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1. Introduction

Over the past decade and a half, the availability of synchrotron
radiation has become a very important asset for chemical
engineering research. As more experimental stations and brighter
radiation become available, its use will spread even further. Its
value arises presently from the very considerable capabilities it
makes possible in the following areas:

Structure Determination
Electronic State Determination
Chemical Analysis
Imaging
Spectroscopy
X-Ray Lithography

The first four of these areas are discussed in this article. All
six are pursued in more detail in the papers which follow.

2. Structure Determination Techniques

With its extremely high intensity, controllable polarization and
"tunable" white radiation spectrum, synchrotron radiation has had
a dramatic impact on our ability to determine atomic arrangements
in crystalline, poorly crystallized and amorphous materials. The
techniques affected are listed below:

X-Ray Diffraction
Crystallography

Anomalous Scattering
Rotation
Laue

Powder Diffraction
Amorphous Materials
Two-Dimensional Systems
Surfaces and Surface Layers
Small-Angle Scattering

X-Ray Absorption Spectroscopy
EXAFS

Bulk
Fluorescence
Surface
Photon Induced Desorption

Near Edge Structure (XANES)
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As these techniques are developed, they are being applied
increasingly to study transformation and reaction kinetics. This
development will make them even more valuable to chemical
engineering in the years to come. Examples of such kinetic
studies are contained in a number of papers in this volume.

2.1 Anomalous X-Ray Scattering

The tunability of synchrotron radiation makes it possible to
exploit the phenomenon of anomalous x-ray scattering in a number
of different arenas. Here, the phenomenon is explained more
extensively than other approachs, since it is not covered
elserwhere in this volume.

As long as multiple scattering is not as an important phenomenon,
the intensity of x-ray scattering, I(k), where k is the normal
scattering vector, can be written as

(1)

where the structure factor, F (Js.) , is given by the equation

S ^ ) . (2)

Here, fj is the atomic scattering factor and xj is the positional
coordinate of the j-th atom. At photon energies which are high
compared to any atomic excitation energies of the system, fj is
merely the Fourier transform of j-th atom's electron density, foj.
At photon energies close to an absorption edge of the j-th atom,
however, there are both real and imaginary shifts so that fj is
given by the equation

fj=foj + fi+ifi'- (3)

fj" is simply proportional to the x-ray absorption coefficient.
Hence, it decreases slowly with increasing photon energy until the
x-ray absorption edge is reached. There, it jumps markedly and
then decreases slowly with further increases of the photon energy,
fj' is negative and is sharply negatively peaked at the x-ray
absorption edge. For an atom like germanium with an atomic number
of 32, fj' reaches values of -8 at the edge. Its magnitude is
even larger at the L-edges of some transition elements.

The importance of anomalous scattering in protein crystallography
arises from its ability to either supplement or replace the method
of isomorphous replacement in the solution of the classic phase
problem. That is, in order to determine the phases needed to
reconstruct the electron density from the measured intensities,
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one needs three different protein crystals in the method of
isomorphous replacement. These are assumed to have identical
structures except for the replacement of a specific element by two
other elements. In a very large number of cases, it is our
inability to grow the three different types of crystals which
prevents the determination of the protein or macromolecular
structure. This problem can be circumvented with anomalous
scattering because one can vary the photon energy and make a
single atom look like two different atoms by changing its atomic
scattering factor. The resulting Multiwavelength Anomalous
Dispersion (MAD) methodl has found increasing utilization since
its development approximately half a decade ago.

Anomalous scattering has also been used2 to enhance the
effectiveness of crystal structure determination by means of
Rietveld analysis of powder diffraction data.

Similarly, the classical radial distribution function (RDF)
structure determination technique often yields ambiguous results
for amorphous materials containing more than one atomic species.
The RDF yields the probability cf finding two electrons separated
by distance R, but from a system in which all the electrons of
each atom are located at its center. Thus, it has peaks at the
sample's common interatomic distances and the peak areas provide
information about the coordination numbers. The ambiguity arises
because one cannot tell which pair of atomic species are
contributing to each interatomic distance peak.

This ambiguity is decreased markedly through employment of the
Differential Distribution Function technique.3»4 By utilizing two
different sets of intensity measurements at two different photon
energies close to the absorption edge of a specific atomic
species, one gets a distribution function in which that specific
species must be at least one of the participants in each
interatomic distance pair. That is, all the pairs which do not
involve that species are eliminated from the distribution
function. This technique is particularly powerful when combined
with the EXAFS technique described below.

Anomalous small-angle x-ray scattering is also become increasingly
valuable for studying phenomena like phase separation, spinodal
decomposition and voids in crystalline^ and amorphous^ alloys.
The method is particularly valuable for amorphous thin films,
where it was usually extremely difficult to determine whether
small-angle x-ray scattering arose from voids, other defects or
phase separation. With differential anomalous scattering, one can
separate out the density fluctuations associated with each atomic
species and distinguish between defects and phase separation.
This technique can be made even more powerful through
complementary utilization of the XANES discussed below.
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2.2 The Rotation Method

One of the simplest synchrotron radiation crystal structure
determination techniques7 is built around the classical rotation
camera. As employed now, one uses the extreme intensity of
synchrotron radiation to take the rotation or oscillation picture
very rapidly. The value of the method arises from the fact that
radiation damage is not simply proportional to photon dose, but
requires time as well since it is a two step process with some
transport involved. With synchrotron radiation, therefore, much
more data can be acquired from a crystal before it is severely
damaged by the radiation then can be acquired with classical x-ray
tubes. The lifetime of the crystal is even further enhanced by
reducing its temperature to those of liquid nitrogen or helium.

2.3 The Laue Technique

In the Laue technique7 for acquiring single crystal x-ray
diffraction data, a white radiation beam is incident upon the
sample so that many different sets of crystalline planes are in
reflecting positions. With the extreme synchrotron radiation
white radiation intensity's, data from protein crystals can often
be acquired in fractions of a second. Thus, the approach provides
a second method for avoiding radiation damage while obtaining
protein diffraction data. In addition, atomic arrangements in
excited or transition states can be examined.

2.4 Powder Diffractometry

In addition to the Rietveld Method discussed in Sec. 2.1, the
extremely low divergence of synchrotron radiation can be valuable
in the solution of very difficult powder diffraction problems.^
For example, the normal use of powder diffractometry to identify
crystalline phases in some complex materials is often difficult to
apply when there are a number of phases whose diffraction lines
overlap when examined with a normal x-ray system. With the very
highly collimated synchrotron radiation that can be used readily
in powder diffractometry, these peaks can often be resolved and
identified separately. Similarly, the instrumental contribution
to line broadening can be made very small, so that crystalline
size and strain contributions can be determined more readily.

2.5 Two Dimensional Systems, Surfaces and Surface Layers

With the advent of synchrotron radiation, it has become possible
to examine systems which are just a molecule or two thick, the
surfaces of materials, or surface layers ranging in thickness from
a few angstroms to a few microns.

In the most straight forward of these approaches, the extreme
intensity and collimation is used to obtain diffraction patterns
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from two-dimensional layers of liquid crystals and similar
materials employing normal x-ray diffraction transmission or
reflection procedures. As a result, it has been possible to study
structural arrangements during phase transformations in thet>e
materials.

To achieve variable depth sensitivity when studying surfaces or
surface layers, the technique of Grazing Incidence X-ray
Scattering (GIXS)^ is employed. In this technique, the x-ray beam
is incident on the sample at an angle close to the critical angle
for total reflection (a few tenths of a degree). By varying the
angle of incidence, the penetration depth can be varied from about
20 A to many microns. Portions of the beam which penetrates into
the sample are diffracted with normal processes. From the
resulting diffraction pattern, considerable information about the
structure at the surface or in the surface layer can be obtained.

GIXS is proving to be, quite valuable in the study of thin
amorphous films, reconstructed surfaces, phase transitions in
adsorbed monolayers and surface layers of polymers and
photoresists. We may expect it to be employed in the study of
corrosion, oxidation, wear, polishing and surface chemical
treatments.

Finally, the x-ray standing wave technique discussed by Bedzyk in
this volume can be employed to obtained information about surface
layers.

3. X-Ray Absorption Spectroscopy

3.1 EXAFS

The utilization of Extended X-Ray Absorption Fine Structure
(EXAFS)10 for structure analysis is discussed by many authors in
this volume. EXAFS is used to determine the average coordinations
of specific atomic species in complex materials which need not be
crystalline. In this technique, one measures the x-ray absorption
coefficient as a function of photon energy from immediately below
the absorption edge to energies approximately 1000 eV above the
edge. The absorption coefficient, like fj", decreases with
increasing photon energy above the edge, then increases markedly
at the absorption edge and then shows an overall decrease with
increasing photon energy above the edge. Superimposed on the
overall decrease above the edge are some sharp oscillations at
very small energies above the edge and then a series of broader
oscillations. It is the broad, or lower frequency, oscillations
which are the EXAFS.

The oscillations arise in the following manner. The electron
excited in the photoelectron absorption process may be perceived
as a spherical wave. As that wave propagates outward, it hits the
atoms surrounding the absorbing atom and is reflected back. In
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the matrix element which governs the transition of the
photoelectron from its highly localized initialed state to this
final state, the final state wave function is effectively sampled
at the absorbing nucleus. In this sampling process, the
interference between the outgoing spherical wave and the back-
scattered wave yields the oscillations as the photon energy is
increased.

Thus, the EXAFS arise from a diffraction process in the final
state wave function. As a result, one can use the EXAFS to
determine the distance to near and further neighbors, get an idea
of the number of those neighbors and, often, identify the species
of those neighbors.

Since the EXAFS process is entirely local, it may be employed on
amorphous materials as well as crystalline. Because each element
has an identifiable absorption edge energy, EXAFS can be used to
determine the average environment of each atomic species in a
complex material. Thus, for example, it may be employed to
determine atomic arrangements of very finely distributed catalyst
material on a support or the environment of each atomic species in
commercial complex glass or amorphous film.

3.1.1 Fluorescanca EXAFS

As indicated above, the EXAFS is linked directly to the
probability of exciting an electron from a core state to the
continuum. As a result, any process which is directly coupled to
that excitation will also show the fine structure as a function of
photon energy above the absorption edge of a constituent atom. If
that constituent atom is present at very low concentrations, it is
usually advantageous to study its contribution to the x-ray
fluorescence, rather than its contribution to the absorption
coefficient. While its contribution to the absorption coefficient
may be negligible because of the low concentration, it is likely
to be the only element emitting at its fundamental fluorescent
energies. Thus, a detector capable of photon energy analysis will
yield a very high increase in signal to noise. With this
technique, the surroundings of atoms present at concentrations as

low as one part in 10^ have been determined.

A beautiful utilization of the fluorescence technique is to
determine how the surroundings of metal atoms in metalloproteins
or metalloenzymes change as those proteins or enzymes go through
their biological functions. Thus, for example, the surroundings
of Fe atoms in hemoglobin have been determined in the oxidized and
deoxidized states. Similarly, the surroundings of sulfur in coal
have been studied.
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3.1.2 Electron Yield EXAFS

Surfaces may be studied by measuring photoelectron yield as a
function of photon energy, since the electrons reaching the
detector usually come from within a few angstroms of the surface.
One may utilize this technique, for example, to study the
poisoning of a catalyst by sulfur.

3.1.3 Photon Desorption EXAFS
One may even study the environments of metallic atoms next to
oxygen atoms on partially oxidized surfaces using the technique of
photon induced desorption EXAFS. Similarly, one can find the
environments of metal atoms adjacent to sulfur atoms in partially
poisoned catalyst surfaces.

3.2 Photoamission and Photoelactron Diffraction

Although it is widely regarded as a technique for studying
electronic states, photoemission can be used to study the geometry
of adsorbates on surfaces (Reference) and photoelectron
diffraction is also used as a surface structure technique

4. Electronic State Determination Techniques

The determination of electronic states via synchrotron radiation
is less relevant to this meeting, since they are not usually the
focus of chemical engineers. Here, though, some of the techniques
are listed and references are provided:

Photoemission
Band Structure Analysis
Densities of States
Surface and Interface States

Compton Scattering
X-Ray/VUV Spectroscopy

Photoemission is a "classical" technique11 for the determination
of electronic densities of states. Monochromatic light incidence
upon a sample yields photoemitted electrons. By subtracting the
kinetic energy of the photoelectrons from the photon energy, the
binding energy can be obtained. The number of photoemitted
electrons as a function of kinetic energy then yields a distorted
density of electronic states in the material. With angle
resolution as well as energy resolution, the band structures of
crystalline materials can be determined.

In addition, surface and bulk states can be distinguished using
synchrotron radiation. This is achieved by varying the incident
photon energy. For almost all materials, the electron meanfree???
path is only about five angstroms when the photoelectron energy is
about 100 eV above the Fermi level. Thus, virtually all electrons
reaching the detector come from a thin surface layer. If the
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photon energy is increased so that the kinetic energy is of the
order of 1,000 eV, the meanfree???? path increases markedly so
that bulk states may be examined. Compton Scattering is a means of
measuring electron momentum distributions in solids. These are
used primarily to check theoretical calculations of electronic
states.

5. Chemical Analysis Techniques

Two types of chemical analysis techniques are utilized synchrotron
radiation:

X-Ray Fluorescence Analysis
X-Ray Absorption Spectroscopy

5.1 x-Ray Fluorescence Analysis

X-Ray fluorescence analysis is commonly employed in laboratories
for chemical analysis, utilizing standard x-ray generators.
Synchrotron radiation is employed when there are very special
demands or, as discussed in the imaging section, when images based
on chemical composition are to be constructed. An example of the
former is the search by Sparks et al.^2 for super-heavy atoms in

some ores. These workers showed that the sensitivity to 5X10^
super-heavy atoms per sample could be achieved utilizing tunable
monochromatized synchrotron radiation and solid state, energy
sensitive detector.

5.2 X-Ray Absorption Spectroscopy

As indicated in the EXAFS section, each element provides an
absorption edge signal when the x-ray absorption coefficient is
measured as a function of photon energy. This array of absorption
edges provides the means by which the chemical analysis of a thin
film may be performed-^.

6. Synchrotron Radiation Imaging Techniques

A variety of techniques have been developed for imaging, among
which are:

X-ray topography
X-ray tomography
Non-invasive angiography
Photoelectron microscopy
X-ray microprobe
X-ray microscopy
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6.1 X-Ray Topography

X-ray topography is used to image defects or strain fields in
nearly perfect single crystals. In this technique the image is
formed by mapping the intensity of a Bragg reflection over an area
or volume of the diffracting crystal. Contrast arises from the
changes in intensity resulting from the presence of defects and/or
strain. Synchrotron radiation is valuable because a beam of very
high intensity and low divergence can be achieved. In recent
years, the technique has been employed to examine the relationship
between properties of thin films14 and those of the substrates as
well as to examine strain fields1^ resulting from standard
semiconductor processing processes.

6.2 X-Ray Tomography

Similarly, synchrotron radiation versions of three-dimensional x-
ray tomography1^ have been developed. With the extremely high x-
ray intensities and low angular divergences, coupled to two-
dimensional detectors developed specifically for the purpose, one
micron resolution has been obtained. In addition, concentrations
of specific elements can be obtained by performing the x-ray
tomography at photon energies which are somewhat above and
somewhat below the absorption edge energies of the element of
interest.

6.3 Non-Invasive Angiography

The procedure of obtaining images above and below absorption edge
energies has also been employed in the development of a procedure
to image the coronary arteries17. The goal of this work is to
develop a diagnostic procedure which avoids the arterial
catheterization and heavy iodine doses of the standard
angiographic procedure. Low concentrations of iodine are
introduced through the jugular vein into the coronary arteries.
The contrast is obtained by taking pictures in rapid succession
above and below the iodine absorption edge and then subtracting
the two digitally.

6.4 Photoelectron Microscopy

Photoelectron microscopy1^ obtains images by "viewing" the
electrons emitted from a very small area of a sample and then
scanning that area over the surface. The small areas are obtained
by either focusing the "light" or by utilizing detection schemes
which detect the electrons from a small area. All the standard
photoelectron spectroscopy techniques can be coupled to provide
different types of images.

54



6.5 X-Ray Microprobe

X-ray microprobe images1^ employ standard x-ray fluorescence
analysis techniques, but with beams which are focused to small
areas. Again, the area of the sample is scanned to obtain the
image.

6.6 X-Ray Microscopy

In x-ray microscopy^, the beam is focused to a very small area
and the image is obtained by measuring the sample's
transmissivity. Elemental sensitivity can be obtained by imaging
at photon energies above and below absorption edges.
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