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1. Introduction

Molecular photoionization is a rich source of information on fundamental in-
tramolecular interactions. This is apparent when photoionization is viewed as a
half-collision in which a collision complex, prepared by dipole excitation, decays
by ejection of an electron from the field of the target. In the molecular case, the
escaping electron must traverse the anisotropic molecular field and can undergo
interactions with its nuclear modes. Hence, the photoelectron carries to the
detector dynamical information on the two central aspects of molecular be-
havior — motion of an electron in a multicenter field and interplay among rovib-
ronic modes.

Attention is invariably drawn to resonant photoionization mechanisms, such as
shape resonances and autoionization. These resonant processes are important
probes of photoionization for various reasons, the most obvious one being that
they are usually displayed prominently against nonresonant behavior in such
observables as the total photoionization cross section, photoionization branching
ratios, and photoelectron angular distributions. More importantly, resonances
temporarily trap the excited complex in a quasibound state, causing the excited
electron to traverse the molecular core many times before its escape by tunneling
or by exchange of energy with the core. In this way, resonances amplify the subtle
dynamics of the electron—core interactions for more insightful analysis.

The last decade has witnessed remarkable progress in characterizing dynamical
aspects of molecular photoionization. From among the great variety of successful
streams of work, one can identify four broad classes which together have
propelled the recent activities in this field. First, the extensive measurements of
total photoabsorption/photoionization cross sections from the VUV to the X-ray
range by a variety of means (see, e.g., Koch and Sonntag 1979 and a bibliography
of inner-shell spectra by Hitchcock 1982, and original literature cited below) have
continually provided fresh impetus to account for novel features displayed in
molecular oscillator strength distributions. Second, shape resonances have
emerged as a major focal point in the study of molecular photoionization
dynamics. Initially stimulated by observations of intense, broad peaks in inner-
shell spectra, beginning in the late sixties, the study of shape resonances in
molecular photoionization has grown into a vigorous subfield. (A bibliography of
papers discussing shape resonances in molecular photoionization is presented in
the Appendix, along with an indication of the molecule(s) treated in each.)
Benefitting greatly from the timely development of realistic, independent-electron
models (Dehmer and Dill 1979b, Langhoff 1979, Raseev et al. 1980, Lucchese et
al. 1982, Levine and Soven 1983, Collins and Schneider 1984, Levine and Soven
1984, Lynch et al. 1984b, Schneider and Collins 1984, Dill and Dehmer 1974,
Lucchese et al. 1980, Lucchese and McKoy 1981c, Richards and Larkins 1984) for
treating molecular photoionization, studies in this area have not only accounted
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244 J.L. Dehmer et al.

for the features in the total photoionization spectra of both inner and outer shells,
but also have predicted and confirmed several manifestations in other physical
observables as discussed below. Third, multichannel quantum defect theory
(MQDT) was adapted (Fano 1970, Dill 1972, Herzberg and Jungen 1972, Atabek
et al. 1974, Fano 1975, Jungen and Atabek 1977, Dill and Jungen 1980,
Guisti-Suzor and Lefebvre-Brion 1980, Jungen 1980, Jungen and Dill 1980,
Raoult et al. 1980, Jungen and Raoult 1981, Raoult and Jungen 1981, Giusti-
Suzor 1982, Lefebvre-Brion and Giusti-Suzor 1983, Raoult et al. 1983, Raseev
and Le Rouzo 1983, Giusti-Suzor and Fano 1984a,b, Giusti-Suzor and Jungen
1984, Giusti-Suzor and Lefebvre-Brion 1984, Jungen 1984a,b, Mies 1984, Mies
and Julienne 1984, Lefebvre-Brion et al. 1985) to molecular photoionization,
providing a framework for the quantitative and microscopic analysis of autoioni-
zation phenomena. This powerful theoretical framework has been successfully
applied to a number of prototype diatomic molecules, yielding both insight into
the 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 radiation sources
(Kunz 1979, Winick and Doniach 1980, Koch 1983), have made it feasible to
perform triply differential photoelectron measurements (see, e.g., Marr et al.
1979, White et al. 1979, Parr et al. 1980, Krause et al. 1981, Derenbach et al.
1983, Morin et al. 1983, Parr et al. 1983, 1984) on gas phase atoms and molecules.
By this we mean that photoelectron measurements are made as a function of
three independent variables — incident photon wavelength, photoelectron energy,
and photoelectron ejection angle. Variable wavelength permits the study of
photoionization at and within spectral features of interest. Photoelectron energy
analysis permits separation and selection of individual (ro)vibronic ionization
channels. Measurement of photoelectron angular distributions accesses dynamical
information, i.e., relative phases of alternative degenerate ionization channels,
that is not present in integrated cross sections. This level of experimental detail
approaches that at which theoretical calculations are done 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
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 in the Appendix, many of the
pioneering measurements were carried out with laboratory sources. Likewise,
although most current measurements of vibrational branching ratios and angular
distributions within autoionizing resonances employ synchrotron radiation (see,
e.g., Morin et al. 1982a,b, Carlson et al. 1983b, Marr and Woodruff 1976,
Woodruff and Marr 1977, Baer et al. 1979, Codling et al. 1981, Ederer et al. 1981,
Parr et al. 1981, West et al. 1981, Parr et al. 1982b, Truesdale et al. 1983b,
Hubin-Franskin et al. 1984), many early and ongoing studies with traditional light
sources have made significant observations of the effects of autoionization on
vibrational branching ratios (Doolittle and Schoen 1965, Price 1968, Berkowitz
and Chupka 1969, Collin and Natalis 1969, Blake et al. 1970, Bahr et al. 1971a,b,
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Carlson 1971, Collin et al. 1972, Kleimenov et al. 1972, Gardner and Samson
1973, Tanaka and Tanaka 1973, Gardner and Samson 1974a,b, Caprace et al.
1976, Natalis et al. 1977, Gardner and Samson 1978, Eland 1980, Kumar and
Krishnakumar 1981, 1983) and angular distributions (Carlson 1971, Carlson and
Jonas 1971, Morgenstern et al. 1971, Carlson and McGuire 1972, Carlson et al.
1972, Niehaus and Ruf 1972, Hancock and Samson 1976, Mintz and Kuppermann
1978, Katsumata et al. 1979, Kibel et al. 1979, Sell et al. 1979, Kreile and Schweig
1980).

Here we review recent progress in this field with emphasis on resonant
mechanisms and on the interplay between experiment and theory. Sections 2 and
3 discuss elementary aspects of shape resonances and autoionization, respectively.
Section 4 describes experimental aspects of triply differential photoelectron
measurements which are currently the major source of new data in this field.
Section 5 describes particular case studies of molecular photoionization, chosen to
focus on a variety of basic resonant mechanisms that are both under active study
currently and likely to form main themes in the future. Whereas these case studies
draw heavily upon results of the authors’ program at the National Bureau of
Standards’ SURF-II Facility, section 6 surveys related work with a much broader
perspective, stressing aspects which are often unique to other groups. Finally,
section 7 offers some thoughts about future directions of research within and
beyond the present limitations of this field.

2. Shape resonances

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. In
molecular fields, such states can result from so-called “centrifugal barriers”,
which block the motion of otherwise free electrons in certain directions, trapping
them in a region of space with molecular dimensions. Over the past few years,
this basic resonance mechanism has been found to play a prominent role in a
variety of processes 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 the
processes which can exhibit shape resonant effects are X-ray and VUV absorption
spectra, photoelectron branching ratios and photoelectron angular distributions
(including vibrationally resolved), Auger electron angular distributions (Dill et al.
1980), elastic electron scattering (Bardsley and Mandl 1968, Schulz 1973, 1976,
Lane 1980, Shimamura and Takayanagi 1984), vibrational excitation by electron
impact (Dehmer and Dill 1980, Bardsley and Mandl 1968, Schulz 1973, 1976,
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Lane 1980, Shimamura and Takayanagi 1984), and so on. Thus concepts and
techniques developed in any of these contexts can be used extensively in
molecular physics.

Second, being quasibound inside a potential barrier on the perimeter of the
molecule, such resonances are localized, have enhanced electron density in the
molecular core, and are uncoupled from the external environment of the
molecule. This localization often produces intense, easily studied spectral fea-
tures, while suppressing the nearby continuum and/or Rydberg structure and, as
discussed more fully below, has a marked influence on vibrational behavior. In
addition, localization causes much of the conceptual framework developed for
shape resonances in free molecules to apply equally well (Dehmer and Dill 1979a)
to photoionization and electron scattering and to other states of matter such as
adsorbed molecules (Davenport 1976a,b, Dill et al. 1976, Davenport et al. 1978,
Gustafsson et al. 1978b, Gustafsson 1980b, Stohr and Jaeger 1982, Gustafsson
1983, Stéhr et al. 1983, 1984, Koestner et al. 1984, Carr et al. 1985), molecular
solids (Blechschmidt et al. 1972, Dehmer 1972, Lau et al. 1982, Fock 1983, Fock
et al. 1984, Fock and Koch 1984, 1985), and ionic crystals (Aberg and Dehmer
1973, Pulm et al. 1985).

Third, resonant trapping by a centrifugal barrier often imparts a well-defined
orbital momentum character to the escaping electron. This can be directly
observed, e.g., by angular distributions of scattered electrons (Bardsley and
Mandl 1968, Schulz 1973, 1976, Lane 1980, Shimamura and Takayanagi 1984) or
photoelectron angular distributions from oriented molecules (Davenport 1976a,b,
Dill et al. 1976, Gustafsson et al. 1978b, Gustafsson 1980b, 1983), and shows that
the centrifugal trapping mechanism has physical meaning and is not merely a
theoretical construct. Recent case studies have revealed trapping of I=1to =5
components of continuum molecular wavefunctions. The purely molecular origin
of the great majority of these cases is illustrated by the prototype system N,
discussed in section 2.2.

Fourth, the predominantly one-electron nature of the phenomena lends itself to
theoretical treatment by realistic, independent-electron methods (Dehmer and
Dill 1979b, Langhoff 1979, Raseev et al. 1980, Lucchese et al. 1982, Levine and
Soven 1983, 1984, Collins and Schneider 1984, Lynch et al. 1984b, Schneider and
Collins 1984, Dill and Dehmer 1974, Lucchese et al. 1980, Lucchese and McKoy
1981c, Richards and Larkins 1984), with the concomitant flexibility in terms of
complexity of molecular systems, energy ranges, and alternative physical proces-
ses. This has been a major factor in the rapid exploration in this area. Continuing
development of computational schemes also holds the promise of elevating the
level of theoretical work on molecular ionization and scattering and, in doing so,
to test and quantify many of the independent-electron results and to proceed to
other circumstances, such as weak channels, coupled channels, 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- (LaVilla and
Deslattes 1966, LaVilla 1972) and L-shells (Zimkina and Fomichev 1966, Zimkina
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and Vinogradov 1971, Blechschmidt et al. 1972, LaVilla 1972) in SF,. The sulfur
L-shell absorption spectra of SF, and H,S are shown in fig. 1 to illustrate the type
of phenomena that originally drew attention to this area. In 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 lies near Av ~ 175 eV. The ordinate represents relative photo-
absorption cross section and the two curves have been adjusted so that the
integrated oscillator strength for the two systems is roughly equal in this spectral
range, since absolute calibrations are not known. The H,S spectrum is used here
as a “normal” reference spectrum since hydrogen atoms normally do not contri-
bute appreciably to shape resonance effects and, in this particular context, can be
regarded as weak perturbations on the inner-shell spectra of the heavy atom.
Indeed, the H,S photoabsorption spectrum exhibits a valence transition, 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 absorption spectrum of a core level.

In sharp contrast to this, the photoabsorption spectrum of the same sulfur 2p
subshell in SF, shows no vestige of the “normal” 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.

“SFS
(gas or solid)

ABSORPTION CROSS SECTION {arb units)

1 I
-20 -0 0 10 20 30 40
hv - S(2p) IP (eV)

Fig. 1. Photoabsorption spectra of H,S (from Zimkina and Vinogradov 1971) and SF, (from
Blechschmidt et al. 1972) near the sulfur L, ; edge.
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Moreover, no Rydberg structure is apparent, although an infinite number of
Rydberg states must necessarily be associated with any positively charged molecu-
lar ion. Actually, Rydberg states superimposed on the weak bump below the IP
were detected (Nakamura et al. 1971) using photographic detection, but obvious-
ly these states are extremely weak in this spectrum. This radical reorganization of
the oscillator strength distribution in SF was interpreted (Nefedov 1970, Dehmer
1972) in terms of potential barrier effects, resulting in three shape-resonantly
enhanced final-state features of a,,, t,,, and e, symmetry, in order of increasing
energy. Another shape resonant feature of t,, symmetry is prominent in the sulfur
K-shell spectrum (LaVilla and Deslattes 1966) and, in fact, is believed to be
responsible for the weak feature just below the IP in fig. 1 owing to weak channel
interaction. Hence, four prominent features occur in the photoexcitation spec-
trum of SF, as a consequence of potential barriers caused by the molecular
environment of the sulfur atom. Another significant observation (Blechschmidt et
al. 1972) is that the SF, curve in fig. 1 represents both gaseous and solid SFq,
within experimental error bars. This is definitive evidence that the resonances are
eigenfunctions of the potential well inside the barrier, and are effectively un-
coupled from the molecule’s external environment.

2.2. Basic properties

The central concept in shape resonance phenomena is the single-channel, barrier—
penetration model familiar from introductory 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 illustrated schematically
(Child 1974) in fig. 2. In the figure an effective potential for an excited and/or
unbound electron is shown to have an inner well at small distances, a potential
barrier at intermediate distances, and an outer well (asymptotic form not shown)
at large separations. In the context of molecular photoionization, this would be a
one-dimensional abstraction of the effective potential for the photoelectron in the
field of a molecular ion. Accordingly, the inner well would be formed by the
partially screened nuclei in the molecular core and would therefore be highly
anisotropic and would overlap much of the molecular charge distribution, i.e., the
initial states of the photoionization 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 pivotal in the molecular systems studied to date.)
This centrifugal barrier derives from a competition between repulsive centrifugal
forces and attractive electrostatic forces and usually resides on the perimeter of
the molecular charge distribution where the centrifugal forces can compete
effectively with electrostatic forces. Similar barriers are known for d- and f-waves
in atomic fields (Fano and Cooper 1968), however, the ! (orbital angular
momentum) character of resonances in molecular fields can be higher than those
of constituent atoms owing to the larger spatial extent of the molecular charge
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VN
S~

—

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 Child 1974). In the present context, the horizontal axis
represents the distance of the excited electron from the center of the molecule.

distribution, e.g., see the discussion in connection with N, photoionization below.
The outer well lies outside the molecule where the Coulomb potential (~—r"") of
the molecular ion again dominates the centrifugal terms (~r"?) 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 / components of particular ionization
channels and restrict motion only in certain directions. Specific examples which
illustrate alternative types of centrifugal barriers in molecular fields are discussed
below in connection with N,, BF,, and SF,.

Focusing now on the wavefunctions in fig. 2, we see the effect of the potential
barrier on the wave mechanics of the photoelectron. For energies below the
resonance energy, E < E_(lower part of fig. 2), the inner well does not support a
quasibound state, i.e., the wavefunction is not exponentially decaying as it enters
the classically forbidden region of the barrier. Thus the 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, so we say this wavefunction is
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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 decays monotonically
until it re-emerges 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 ~= radians and greatly enhances the amplitude in the inner 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 re-emerges in the outer well. The energy halfwidth of the resonance is
related to the lifetime of the quasibound state and to the energy derivative of the
rise in the phase shift in well-known ways. Finally, for E > E, the wavefunction
reverts to being an eigenfunction of the outer well as the behavior of the
wavefunction at the outer edge of the inner well is no longer characteristic of a
bound state.

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 halfwidth of E,, the
inner amplitude is diminished relative to a more typical barrier-free case. This
accounts for the strong modulation of 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 eigenfunc-
tions of the inner well are localized inside the barrier and are substantially
uncoupled from the external environment of the molecule. As mentioned above,
this means that shape resonant phenomena often persist in going from the gas
phase to the condensed phase (e.g., fig. 1), and, with suitable modification, shape
resonances in molecular photoionization can be mapped (Dehmer and Dill 1979a)
onto electron-scattering processes and vice versa. Finally, note that this discussion
has focussed on total energies from the bottom of the outer well to the top of the
barrier, and that no explicit mention was made of the asymptotic potential, which
determines the threshold for ionization. Thus valence or Rydberg states in this
energy range can also exhibit shape resonant enhancement, even though they
have bound state behavior at large r, beyond the outer well.

We will now turn, for the remainder of this section, to the specific example of
the well-known o, shape resonance in N, photoionization, which was the first case
for which shape resonant behavior was demonstrated (Dehmer and Dill 1975) in a
diatomic molecule and has since been used as a prototype in studies of various
shape resonance effects as discussed below. To identify the major final-state
features in N, photoionization at the independent-electron level, we show the
original calculation (Dehmer and Dill 1975, 1976a) of the K-shell photoionization
spectrum performed with the multiple-scattering model. This calculation agrees
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qualitatively with all major features in the experimental spectrum (Wight et al.
1972/73, 1976, Kay et al. 1977, Hitchcock and Brion 1980a), except a narrow
band of double excitation features, and with subsequent calculations, using more
accurate techniques (Langhoff 1984, Lynch et al. 1984b, Schneider and Collins
1984). The four partial cross sections in fig. 3 represent the four dipole-allowed
channels for K-shell (IP = 409.9 €V) photoionization. Here we have neglected the
localization (Bagus and Schaefer 1972, Lozes et al. 1979) of the K-shell hole since
it does not greatly affect the integrated cross section, and the separation into u
and g symmetries both helps the present discussion and is rigorously applicable to
the subsequent discussion of valence-shell excitation. (Note that the identification
of shape resonant behavior is generally easier in inner-shell spectra, since the
problems of overlapping spectra, channel interaction, and zeros in the dipole
matrix element are reduced relative to valence-shell spectra.)

The most striking spectral feature in fig. 3 is the first member of the m,
sequence, which dominates every other feature in the theoretical spectrum by a
factor of ~30. (Note that the first 7, peak has been reduced by a factor of 10 to fit
in the frame.) The concentration of oscillator strength in this peak is a centrifugal

1.5
1of
05 [ x0.l
i Oy
0:; Sa— =
g03p 0q
© oF I —
! T
osf Ty i
or [ 1
.5
0. i o
o 3 1 1 1 i L '—I—[ 1 1 1 1 1 I3 1
-0.5 -04 -03 -02 -0l 0 0.2 04 06 08 10 12

hV-1.P. (Ry)

Fig. 3. Partial photoionization cross sections for the four dipole-allowed channels in K-shell photoioni-
zation of N,. Note that the energy scale is referenced to the K-shell IP (409.9 eV) and is expanded
twofold in the discrete part of the spectrum.
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barrier effect in the d-wave component of the 7, wavefunction. The final state in
this transition is a highly localized state, about the size of the molecular core, and
is the counterpart of the well-known (Bardsley and Mandl 1968, Schulz 1973,
1976, Lane 1980, Shimamura and Takayanagi 1984) =, shape resonance in e-N,
scattering at 2.4 eV. For the latter case, Krauss and Mies (1970) demonstrated
that the effective potential for the , elastic channel in e-N, scattering exhibits a
potential barrier due to the centrifugal repulsion acting on the dominant / =2 lead
term in the partial-wave expansion of the m, wavefunction. In the case of N,
photoionization, there is one less electron in the molecular field to screen the
nuclear charge so that this resonance feature is shifted (Dehmer and Dill 1979a)
to lower energy and appears in the discrete. It is in this sense that we refer to such
features as “‘discrete” shape resonances. The remainder of the m, 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 which correlate well with
partially resolved transitions in the experimental spectrum below the K-shell IP.

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 phenomena 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 electron escapes to infinity, the anisotropic
molecular field can scatter it into the entire range of angular momentum states
contributing to the allowed o and r ionization channels (AA =0, +1). In addition,
the spatial extent of the molecular field, consisting of two atoms separated by
1.1A, enables the / =3 component of the o, continuum wavefunction to over-
come its centrifugal barrier and penetrate into the molecular core at a kinetic
energy of ~1 Ry. This penetration is rapid, a phase shift of ~ occurring over a
range of ~0.3Ry. These two circumstances combine to produce a dramatic
enhancement of photoelectron current at ~1 Ry kinetic energy, with predomin-
antly f-wave character.

The specifically molecular character of this phenomenon is emphasized by
comparison with K-shell photoionization in atomic nitrogen and the united-atom
case, silicon. In contrast to N,, there is no mechanism for the essential p—f
coupling, and neither atomic field is strong enough to support resonant penetra-
tion of high-/ partial waves through their centrifugal barriers. (With subsitution of
“d” for “f”, this argument applies equally well to the d-type resonance in the
discrete part of the spectrum.) Note that the =, channel also has an /=3
component but does not resonate. This underscores the directionality and sym-
metry dependence of the trapping mechanism.

To place the o, resonance in a broader perspective and show its connection
with high energy behavior, we show, in fig. 4, an extension of the calculation in
fig. 3 to much higher energy. Again, the four dipole-allowed channels in D,
symmetry are shown. The dashed line is two times the atomic nitrogen K-shell
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Fig. 4. Partial photoionization cross sections for the K-shell of N, over a broad energy range. The

dashed line represents twice the K-shell photoionization cross section for atomic nitrogen, as
represented by a Hartree—Slater potential.

cross section. Note that the modulation about the atomic cross section, caused by
the potential barrier, extends to ~100 €V above threshold before the molecular
and atomic curves seem to coalesce.

At higher energies, a weaker modulation appears in each partial cross section.
This weak modulation is a diffraction pattern, 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 (Kronig 1931, 1932, Azaroff 1963) in the context of metal lattices. It
currently goes by the acronym EXAFS (extended X-ray absorption fine structure)
and is used extensively (Kunz 1979, Winick and Doniach 1980, Koch 1983, Teo
and Joy 1981, Lee et al. 1981) 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, e.g., in K-shell spectra
(Kincaid and Eisenberger 1975) of Br, and GeCl,. Our reason for showing the
weak EXAFS structure in N, is to show 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 molecu-
lar framework, although the latter is usually treated from an atomic point-of-view.

Figure 5 shows a hypothetical experiment which clearly demonstrates the /
character of the o, resonance. In this experiment, we first fix the nitrogen
molecule in space and orient the polarization direction of a photon beam, tuned
near the nitrogen K-edge, along the molecular axis. This orientation will cause
photoexcitation into o final states, including the resonant o, ionization channel.
The figure shows the angular distribution of photocurrent as a function of both
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N(N,) , m,=0

3
\

\

o Mo /Sr)

Ry ' g

y) g
Fig. 5. Fixed-molecule photoelectron angular distribution for kinetic energies 0-5Ry above the
K-shell IP of N,. The polarization of the ionizing radiation is oriented along the molecular axis in

order to excite the o continua and the photoelectron ejection angle, 6, is measured relative to the
molecular axis.

excess energy above the K-shell IP and angle of ejection, 6, relative to the
molecular axis. Most apparent in fig. 5 is the enhanced photocurrent at the
resonance position, KE ~ 1 Ry. Moreover the angular distribution exhibits three
nodes, with most of the photocurrent exiting the molecule along the molecular
axis and none at right angles to it. This is an f-wave (I=13) pattern and indicates
clearly that the resonant enhancement is caused by an [ =3 centrifugal barrier in
the o, continuum of N,. Thus the centrifugal barrier has observable physical
meaning and is not merely a theoretical construct. Note that the correspondence
between the dominant asymptotic partial wave and the trapping 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, e.g., BF; (Swanson et al. 1981a)
and SF;. Finally, note that the hypothetical experiment discussed above has been
approximately realized by photoionizing molecules adsorbed on surfaces. The
shape resonant features tend to survive adsorption and, owing to their observable
I-character, can even provide evidence (Gustafsson et al. 1978b, Gustafsson
1980b, 1983) as to the orientation of the molecule on the surface. A related family
of measurements on adsorbed molecules record total absorption/ionization mea-
surements as a function of the polarization direction of the light (see, e. g., Stohr
and Jaeger 1982, Stohr et al. 1983, 1984, Koestner et al. 1984, Carr et al. 1985).
This utilizes the symmetry properties of shape-resonance-enhanced absorption
features to indicate the relative orientation of the molecular axis and the
polarization direction. In the example cited above, the large enhancement above
the K-edge of N, will occur only when the polarization is parallel to the molecular
axis.
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In this section, we have utilized the o, (/=3) shape resonance in N, to
illustrate the basic concepts underlying shape resonance phenomena. This reso-
nance is supported by a barrier on the perimeter of the molecular charge
distribution, which acts on the /=3 component of the o, continuum wavefunc-
tion. It is important to realize that potential barriers in molecular fields can also
take different forms. For instance, the t,, and e, shape resonances in SF; (sections
2.1 and 5.5) result from the trapping of /=2 waves on the central sulfur atom.
Although the trapping is associated with an atomic site, the molecular field plays a
crucial role in modifying the potential in the vicinity of the barrier, relative to the
free atom. This is manifested in two ways. First, in an isolated sulfur atom, the
I'=2 wave will penetrate its potential barrier over a much broader energy range
centered at higher kinetic energy, thus greatly diminishing the resonance effect.
Second, the symmetry of the molecular field splits the / =2 resonance into the
crystal-field pair of t,, and e, quasibound states. In such a case, the d-wave
trapping may not be clearly manifested in the asymptotic wave function, i.e., at
the detector, since the departing d-wave may be rescattered into other partial
waves by the anisotropic molecular field containing six fluorine atoms. Another
type of potential barrier in molecules is illustrated by the e’ shape resonance in
BF; (section 5.6). In this case, the essential trapping mechanism was found
(Swanson et al. 1981a) to involve the /=1 component on the fluorine site. This
off-center trapping site also causes rescattering of the trapped wave before it
reaches the detector. In addition, the off-center trapping mechanism permits the
trapping of a p wave in photoionization, for which the Coulomb potential would
dominate the /=1 centrifugal potential, were they centered on the same origin.
These are only three examples, intended to create a broader perspective with
which to approach new cases, which are likely to produce yet other types of
barriers to photoelectron motion in molecular fields.

Finally, we would like to emphasize an intimate connection which exists
between shape resonances and unoccupied valence states in quantum chemistry
language (Langhoff 1984). This was dramatically demonstrated over ten years
ago, when Gianturco et al. (1972) interpreted the shape resonances in SF,
photoionization using unoccupied virtual orbitals in an LCAO-MO calculation.
This connection is a natural one since shape resonances are localized within the
molecular charge distribution and therefore can be realistically described by a
limited basis set suitable for describing the valence MOs. However, the scattering
approach used in the shape resonance picture is necessary for analysis of various
dynamical aspects of the phenomena discussed above.

2.3. Eigenchannel plots

The next topic in the discussion on basic properties of shape resonances involves
eigenchannel contour maps (Loomba et al. 1981) , or “pictures” of unbound
electrons. This is the continuum counterpart of contour maps of bound-state
electronic wavefunctions which have proven so valuable as tools of quantum
chemical visualization and analysis. Indeed, the present example helps achieve a
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physical picture of the o, shape resonance, and the general technique promises to
be a useful tool for analyzing resonant trapping mechanisms and other observable
properties in the future (see also Hermann and Langhoff 1981). The key to this
visualization, given in eq. (5) below is the construction of those particular
combinations of continuum orbital momenta that diagonalize the interaction of
the unbound electron with the anisotropic molecular field. These combinations,
known as eigenchannels, are the continuum analogues of the eigenstates in the
discrete spectrum, i.e., the bound states.

The electronic eigenvalue problem in the molecular continuum is inhomoge-
neous, i.e., there is a solution at every energy. Moreover, there are, in general,
alternative solutions possible at a given energy, depending on how the
inhomogeneity is chosen. Typically, calculations are done in terms of real,
oscillatory radial functions for the alternative possible orbital momenta. The
result is the K-matrix-normalized partial-wave expansion of the continuum elec-
tronic wavefunction, which takes the asymptotic form (Dehmer and Dill 1979b,
Dill and Dehmer 1974, Newton 1966)

W, ~ (mk) ™% X (sin 6,8, + K, . c0s 6,) Y,.(F), (1)
2.

where L = (I, m) is the photoelectron orbital momentum and its projection along
the molecular z axis, and & is the electron kinetic energy in rydberg. The electron
distance r from the molecular center is given in bohr; 0,=kr—Im/2+ w, where
the Coulomb phase, w = —(Z/k) In(2kr) + arg I'[l + 1 — i(Z/k)] and the molecu-
lar ion charge, Z=1. The coefficients K,,. of the cosine terms form a real,
symmetric matrix known as the K matrix. The K matrix reflects the coupling
between different angular momenta due to the nonspherical molecular potential,
and, as such, summarizes in a compact way the electron—-molecule interaction.
That single orbital momentum L (we refer here to / and m collectively 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.

The wavefunction (1) specifies what might be called a calculational 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 (Dehmer and
Dill 1979b, Dill and Dehmer 1974, Newton 1966) however: physical boundary
conditions, appropriate for representing 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 physical 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 representing electron—
molecule scattering and molecular photoionization is discussed by, e.g., Dill and
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Dehmer (1974) and by Dehmer and Dill (1976b). Physical boundary conditions
are not well suited, however, for analysis of the continuum wavefunction itself.
What is needed, rather, are the “normal modes” of the interaction of the
continuum electron with the molecule, the eigenchannels of the electron-
molecule complex. These are obtained by diagonalizing the K matrix, viz.

tan(me, )80 = 2 U,y Ky U )
LL'

to give the eigenvectors ¥, and eigenphases u,. The coefficients U, give the
composition of the alternative eigenvectors ¥, in terms of the K matrix normal-
ized functions ¥, viz.

Y, = % YU, - (3)
Using eq. (2) and the fact that the matrix U is unitary, i.e.,

6, = Ea: UaUsr 4)
we can rewrite the eigenvectors as (Newton 1966)

Y~ (mk) ! % [sin 6, + tan(mu, ) cos 6] Y, (F) U, . (5)

This equation is the key result of this discussion. Because molecules are not
spherical, an electron of a particular angular momentum is in general ‘“rescat-
tered” into a range of angular momenta. This rescattering is indicated in eq. (1)
by the sum over L’, and the coefficients K, , . give the relative amplitudes of the
various rescatterings. The eigenchannel functions (5), on the other hand, corre-
spond 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 electron—molecule interaction.

Comparison of eq. (5) with eq. (1), then, shows why the eigenchannel
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
angular momenta all have the same mixing coefficient tan(wu,). Third, if an
eigenchannel is dominated by a particular orbital momentum, then the eigenchan-
nel wavefunction (5) has the characteristic angular pattern of the corresponding
spherical harmonic. Last, and perhaps most important, because quasibound
shape-resonant states generally resonate in a single eigenchannel «, the eigen-
channel representation gives us the most direct image of these resonant states.
~ As discussed earlier, the o, resonance is accompanied by a corresponding rise
by about = radians in one component of the eigenphase sum,

l“‘sum = ; l“’a ‘ (6)
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This resonant component is in turn composed almost entirely of the single partial
wave [ =3,

=8, . (7)

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 centrifugal repulsion.) This
means that there is only one other appreciable eigenchannel. Its eigenphase
component, primarily /=1, is nearly constant throughout the resonant region.
Thus, within about 20eV 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 channel.

In fig. 6 we have plotted the p-like eigenchannel wavefunction for two kinetic
energies, one below (top) and one at (bottom) the resonance, which in this
calculation falls at ~1.2 Ry. The molecule is in the Y-z 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 projection. It is remarkable that, despite the complex
I-mixing induced by the anisotropic molecular potential, this eigenchannel has
such a well-defined (/ = 1) orbital-momentum character. The cusps in the surface
mark the positions of the nuclei. 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, shows a strikingly different behavior.
Now the surfaces whose contours have at large distance the three nodal planes
characteristic of f orbitals, show clearly the resonant nature of the f eigenchannel.
Again note the clear emergence of a single (/ = 3) orbital-momentum character
over the whole wavefunction. Below and above (not shown) the resonance
energy, the probability amplitude is roughly similar to that of the p-wave-
dominated eigenchannel. But at the resonance energy there is an enormous
enhancement of the wavefunction in the molecular interior; the wavefunction now
resembles a molecular bound-state probability amplitude distribution. It is this
enhancement, in the region occupied by the bound states, that leads to the very
large increase in oscillator strength indicative of the resonance, and to the other
manifestations discussed earlier and in subsequent sections.

These eigenchannel plots are discussed more fully elsewhere (Loomba et al.
1981); however, before leaving the subject, several points should be noted. First,
the N, example that we have chosen is somewhat special in that there is a near
one-to-one correspondence between the eigenchannels and single values of orbital
angular momentum. Orbital angular momentum is, however, not a “good””’
quantum number in molecules and more generally we should not always expect

Layeg
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N, o, 0.9Ry, i=1

N, o, 1.2Ry, I=1

Fig. 6. The p-wave-dominated eigenchannel wavefunctions for two electron kinetic energies in the o,
continuum of N,. The molecule is in the y—z plane, along the z axis, centered at y = z = 0. Contours
mark steps of 0.03 from 0.02 to 0.29; solid: positive, dashed: negative.

such clear nodal patterns. Frequently, several angular momenta 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 and coupled components) and this means that the resulting eigenchannel
plots will be correspondingly richer. Second, eqgs. (1) and (5) are asymptotic
expressions. The orbital momentum composition of these wavefunctions is more
complicated in the molecular interior, as seen, e.g., in figs. 6 and 7. Nonetheless,
continuity and a dominant / may, as in the case of N,, cause the emergence of a
distinct / pattern, even into the core region. Third, while these ideas were
developed (Loomba et al. 1981) 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 connection
(Dehmer and Dill 1979a) between shape resonances in molecular photoionization
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N, g, 0.9Ry, (=3

Fig. 7. The f-wave-dominated eigenchannel wavefunctions for nonresonant (top) and resonant
(bottom) electron kinetic energies in the o, continuum of N,. The molecule is in the y—z plane, along
the z axis, centered at y = z =0. Contours mark steps of 0.03 from 0.02 to 0.29; solid: positive,
dashed: negative. The lack of contour lines for 1.2 Ry near the nuclei is because of the 0.29 cutoff.

and electron-molecule scattering. Finally, while we have used one-electron
wavefunctions here, obtained with the multiple-scattering model, the eigenchan-
nel concept is a general one and we may look forward to its use in the analysis of
more sophisticated, many-electron molecular continuum wavefunctions.

2.4. Connections between shape resonances in electron—molecule scattering and in
molecular photoionization

At first glance, there is little connection between shape resonances in electron—
molecule scattering (¢ + M) and those in molecular photoionization (hv + M).
The two phenomena involve different numbers of electrons and the collision
velocities are such that all electrons are incorporated into the collision complex.
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Hence, we-are comparing a neutral molecule and a molecular negative-ion
system. However, although the long-range part of the scattering potential is
drastically different in the two cases, the strong short-range potential is not
drastically different since it is dominated by the interactions among the nuclei and
those electrons common to both systems. Thus, shape resonances which are
localized in the molecular core substantially maintain their identity from one
system to another, but are shifted in energy owing to the difference caused by the
addition of an electron to the molecular system. This unifying property of shape
resonances thus links together the two largest bodies of data on the molecular
electronic continuum: Av + M and e + M, and although these resonances shift in
energy in going from one class to another and manifest themselves in somewhat
different ways, this link permits us to transfer information between the two. This
can serve to help interpret new data and even to make predictions of new features
to look for experimentally. Actually, this picture (Dehmer and Dill 1979a) was
surmised empirically from evidence contained in survey calculations on e + M and
hv + M systems and, in retrospect, from data. These observations can be summar-
ized as follows: By and large, the systems hv +M and e + M display the same
manifold of shape resonances, only those in the € + M system are shifted ~10 eV
to higher electron energy. Usually, there is one shape resonance per symmetry for
a subset of the symmetries available. The shift depends on the symmetry of the
state, indicating, as one would expect, that the additional electron is not
uniformly distributed. Finally, there is substantial proof that the I/-character is
preserved in this process, although interaction among alternative components in a
scattering eigenchannel can vary and thus alter the / mixing present.

There are several good examples available to illustrate this point - N,, CO,
CO,, BF,, SFq, etc. In general, one can start from either the neutral or the
negative ion system, but, in either case, there is a preferred way to do so: In the
hv + M case, it is better to examine the inner-shell photoabsorption and photo-
ionization spectra. Shape resonances almost invariably emerge most clearly in this
context. Additional effects, discussed briefly at the end of this section, frequently
make the role of shape resonances in valence-shell spectra more complicated to
interpret. In the e+ M case, a very sensitive indicator of shape resonance
behavior is the vibrational excitation channel. Vibrational excitation is enhanced
by shape resonances (Bardsley and Mandl 1968, Schulz 1973, 1976, Lane 1980,
Shimamura and Takayanagi 1984) and is typically very weak for nonresonant
scattering. Hence, a shape resonance, particularly at intermediate energy (10—
40eV) (Dehmer and Dill 1980, Dill et al. 1979b) may be barely visible in the
vibrationally and electronically elastic scattering cross section, and yet be dis-
played prominently in the vibrationally inelastic electronically elastic cross
section.

Two examples will help illustrate these points. In e—SF, scattering, the vibra-
tionally elastic scattering cross section has been calculated theoretically (Dehmer
et al. 1978) and shown to have four shape resonances of a,, ty,, ty,, and e,
symmetry at approximately 2, 7, 13, and 27 eV, respectively. The absolute total
cross section measured by Kennerly et al. (1979) shows qualitative agreement,
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although the evidence for the €, resonance is marginal. (This resonance might be
more evident in a vibrational excitation spectrum, which is not available.) Hence,
using the guidelines given above, one would expect shape resonance features in
the hv + M case at —8, —3, 3, and 17 eV (on the kinetic energy scale) to a very
crude, first approximation. Indeed, the K- and L-shell photoabsorption spectra of
SF, show such intense features, as discussed in an earlier section. This correlation
is indicated (Fock and Koch 1985) in fig. 8, along with approximate resonance
positions in the valence-shell spectra, for which the evidence is more fragmentary
(see section 5.5).

Using N,, we reverse the direction of the mapping, and start with Av + N,
which was discussed extensively in earlier sections. Here a “discrete” shape
resonance of 7, symmetry and a shape resonance of o, symmetry are apparent in
the K-shell spectrum (Wight et al. 1972/73, 1976, Kay et al. 1977, Hitchcock and
Brion 1980a) (see fig. 3). These occur at ~—9 and 10 eV on the kinetic energy
scale (relative to the ionization threshold). Hence, one would look for the same
set of resonances in e-N, scattering at ~1 and ~20 eV incident electron energies.
The well-known 7 ¢ shape resonance (Bardsley and Mandl 1968, Schulz 1973,
1976, Lane 1980, Shimamura and Takayanagi 1984) is very apparent in the
vibrationally elastic cross section; however, there is only a very broad bump at
~20 eV (Kennerly 1980). As noted above, the vibrationally inelastic cross section
is much more sensitive to shape resonances, and, indeed, the o, shape resonance
in e-N, scattering has been established theoretically and experimentally by
looking in this channel (Dehmer and Dill 1980, Pavlovic et al. 1972, Truhlar et al.
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Fig. 8. Systematics of shape resonance positions in different measurements on SF,. (Adapted from
Fock and Koch 1984, 1985.)
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1972, Dehmer et al. 1980, Rumble et al. 1981). Several other excellent examples
exist, but we will conclude by pointing out that the connections between e-CO,
and hv + CO, resonances have been recently discussed (Dittman et al. 1983) in
detail, including a study of the eigenphase sums in the vicinity of the o, shape
resonance in the two systems.

Finally, we note similar connections and additional complications upon map-
ping from inner-shell to valence-shell Av + M spectra. On going from deep
inner-shell spectra to valence-shell spectra, shape resonances in Av + M also shift
approximately 1-4 €V toward higher kinetic energy, due to differences in screen-
ing between localized and delocalized holes as well as other factors. As mentioned
above, several complications arise in valence-shell spectra which can tend to
obscure the presence of a shape resonance compared to their more straightfor-
ward role in inner-shell spectra. These include greater energy dependence of the
dipole matrix element, interactions with autoionizing levels (Morin et al. 1982a,
Collins and Schneider 1984), strong continuum-continuum coupling (Dehmer et
al. 1982, Stephens and Dill 1985) between more nearly degenerate ionization
channels, strong particle-hole interactions (Krummacher et al. 1980, Langhoff et
al. 1981a, Krummacher et al. 1983, Bagus and Viinikka 1977, Cederbaum and
Domcke 1977, Cederbaum et al. 1977, 1978, 1980, Schirmer et al. 1977, Wendin
1981, Schirmer and Walter 1983) etc. So, for the most transparent view of the
manifold of shape resonance features in Av + M, one should always begin with
inner-shell data.

3. Autoionization

3.1. Overview

Autoionization is an intrinsically multichannel process in which a resonantly
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 (Fano and Cooper 1968, Fano 1935, 1961) almost fifty
years ago, that this process produces characteristic asymmetric Fano-Beutler
profiles in the photoionization cross section. Since then, there have been exten-
sive studies of autoionization structure in the total photoionization cross sections
of atoms (Fano and Cooper 1968) and molecules (see, e.g., Koch and Sonntag
1979, Hayaishi et al. 1982, Dibeler and Walker 1967, Dibeler and Liston 1968,
Chupka and Berkowitz 1969, Dibeler and Walker 1973, McCulloh 1973, Dehmer
and Chupka 1975, 1976, Berkowitz and Eland 1977, Gurtler et al. 1977, Ber-
kowitz 1979, Ono et al. 1982, Wu and Ng 1982, P.M. Dehmer et al. 1984). In
addition, the manifestations of autoionization in such dynamical parameters as
photoionization branching ratios and photoelectron angular distributions have
been recognized and have recently developed into a major focal point for current
studies of molecular photoionization dynamics (see, e.g., Morin et al. 1980,
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Tabché-Fouhailé et al. 1981, Unwin et al. 1981, Hayaishi et al. 1982, Keller et al.
1982, Morin et al. 1982a,b, Parr et al. 1982a, Carlson et al. 1983b, Levine and
Soven 1983, Morin 1983, Collins and Schneider 1984, Levine and Soven 1984,
Fano 1970, Dill 1972, Herzberg and Jungen 1972, Atabek et al. 1974, Fano 1975,
Jungen and Atabek 1977, Dill and Jungen 1980, Giusti-Suzor and Lefebvre-Brion
1980, Jungen 1980, Jungen and Dill 1980, Raoult et al. 1980, Jungen and Raoult
1981, Raoult and Jungen 1981, Giusti-Suzor 1982, Lefebvre-Brion and Giusti-
Suzor 1983, Raoult et al. 1983, Raseev and Le Rouzo 1983, Giusti-Suzor and
Fano 1984a,b, Giusti-Suzor and Jungen 1984, Giusti-Suzor and Lefebvre-Brion
1984, Jungen 1984a,b, Mies 1984, Mies and Julienne 1984, Lefebvre-Brion et al.
1985, Marr and Woodruff 1976, Woodruff and Marr 1977, Baer et al. 1979,
Codling et al. 1981, Ederer et al. 1981, Parr et al. 1981, West et al. 1981, Parr et
al. 1982b, Truesdale et al. 1983b, Hubin-Franskin et al. 1984, Doolittle and
Schoen 1965, Price 1968, Berkowitz and Chupka 1969, Collin and Natalis 1969,
Blake et al. 1970, Bahr et al. 1971a,b, Carlson 1971, Collin et al. 1972, Kleimenov
et al. 1972, Gardner and Samson 1973, Tanaka and Tanaka 1973, Gardner and
Samson 1974a,b, Caprace et al. 1976, Natalis et al. 1977, Gardner and Samson
1978, Eland 1980, Kumar and Krishnakumar 1981, 1983, Carlson and Jonas 1971,
Morgenstern et al. 1971, Carlson and McGuire 1972, Carlson et al. 1972, Niehaus
and Ruf 1972, Hancock and Samson 1976, Mintz and Kuppermann 1978, Kat-
sumata et al. 1979, Kibel et al. 1979, Sell et al. 1979, Kreile and Schweig 1980,
Berry and Nielsen 1970a,b, Duzy and Berry 1976).

A more physical description of the autoionization process is helpful in discus-
sing 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 highly
correlated electrons bound to an ion is another important case which requires
special treatment (Fano 1983) and will not be discussed here.] A necessary
condition for decay of this state by ionization is that the excitation energy of the
ion must be greater than the binding energy of the Rydberg electron. Then,
barring alternative decay paths, autoionization will take place by means of a close
collision, between the Rydberg electron and the ion, in which excitation energy of
the ion is transferred to the excited electron to overcome its binding energy and
permit its escape from the ionic field. Notice that, although a Rydberg electron
spends only a very small fraction of time within the molecular ion, such close
encounters are essential for autoionization since, only when the Rydberg electron
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, vibrational, or rotational. The most direct
means of storing electronic energy is to produce a hole in a molecular orbital
(MO) other than the outermost occupied MO, e.g., by promoting one of the
inner electrons into a Rydberg orbital. In addition, various degrees of vibrational
and rotational excitation can accompany photoexcitation of Rydberg states con-
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verging to any state of the ion. It is the existence and interplay among the
alternative energy modes which lead to the unique properties of molecular
autoionization.

As a concrete example of rotational and vibrational autoionization we will
discuss photoionization of H,. The alternative rovibrational ionization channels
for para-H, (J=0) are shown schematically in fig. 9. The ground ionic state,
H; X 22; , is the only bound electronic state in this spectral range so that the
possibility of electronic autoionization is eliminated. In fig. 9, the vertical, shaded
bars represent various vibrational channels of Hy °Y }, 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-H,. Converging to each of these
(and higher) rovibrational thresholds are Rydberg series, supported by the
Coulomb field of the H, ion. A small subset of these Rydberg states is indicated,
for later reference, by horizontal lines at their observed spectral location and
placed directly under the threshold to which they converge. Any of these optically
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Fig. 9. Schematic illustration of vibrational/rotational autoionization in cold para-H, (J = 1, negative

parity final states). Continua are indicated by vertical hatching. For each given v* of the ion H; there

are two continua corresponding to rotational 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. (From Raoult and Jungen 1981.)
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allowed Rydberg states can autoionize by coupling with accessible open channels.
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
continua is available the decay will proceed into each with a branching ratio
determined by the detailed dynamics of the decay process. Moreover, the angular
distribution of the photoelectrons escaping in each channel will reflect further
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Fig. 10. A portion of the photoionization cross section of para-H, at 78 K. (From Dehmer and Chupka

1976.)
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details of the dynamics including relative phases of degenerate photoelectron
wavefunctions.

Based on the picture, so far, of a set of rovibrational thresholds and Rydberg
series converging to each, 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 known behavior of Rydberg series.
However, this simple picture of a rich but fundamentally uncomplicated spectrum
ignores all interaction between the Rydberg electron and molecular core, and is
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1976.)
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wrong. This is shown dramatically in figs. 10 and 11 which show the total
photoionization spectrum (Dehmer and Chupka 1976) in two spectral regions
(chosen for later discussion) covered in fig. 9, one from the first IP to 785 A and
the other covermg 770-745 A. Careful inspection will reveal that, for any
Rydberg series, the spacings, intensities, and profiles will deviate 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 mutual interactions mediated
by short range forces and have been accounted for in detail in this prototype
system.

In the following two sections we use two examples which represent the
state-of-the-art in theoretical and experimental studies of molecular autoioniza-
tion dynamics. The most accurate and penetrating theoretical analysis (Fano
1970, Dill 1972, Herzberg and Jungen 1972, Dill and Jungen 1980, Jungen 1980,
Jungen and Dill 1980, Raoult et al. 1980, Jungen and Raoult 1981, Raoult and
Jungen 1981, Giusti-Suzor 1982, Raseev and Le Rouzo 1983, Jungen 1984a,b) has
been carried out on parts of the H, spectrum using MQDT. Two representative
cases will be discussed including rotational autoionization and a prediction of
vibrational branching ratios and photoelectron angular distributions resulting
from vibrational autoionization above the v* =3 limit at ~764.8 A. These
predictions have not yet been tested, although equivalent experiments on elec-
tronic autoionization in N, have recently been performed (Parr et al. 1981, West
et al. 1981). The latter case will be discussed in section 5.2.

3.2. MQDT treatment of H, photoionization

Multichannel quantum defect theory and its application to molecular photoioniza-
tion have been described in detail elsewhere (Fano 1970, Dill 1972, Herzberg and
Jungen 1972, Atabek et al. 1974, Fano 1975, Jungen and Atabek 1977, Dill and
Jungen 1980, Giusti-Suzor and Lefebvre-Brion 1980, Jungen 1980, Jungen and
Dill 1980, Raoult et al. 1980, Jungen and Raoult 1981, Raoult and Jungen 1981,
Giusti-Suzor 1982, Lefebvre-Brion and Giusti-Suzor 1983, Raoult et al. 1983,
Raseev and Le Rouzo 1983, Giusti-Suzor and Fano 1984a,b, Giusti-Suzor and
Jungen 1984, Giusti-Suzor and Lefebvre-Brion 1984, Jungen 1984a,b, Mies 1984,
Mies and Julienne 1984, Lefebvre-Brion et al. 1985). Hence we will only briefly
summarize the important attributes of MQDT and will then turn to two examples
of its application to photoionization of H,.

MQDT 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
between the excited electron and the core, are slowly varying functions 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
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are known transformation properties of molecular wavefunctions, e.g., between
Hund’s coupling cases, and the asymptotic boundary conditions pertinent to a
particular spectral range. Given these, straightforward matrix mechanics yields, at
each excitation energy, the spectral composition of the total final state wavefunc-
tion 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 to such observables as the total photoionization cross
section, vibrational branching ratios, and photoelectron angular distributions by
now standard formulas.

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 computed observable depends solely upon the quality of
the input. When accurate empirical quantum defects are used, adiabatic and
non-adiabatic corrections to the Born-Oppenheimer approximation are included
automatically, to all orders. Hence, given physical input from low-lying excited
states, one can use MQDT to generate accurate predictions for experiments
throughout the extremely complex high-excitation regions. This is to be con-
trasted 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
excitation channels.

A striking example of the power and accuracy of MQDT in a complex situation
is provided by the rich rotational/vibrational autoionization structure in the
1743 cm”™" spectral range between the N =0 and 2 rotational thresholds as-
sociated with the lowest v™ =0 ionization potential of H, (Dehmer and Chupka
1976). The results of a calculation (Jungen and Dill 1980) of this structure is given
in fig. 12. Across the top of the figure are indicated the level positions 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. Alternatively, photoabsorption directly into the continuum is shown
across the bottom of fig. 12. This is the single-channel level of approximation used
throughout the discussion of shape resonances in section 2. If rotational autoioni-
zation only is introduced, then the levels np2 of the Rydberg series converging to
the upper (N* =2) threshold of H; XY, (v* =0) autoionize and distort the
continuum into a Rydberg series of Fano—Beutler profiles. This is shown in the
middle frame in fig. 12. Finally, if vibrational autoionization channels are also
introduced, then the 5pm, v =2 and 7p7, v =1 levels autoionize and strongly
distort the rotationally autoionizing levels as well, shifting intensity from above to
below the vibrational interlopers.

It is seen that the effect of vibrational autoionization on the ionization cross
section is profound and that it affects the whole range shown, corresponding to
about 100 cm ™', Indeed, if the fine variations of the cross section are neglected,
the whole spectrum can be viewed as one ‘“‘giant” resonance of about 50 cm™!
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 modifica-
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Fig. 12. MQDT calculation of photoionization of H,X 'S . (J"=0, v"=0) near the ionization
threshold. (From Jungen and Dill 1980.)

tions of the fine structure. For example, for n =26 and 27 the intensity minima
still correspond nearly to the discrete np2 levels, but for higher n the profiles
become progressively distorted until near n = 32-335, it is the intensity maxima
which coincide with the discrete level positions. In other words, there exists no
longer a simple relationship between the extrema in the ionization curve and the
positions of the autoionizing levels. In view of these complexities it is clear that
vibrational and rotational autoionization cannot be meaningfully treated as
separate processes in this spectral region. A key feature of the MQDT is that it is
based on no such assumed separability, i.e., it is applicable independently of
coupling strengths between alternative decay mechanisms.

In fig. 13 the calculated spectrum (Jungen and Dill 1980) is compared with the
high-resolution photoionization spectrum (Dehmer and Chupka 1976). The caleu-
lated spectrum from fig. 12 was convoluted with a triangular apparatus function of
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Fig. 13. MQDT results from fig. 12 broadened to a resolution of 0.022 A and compared with data from
Dehmer and Chupka (1976). (Figure from Jungen and Dill 1980.)

halfwidth 0.022 A to mimic the finite experimental resolution. The comparison in
fig. 13 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 (Raoult and Jungen
1981) near each of the levels explicitly shown in fig. 9. We will skip to the highest
set of levels, above the v™ =3 limit, to discuss MQDT predictions of vibrational
branching ratios and 8’s. This spectral range, between 762.5 and 765 A in fig. 11,
is most attractive for future experimental examination since it produces four
photoelectron peaks, i.e., corresponding to v” =0-3, with sufficiently large
photoelectron energies to be measured with existing electron anergy analyzers.

Figure 14 shows the calculated total and vibrational partial cross sections (the
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Fig. 14. Total and partial oscillator strengths for photoionization of H, near the v" =3, N*" =2
ionization threshold (764.755A). (Experimental points from Dehmer and Chupka 1976; figure
adapted from Raoult and Jungen 1981.)

rotational sublevels have been summed over) in this spectral range, together with
total photoionization data (Dehmer and Chupka 1976). In this case the calcula-
tions 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 absorption spectrum (Herzberg and Jungen
1972). Given these qualifications, the agreement in the total cross section is,
again, quite satisfactory. The vibrational partial cross sections, for which no
experimental data is available is shown in the lower frames of fig. 14. There, we
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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.

Figure 15 again shows the total photoionization cross section, together with the
total B (summed over v"') and the vibrational branching ratio and 8,+ for each
vibrational ionization channel v*. The total B curve is observed to dip strongly
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Fig. 15. Asymmetry parameter B (total and vibrationally resolved) and vibrational branching ratios for
photoionization of H, near the v* =3, N* =2 ionization threshold (764.755 A). (Figure adapted from
Raoult and Jungen 1981.)
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within the resonances. This is a consequence of the discrete wavefunction
component mixing strongly into the ionization continuum. Classically speaking,
one would say that the “quasibound” photoelectron spends more time near the
core so that angular momentum exchange is enhanced. In this case the N* =2
ionization channel becomes dominant near the center of the resonance 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 reflected in the
partial B,. curves although, in addition, a strong v" dependence in the mag-
nitudes and shapes of the B, is also observed. Note that the spectral extent of the
variations induced in the B,. by vibrational autoionization is considerably larger
than the halfwidths of the resonances themselves. This is a significant advantage
in triply differential ‘experimental studies which are difficult to perform with
narrow photon bandwidth, for intensity reasons, and are only now being at-
tempted with bandwidths of 0.1-0.2 A..

The middle frame in fig. 15 shows the vibrational branching ratios in this
region, along with the FC factors for direct ionization. As in the case of shape
resonant photoionization (see, e.g., section 5.1), striking non-FC behavior is
observed in the vicinity of the vibrationally autoionizing states. As in the case of
B,+, the spectral extent of the autoionization effect is greater than the autoioniz-
ing resonance halfwidth when displayed as vibrational branching ratios, a signifi-
cant consideration in the context of experimental tests of these predictions. These
calculations also predict that the branching ratio in the open channel with the
highest v, corresponding to autoionization with the lowest possible |Auv|, is
strongly enhanced at the expense of all other channels which are strongly
depressed from their FC factors. Thus, the well-known propensity rule (Berry and
Nielsen 1970a,b) stating that a vibrationally autoionized level decays preferential-
ly with the smallest possible change of vibrational quantum number, is globally
confirmed in these calculations, although for certain wavelengths (e.g., 764.4 A in
fig. 15) the exact opposite may be true.

The results just presented tend to lull one into the feeling that we understand
photoionization of H, completely, needing only to extend the range of the above
MQDT treatment to any region of interest. Nevertheless, it is imperative to
perform experimental tests at the triply differential level, as 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 most important prototype system. That such measurements have not been
performed is often surprising to some. To emphasize the dearth of detailed data
on this point, we show in fig. 16 a recent summary (Southworth et al. 1982b) of 8
measurements on H, (and D,) together with other theoretical treatments. The
gap between figs. 15 and 16 is enormous. Indeed, the measurements are difficult;
however, optimization of current technology should make this goal attainable.
This is one of the main motivations for the new generation instrument described
in section 4. There is also another dimension to the problem, reflected in fig. 16:
autoionization aside, there exists a glaring disagreement between theory and
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Fig. 16. Various experimental and theoretical results for the asymmetry parameter, 3, for photoioniza-
tion of H, and D,. (Complete citations for the various data are given in the article by Southworth et
al. 1982b, from which this figure was taken.)

experiment for the B values in the open continuum of H,. The theoretical results
tend to lie significantly (~0.2 B units) higher than measured values. Subsequent
theoretical and experimental work shows that this difference is very persistent
(see e.g., Itikawa et al. 1983, Hara and Ogata 1985, Raseev 1985, Hara 1985,
Richards and Larkins 1986, and references therein), in spite of improvements on
both sides. Thus, although great strides have been made during the last decade,
the goal of understanding the photoionization dynamics of this most fundamental
molecule presents several very contemporary challenges.

4. Triply differential photoelectron measurements —
experimental aspects

In order to fully examine dynamical aspects of the resonant photoionization
processes discussed above, it is essential to perform measurements of photoelec-
tron 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 ejection angle, to measure angular
distributions. For convenience, we refer to this level of experiment as ‘“‘triply
differential” photoelectron measurements. Over the last few years, angle-resolved
electron spectroscopy has been combined with synchrotron radiation sources to
achieve successful triply differential measurements in molecules, including vibra-
tional state resolution. Presently several groups (e. g., Marr et al. 1979, White et
al. 1979, Parr et al. 1980, Krause et al. 1981, Derenbach et al. 1983, Morin et al.
1983, Parr et al. 1983, 1984) are involved in this type of experiment, each with
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their own specific experimental configuration and special emphasis, but each
fulfilling the requirements for full triply differential studies. Here we will review,
as an example, the experimental aspects of a new instrument (Parr et al. 1983,
1984) presently at the Synchrotron Ultraviolet Radiation Facility (SURF-II) at
the National Bureau of Standards, in order to focus on some of the experimental
considerations in triply differential photoionization studies.

The new triply differential electron spectrometer system at NBS consists of a
high-throughput normal-incidence monochromator (Ederer et al. 1980) (fig. 17)
and a pair of 10cm mean-radius hemispherical electron spectrometers in an
experimental chamber (fig. 18). To avoid later confusion we note that an earlier
configuration using the same monochromator with a single, rotatable 5cm
mean-radius spectrometer (Parr et al. 1980) has been used for the past several
years in several triply differential photoionization studies and is, in fact, the
instrument used to obtain the data presented later in sections 5.1, 5.2, and
5.4-5.6. The data in section 5.3 was taken with the new instrument (Parr et al.
1983). The special emphasis with both generations of instruments has been the
same, namely, to optimize the photon and electron resolution in order to probe
detailed dynamics within shape resonance and autoionization structure in the
near-normal-incidence range (h <35¢eV). The new instrument further optimizes
several aspects of the electron spectrometer system to greatly extend the sensitivi-
ty and/or resolution compared to eariler measurements, for reasons discussed in
section 7.

The high-flux, 2 meter monochromator shown in fig. 17 has been specifically
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Fig. 17. Schematic diagram of high-throughput, normal-incidence monochromator. (From Ederer et
al. 1980.)
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Fig. 18. Schematic diagram of dual electron spectrometer system. (From Parr et al. 1983, 1984.)

matched to the characteristics of the SURF-II storage ring: First and foremost, it
uses the small vertical dimension of the stored electron beam (~100 wm) as the
entrance aperture of the monochromator, an important feature which eliminates
loss of incident flux on the entrance slit. Second, it is attached directly to the
exit port of the storage ring, resulting in the very large capture angle of
65mrad in the horizontal plane. This arrangement produces approximately
10" photonss ™' A" per mA of circulating current (typical initial current present-
ly ~50 mA) at 1000 A and has been used for triply differential measurements out
to ~375 A. Together with a 1200 line/mm grating and a 200 p.m (100 pm) exit slit,
this configuration yields a photon resolution of ~0.8 A (0.4 A). Plans are made to
improve the resolution with a higher dispersion grating. The dispersed light is
channeled by a 2-mm-i.d. capillary tube for a distance of ~40cm into the
interaction region of the experimental chamber. The low pumping conductance of
this capillary tube 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™* Torr.

The new electron spectrometer system is shown schematically in fig. 18. The
chamber is a 76 cm diameter, 92 cm long stainless steel vacuum chamber. It is
pumped by a 500 liter/s turbomolecular pump and an 8000 liter/s closed-cycle
helium cryopump to provide maximum flexibility in studying the whole range of
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gaseous targets. Low magnetic fields of <500 G are maintained throughout the
chamber by three layers of high-permeability magnetic shielding.

The system is designed to operate with either one rotating (ES-1) or two
stationary (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 expression
which applies to dipole excitation of free molecules with elliptically polarized light
(Parr et al. 1973, Samson and Starace 1975):

3—;=Z%[1+§—(3P00320+1)], (8)
where B is the asymmetry parameter, o is the integrated cross section, P is the
polarization of the light with the horizontal component being the major axis, and
0 is the angle of ejection of the photoelectron with respect to the horizontal
direction. In general, each resolved ionization channel (each photoelectron peak)
will have a characteristic set of dynamical parameters, 8 and o.

The number of electrons ejected per unit light flux per unit solid angle, dn/d(2,
is proportional to the differential cross section; hence we can write

:—;’2=N[1+§(3P00520+1)]. 9)
Measurement of P, 6 and the number of electrons as a function of 6 enables a
determination of B and N. The relative quantity N, when normalized over a
relevant set of possible alternative ionization channels, gives the branching ratio
for the particular transition. The measurement of P is accomplished with a triple
reflection polarizer based upon the considerations of Horton et al. (1969). The
incoming light flux is monitored by a 90% transparent tungsten photocathode on
the input aperture of the polarization analyzer. After three reflections the light is
intercepted by a second tungsten photodiode. The ratios of these two photodiode
signals at 0° and 90° with respect to the major polarization axis determine the
polarization.

Each electron analyzer is a 10 cm mean-radius version of our previous instru-
ment (Parr et al. 1980) and utilizes the same electron lens system —a three-
aperture ‘“zoom” lens (Harting and Read 1976) to focus the electrons into 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 hemispheres and therefore the aperture in the entrance
cone determines the basic resolution. The resolution obtainable while yet main-
taining good signal is expected to be on the order of 20 meV. Measurement of
sub-10 meV resolution has been demonstrated. Thus, the resolving power of this
instrument is a significant improvement over that typically used now with



Resonances in molecular photoionization 279

synchrotron radiation, and will allow for the extension of studies of non-Franck—
Condon effects to small polyatomic molecules.

The electrical aspects of the electron spectrometers are generally similar to
those of the previously described apparatus (Parr et al. 1980). 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 offset voltages.
The variable focus voltages are controlled by isolated power sources run by the
computer. The computer (LSI-11/23) is interfaced to a CAMAC crate through
which it controls the grating drive, angular position, light detection system,
electron counting system, and other experimental chores. Both analyzers are
ramped off the 16-bit DAC but have their own separately controlled power
supplies for lens voltages. The two identical analyzers allow a determination of
the branching ratios and asymmetry parameters without rotation, i.e., the elec-
tron intensity at two angles can be measured simultaneously. The instrument is
calibrated by reference to gases with known cross sections (Marr and West 1976)
and asymmetry parameters (Kreile and Schweig 1980, Dehmer et al. 1975,
Holland et al. 1982). The calibration features for the two analyzers are incorpo-
rated into a computer program that corrects and analyzes the data. Area detectors
have been purchased and will soon be integrated into the instrument, thus
significantly increasing its sensitivity.

The gas jet is mounted on an XYZ manipulator in order to optimize signal
intensity and resolution by external adjustment. Gas nozzles for the system are
interchangeable and provide both effusive beams and supersonic jets by use of
pinhole apertures of diameter 7-50 wm. The positioning of the supersonic source
is of particular importance and necessitates the positioning capability of this inlet
system. With the larger hemispherical dispersive element, the use of two analyz-
ers, better gas source technology, incorporation of area detectors, and enhanced
pumping, we expect a significant improvement in the basic sensitivity of the
instrument (a very conservative estimate would be >100x) as compared to our
previous 5 cm radius single analyzer system (Parr et al. 1980).

The same LSI-11 computer that is used for automation is also used for the data
reduction. The basic data consists of electron counts as a function of wavelength,
ramp voltage, and angle. The ramp voltage is converted, using known quantities,
to electron Kinetic energy. The electron counts are then normalized for correction
factors that depend upon kinetic energy, such as the transmission functions of the
instruments and a small angular correction. Upon obtaining a suitably normalized
set of data, the photoelectron spectra are typically fitted to a Gaussian basis set
using spectroscopic values for vibrational energy spacings, while treating peak
height, peak width, and overall position as free parameters. The calculated curve
and normalized data are plotted to aid in the evaluation of the quality of fit. In
addition, the fitting program outputs statistical parameters which can be used to
estimate the accuracy of the fit. Finally, the areas of the respective peaks are used
to infer the values of the branching ratios and asymmetry parameters which
contain the dynamical information for the process.
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5. Case studies

5.1. Shape-resonance-induced non-Franck—Condon effects in N, 30,
photoionization

Molecular photoionization at wavelengths unaffected by autoionization, predis-
sociation, or ionic thresholds has been generally believed to produce Franck-
Condon (FC) vibrational intensity distributions within the final ionic state and
v-independent photoelectron angular distributions. We now discuss the prediction
(Dehmer et al. 1979, Dehmer and Dill 1980) and confirmation (Carlson et al.
1980, Raseev et al. 1980, West et al. 1980, Lucchese and McKoy 1981b, Leal et
al. 1984) that shape resonances represent an important class of exceptions to this
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