.3) and may be
very useful for local structure determination. (v) An intimate
connection also exists with antibonding valence states in quan-
tum chemical language. This was dramatically demonstrated over
ten years ago, when Gianturco, et al. [21] interpreted the shape
resonances in SFg using unoccupied virtual orbitals in an LCAO-MO
calculation. This connection is a natural one since shape reso-
nances are localized within the molecular charge distribution
and therefore can be realistically described by a limited basis
set suitable for describing the valence MO's. However, the
scattering approach used in the shape resonance picture is nec-
essary for analysis of various dynamical aspects of the phenome-
non. (vi) Finally, shape resonances have been used as charac-
teristic features in the analysis of such diverse subjects as
electron optics [67] of molecular fields and hole localization
[54] in inner-shell ionization, and as the cause for molecular
alignment in photoionization, leading to anisotropy in the angu-
lar distributions [82] of Auger electrons from the decay of K-
shell holes.

Looking to the future, there are several enticing prospects
for significant progress. For instance, the present set of
known and characterized resonance features is only the tip of
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the iceberg. The joint theoretical and experimental efforts
needed to extend our knowledge of these useful states to other
molecules and to other detection channels should be very fruit-
ful and should present new issues to be resolved. Another
theme, so natural in research, is the study of those cases in
which our prevailing ideas break down. Several examples were
cited above but this is expected to be a major growth area in
molecular photoionization dynamics, owing to the growth both in
detailed experimental studies and in the variety of computation-
al methods capable of treating inter- and intra-channel coupling
and non-Born-Oppenheimer effects. 1In this context, the study of
weak chamnels, such as weak vibrational channels, should be most
useful in highlighting the departures from the independent-par-
ticle, adiabatic framework used above. Another obvious example
is the potential for more active investigations of shape-reso-
nantly localized excitations in other contexts, such as adsorbed
molecules, solids and biological molecules. 1In these and unfor-
seen ways, the expansion, refinement and unification of recent
developments in the study of shape resonances in molecular
fields will provide a stimulating theme in molecular physics in
the coming vears.

3. MOIECULAR AUTOIONIZATION
3.1 Overview

Autoionization is an intrinsically multichannel process in
which an excited discrete state from one channel couples to the
underlying electronic continua of one or more other channels to
effect ionization. It has been known since Fano's original work
[1,212,213], almost fifty years ago, that this process produces
characteristic asymmetric Fano-Beutler profiles in the photoion-
ization cross-section. Since then, there have been extensive
studies of autoionization structure in photoionization spectra
of atoms (1] and molecules (see, e.g., [2,120,214-228]). 1In add-
ition, the manifestations of autoionization in dynamical parame—
ters such as photoionization branching ratios and photoelectron
angular distributions have been recognized and have recently
evolved into a major focal point for current studies of molecu-
lar photoionization dynamics (see, e.g., [64,93,116,125,132-134,
137-150,164-193,229-230]).

A more physical description of the autoionization process is
helpful in discussing the alternative decay mechanisms possible
in molecules: In most cases, autoionizing states consist of an
excited Rydberg electron bound to an excited ion (also called
core), primarily by Coulomb attraction. (The case of two high-
ly correlated electrons bound to an ion is another important
example, but one which requires special treatment [231] and
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will not be discussed here.) A necessary condition for decay of
this state by ionization is that the excitation energy of the
ion core be greater than the binding energy of the Rydberg elec-
tron. Then, barring alternative decay paths, autoionization
will take place by means of a close collision, between the Ryd-
berg electron and the core, in which excitation energy of the
core is transferred to the excited electron to overcome its bind-
ing energy and to permit its escape from the ionic field. Note
that although a Rydberg electron spends only a very small frac-
tion of time within the molecular ion, such close encounters are
essential for autoionization, since only when the Rydberg elec-
tron is nearby can it participate fully in the dynamics of the
core and exchange energy efficiently with it.

A molecular ion core can store the energy needed to ionize a
Rydberg electron in any of its three modes -- electronic, vib-
rational or rotational. The most direct means of storing elec-
tronic energy is the production of a hole in a molecular orbital
other than the outermost occupied MO by, for example, promoting
one of the inner electrons into a Rydberg orbital to initially
prepare the autoionizing state. In addition, various degrees of
vibrational and rotational excitation can accompany photoexcita-
tion of Rydberg states. It is the existence of, and interplay
among, the alternative energy modes which lead to the unique
properties of molecular autoionization.

As a concrete example of rotational and vibrational autoion-
ization, we shall discuss photoionization of H,. The alterna-
tive rovibrational ionization channels for para-H, (J=0) are
shgwg schematically in Fig. 17. The ground ionic state, H2+
X “Ig, is the only bound electronic state in this spectral
range; hence, the possibility of electronic autoionization is
eliminated. 1In Fig. 17, the vertical, _shaded bars represent
various vibrational channels of H2+ X 2+, labeled by v =0-5.
Pairs of continua are associated with each v+, reflecting the
two rotational continua N = 0,2 produced by photoionization of
para-Hy. Converging to each of these (and higher) rovibrational
thresholds is a Rydberg series supported by the Coulomb field of
the H2+ ion. A small subset of these Rydberg states is indicat-
ed, for later reference, by horizontal lines at the observed
spectral locations, with each state being placed directly under
the threshold to which it converges. Any of these optically al-
lowed Rydberg states can autoionize by coupling with accessible
open chamnels. In this case, autoionization would proceed by
transferring energy stored in rotation or vibration of the ion
core to the photoelectron. If more than one continuum is avail-
able, the decay will proceed into each with a branching ratio
determined by the detailed dynamics of the decay process. More-
over, the angular distribution of the photoelectrons escaping in
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Fig. 17. Schematic illustration of vibrational-rotational
autoionization in cold para-Hjp (J = 1, negative
parity final states). Continua are indicated by
vertical hatching. For each given vt of the ion
Hy" there are two continua corresponding to ro-
tational quantum number N = 0 and 2 of the ion
(J =1). Selected discrete Rydberg levels are
indicated below the vibrational ionization limit

with which they are associated (taken from
[1481).

each channel will reflect further details of the dynamics, in-

cluding relative phases of degenerate photoelectron wavefunc-
tions.

Based on the picture, so far, of a set of rovibrational
thresholds and Rydberg series converging to each threshold, one
might expect a dense pattern of autoionizing levels, but one
which would straightforwardly yield to spectroscopic analysis in
terms of characteristic rovibrational spacings and the known be-
havior of Rydberg series. However, this simple picture of a
rich, but fundamentally uncomplicated, spectrum ignores all in-
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teraction between the Rydberg electron and the molecular core,
and is wrong. This is demonstrated dramatically in Figs. 18
and 19, which show the total photoionization spectrum in two
spectral regions (chosen for later discussion) covered in Fig.
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17 ——— one region from the first IP to 785 R and the other from
770-745 A. Careful inspection reveals that, for any Rydberg
series, the spacings, intensities and profiles differ strongly
from a simple Rydberg pattern. This is especially true near
"interlopers', i.e., Rydberg states falling in the midst of a
Rydberg series but converging to a higher limit. For such cases,
level shifts and intensity redistribution frequently modify the
entire host Rydberg series. These modifications arise from mu-
tual interactions mediated by short-range forces and have been
accounted for in detail in this prototypical system.

In the following two sections, we discuss two examples which
represent the state-of-the-art in theoretical and experimental
studies of molecular autoionization dynamics. The most accurate
and penetrating theoretical analysis [137-139,143-145,147,148])
has been carried out on parts of the Hy spectrum using MQDT.

Two representative cases will be discussed: Rotational autoion-
ization, and a prediction of vibrational branching ratios and
photoelectron angular distributions resul ting from vibrational
autoionization above the vT=3 limit at 764.8 X. These predic-
tions have not yet been tested, although equivalent experiments
on electronic autoionization in N, have recently been performed
[168,169]. These latter results will constitute our example of
experimental progress. In Section 3.4 we summarize the progress
and prospects in this area, emphasizing that while experiment
and theory are approaching one another, it is crucial that this
progress converge to direct tests at the triply-differential lev-
el as soon as possible.

3.2 MQDT Treatment of Autoionization in Hp

Mul tichannel quantum defect theory and its application to
molecular photoionization have been described in detail else-
where [137-150], including elsewhere in this volume. Hence, we
only briefly summarize the important attributes of MQDT and then
turn to two examples of its application to photoionization in Hj.

MODT is a theoretical framework which simultaneously treats
the interactions between and within whole excitation channels.
The input to an MQDT calculation consists chiefly of a small set
of physically meaningful parameters (quantum defects and dipole
amplitudes) which characterize the short-range interactions be-
tween the excited electron and the core, are slowly-varying func-
tions of energy relative to rovibronic structure in the spectrum,
and can generally be obtained from the positions and intensities
of low-lying states in the spectrum. Also used are known trans-—
formation properties of molecular wavefunctions, e.g., transfor-
mations between Hund's coupling cases, and the asymptotic bound-
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ary conditions pertinent to a particular spectral range. Given
this input, straightforward matrix mechanics yields, at each ex-
citation energy, the spectral composition of the total final-
state wavefunction in terms of the short-range, body-frame basis
set, known dipole strengths and the asymptotic eigenphase shifts
of the observable ionization channels. These quantities are
then related, by now standard formulas, to such observables as
the total photoionization cross-section, vibrational branching
ratios and photoelectron angular distributions.

We wish to emphasize that this theoretical framework is not
only elegant, but also reflects very accurately the internal
mechanics of the excited complex. Hence, the quality of the com—
puted observable depends solely upon the quality of the input.
When accurate, empirical quantum defects are used, adiabatic and
nonadiabatic corrections to the Born-Oppenheimer approximation
are included automatically, to all orders. Hence, given physi-
cal input from low-lying excited states, one can use MODT to gen—
erate accurate predictions for experiments throughout the ex-
tremely complex high-excitation regions. This is to be contrast-
ed to the normal perturbation approach, which would require
treating each state separately, with explicit adiabatic and non-
adiabatic corrections and with little hope of treating higher-
order interactions within and between whole exictation channels.

A striking example of the power and accuracy of MQDT in a
complex situation is provided by the rich, rotational/vibration-
al autoionization structure in the 174.3 cm~l spectral range be-
tween the N'=0 and 2 rotational thresholds associated with the
lowest v'=0 ionization potential of Hy. The results of a calcu-
lation [144] of this structure are given in Fig. 20. The level
positions indicated across the top of the figure are those one
obtains with discrete boundary conditions (i.e., by eliminating
open channels from the linear system). This level of analysis
determines the initial assignments of spectral features. Alter-
natively, photoabsorption directly into the continuum is shown
across the bottom of Fig. 20. This represents the single-chan-
nel level of approximation used throughout the discussion of
shape resonances in Section 2. TIf rotational autoionizing chan-
nels only are introduced, the np2 levels of the Rydberg series
converging to the upper (N'=2) threshold of H,* X 25T (v*'=0)
autoionize and distort the continuum into a Rydberg Series of
Fano-Beutler profiles. This is shown in the middle frame of Fig.
20. Finally, if vibrational autoionization channels are also in-
troduced, the 5pn(v=2) and 7pn(v=1) levels autoionize and strong-
ly distort the rotationally autoionizing levels as well, shift-
ing intensity from above to below the vibrational interlopers.
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Fig, 20. MQDT+calculation of photoionization of H
X iz (J" = 0, v" = 0) near the ionization

threshold (taken from [144]).

We see, therefore, that the effect of vibrational autoioni-
zation on the ionization cross-section is profound, and that it
affects the whole range shown (corresponding to ~100 em~1). In-
deed, if the fine variations in the cross-section are neglected,
the whole spectrum can be viewed as one '"giant" resonance of 50
emi L width, which causes a global transfer of intensity from the
high-energy to the low-energy side of the vibrational peaks.
This transfer leads to further modifications of the fine struc-
ture. For example, for n=26 and 27 the intensity minima still
correspond nearly to the discrete np2 levels:; for higher n, how-
ever, the profiles become progressively distorted until, near n=
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32 to 35, it is the intensity maxima which coincide with the
discrete level positions. 1In other words, there no longer ex-
ists a simple relationship between the extrema of the ionization
curve and the positions of the autoionizing levels. 1In view of
these complexities, it is clear that vibrational and rotational
autoionization cannot be meaningfully treated as separate pro-
cesses in this spectral region. A key feature of MQDT, however,
is that it is based on no such assumed separability, i.e., it

Experimental
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Fig., 21. MQDT results from Fig. 20, broadened to a
resolution of 0.022 and compared with
data from [220] (taken from [144]).
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is applicable independently of coupling strengths between alter-
native decay mechanisms.

In Fig. 21, the calculated spectrum is compared with the
high-resolution photoionization spectrum [220]. The calculated
spectrum from Fig. 20 was convoluted with a triangular apparatus
function of width 0.022 & to mimic the finite experimental reso-
lution. The comparison in Fig. 21 shows essentially exact
agreement and reflects, more clearly than words, the state-of-
the-art in computational simulation of detailed photoionization
dynamics.

Triply-differential cross-sections have also been computed
[148] near each of the levels shown explicitly in Fig. 17. How-
ever, we shall skip to the highest set of levels, above the vt=3
limit, to discuss MQDT predictions of vibrational branching ra-
tios and B's. This spectral range, between 762.5 and 765 in
Fig. 19, is most attractive for future experimental examination
since it produces four photoelectron peaks, corresponding to v =
0-3, with sufficiently large photoelectron energies to be mea-
sured with existing electron-energy analyzers.

Fig. 22 shows the calculated total and vibrational par-
tial cross-sections (the rotational sublevels have been summed
over) in this spectral range, together with total photoioniza-
tion data [220]. 1In this case the calculations are not folded
with the instrument function and are, accordingly, sharper and
higher. The horizontal arrow indicates the height that would
be obtained from such a convolution. Also, the vertical arrows
show more precise peak positions from the high-resolution ab-
sorption spectrum [139]. Given these qualifications, the agree-
ment in the total cross-section is, again, quite satisfactory.
The vibrational partial cross-sections, for which no experimen-
tal data are available, are shown at the bottom of Fig. 22.
There, we see that the widths of the vibrational autoionization
peaks are the same as in the total cross-section, as expected,
but that the profiles vary drastically. Other details of the
behavior of these partial cross-sections are displayed more
clearly in the vibrational branching ratios, discussed below.

Fig. 23 again shows the total photoionization cross-sec-
tion, together with the total B (summed over v') and includes
the vibrational branching ratio and By+ for each vibrational
ionization channel v*. The total B curve is observed to dip
strongly within the resonances. This is a consequence of the
discrete wavefunction component mixing strongly into the ioniza-
tion continuum. Classically speaking, one would say that the
"quasibound" photoelectron spends more time near the core so
that angular momentum exchange is enhanced. 1In this case the NT=
2 ionization channel becomes dominant near the center of the re-
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Fig. 22.
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sonance and the value of B is depressed correspondingly, showing
that directional information carried by the incoming photon is
largely transferred to molecular rotation in the subsequent

electron-core collisions.

This general behavior is also reflect-

ed in the partial By+ curves although, in addition, a strong
vt dependence in the magnitudes and shapes of these curves is
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Fig. 23. Asymmetry parameter B (total and vibrationally-
resolved) and vibrational branching ratios for
photoionization of Hy near the vh = 3, Nt =2
ionization threshold (764.755 X). Figure tak-
en from [148].

observed. Note that the spectral extent of the variations in-
duced in B+ by vibrational autoionization is considerably larg-
er than the halfwidths of the resonances themselves. This is a
significant advantage in triply-differential experimental stud-
ies, which are difficult to perform with narrow photon band-
width, for intensity reasons, and are only now being planned
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with bandwidths of 0.1-0.2 A.

The middle frame in Fig. 23 shows the vibrational branching
ratios in this energy region, along with the FC factors for di-
rect ionization. As in the case of shape-resonant photoioniza-
tion, striking non-FC behavior is observed in the vicinity of
the vibrationally autoionizing states. And, as observed for Bv+,
the spectral extent of the autoionization effects is greater
than the autoionizing resonance hal fwidth, when displayed in
terms of vibrational branching ratios, an observation which is
significant in the context of experimental tests of these predic—
tions. These calculations also predict that the branching ratio
in the open channel possessing the highest v' (corresponding to
autoionization with the lowest possible |av|) is strongly enhan-
ced at the expense of all other channels, which are strongly de-
pressed from their FC factors. Thus, the well-known qualitative
rule [229], which states that a vibrationally-autoionized level
decays preferentially with the smallest possible change of vibra-
tional quantum number, is globally confirmed in these calcula-
tions, although for certain wavelengths (e.g., 764.4 X in Fig.
23) the exact opposite may be true.

The above results tend to lull one into the feeling that we
understand photoionization in Hy completely, needing only to
extend the range of the MQDT treatment to any energy region of

20

14 18 22 26 30 34
photon energy (eV)

Fig. 24, Various experimental and theoretical results
for the asymmetry parameter, 8, for photoion-
ization of Hp and Dy. Complete citations for
the various data are given in [232], from
which this figure was taken.
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interest. Nevertheless, it is imperative to perform experiment-—
al tests at the triply-differential level since it is in the

more detailed quantities, such as vibrational branching ratios
and angular distributions, that we are most likely to observe
shortcomings in our detailed understanding of this important fun-
damental system, That such measurements have »not been perform-
ed is often surprising to some. To emphasize the dearth of de-
tailed data on this point, we show, in Fig. 24, a recent summary
[232] of B measurements on H, (and D), together with other
theoretical treatments. The gap between Figs. 23 and 24 is enor-
mous. Indeed, the measurements are difficult; however, optimiza-
tion of current technology should make this goal attainable.

This is, one of the main motivations for the new-generation in-
strument described in Section 2.3b.

3.3 Triply-Differential Measurements Within Autoionization
Resonances

Recall the scattered data in the 15.5 eV < hv < 20 eV region
of the vibrational branching ratio results for N, (cf. Fig. 15).
As indicated in the discussion of these data, the scatter was
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produced by unresolved autoionization structure leading to the A
and B states of N2+ (see Fig. 8). The high-resolution, total
photoionization spectrum [222] of N, in that spectral range is
given in Figs. 25 and 26, showing the rich autoionization struc-
ture in the N, spectrum. This structure serves to emphasize the
difference in precision needed in studying the two types of re-
sonant photoionization processes —-- shape resonances and auto-
ionizing resonances. The relatively broad Hopfield absorption
and emission Rydberg series [233], converging to the v=0 level
of N2+ B 223 at 661.2 X, was chosen for the initial triply-dif-
ferential study [168] of molecular autoionization structure.
This choice was guided by two considerations: First, this se-
ries represents a relatively isolated Rydberg series, the lower
members of which are sufficiently broad to permit a systematic,
detailed investigation of autoionization profiles with available
instrumentation. Second, this was considered a good prototype
for investigating the full rotational-vibrational-electronic in-
terplay in the autoionization process. 1In this example, the
autoionizing states consist of a Rydberg electron bound to an
electronically excited N2+ B “tt (v=0) core. Ionization occurs
when the Rydberg electron collides with the core, thus enabling
an exchange of the large electronic excitation energy of the
core, together with smaller amounts of energy from the nuclear
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modes.

Although several members of the Hopfield absorption and emis-
sion series have been studied [169] by triply-differential photo-
electron spectroscopy, we focus here on the lowest (and broadest)
m=3 members of these series at A = 723.3 & (absorption) and
715.5 & (emission). The spectroscopic assignments for these se-
ries are summarized elsewhere [168]. We note, however, that the
window and main absorption series, together with a weaker absorp-
tion series occurring between them, seem to be most consistent
with the designations ndﬂ , ndog and nsc , although these assign-
ments have not been unequlvocal%y establlshed.
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each frame. The dashed line is hand drawn to
guide the reader's eye. Open and closed circles
represent two independent runs. Figure taken
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In Fig. 27, we present the vibrational branching ratios for
formation of the ground-state ion N,* X 25} by photoionization

< 2 < 730 . (Here we define the vibration-
al branching ratio as the ratio of the intensity of a particu-

lar vibrational level to the sum over the whole vibrational
band.) In Fig. 28, the asymmetry parameter B is given for the
same processes.

In both figures, the positions of the Hopfield
emission and absorption features at 715.5 % and 723.3 R, respec-

tively, are indicated by solid lines joining the upper and low-
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er frames. 1In the vicinity of these features, a hand-drawn dash-
ed curve is constructed only to guide the eye and should not be
taken too seriously. Typical error bars for the data in both
figures are shown on the last point in each frame. Duplicate
branching-ratio measurements (the open circles were taken at the
magic angle and the solid dots were deduced from the angular dis-
tribution measurements) show the reproducibility of the data.
Note that an early branching-ratio study of this region of the

Ny photoionization spectrum was reported by Woodruff and Marr
[164,165]1, but without angle dependence and with insufficient
wavelength resolution to characterize the profiles of the Hop-
field resonances.

Focusing first on the vibrational branching ratios in Fig.
27, we see three major qualitative features:

(i) The v=0 branching ratio exhibits pronounced dips at the
locations of the two major autoionization features, whereas the
higher vibrational channels, most notably v=1, show enhancements.
Hence, the quasibound autoionizing states mediate a transfer of
dipole amplitude from the v=0 channel to the much weaker v=1,2
and 3 channels, a transfer which involves simultaneous electron-
ic deexcitation and vibrational excitation of the ion core.

This transfer is primarily directed to the v=1 channel and is
much diminished by v=3. Such an enhancement of vibrational
channels possessing small Franck-Condon factors relative to the
most intense channel is reminiscent of the effects of shape reso-
nances in those few cases studied so far. Comparison with vibra-
tional autoionization in Hy, where ionization channels with the
minimum (negative) Av usually dominate [148,229], is not
straightforward since Av=0 is permitted in this case: and, at

any rate, transitions in which vibrational excitation occurs are
favored. Establishing the systematics of this diverse set of
observations is, obviously, a most timely problem.

(ii) Despite the great contrast between window and absorp-
tion profiles in the photoabsorption and photoionization spec-
tra, the profile in Fig. 27 are of similar shape and both exhi-
bit either an enhancement or depletion, depending upon the chan-
nel.

(iii) Definite "interloper" structure occurs between the two
ma jor resonances, with variable shape and strength. Both the
weak absorption peak near the window resonances and other weak
structures (one peak in the photoionization spectrum at 718.8 8
correlates well with the main interloper structures in Fig. 27)
may play a role here.

The angular distribution results of Fig. 28 also exhibit
structure at the positions of the two major resonances and in
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between. Implicit in the spectral variations in B is informa-
tion on both the vibrational branching ratios and the relative
phases of the alternative vibrational ionization channels.
Specifically, the competition between asymptotic phases produces
large asymmetric variations in B at the resonance positions,
variations which differ from one final vibrational level to an-
other. For instance, the B curve near the Hopfield "emission"
line exhibits a peak for v=0 which evolves into a dip for v=3.
Near the Hopfield absorption profile, the position of the mini-
mum in B, although not extremely well-defined by these data,
clearly shifts from the long-wavelength side of the resonance
position to the short-wavelength side.

We conclude by observing that, although this example is one
of only a few measurements of its kind at this time (see the
next section), the experimental developments described in Sec-
tion 2.3b, and those occurring in other laboratories, will make
available more systematic, triply-differential studies in many
molecules in the next few years. It is, therefore, most timely
to extend calculations, such as those described in Section 3.2,
to the full rovibronic description of molecular autoionization,
in order to help guide experimental progress and to extract the
wealth of detailed dynamical information contained in the anti-
cipated growth of triply-differential data. ' Fortunately, theo-
retical progress in this direction is already substantial, as
summarized in the next sectionm.

3.4 Progress and Prospects

In addition to the prototype Hy and Ny cases discussed
above, there have been a large number of molecules for which
autoionization structure in the total photoionization cross-sec-
tion has been mapped out (see, e.g., [2,120,214-228]). These
spectra contain a great deal of dynamical information in them-
selves and create an indispensable roadmap for choosing particu-
lar cases for detailed study. More recently, additional triply-
differential measurements have been performed on broad autoion-
ization features in 0, [166], CO [167], CO, [170] and CyHy
[125,131]. 1In addition, very detailed vibrationally-resolved
partial cross-sections for production of 02+ B 43~ and B 233
have been measured [132-134] systematically throuéhout the com-
plex autoionization structure in the hy = 18-21 eV range. As
mentioned above (Section 2.4), this work addressed, and has rath-
er clearly resolved, the spectroscopy and dynamics arising from
overlapping shape and autoionizing resonances in this region,
using a combination of experimental and theoretical methods.

Progress on the theoretical side has also been substantial.
The MQDT analysis of electronic autoionization in 0, just men-
tioned is a good example of utilizing MQDT in a more complicat-
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ed situation, where the basic input is not as complete as in the
case of Hy and must, therefore, be approximated or empirically
derived. This type of application exploits the powerful theoret -
ical framework of MQDT to reflect complicated dynamics in terms
of a few parameters, which can even be deduced by forcing the
calculated spectrum to mimic experiment. This permits us to ac-
cess the information contained in these data, at least until
means [150] to compute input parameters for more complicated mol-
ecules are adequately developed. Other examples of successful
MODT analyses include NO [149] and N, [146, 149]; both of these
molecules exhibit a very interesting hybrid autoionization mech-
anism in which the net result is vibrational autoionization, but
for which all of the strength derives from indirect electronic
coupling with an interloper converging to a higher electronic
threshold.

Clearly, experimental and theoretical programs to probe more
deeply into molecular autoionization dynamics are proceeding in
a healthy manner. However, special emphasis should be placed on
making progress toward the (still missing) direct comparison at
the triply-differential level. Technical difficulties exist on
both experimental and theoretical sides but the progress cited
above would indicate that this prime goal is within present cap-
abilities. To be specific, the shortest path toward a direct
comparison would appear to be an experimental test of the theo-
retical predictions in Fig. 23, and theoretical analyses of the
experimental data in Figs. 27 and 28. We expect these and many
more examples to emerge in the next few years.

4. CONCLUDING REMARKS

In order to place the preceeding sections in a broader per-
spective, we briefly indicate how a variety of techniques are
presently being used to probe aspects of molecular photoioniza-
tion dynamics which are complementary to those emphasized here:
(i) Multiphoton ionization is a recently developed technique
which has a great potential for expanding our understanding of
photoionization dynamics in totally new directions. When used
in conjunction with photoelectron detection, such as that de-
scribed in Section 2.3b, vibrational intensities and photoelec-
tron angular distributions can be measured (see, e.g., [234-
241]) to provide windows onto the dynamics of the multiphoton
process, just as they do in the single-photon case. In addi-
tion, when the multiphoton process proceeds via resonances with
excited neutral states, such as the excited valence states of N,
in Fig. 8, very high-resolution (AX < 0.05 cm~1) spectroscopy
and dynamics of these intermediate resonances can be examined.
(ii) Another recently developed technique ([242,243] is polariza-
tion of fluorescence from molecular ions formed by photoioniza-
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tion. This approach accesses information on the orientation of
the molecular ion and the relative strengths of degenerate pho-
toelectron channels in the photoionization process. To give a
concrete example, photoionization of N, to form the B It state
of N2+ (see Fig. 8) leads to the rightmost photoelectron band in
Fig. 9. This band consists of electrons in degenerate €0, and
€mg ionization channels which cannot be separated by straight-
forward electron spectroscopy or by B measurements. Neverthe-
less, by observation of the polarization of the B-X fluores-
cence, information on the branching ratio for these degenerate
photoelectron channels can be obtained [242]. This provides a
unique test of dynamical information which exists, but usually
remains implicit, in theoretical calculations. This technique
has recently been extended [243] to the study of autoionization
structure in the photoionization of COj. Another, apparently
dissimilar, technique for examining relative strengths of degen-
erate photoionization channels is the measurement of angular dis-
tributions of photoions from dissociative photoionization [244].
The common link between these techniques is that they do not de-
tect (and, hence, integrate over the angular distribution of)
the photoelectrons, thus eliminating the interference effects be-
tween degenerate channels and isolating their relative strengths
in the observed parameters. (iii) An important extension of the
triply-di fferential studies discussed above is the measurement
of spin polarization of the photoelectrons. Spin-polarization
measurements access additional dynamical information described
in detail elsewhere [158]. TFull quadruply-differential measure-
ments have already been performed on atoms [158] and spin-polar-
ization measurements have been made on molecules [245]. (iv) A
variety of dissociative phenomena occur either in competition
with or subsequent to molecular photoionization, and are an im-
portant part of the broader picture. For example, MQDT has been
applied [149] to the competition between predissociation and
autoionization in photoexcitation of NO, an application which
represents an extension of MQDT analysis to dissociation chan-
nels and thereby serves as a prototype for an extensive class of
processes always present to some degree in molecular photoexcita-—
tion spectra. Another subject with a rich literature (see, e.g.
[246-254]) is fragmentation of molecular ions formed by photo-
ionization. Usually studied by photoelectron-photoion coinci-
dence techniques, this subfield focuses on the decay of excited
molecular ions into alternative dissociation channels. (v) A
class of phenomena which appear to be very common in inner-
valence-shell spectra results from the breakdown of the single-
particle model brought on by extensive vibronic coupling among
the high density of states in the inner-valence region [211].
This breakdown manifests itself in a high density of satellites
in photoelectron spectra (consisting of admixtures of single-
hole states, two-hole one-particle states and certain higher-
order combinations) to the extent that the main photoelectron
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line associated with a single inner-valence hole can even be dif-
ficult to recognize. This has been treated successfully, e.g.,
in the case of the "20," spectrum [91] of N;, by many-body
Green's function techniques [211], and may be expected to be an
important dynamical effect in the photoionization of molecular
levels possessing IP's in the hv = 30-50 eV range.

In closing, we emphasize that, although extensive, this sur-
vey is not at all comprehensive. Hopefully, it does succeed in
indicating both the present richness of the field of molecular
photoionization dynamics and the opportunities for significant
progress in the future.
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