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Atomic and Molecular Science with Synchrotron Radiation

INTRODUCTION

The electromagnetic radiation emitted by electrons that move
at relativistic velocities under transverse acceleration in syn-
chrotrons and storage rings has unique properties (Sokolov and
Ternov, 1968; Schwinger, 1946, 1949). Although predicted as early
as 1898 and first observed in 1947, the radiation was initially
considered but a nuisance factor that limits the capability of
circular electron accelerators. Only within the last three de-
cades has the realization grown that synchrotron radiation sour-
ces, tae only ones known to man that provide a continuous spec-
trum from the infrared to the hard x-ray and even gamma-ray
region, offer powerful and unique opportunitites for research in
a vast range of areas of science and technology (see, e.g.,
Winick and Doniach, 1980).

The potential of synchrotron radiation in atomic physics
research was first revealed quite strikingly throuch a classic
experiment conducted by Madden and Codling on the National Bureau
of Standards storage ring SURF in 1963; a straightforward absorp-
tion measurement led to the discovery of doubly excited, autoio-
nizing states of He, which proved to be of crucial importance for
the understanding of electron correlation effects in atoms (Mad-
den and Codling, 1963; Cooper et al., 1963). Since that time,
increasing use has been made of synchrotron radiation in investi-

gations of atomic and molecular problems (see, e.g., Crasemann
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and Wuilleumier, 1984, 1985; McKoy et al., 1984; Dehmer et al.,
1987; Nenner and Beswick, 1987). Nevertheless, applications in
this field have lagged behind more widespread use in others, such
as surface and solid-state physics, crystallography, and bio-
physics to name a few. The primary reason for this fact is that
atomic and molecular targets must usually be in the gas phase,
and their tenuity coupled with the relevant cross sections and
branching ratios makes even the imposing flux of synchrotron
radiation from bending-magnet sources only barely adequate for
some measuremeﬁts and places the most tantalizingly promising
experiments beyond the horizon of attainability.

This situation has changed drastically with the advent of
insertion devices---wigglers and undulators---which have recently
been coming into increasing use (Brown et al., 1983). These devi-
ces, periodic arrays of magnets placed in a straigt section of a
storage ring, greatly enhance the intensity of synchrotron radia-
tion and modify its spectral distribution, concentrating the
output in the most desirable spectral regions. A new, "third"
generation of synchrotron radiation sources, now under construc-
tion or on the drawing boards in several countries, will rely
primarily on insertion devices for the production of radiation,
and is designed ab initio to do so. The first of these new sour-
ces expected to come on-line in the United States is the Advanced
Light Source in the Lawrence Berkeley Laboratory, to be followed
by the Advanced Photon Source in the Argonne National Laboratory.
These facilities, in addition to some of those already in exis-
tence, will offer opportunities for important new research in

atomic and molecular science, a few of which are surveyed in the
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present Report. The originai scientific case made for atomic and
molecular science played a significant part in the decision to
build such advanced light sources. In turn, once on line, these

light sources will allow us to realize these possibilities.

SCIENTIFIC OPPORTUNITIES

The global frontiers of atomic and molecular science, where
¥nowledge is bounded by lack of experimental information and
theoretical understanding, might be crudely characterized ~s

falling into some broad categories which include

* The STRUCTUR®E of atoms and molecules and the DYNAMICS of
their interaction with radiation and matter---especially

near energy thresholds,

* MANY-BODY EFFECTS: electron~electron correlations and

other phenomena that transcend independent-particle models,

* RELATIVISTIC AND QUANTUM~-ELECTRODYNAMIC EFFECTS including
those due to the Breit interaction, self energy and vacuum

polarization.

In each of these categories, important classes of investiga-
tions will become possible with the extraordinary intensity and
hbrigntness of synchrotron-radiation beams from the new sourcss.
Some of the most clearly evident topics can be grouped accorc¢ing

to experimental research techniques as follows:
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* Absorption spectroscopy

Absolute cross sections
Edge structure
X-ray circular dichroism

* X-ray scattering

Absolute scattering probabilities
Depolarization of resonance fluorescene
Angular distributions

* X-ray fluorescence

Polarization/angular distributions
Chemical shifts
Multi-electron effects

* Visible-UV fluorescence

Molecular fragmentation
Molecular vibration/rotational resolution

* Photoelectron spectroscopy of neutral atoms and molecules,
excited atoms, ions and transient species

Cross sections

Angular and spin distributions
Multielectron effects

Shape and autoionizing resonances
Post~collision interaction
Coincidence studies

7wo-color experiments

* Auger-electron spectrometry

Auger yields

Energy levels of multiply charged ions
Satellites and many-electron effects
Time-resolved studies

Threshold resonances

Cascade effects

Post-collision interaction

Angular distributions, alignment
Spin-resolved spectrometry
Coincidence studies

* Ion spectroscopy

Molecular fragmentation
Multiple ionization

Ion coincidence studies
Studies of trapped ions
Two-color experiments

In the following sections we elaborate on some of these

topics, pointing out selected areas of investigation that appear

to hold particular promise.



TECHNIQUES AND EXPERIMENTS

Electron Correlation in Atoms

Many-electron processes induced by photon impact epitomi.e
the limitations of the conventional, most tractable models of
atomic structure. Because the photon-electron interaction is
described in first-order perturbation theory by a one-electron
operator, frozen-core central-field models do not predict proces-
ses in which more than one electron changes state. The study of
such correlation processes consequently is challenging, and rele-
vant to the development of more rezlistic theory (Becker et al.,
1988). Synchrotron-radiation studies of photoelectron and Auger
satellites, especially of their dependence on incident x-ray
energy near threshold (Fahlman et al., 1984; Becker et al., 1986;
Krause and Caldwell, 1987; Wijesundera and Kelly, 1987), have
made it possible to differentiate between intrinsic electron
correlation effects, treatable in terms of configuration inter-
action (Heimann et al., 1987), interchannel coupling (Smid and
Hansen, 1984), and dynamic correlations produced by the response
of the atomic electrons to the changing potential as the ionized
atom relaxes (Crasemann, 1987; 1989 and references therein).
Near-threshold studies of photoelectron and Auger satellites have
indicated that us~2ful insights into these many-body effects can
be gained, but have suffered from the intensity limitations of
present sources (Armen et al., 1985). The high flux of photons
from the new sources will permit significant progress to be made

in this field and allow the extension of these studies, that have
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emphasized the rare gases, to virtually every element in the
periodic table .
Particularly exciting will be the application of threshold

time-of-flight photoelectron spectrometry (Baer et al., 1979) to

the behavior of deep core levels (Heimann et al., 1987). By this
technique, zero-energy electrons are detected, yielding results
that are uniquely sensitive to both threshold effects and direct
multiple i1onization. Such investigations, which will be possible
with much greater precision and for deep core levels with the new
ultra-short syéchrotron-radiation pulses, have revealed the exis-
tence of dramatic "correlation-state" structures above and below
core~-level ionization thresholds, providing a new and unexpected
wealth of electronic structural information (Heimann et al.,
1986; 1987; Becker et al., 1988). Especially striking are the
sensitivity of the method and the importance of high-resolution
studies. The latter will be greatly enhanced with insertion-
device sources. With sub-natural-linewidth excitation, thresholad
photoelectron spectrometry has the potential for dramatic im-
provement in detailed measurements of the behavior of near-
threshold cross sections and resonances.

While multielectron effects have heretofore been studied
primarily through photoelectron and Auger spectrometry, x-ray
emission also exhibits multivacancy effects (Deslattes et al.,
1983), and processes at threshold can be studied by analyzing the
decay fluorescence of the ion. Very little work has been complet-
ed in this area, primarily because of the low signals associated
with the fluorescence process, generally two orders of magnitude

below photoelectron signals. With stronger sources, one will be

..........
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able to employ fluorescence analysis to determine the branching
ratios of the excited states of the ions ané the alignment of
these states. Because of the selectivity of the fluorescence
process and its independence of electric fields, the technique is
a natural for use at threshold. An example is the fluorescence
analysis of the cat 2D5/2 ion formed by removal of a d electron
at the autoionizing resonances just above threshold (Goodman et
al., 1985). This is an energy regime which cannot be explored
with photoelectron spectrometry because of difficulties with
metal deposition at low levels. While this process can be
observed in Cd with success, the same is not true for other
atoms. Removal of a d electron from Cd has a large cross section.
This is not generally the case, nowever, especially at threshold.
Recent experiments on measurements of alignment in He' (Jimenez-
Mier et al., 1986) and photoabsorption of NO (Poliakoff et al.,
1989) reveal that this technique can deliver a wealth of new
information if the low intensity levels can be overcome. With the
new sources, fluorescence analysis can be expected to become a
standard procedure in both atomic and molecular photoionization.
A related payoff of near-threshold excitation is the ability
to "turr off" the multielectron channels, producing x-ray emis-
sion spectra free of satellites. These simplified spectra allow
determination of relative fluorescence yields, linewidths, and
peak shapes in an unambiguous way, and provide a reference for
the study of correlation satellites. No other technique can at-

tain this result.
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Atomic Inner-Shell Excitation and Decay Mechanisms

Intimately related to the question of electron-electron
Coulomb correlations is the issue of the mechanisms that lead
from atomic excitation or ionization to the various deexcitation
channels (see, e.g., Crasemann, 1985). As discussed in more de-
tail below, photoexcitation and decay can occur as a single quan-
tum process at threshold. At high incident x-ray energies, on the
other hand, a two-step process is attained asymptotically: decay
is separated and insulated from excitation by a relaxation phase.
It has been shown that these two, apparently drastically diffe-
rent dynamical mechanisms are linked by a correlation phenomenon
known as post-collision interaction (Tulkki et al., 1987; Armen
et al., 1987a), and that the entire evolution of atomic inner-
shell dynamics, from threshold to high energy, can be described
consistently in terms of resonant scattering theory (Aberg, 1980,
1981; Aberg and Tulkki, 1985). Present sources have made it pos-
sible to gain relatively crude information on such post-collision
interaction phenomena as the "no-passing effect" (Armen et al.,
1987b) and photoelectron recapture (Eberhardt et al., 1688;
Tulkki et al., 1990); much more remains to be learned with more
intense sources, including the predicted but never yet observed
dependence of the post-collision-interaction line shape on the
angle between photoelectron and Auger-electron momenta (Armen,
1988).

It was briefly indicated above that, in the vicinity of
core-level energy thresholds, atomic photoexcitation and the

ensuing x-ray or Auger-electron emission can occur as a single
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second-order gquantum process, the resonant Raman effect; here the
intermediate state is virtual, and there is no relaxation phase.
The width of the emitted x-ray or Auger line reflects that of the
incident radiation and hence can be much narrower than the natu-
ral lifetime of the initial hole state. As one tunes the energy
of the incident x rays through a broad core level and observes a
characteristic resonant x-ray or Auger line, the energy of the
line displays linear dispersion with incident x-ray energy, and
the intensity of the line traces out the Lorentzian shape of the
core hole staté.

With present-day synchrotron-radiation sources, the exis-
tence of resonant Raman transitions in atomic inner shells has
been demonstrated (Eisenberger et al., 1976; Brown et al.,

1980) , but signal-to-noise ratios have been so poor as to pre-
clude a thorough investigation of this phenomenon beyond the
original pilot study. The next-generation facilities presumably
will permit a study of this intriquing phenomenon, both for the
crucial role it plays in the evolution of atomic inner-shell
dynamics (discussed above) and for applications, such as provid-
ing a source of sub-natural-linewidth radiation.

One application of the resonant Raman effect is to determine
the "anatomy" of x-ray absorption edges. Absorption cross sec-
tions can be decomposed into individual components due to elec-
tron excitation to valence or Rydberg states and to ionization to
the continuum. This could lead to an explanation of long-standing
anomalies in absorption cross sections which have not yet been
ascribed to either many-body or solid-state effects.

Another set of possible applications of atomic inner-shell

10



Raman spectrometry arises from the fact that the envelope of
atomic core hole-state energies can be traced, leading to infor-
mation not only on their exact width but also on their detailed
shape. It will be possible to look at deviations from Lorentzian
line shapes and to study their origin. The effect of extraatomic
influer.ces on widths can be studied. For example, it is well-
known that atomic energy-level shifts caused by metallic environ-
ments can open intense radiationless channels that grossly alter
hole-state widths (Yin et al., 1973); such effects could be
studied in detail, especially near thresholds, and traced to
modifications of the wave functions in the pertinent Auger matrix
elements. It is not inconceivable that resonant Raman spectromet-
ry in the x-ray regime may some day become as useful a tool in
atomic physics and materials science as optical Raman techniques

now are in biophysics and chemistry.

Timing Experiments

One of the unique characteristics of synchrotron radiation
is its time structure which consists of a train of sub-nanosecond
pulses separated by times that vary from 2 to >1000 ns, depending
on the mode of operation. This time structure is highly suited
for a number of time~resolved studies, among them dynamical
studies of autoionization, laser-synchrotron double-resonance
spectroscopy (mentioned above in the context of molecular
physics), and electron time-of-flight analysis.

As one example we consider time-resolved autoionization
studjes. Autoionization has been investigated for many years by

both chemists and physicists. The major experimental approaches
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have included the study of absorption, of photoioni:zation spec-
tra, angle-resolved photoelactron spectra as a function of the
incident-photon energy, and constant-final-state spectra (final-
state excitations spectra). Results have been interpreted in
terms of the quantum-defect theory in its various formulations.
An important aspect of the resonance features is their
width, which is related to the rate of autoionization. Limited
spectral resolution, however, limits width measurements to auto-
ionization lifetimes of less than approximately 10 ps. Longer
lifetimes couid heretofore only be investigated by either time-
resolved measurements or by the use of high-resolution VUV
lasers. Synchrotron radiation, however, is ideal for such real-
time investigations of long-lived (>30-ps) auloionization proces-
ses. Such studies could either be carried out by measuring the
arrival-time distribution of electrons, or by a more scnhisti-
cated two-color experiment in which a picosecond laser, whose
pulse structure is mode-locked to the RF frequency of the syn-
chrotron, is used to probc the avtoionizing state as a function
of delay time between the synchrotron pump and the laser probe
pulse. This type of time-resolved studies would extend the know-
ledge of autoionization rates by orders of magnitude and allow
for the theoretical analysis of weakly coupled systems. Among
these are vibrational autoionization states of diatomic molecules
in which the nuclear motions are coupled to the electronic motion
in a breakdown of the Born-Oppenheimer approximation. There are
many sharp autoionization features in atoms as well for which

real-time analysis of the rates will be possible. The latter

12
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include autoionizing states that can be created by dcuble
excitation through two-color schemes.

Coincidence measurements also fall into the category of
timing experiments. For many years coincidence techniques have
formed a basic tool in nuclear physics. Their application to
atomi=~ and molecular physics has been less widespread, with
notable exceptions. In chemistry, coincidence spectrometry has
been used quite effectively to study ionic dissociations (Baer et
al., 1986), and ion-molecule reactions with state-selected reac-
tants (Baer et.él., 1989) . Electron-fluorescence coincidence
studies have been fruitful (Klapstein and Maier, 1981) and core-
excited levels nhave been investigated by this technique (Larkins
et al., 1988). Even some triple coincidences are being measured
(Bland, 1987; Stankiewicz et al., 1989). Nevertheless, these
experiments are very difficult because of the very low signals
associated with coincidence studies. That is unfortunate, because
much information about electron correlations can only be elucida-
ted in the coincidence mode. Of the types of coincidences which
are important, that between ions and photoelectrons is the most
obvious. Coincidences between photoelectrons and Auger electrons
or fluorescence photons from the decay of the excited ion, how-
ever, also contain valuable information which is lost when the
signal from either is averaged. An example is the coincidence
between the 11-eV photoelectron and the 2.8-eV Auger electron in
Pb following photoionization at 36 eV (Krause et al., 1986).
Information about the correlation between these two electrons is
invaluable in determining the accuracy of the atomic wave func-

tion. With the more intense synchrotron-radiation sources, coin-
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cidence studies in atomic and molecular physics should become
routine. The high brightness can overcome the weak signals, pri-
marily by an increase of the signal-to-noise ratio and greater
efficiency of the ccincidence arrangement. Coincidence measure-
ments are essential for angular correlation studies between
various ejected particles as well as for the determination of

line shapes in post-collision interaction, described above.

X-Ray Scattering

A tunable; monochromatic, high-brightness x-ray source will
permit fundamental experiments in x-ray scattering by atoms and
molecules. Because x-ray scattering cross sections are even smal-
Jer than x-ray emission cross sections, enhanced incident x-ray
intensity is even more crucial for these measurements.

In addition to much needed measurements of total scattering
probabilities, differential measuremerits can be performed. Two
examples are resonant depolarization of elastic x-ray scattering
and angular-distribution measurements of scattered x rays.
Initial success in studying resonant depolariz.:ion effects in Ar
and a few molecules has been achieved recently (P. L. Cowan et
al., unpublished), where significant species-dependent effects
have bzen observed. The work provides a basic test of scattering
theory as it applies to x-ray resonant processes.

One singular example of the fruitful application of synchrotron
radiation to scattering experiments is the recent work on nuclear
Bragg diffraction of hard x rays from the PEP storage ring at
Stanford (Arthur et al., 1989). Dramatic changes were observed in

the time distribution of synchrotron x rays resonantly scattered
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from °’Fe nuclei ia a crystal. These changes are caused by small
shifts in the effective energies of the hyperfine-split nuclear
resonances, an effect of dynamical diffraction for the coherently
excited nuclei in the crystal. This type of investigation,
previously confined to the quantum optics regime, offers promise

for new fundamental insights and unique applications.

Properties of Ionized Species

Ion yields from the impact of photons in the various regions
of the shell séructure remain essentially uncharted---especially
in the threshold region---but for a few experiments with clas-
sical x-ray sources (Carlson et al., 1966, and references there-
in) and some exploratory experiments with synchrotron radiation
(Short et al., 1986). Basic results on degrees of ionization in
atoms and fragmentation of molecules need to be determined to
complement x-ray emission and photoelectron spectrometry measure-
ments.

In molecular physics, ion-coincidence studies thiough which
detailed fragmentation patterns for molecules can be determined
will be valuable. New observations of ion anqular distributions
from free molecules (Yagishita et al., 1989) suggest that de-
tailed information on alignment processes follow.ng x-ray absorp-
tion can be monitored in a unique way. Angle-resolved measure-
ments on ions are much less efficient than integral measurements,
thus requiring a much more intense x-ray source. The use of jon
time-of-flight analvsis can be anticipated, for which the excel-
lent time structure of the new machines will permit improved

energy-distribution measurements, as discussed above.

15
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Two thrusts in ion-yield wor). with molecules are of inte-
rest. First, the ansat~ of "Coulomb explosion" czn be tested for
molecules with deep inner-shell hecles. Second, the effects of
energy redistribution following x-ray absorption can be studied,
thereby testing unimolecular models for pre-fragmentation energy

transfer.

Photoionization studies of atomic ions are generally beyond
the capabilities of the present photon sources and will become an
important use of the new sources over the entire available spec-
tral region (Jones et al., 1988). Work in this area is ju:': be-
ginning in Europe (Wuilleumier, 1989). The central difficulty is
obtaining sufficient target densities. A wiggler or undvlator
will be essential for such work, and the high brightness oi the
new facilities will be crucial, because most ion sources or traps
limit the ions to a very small region of space (<<1 rm) .
Scientific justification for initiating studies of the inter-
actions of photons with highly charged ions stems from the fact
that, except for a few measurements on singly charged species,
there is no body of experimental work on ion targets, yet there
is undeniable relevance of such work to fundamental atomic
science, laboratory and astrophysical plasma behavior, and ad-
vanced laser concepts. There are many theoretical calculations,
but these need yet to be tested.

The capabilities of jon storage techniques, current and
projected, to provide targets for the photoionization of ions
with synchrotron radiation has been reviewed recently by Church

(1989) . Exploratory measurements with bending-magnet radiation
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have been performed on the storage of multicharged Ar ions in a
Penning trap (Church et al., 1887). Other schemes utilizing
electron-beam ion traps (EBIT’s) or ion storage rings are under
consideration by several groups in the United States and abroad.

Studies of the properties of highly ionized species are of
considerable theoretical and practical importiance. For example,
it was discovered some time ago by Pratt and coworkers (1973)
that, in the limit of high photon energy, atomic photnionization
cross sections depend only on those parts of the electron wave
functions whicﬁ lie within a Compton wavelength of the origin.
Thus, high-energy photoeffect cross sections in a Coulomb poten-
tial are expected to vary as the fifth power of the atomic number
for s states, and as the seventh power for p states, for ins-
tance. Measurements <an therefore yield information on the pro-
perties of the wave functions at small distances which are rele-
vant, inter alia, to parity non-conservation and hyperfine struc-
ture (Church, 1989). Many aspects of the structure of highly
charged ions are known only from theory and have never been
verified through measurements.

The study of transitions in highly ionized atoms can reveal
extremely interesting relativistic and quantum electrodynamic
effects (Johnson and Cheng, 1985; Chen, 1985). To give but one
example, the high-spin states of three-electron ions tend to be
metastable; a major decay channel can be that of Auger transi-
tions made possible only through the Breit jinteraction, i.e., the
lowest-order relativistic correction to Coulomb’s law which in-
cludes the current-current interaction and retardation (Chen and

Crasemann, 1987). Investigations of the structure and transitions
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of {ew-electron ions can thus be of great value for the tes*' of
fundamerital concepts. In a more practical context, they are im-
portant for the understanding of astrophysical and laboratory-
made plasmas. One can envision extremely fruitful uses of svn-

chrot-on radiation to probe trapped ions for these purposes.

Electronic ‘rcperties of Actinide Atoms

Except for the innermost atomic levels and transition ener-
gies, tne electronic properties of the atoms of the entire acti-
nide series ha?é remained essentially unexplored. This holds true
even for sucn basic information as the electron binding energies
of the outer electrons; yet this is the only class of atoms that
aliow us to study the 5f electrons and 6d electrons. These elec-
trons, which dominate the atomic, chemical, and solid-state pro-
perties of the actinides, are expected to display strong correla-
tion effects due to their many-electron environment as well as
considerable relativistic and quantum electrodynamic effects. In
fact, the various QED contributions are of a similar relative
magnitude as for the innermost shells according to initial theo-
retical calculations (Huang et al., 1976; Chen et al., 1981),
amounting to about 50 meV (1 Kcal) for S5f electrons. Using elec-
tron and ion spectrometric methods, it will become possible with
the advent of the new advanced photon sources to embark into an
entirely new endeavor and explore the electronic structure and
dynamics of the heaviest elements known to man. Experimental data
of the various atomic properties in this frontier region will be
invaluable to elucidate the role of many-electron, relativistic

and quantum electrodynamic interactions, to provide reference
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points for advanced theory, and to extend our predictive powers

beyond the presently discovered elements.

Total Photon-Interaction Cross Sections

Accurate x-ray absorption cross sections are needed in many
areas of science and technology. Existing survey compilations
(e.g., Henke et al., 1982) generally do not include the regions
near core-level thresholds, where the most interesting deviations
from theoretical predictions occur. Synchrotron-radiation sources
can be most uscful in filling these information gaps. The fact
that atomic absorption spectrometry with such sources can lead to
a detailed understanding of the shape of inner-shell absorption
edges has already been demonstrated (Breinig et al., 1980). There
is an even greater scarcity of x-ray absorption data for mole -

cules, and virtually none are available for ions.

Molecular Physics

High-resolution studies (41<0.14) of the decay dynamics of
selectively excited molecular states is becoming possible, prob-
ing the interaction of electronic and nuclear motions in molecu-
lar fields and lending insight into fundamental mechanisms of
molecular physics. The technology is now available to select
individual autoionizing states with specified electronic and
vibrational quantum numbers and to perform angle-resolved photo-
electron spectroscopy on the ejected electrons with sufficient
resolution to determine the electronic and vibrational states of
the decay products, including bending vibrations in addition to
overtone and combination bands. New information can thus be

gained that is very important for advancing our basic understan-
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ding of molecular photophysics. For ionic state selection,
electron-ion coincidence techniques are required that have been
used effectively in synchrotron experiments (e.g., Nenner et al.,
1980) . For neutral molecules, pump (synchrotron radiation in the
ultraviolet) and probe (laser) experiments are now becoming
possible, but have not yet been performed. Studies of electronic,
vibrational, rotational and spin-orbit autoionization phenomena
are becoming possible with very high wavelength resolution at
Daresbury (West et al., in press), Stoughton (Krause et al.,
1989), and soon at the ALS.

Studies of vibronic coupli in excited molecular states
hold much promise (Kdppel et. al, 1984; Krummacher et al., 1983).
Branching 1 atios and photoelectron asymmetry parameters for indi-
vidual vibronic components in valence and inner-valence specﬁra
need to be determined. Much of the present understanding cf mole-
cular photoelectron spectra is limited by lack of consideration
of this mechanism. New insight into the dynamics of excited mo-
lecular states is likely to be gained through use of synchrotron
radiation to study this active problem.

uorescence studies of molecular structure hold great

promise; the new facilities will lend themselves to high-resolu-
tion x-ray and VUV emission studies of atoms, molecules, and ions
that will have substantial impact in this area (Poliakoff et al.,
1986). Initial results obtained on a dedicated beam line at the
NSLS suggest new opportunitites that can be brought to fruition
once significant improvements in incident x-ray intensity are

attained. One significant new result is the disccvery of strongly
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polarized x rays emitted from randomly oriented molecules follow-
ing selective near-threshold excitation (Lindle et al., 1988).
The effect has been found to be sensitive to molecular geometry
and molecular-orbital symmetry, for both occupied and unoccupied
states. First results were for valence x-ray emission, whereas
recent work has shown that even molecular core-to-core x-ray
emission can be polarized following selective excitation with
synchrotron radiation. This new technique holds promise for
several areas of study. One application would be to determine the
symmetries of 5£omic sites in larger, less well characterized
molecules, perhaps in agqueous solution. Another potential experi-
ment is to study oriented molecules on crystal surfaces. The
intensity and brightness (with a spot size <1 mmz) of the new
sources will be required for this work.

A new direction related to polarized x-ray emission is the
measurement of angqular distributions of x-ray emission. Such
studies can provide complementary information to that obtainable
with polarized x-ray emission spectrometry, because x-ray angular
distributions also will be sensitive to orientation, geometry,
and orbital symmetry. Angular-distribution experiments will be
particularly helpful for studying non-dipole effects in gases and
orientational effects in solids. These possibilities require a
dedicated, very intense source of x rays.

Another new result in x-ray emission made possible by selec-
tive, monochromatic excitation is the discovery of chemical
shifts specific to individual molecular valence orbitals (Perera
e~ al., 1987). Upon near-threshold excitation, x-ray emission

energies are seen to shift anpreciably by an amount (1-3 eV) that
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depends upon the valence molecular orbital involved, due to dif-
ferences in electrostatic screening. Measurements so far have
been very slow, due to count-rate limitations. The effect is
expected to become useful in tests of accurate orbital calcula-
tions.

Recent measurementr :ar the N K-shell threshold of N, have
shown that the molecular ions or fragments left in excited states
after decay of the K-shell vacancy emit VUV fluorescence (Polia-
koff et al., 1989). Because the fluorescence is emitted subse-
quent to K-shell relaxation, the natural linewidth of the core
hole does not affect the emitted radiation. Vibrational and rota-
tional resoluton can therefore be achieved in monitoring the ions
or neutrals produced following core-level absorption. The possi-
bility thus exists of studying photoionization and photofragmen-
tation products in a novel way with unprecedented resolution.
Because of the multitude of decay pathways available for deep
core-level holes states, a very small fraction of x-ray absorp-
tion events will lead to any particular VUV fluorescence process,
and a very intense incident-x-ray source is required.

Studies of fragmentation of selectively core-excited mole-
cules are a promising area of research (see, e.g., Nenner and
Beswick, 1987; Hanson, in press; Eberhardt et al., 1986, Larkins
et al., 1988) that will benefit greatly from brighter sources.
The objective is to characterize core-electron excitation and
relaxation processes in molecules. Synchrotron radiation offers a
unique means for selectively preparing excited complexes, enab-

ling the observation of the decay paths taken under alternative
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excitation conditions, e.g., with the excitation localized on
different parts of the molecule. This theme will contribute to
new insights in fundamental molecular physics and to understan-
ding the selectivity of mechanims of stimulated desorption: it
could also contribute to such fields as electron and x-ray mic-
roscopy and lithography and to future methods for producing inte-
grated electronic circuit devices.

The greatly enhanced intensity of the next-generation synch-
rotron light sources will create the opportunity to explore 2
number of imgofﬁant species that are difficult to study for
various reasons. Examples are free radicals, clusters, ions,
laser-excited states, and aligned molecules.

The spectroscopy of excited atomic and molecular species
through two-color experiments constitutes a vast experimental
frontier. Standard photoionization studies are for the most part
limited to one-electron excitation states. Two-electron excita-
tions, observed in certain lir'.ted regions of the spectrum, are
generally weak if they are produced by electron correlations
(discussed elsewhere in this Report). Such states can, however,
be explored by double-resonance experiments in which synchrotron
radiation and laser light (including that from free-electron
lasers associated with a synchrotron--radiation source) are used
in a pump-probe arrangement. Whether the laser is used to prepare
the excited state for synchrotron-radiation interrogation or the
synchrotron radiation is used to produce the exicted state for
laser interrogation, the greatly enhanced flux and focusability
of the future facilities promises much greater flexibility in

studying novel circumstances. Pioneering work on doubly excited
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states that can be reached systematically through two-color expe-
riments has already been carried out at the Orsay Synchrotron
(Bizau et al., 1983, Wuilleumier et al., 1987) and at BESSY in
Berlin with cw lasers. The use of picosecond lasers locked to the
synchrotron pulse structure can be expected to enhance the signal
level considerably and make such experiments a powerful new tool
for excited-state studies.

Shape resonances have been studied vigorously over two de-
cades by means of synchrotron radiation as well as other tech-
niques (see, e.g., McKoy et al., 1984; Dehmer et al., 1987; Nen-
ner and Beswick, 1987). Several new concepts in molecular physics
have thus emerged, with substantial impact on other fields such
as surface science. Yet there are several types of interactions
involving shape resonances that require advanced synchrotron-
radiation snurces for exploration, e.g., the transfer of shape-
resonant behavior by continuum-continuum coupling, shape-
resonance-induced vibrational effects, and the decay of shape
resonances in core-excited systems.

Other techniques of relevance to molecular science that will
become increasingly important with the new synchrotron-radiatio:
sources include measurements of the spin polarization of photo-
electrons (see, e.g., Heinzmann, 1985); here prospects exist for
advances in molecular systems for which new theory has become
available. The study of double ionization through electron-

electron cojincidence studies of angular correlations will be

possible with new precision and flexibility. The availability of

circularly polarjized synchrotyon-radiation light will open new
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frontiers, such as circular dichroism in the x-ray enerqgy range.
The fast time structure of the radiation entails important possi-
bilities, some of which have been discussed in varicus segments

of this Report.

CONCLUSIGN

The foregoing summary of research opportunities in atomic
and molecular science with synchrotron radiation is by no means
exhaustive. Without doubt, not all opportunities can be foreseen
at this juncture. The Panel hopes that the examples described
here may convey an inpression of the richness of the field of
studies that will become accessible with next-generation sources
and of the great importance, for basic science as well as for
technology, of the knowledge that is to be gained. These opportu-
nities are being pursued vigorously in other countries, and it is
the Panel’s sincere hope that scientists in the United States
will not be prevented by financial stringencies from contributing

their full share to this exciting new phase of investigations.
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