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DOE/DMS Workshop on Future Synchrotron
VUV and X-Ray Beam Lines
Preface
The following report was produced by the participants of the Workshop on
Future Synchrotron VUV and X-Ray Beam Lines held at Gatlinburg, Tennessee,
on October 21, 22, and 23,1991, It is designed to provide an accurate accounting of
National Laboratory planning for the future construction and operation of
synchrotron radiation beam lines at the synchrotron radiation source facilities
operated by the U.S. Department of Energy. As such, the report is lestricted to the
extent of involvement by National Laboratory scientists.
The future beam lines at the synchrotron radiation source facilities will be
constructed and operated by collective groups, participating research teams (PRT),
made up of scientists from a few or several institutions, including the National
Laboratories, universities, and industrial organizations. These PRT's are called
Collaborative Access Teams (CAT) at the Advanced Phoion Source at Argonne
National Laboratory (AND and Insertion Device Teams or Bending Magnet
Teams (IDT/BMT) at the Advanced Light Source at Lawrence Berkeley
Laboratory (LBL). The majority of these PRT's have National Laboratory
scientists as members, and these are included in this report. Those PRT's
without National Laboratory representation or beam lines to be constructed by
other personnel, including the respective facilities, are excluded from the report.
Every effort has been made to ensure the accuracy of the information contained
herein. Participants were selected both for individual expertise and for completeness of coverage. Researchers were invited from each of the National
Laboratories and from each of the scientific disciplines represented in the proposed beam line research program.
The descriptions of the scientific program reflect the research planned at the
present by the respective PRT's; undoubtedly, these issues will undergo some
changes as advancements in the field are made and as the full capabilities of
existing facilities and third generation synchrotron sources are realized.
Nonetheless, the report provides a fairly complete picture oi the diversity and
value of the expected National Laboratory research programs utilizing
synchrotron radiation.
The section of the report dealing with beam line capabilities describes each of the
proposed beam lines and their operational characteristics. These descriptions
provide a comprehensive listing of the instrumentation, their experimental
capabilities, and, where possible, their specifications.
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The accuracy oi the budgetary information is dependent on the stage of planning
ot the respectr beam lines Those that are in an advanced state of planning
have estimated costs near the probable actual values Those beam lines in the
early stage of planning have cost estimates based on the best projections available
and are consistent with past experience. The dollar figures for each beam line
reflect the projected total cost to achieve the respective capabilities given in the
beam line descriptions Each has been checked for consistency
Where possible, other planned sources of support have been identified along
with a best estimate of the level of support to be sought. In some cases both the
level of support and the potential sources may change as the beam line
construction progresses.
The workshop was hosted by the Oak Ridge National Laboratory Drs. Bennett C.
Larson and Cullie J. Sparks cochaired the meeting; the organization, administrative support, and logistics were supervised and coordinated by Phyllis H.
Green. Millie Atchley and Vicki Barnes provided timely and tireless clerical
support
The participants in the workshop are to be commended for their efforts and the
efficiency with which they assembled, analyzed, interpreted, and collated the
data; a list of participants is included in the report.
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1. EXECUTIVE SUMMARY
In order to provide the research community ot the United Stales with highintensity synchrotron radiation sources, the Department of Energy is
constructing the Advanced Light Source (ALS) and the Advanced Photon Source
CAPS) as well as maintaining and upgrading existing synchrotron facilities at the
National Synchrotron Light Source (NSLS) and Stanford Synchrotron Radiation
Laboratory (SSRL), The existing synchrotron facilities are being utilized close to
their capacity, and recent experiments indicate that significant scientific and
technological advances will be made possible by the availability of these
enhanced synchrotron capabilities.
DOE Laboratories have historically played leadership roles in instrumenting and
utilizing beam lines at synchrotron facilities to pursue energy-related
fundamental and technological research programs.
The sophisticated
combinations of beam line optics and thermal engineering required to use the
advanced wiggler and undulator insertion devices that have been developed
dictate that DOE Laboratories remain in a leadership role in this area, since much
ot the needed scientific and engineering expertise resides at the National
Laboratories, Collaborations between the National Laboratories and industrial
and academic partners are serving to distribute both the technical and financial
load associated with beam line construction and operation; however, it is
apparent that DOE Laboratories are playing a central role in a major portion of
the construction of new beam lines and beam line upgrades.
This document contains an overview of the participating DOE Laboratory beam
line interests and the projected science to be addressed on these beam lines, both
at new and existing synchrotron facilities. The scientific programs associated
with present and planned synchrotron research by DOE Laboratories are
discussed in chapters titled "VUV and Soft X-Ray Research" and "Hard X-Ray
Research." This research encompasses a broad range of the nation's scientific and
technical research needs from fundamental to applied, in areas including
environmental, biological, and physical sciences; new materials; and energyrelated technologies. The projected cost of this proposed construction has been
provided in tabular form using a uniform format so that anticipated DOE and
outside funding agency contributions for construction and for research and
development can be determined. The cost figures are, of course, subject to
uncertainties of detailed design requirements and the availability of facilitydesigned generic components and outside vendors. The report also contains a
compendium (Appendix A) (as submitted by the beam line proposers) of the
design capabilities, the anticipated costs, and the scientific programs of projected
beam line construction at the four synchrotron facilities. A summary of the
projected cost of these beam lines to be requested of DOE is compiled in Table 1.1.

Table 1.1. Projected UOE Cos! for Synchrotron Radiation
Beam Line Construction and Operation

Facility

FY

FY

1992

1993

FY
1994

FY
1995

FY
19%

FY
1997

FY
1998

Totdl Cost
FV 92-98

IGperation) ($M)

Construciion (SM)

ALS

18.6

31.3

27.1

110.1)

110.1)

110.11

110.1)

117.4

APS

1.3

9.2

25.8

33.1

16.6

14.6)

19.5)

100.1

NSLS

3.6

10.7

3.6

10.1)

(0.1)

10.1)

18.2

SSRL

5.3

15.8

5.3

10,6)

10.6)

106)

28.2

49.4

79.4

52.1

27.4

15.4

20.3

263,9

Tola!

19,9

Since the proposals in this document constitute a significant fraction of the
projected synchrotron beam line construction, these beam lines will provide a
large fraction of the synchrotron research facilities for the industrial and
academic communities as well as for the National Laboratories.

2. VUV AND SOFT X RAYS
2.1 INTRODUCTION
New opportunities for VUV and soft x-ray synchrotron radiation research
arise from the quantum jumps in research capabilities associated with the new,
third-generation synchrotron sources (such as the Advanced Light Source) that
are characterized by very high spectral brightness. Equally important new
opportunities also arise from advances in insertion devices, x-ray optics, beam
lines and monochromators, and radiation detectors, all of which will both extend
the capabilities of existing synchrotron sources and enhance the performance of
the third-generation sources.
The features of synchrotron radiation from third-generation sources that will
be exploited in the DOE National Laboratory beam lines described ir this
document include spatial resolution, spectral resolution, and spatial coherence,
which derive directly from high spectral brightness. Other characteristic* that
benefit from high brightness are time resolution, polarization control, and high
flux.
Spectral brightness refers to the flux per unit source area per unit solid angle
of the radiation cone per unit spectral bandwidth; the usual units are
photons/s/mm 2 /millirad 2 /0.1 < £ bandwidth. High brightness is characterized by
a high flux of highly collimated radiation onto a small area on the surface.
(Note: Because of an inconsistency within synchrotron communities, this unit is
referred to as "brilliance" in the "Hard X-Ray Section" of this report.)
Spatial resolution follows directly from high brightness because brightness
makes it is possible to focus a large number of photons onto a small area. For
example, one could track the features of a photoemission spectrum, such as the
chemical shifts for an element in different chemical states, as the focused spot
scans across an inhomogeneous surface. In this way, one could associate spectral
features with specific aieas of the surface. At the ALS, it is expected that spots as
small as 25G A can be achieved, which sets the scale of the spatial resolution.
Spectral resolution is a second major benefit of high brightness. High spectral
resolution is achieved by narrowing the slits of a monochromator. Consequently,
there is a trade-off between resolution and measuring time: the narrower the
slits, the fewer photons pass through, and the longer the measuring time. High
brightness allows a much larger portion of the photon beam to be focused
through the slits, thereby dramatically increasing the resolution at fixed
measurement times or decreasing the measurement times at fixed resolution.
Spatial coherence implies the ability to form interference patterns. The most
direct application of spatial coherence is the use of Fresnel zone plates to focus
VUV and soft X rays. Focusing is necessary to achieve high spatial resolution in

systems with small spot*
Other applications include X-TAV
holography—a technique with the promise ol providing three-dimensional
ol biological and other structures
Time resolution is a feature of all synchrotron sources that follows from the
bunched character of the stored electron or positron beam. In the normal
muhibunch operating mode of the ALS, the pulses will be about 30 ps wide and
will come at intervals of 2 ns It will also be possible to operate in a few bunch
mode with pulse separations up to 0.6 us Time resolution can be achieved with
the ALS alone or with the ALS operating in synchrony with other light sources,
such as a high-speed laser in a pump-probe mode.
Polarization control is another feature that has always been associated with
synchrotron sources. With bend magnets, radiation is largely linearly polarized
when viewed in the plane of the electron orbit, but it is ellipticaliy polarized
when viewed at angles above or below the plane. With special insertion devices,
undulators and wigglers, it is also possible to generate elliptically polarized
beams, in particular, circularly polarized beams, which can be used to investigate
structures with a handedness (chiral structures) and magnetic materials. New
insertion device and beam line technology, in combination with high-brightness
synchrotron sources, promises to bring the now specialized uses of controlled
polarization into the mainstream of synchrotron research.
High flux is associated with high brightness, although high brightness is not
necessary for high flux. Many experiments are primarily flux limited. The
number of atoms or molecules, such as impurities in a semiconductor or ionized
atoms in a vapor, may be too small to generate a measurable signal in a practical
time. A high-photon flux effectively compensates for the small number of signal
generators by exciting more events per unit time, thereby making impractical
experiments feasible.
The pages that follow contain descriptions of research opportunities that
result from these characteristics of advanced synchrotron sources and the
associated technological developments. The discussion is organized by general
research areas, and the reader is encouraged to refer to the beam line executive
summaries that are appended to this document for programs related to specific
beam lines.

2.2 RESEARCH OPPORTUNITIES
2.2.1 Materials and Surface Science
2.2.1.1 Photoelectron Spectroscopy
Angle-Resolved Ultraviolet Photoelectron Spectroscopy (ARUPS)
ARUPS produces maps of the band structure (i.e., electron energy vs wave
vector or momentum) for the valence bands of single-cry ~tal solids, ordered
adsorbates, and epitaxial overlayers. Band maps have been made for many
prototypical solids. Existing synchrotron radiation sources limit the scope of the
technique in two ways. First, insufficient brightness limits the energy and
angular resolutions to values inadequate for the study of many important
materials. Higher angular resolution is needed for materials with small
Brillouin zones (e.g., reconstructed surfaces and complex solids). An example of
the latter is high-Tt- superconductors, where 2° angular resolution gives a wave
vector resolution of about 10% of a Brillouin zone dimension. Similarly, an
ener s v resolution of 20 meV or so is barely adequate for determining small
spear J features, such as superconducting gaps of about 20 meV (see Fig.2.1) and
photohole lifetime widths that go to zero at the Fermi level. A bright source like
the ALS allows high-resolution monochromators to be used with adequate flux
on the sample for acceptable signal-to-noise ratios in ARUPS at high angular
resolution. Heavy-fermion systems, based on the 4f electron of Ce or 5f of U, are
other examples of systems awaiting the application of high-resolution ARUPS.
The analysis of other novel material systems, such as nanocrystalline quantum
dots and buckyballs as well as structures synthesized from them, while not
dependent upon angular resolution, will benefit immensely from the
applications of high-energy resolution.
A second band-mapping limitation of existing synchrotron sources is
associated with the ability to measure the spin of the photoelectrons. Spin
measurement is an inefficient process (typical yield of about 10~3), so one must
illuminate the sample with a high flux of polarized photons of adequate energy
resolution per unit area of the sample. One can then band-map majority and
minority bands in a ferromagnetic material, both in its ordered state and above
its ordering temperature.
High-Resolution Core-Level Photoelectron Spectroscopy

The high spectral brightness of the ALS and other third-generation VUV/soft
x-ray synchrotron sources will make it possible to obtain a spectral resolution of
40 m<?V or better in photoelectron spectroscopy of core levels. This high
resolution will permit element-specific and chemical-state-specific studies of a
wide variety of systems of interest in materials and surface science, including
novel materials, such as nanocrystalline structures. Some specific kinds of
information derivable are:
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Fig. 2 1 From the detailed shape of the photoemission spectrum
of a superconductor when it is cooled to below the
superconducting transition temperature, it is possible to deduce
the magnitude of the superconducting energy gap, a
fundamental parameter of all superconductors. The figure
shows angle-resolved photoemission spectra at 90 K and 20 K for
the high-temperature superconductor Bi2CaSr2Cu2Os from
which a value of 24 meV was derived for the superconducting
gap The critical temperature Tc was 82 K. (C. G. Olson et al.,
Science 245, 731 (1989).]

Chemical compositions and state populations near the surface and at
shallow interfaces from the relative intensities of different chemically
shifted components (e.g., 'hose of oxidized silicon in Fig. 2.2).
Vibrational populations and amplitudes in molecules or molecular
adsorbates (e.g., methane in Fig. 2.3).
L ocal magnetic moments, as well as spin-orbit and crystal-field
interactions, from multiplet splittings of core levels in magnetic
compounds (e.g., KMnF.-* in Fig. 2.4) and ultrathin magnetic films that
can also be used as internally referenced sources of spin-polarized
electrons. (See also Photoelectron Diffraction" below.)
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Fig. 2.2. Silicon atoms near the interface between oxide and element
on an oxidized silicon surface exist in several oxidation states
between the Si 4+ of SiO2 and the Si0 of elemental silicon. The
oxidation states and their relative populations can be identified
from the shifts of these Si 2p core-level photoemission spectra and
from the intensities of the shifted peaks, respectively. The figure
shows core-level spectra for the (100) and (111) surfaces of silicon
covered by 5 A of oxide; the spectra indicate the presence of
elemental silicon and oxidized silicon in Si 1+ , Si2+f Si 3+ , and Si 4+
states. IF. Himpsd et al, Phys. Rev. B 38, 6084 (1990).J
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Fig 2,3, Synchrotron radiation vastly enhances the ability to resolve vibrational
structure within core level photoemission spectra. The figure shows spectra for
methane that were (a) taken in 1974 with a monochromatized laboratory x-ray source
and (b) Uken in 1991 with the new XIB beam line at the NSLS. Features that were
shoulders on a broad, doppler-shifted peak in the former case show up as distinet peaks
>n the latter. {U. Gelius, /. Eleetr. S}>ectr, 5, 985 (1974); K. J. Randall et al., to be published
in Synchrotron Radiation News.]
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Fig, 2.4. Excitation of a 3s core electron from a Mn^+ ion in KMnF3 results in two
different Mn^+ final states with different binding energies that depend on the spin of
the photoemitted electron. An analysis of such core-level multiple! splittings provides
iniormation about local magnetic moments and about spin-orbit and crystal-field
interactions. It is also possible to use such rnultiplet-split core levels as internally
referenced sources of spin-polarized electrons. IB. Sinkovic and C. S. Fadley, Phys. Rev.
8 31.4665 (•"««"'

• Partitioning ot transitions into different magnetic and spin-orbit
components from measurements with linearly or circularly polarized
radiation• Enhancing the influence of selected atomic scatterers by varying linear
polarization.
The ability to focus high-brightness radiation onto a spot of :£0,l urn diameter
will assist in achieving higher energy resolution and angular resolution and in
studying dilute species. Further focusing to approximately 250 A diameter will
permit simultaneous state-resolved spectroscopy and microscopy (i.e.,
spectromicroscopy), as discussed in Sec. 2.2,2.1.
The 10-100 times higher fluxes on the sample associated with high brightness
will permit taking high-resolution spectra in as little as 1 ms and thus lead to
time-resolved studies of surface processes and epitaxial growth. The high fluxes
of photoelectrons produced will also permit expanding the range of spinrolarized core-level measurements on magnetic systems in which an external
detector of polarization with a typical efficiency' of only approximately 1Q"3 must
be used. Finally, these higher electron fluxes will also permit coincidence studies
(e.g., photoelectron-Auger electron); such data will provide a state-by-state
description of core-hole decay processes and the electronic structures involved.
The capability of scanning the photon energy will permit selecting high or
low surface sensitivity, tuning to transitions with high and/or resonant
photoelectric cross sections, and changing the nature of the electron-atom
scattering involved (from more s-wave and magnetically sensitive at lower
energies to highly forward-focused at higher energies). The nature of the
electron-atom scattering is important for the diffraction studies discussed in the
next section.
Photoelectron Diffraction
In photoelectron diffraction, the emission of core electrons from atoms in a
system with at least local atomic order is monitored as a function of direction
and/or kinetic energy. As a result of electron-atom scattering and interference
between the directly emitted component of the photoelectron wave and the
various scattered-wave components, a diffraction pattern is produced. This
pattern, in turn, contains information on the positions of all of the scattering
atoms relative to the emitter atom. Photoelectron diffraction is thus a very
powerful, element-specific, and, with high-energy resolution, also state-specific
probe of atomic structure. The sample volume probed is within about 10-20 A of
a solid surface and covers a region extending outward from each emitter by up to
about 20 A.
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Photoelectron detraction with \'L'\' suli v-rav synchrotron radiation can
provide several types oi information concerning the structure oJ surfaces
•

At higher kinetic energies oi about 1 keV. the electron-atom scattering
is strongly peaked along the emitter-scatterer direction, and such
"forward focusing'* provides a direct method lor determining
molecular orientations and epitaxial-growth morphologies on singlecrystal substrates Comparing experimental data to straightforward
theoretical simulations also permits determining the nature of the
surface layer termination in the epitaxial growth of compounds or
alloys.
The temperature dependence of forward-focusing peak
intensities also permits studying surface phase transitions.

• At lower energies of -100-300 eV, the scattering is more sensitive to
atoms below or behind the emitter and to magnetic interactions.
Multiplet-split core levels or levels excited by variable-polarization (see
the section on core-level spectroscopy) can in this case be used as
sources of spin-polarized electrons to probe short-range magnetic order.
Such spin-polarized photoelectron diffraction effects have already been
used to detect a new type of short-range magnetic transition in antiierromagnetic materials.
• Variable-energy photoelectron diffraction at fixed direction over the
energy range from about 100 to 500 eV yields essentially an angleresolved EXAFS curve, but with higher information content than the
usual angle-integrated form of EXAFS. Fourier transforms of such data
directly yield path lengths to the scattering atoms, and comparisons of
experiment with theory are found to yiela both adsorbate positions ?nd
substrate interlayer relaxations.
The next generation of photoelectron diffraction work will require data with
both high-energy resolution of 50-100 meV (to permit full state selectivity) and
high-angular resolution of about ±1.0° (to yield more information on the
position of atoms further from the emitter). Because of the high brightness of
the ALS, both of these requirements can be met while high data acquisition rates
are simultaneously maintained. In addition, tunable photon energy is essential
for some types of measurements, and the ability to vary linear or circular
polarization will permit the influence of certain scatterers to be selectively
enhanced as well as the scope of spin-polarized studies of magnetic surfaces and
ultrathin films to be expanded. Finally, the increased intensities available from
the ALS will significantly increase the ability to measure the full photoelectron
intensity distribution above the surface that is necessary for the holographic
structure determinations considered in detail in the next section.

n
IVutoelectron Holography
Atomic-resolution imaging ol the surfaces and interfaces of new materials is
one 01 th*1 most pursued goals ol the materials science community Beyond the
kinds ol structural information discussed in the last section, the recently
pioneered technique of electron-emission holography, when coupled with thirdgeneration synchrotron radiation sources, will assist in fulfilling this goal by
coupling the atom- and state-selectivity ot photoelectron spectroscopy with the
structural information ol a diffraction experiment. This technique will be an
exciting addition to our repertoire ol probes of the local structure and chemical
environment of novel materials. Several examples of the problems that can be
addressed by photoelectron holography include the interface structure of
microelectronic materials (semiconductor/insulator sandwich compounds),
magnetic thin films with high perpendicular magnetization, film-growth
kinetics in heteroepitaxy and superlattice formation, and the internal geometries
of nanostructures.
A photoelectron hologram *s the constant-energy, angle-dependent electron
intensity derived from a state-specific core level. Photoelectron holography is
experimentally the same as the photoelectron diffraction discussed in the last
section. However, when described as a holographic process, the core-level
electron wave direct from the photoemitter becomes the coherent reference
beam, and the same photoelectron wave that has scattered off neighboring atoms
becomes the object wave, thus forming a true hologram. In its simplest form,
this multiple-angle electron diffraction pattern can be Fourier transformed in
two dimensions to create a three-dimensional, real-space image of the atoms
neighboring the electron emitter. Such a hologram, together with two crosssectional transform images, is shown in Fig. 2.5. Measuring the hologram using
high-brightness monochromatic synchrotron radiation produces the high
photoelectron intensity that is necessary for probing dilute surface-adsorbate or
buried-heterojunction systems. Synchrotron radiation with high-energy
resolution also permits the selection of a chemically or magnetically shifted core
level as the origin of this hologram, thereby allowing the local structure of, for
example, a buried interface to be probed. Summing the holographic images at
seve.al kinetic energies also improves the atomic resolution and reduces image
distortion and artifacts. The direct atom images that can be obtained from
photoelectron holography will yield important bonding and structure
information that is critical for understanding surface and interfacial atomic
interactions.
Solid-Liquid Interlaces
The structure of ions at surfaces in ionic solutions is not well understood; yet
it is an essential element in the development of any detailed theory of the solidliquid interface. Direct structure determination at buried interfaces of this kind is

Fig. 2.5. Electron holography has the potential of providing three-dimensional
images of atomic positions around electron-emitting atoms. The photos show
the first atomic images derived from experimental data usin^ Auger electrons
from Cu. The angle-resolved Auger electron diffraction pattern is the hologram.
Fourier transforming the hologram reconstructs the atomic structure around a
typical emitter, as shown in (a) and (b), where (a) is the Fourier transform of the
diffraction pattern in a Cu (001) plane above the emitter, and (b) is the Fourier
transform in a Cu (110) plane not containing the emitter. The circles mark the
known positions of the Cu atoms in these planes. |G. A. Harp, D. K. Saldin, and
B. P. Tonner, Phy*. Rev. B42, 9199 (1990).]

very difficult, in general, and more difficult in the case of solvated ions at
surfaces because the structures appear to lack long-range order (e.g., as seen by
grazing incidence x-ray scattering). An alternative, indirect approach to the study
of the solid-liquid interface, which is still in its infancy, is the t>tudy of "synthetic
double layers," which are structures formed at low temperatures in UHV by the
co-adsorption of halide (or alkali metal) ions and water (or non-aqueous solvent)
on metal single-crystal surfaces. Water on metal surfaces forms hydrogenbonded, ice-like bilayers that lack long-range order and cannot be studied with
x-ray diffraction. The structure of water on metals has been studied most
successfully with electron scattering methods like diffuse-LEED intensity
analysis. The co-adsorption of halide (or alkali-metal) ions and water would be
expected to perturb this ion-like structure. Because of ion-water solvating
interactions, the expected structure would be something between the structure of
the fully solvated ion in bulk liquid and the structure of the adsorbed halide ion
in the absence of a solvent. Such a structure may have local ordering in the
water-ion-metal coordination that one can see by photoelectron holography or by
various surface spectroscopies, in particular, angle-resolved photoelectron fine
structure (ARPEFS), also known as photoelectron diffraction, in either the
scanned-energy or scanned-angle mode. To simulate the true solid-liquid
interface, these synthetic double layers must be made with low coverages of the
halide (or alkali metal) ion (i.e., <1014 ions/cm2) since the surface concentrations
of halides are known from radiotracer studies to be 10 12 -10' 3 ions/cm 2 , much
lower than one typically studies in UHV The low coverages and the "soft"
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nature on the structure require an even higher photon flux than the simpler
metal-adsorbate structures studied to date
2.2.1,2

SpectTonucroscopy

The laser-like quality oi undulator radiation has the immediate effect of
dramatically improving the spatial resolution attainable with soft x-ray speclroscopies, Previously, an experiment would have to ehoose between the highenergy resolution and low sample damage of photon spectroscopy on the one
hand and the high spatial resolution and more serious damage of electron
microscopy on the other. This barrier is overcome by the techniques known as
spectromicroscopies, which use high-brightness light sources to combine the
measurement of a fundamental electronic property with high lateral resolution.
Building on pioneering work at the NSLS and the University of Wisconsin
Synchrotron Radiation Center, beam lines at the ALS and other third-generation
synchrotron sources will redefine the state-of-the-art of surface and interface
research.
The field of spectromicro;copy is quite new, but it is growing at a very rapid
pace. This growth is due to the unique capabilities of speetromicroscopy in
addressing complex problems in materials science, ranging from fiber bonding in
composites to electronic states in heterojunctions to two-dimensional structures
in chemical reactions at surfaces.. These experiments will be made possible by the
following combination of features:
•

High lateral spatial resolution, ranging from about 250 A to a few
microns, by means of advanced x-ray and electron optics.

•

Detailed chemical-state information through
spectTOscopy. (See discussion in Sec. 2.2.1.1.]

high-resolution

• Compatibility with complex materials and structures, sveh as buried
interlaces and bio-organic films.
•

High-intensity and pulsed time structure for the study of kinetic
processes.

By combining spectroscopic chemical information with high spatial resolution,
spectromicroscopy opens up an entirely new frontier for materials research. This
frontier is inaccessible without the unique high brightness provided by
undulators. No other source provides the tunability, polarization, and
brightness necessary for spectromicroscopy.
To place the capabilities of spectromicroscopy in context, Fig. 2.6 shows a map
of the "phase-space" in which the spectromicroscopy techniques will be
performed. Notice that the surface-sensitive analytical capabilities exceed those
of the most commonly used technique (scanning-Auger microscopy (SAM)] in
both spatial and spectral resolution, thereby providing unprecedented capabililies

n
tot the- study ot the electronic properties ol microscopic and nanoscopic
structured materials, such as nanocrystalline quantum dots and structures
synthesized tram them-
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Fig. 2.6. Spatially resolved speetroscopies (spectromicroscopies) can
be characterized by their positions in a "phase space" whose
coordinates are the energy (spectral) resolution and the spatial
resolution. The figure compares the capabilities of the new
spectromicroscopies (e.g., electron holography, photoemission
microscopy, and fluorescence microscopy) with other surface
analytical techniques, such as scanning Auger microscopy (SAM)
and energy-resolved electron microscopy {TEM-EELS). (B. Tonner,
"The Undulator Spectro-Microscopy Facility at the Advanced Light
Source," a proposal to the U.S. Department of Energy, unpublished.]

No single technical approach to high-spatial and energy-resolved spectroscopy
cans completely utilize the power of the undulator beam line. For example, the
electron-imaging detectors have the smallest fundamental spatial resolution
(100 A), but they place constraints on sample geometry that make the use of
polarization difficult. On the other hand, the focused photon-beam experiments
can be used with a wide variety of particle and photon detectors, but with optics
that can be optimized in several ways for small bands of photoenergies at discrete
wavelengths (see Fig, 2.7), Taken together, spectromicroscopy techniques
provide tremendous flexibility in the approach to a given research program. For
example, the surface sensitivity of a microprobe will vary from a single outer

layer tin photostimulated desorption) to a thousand angstroms or more (»n
photoacoustic microscopy )•
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Fig, 2.7. Schematics of two types of detectors: (a) a scanning x-ray microprobe
using a two-stage condensing optical system with zone plates and Schwarzchild
objectives and (b) a parallel-imaging, eleetron-optics-based, x-ray secondary
electron microscope. (B. Tonner, "The LJndulator Spectro-Microscopy Facility at
the Advanced Light Source," a proposal to the U.S. Department of Energy,
unpublished]
The reduced specimen damage inherent in photon-based microscopies will
open up new areas of research in the study of fragile materials such as polymersemiconductor microscopy and protein-substrate interactions. The enhanced
energy resolution achieved by photoemission valence-band and core-level
microscopy will be used to probe band-bending in semiconductor-metal lateral
interfaces with spatial resolution comparable to the screening length of the quasiparticles responsible for the transport properties in electronic devices. The
pulsed time structure will be used in developing new techniques, such as
scanned photoacoustic microscopy for the study of buried interfaces and the
solid-liquid interface. Some highlights of the research that are foreseeable
include:
• Advanced x-ray optics and electro-optics for analysis and fabrication of
new materials: multilayers, ellipsoids, zone-plates for both microscopy
and photo-induced reactions, including lithography, advanced spaceand time-resolved detectors.
•

Fundamental x-ray absorption and photoemission studies of complex
systems with ultraresolution (space and energy):
lateral
heterojunctions, superconducting ceramic polycrystals, composites,
biological surfaces, nanocrystalline quantum dots.

• Electronic properties of mesoscopic structures ranging from atom
"strings" grown at atomic steps to highly patterned epitaxial structures
such as planar superlattices or ordered nanodusters.

• Spatially resolved surface chemical reactions: catalysis, chemisorption,
role of steps and detects, epitaxial film growth, heteroepitaxy, corrosion
phenomena, tribology, x-ray-induced reactions and materials
modification, and lithography,
• Film growth kinetics in heteroexpitaxy: metastable phases of magnetic
multilayers; nonequilibrium growth kinetics, role of defects, island
formation, and impurity segregation,
• Lateral electronic inhomogeneities in semiconductor interfaces: metal
overlayer islands that affect Fermi-level pinning, position-dependence
of heterojunction band discontinuities with resolution comparable to
the Debye screening length of carriers.
• Correlated electron systems: Fermi energy spectroscopy of narrow-band
ternary alloys; proximity effects in ceramic superconductors; lateral
superconducting gap variations near metal overlayers.
• Interface formation of fragile materials, for example, the growth of
polymer-semiconductor interfaces or protein adsorption on inorganic
substrates,
• Novel interfaces: chemistry at grain boundaries, bio-film adhesion,
solid-liquid and solid-high pressure.
2.2.1.3 Absorption Spectroscopy: NEXAFS and (S)EXAFS
Absorption of a photon is one of the most fundament?! yet also informative
events of nature. Because core-level energies are specific to each element,
absorption is an intrinsically chemically selective measurement. Moreover,
core-level energies can be indicative of different physical, chemical, and even
magnetic or chiral states for a given element. Thus, fairly complicated surface or
material systems can be dissected sequentially by tuning to the absorption
transitions of the different constituent elements. This analysis can include not
only a measurement of the unoccupied valence band density of states but also a
determination of internuclear distances for each element. Let us consider these
two cases in more detail, within the context of the unique characteristics of high
brightness.
Generally, the chemically or physically specific information in absorption
comes from the position of the absorption edge and the shape and intensity of
the absorption spectrum in the immediate vicinity of this threshold. These
spectra are usually called near-edge x-ray absorption fine structure (NEXAFS) or
x-ray absorption near-edge structure (XANES). Surface sensitivity can be gained
by measuring either the Auger electron or secondary electron yield, which are
proportional to the absorption, because low-energy electrons have short
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mean^free paths. High brightness is the key to Amplifying the materials-analysis
capabilities of NF-XAFS to an extraordinarily high level,
High brightness can be exploited in NEXAFS in the following ways, (1) As
described in Sec. 2.2.1,2, the X rays can be focused and imaged to small spot size
(from less than 1 urn to about 20 nm), thus providing an intrinsic microscopy
capability. The utility of this has already been demonstrated in metalsemiconductor interfaces, where various chemical and physical states of Si can be
easily differentiated, (2) The brightness can be traded for higher resolution, thus
permitting one to distinguish structures and sites with subtly different spectral
features, (3) The polarization can be used to increase selectivity. Synchrotron
radiation in the plane of the electron orbit is linearly polarized. Bend-magnet
radiation, viewed from above or below the orbit plane, is elliptically polarized.
Alternatively, special insertion devices can be used to generate circularly
polarized radiation. Linear polarization variation can be used to separate
contributions into <s* and n* unoccupied states in gas adsorbates on surfaces,
helping to provide information about molecular orientation. Moreover, circular
polarization can be used to select final states of different spins in magnetic
systems, particularly in strong spin-orbit split core levels such as the Fe 2p. This
type of selectivity can be crucial to analyzing the magnetic and physical nature of
magnetic systems, such as ultrathin films or multilayers (Fig. 2.8). (1) Finally, the
high brightness can be utilized in a simple and yet very effective manner: to
increase the sensitivity to minority sites or dilute species. Thus, detection limits
can be lowered.
Internuclear distances and information about the number and types of
nearest neighbors can be gained from extended x-ray absorption fine structure
(EXAFS). Again, surface sensitivity can be obtained from measuring the Auger
or secondary electron yields (SEXAFS). Although energy resolution is less
important in this case, the other points made concerning NEXAF5 can apply
here also. Spatial resolution can be used to do micro-EXAFS. Circular
polarization can be used to do magneto-EXAFS, which is sensitive to the
magnetic nature of the surrounding atoms. Linear polarization can also be used
to determine bond directions, and the analysis of dilute samples will be aided by
the improved brightness of the ALS. Implied in all of this is the necessity that
the beam line must have sufficient energy range not only to access the core levels
but also to extend several hundred eV above it.
2.2.1.4 Fluorescence
In soft x-ray absorption spectroscopy (SXA), photons excite electrons from the
core level of a particular atom to empty conduction band states. Near the onset
of absorption, these SXA spectra provide information about the density of empty
states, and thus SXA is, to first order, an empty-state spectroscopy. Soft x-ray
emission (SXE) spectra, on the other hand, are produced when valence electrons
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Fig, 2,8. Magnetic circular diehroism refers to the differential
absorption of left and right circularly polarized radiation. The figure shows magnetic circular dichroism in the near-edge absorption
(NEXAFS) spectra for Fe 2p core levels in a sample consisting of two
monolayers of Fe on a Cu (001) surface in an applied magnetic field.
Reversing either the polarization (helicity) of the exciting radiation
or the orientation of the applied magnetic field causes a very large
change in the intensity of the absorption. (J. Tobin et al., Lawrence
Livermore National Laboratory, unpublished.)
of the solid make radiative transitions to empty core levels previously produced
by energetic electrons or photons. These spectra thus carry information aboul the
filled electron states responsible for bonding in a solid.
Several features of SX spectroscopies are particularly noteworthy. First, the
transitions involve atomic core levels, so that SXE (or SXA) spectra provide a
measure of the local density of states (LDOS) of filled (or empty) valence states for
each element of a solid. This chemical selectivity is particularly valuable for
analyzing complex materials containing many elements. Second, the radiative
transitions obey dipole selection rules, so that the spectra provide a measure of a
local partial density of states (LPDOS) selected for angular-momentum
symmetries. This added selectivity has important advantages for making
detailed comparisons to theory and for the study of electronic bonding in solids,
because electrons in different angular-momentum states have very different
bonding behavior. Third, the attenuation lengths of soft X rays of the order of
1000 A make the SX spectroscopies bulk probes rather than surface probes.
Consequently, the LPDOSs of bulk impurities and inclusions, of buried interfaces
of multilayer compounds, and of bulk materials beneath oxide or contamination
overlavers can be measured.

The use of monochromatic soft X rays rather than electrons far the excitation
of emission of soft X rays (which is then known as fluorescence) permits the
selective excitation of particular core levels. Selectivity is important lor
simplifying the spectra of complex materials that contain many elements, such as
high-Tc superconductors. In studies of YBajCuiQ*. separate LDOSs haw been
obtained for each element. In this material, the superconductivity depends
critically on the oxygen content, with superconductivity reaching a maximum
for x -*6.85. Tc decreases as x is reduced to 6,5, and the material becomes an
ordinary semiconductor at x - 6. The oxygen K-spectra (Fig. 2.9) show that
lowering the oxygen content reduces the density of mobile electrons in states
near the Fermi level while increasing the state density in lower energy, localized
bound states. These results indicate that states for itinerant electrons near the
Fermi level are essential for superconductivity.
Other studies involve the investigation of interfaces in multilayer structures,
alloys, oxides, and ceramics, and the use of the high flux to study dilute
impurities in various materials. Of particular interest would be studies on
minor constituents such as U, Na, P, and Cl in organic systems.
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Fig. 29. Oxygen plays a key role in determining the transition temperature of
high-temperature superconductors, such as YBa2Cu2Ox- The ability to tune synchrotron radiation to excite particular core levels simplifies the task of tracking
changes in the valence band electronic structure as the oxygen concentration
changes. The figure shows oxygen K fluorescence spectra as the oxygen content is
decreased from x - 6.85 (a material with the maximum transition temperature)
fsolid line] to x - 6.0 (a material that is no longer superconducting) [dashed line].
The dotted line denotes x = 6.5. The spectra show that the reduction in oxygen is
paralleled DV a reduction in mobile electrons near the fermi level and an increase
oi localized electrons. {D. L. Ederer et al., Phys. Rev. B 39, 4796 (1989)1

2.2.1.5

Infrared

Intrared absorption speciroscopy (IRAS) has long been used to study
molecular vibrations A monolaver of adsorbed molecules yields a weak signal
in an absorption spectrum—too weak to be measured with conventional
intrared sources except lor certain large cross-section cases. Inelastic electron
energy-loss spectroscopy has been developed for such studies, but electron
damage to the sample can be a problem as well as cause a reduction in resolution
Synchrotron radiation is superior to conventional sources for wavelengths
longer than about 50 um in the case of the UV ring at the NSLS. The IR beam
line at the NSLS has been improved over the past years to the point that isotope
structure in vibradonal (and librational) modes has been resolved, and
submonolaver adsorbate coverages can be studied. Even adsorbate-induced
changes in the substrate dielectric function have been seen.
Infrared spectroscopy gives vibrational spectra that can be used to determine
bonding sites and bonding mechanisms for adsorbates on metallic surfaces. To
date, IRAS has been applied to surfaces to explore the capabilities o? the
technique Applications to more complex and scientifically or technologically
important adsorbate-substrate systems are very promising.
2,2.2 Coherent Optics
Coherent optics refers to the extension of phase-sensitive electromagnetic
techniques, now common at visible and UV wavelengths to soft x-ray
wavelengths (Fig. 2.10). Holographic recording and generalized projectionimaging techniques, two-photon material studies, ultrafast switching processes at
x-ray wavelengths, resonant excitation of quantum structures, and elementspecific scanning tunneling microscopy, are a few examples.
These techniques all emerge as possibilities for new and basic research, owing
to the availability of partially coherent undulator radiation at the ALS and other
third-generation synchrotron sources. At the ALS, such radiation is spatially
coherent, or nearly so, at a 10-nm wavelength; broadly tunable; and emitted in
nominally 35-ps bursts at a 500-MHz repetition rate. At shorter wavelengths, to
about 1 nm, spatial coherence is achievable with reduced flux, which varies
approximately as the wavelength squared. Even with the eventual availability of
x-ray lasers at discrete wavelengths, the new soft x-ray undulators will provide
test-bed capabilities for a broad range of scientific and technological advances and
will serve as a significant training ground for the next generation of scientists
specializing in short-wavelength coherent optical techniques.
A coherent optics facility would consist of a single branch line deriving
radiation from an undulator The coherent-optics branch line would have a
high-resolution monochromator, allowing the achievement of a very narrow

Resonant excitation ot quantum
electronic effects and fabrication
of nanestructure patterns

Sod x*ray lithography
and projection
techniques

DiHractive
mask

Non-linear soft x-rty optics

Photon assisted tunneling by
energy selective atomic pumping
Tunneling

Surface
* @aste passes ert nerv-itneaf deviees
* Vtstoie swishing ot x-ray phenomena
* Care level eseiions in solids

Fig. 2.10. The availability of spatially coherent soft X rays from undulators at
the new third-generation synchrotron-radiation sources provides a broad
spectrum of opportunities for unique experiments. [D. Attwood, Lawrence
Berkeley Laboratory, unpublished.]
spectral width and a long coherence length, with the possibility of trading these
attributes for higher flux, as desired. At the ALS, average coherent power in the
10-milliwatt range for wavelengths tunable from 1 to 5 nm is anticipated. Singlepulse, spatially coherent radiation of the order of 1 watt per 35-ps pulse is
anticipated at a 500-MHz repetition rate—that is 35-ps bursts every two
nanoseconds. This radiation could be focused, if desired, to single-pulse
intensities of the order of 10 13 -10 14 watts/cm 2 , using zone-plate focusing
techniques.
The end station would be configured to permit a broad range of coherent
optical experiments by National Laboratory, university, and industrial
researchers. Access would be provided for short-pulse visible lasers to be used in
"two-color" pump-probe experiments in which both core and valence states are
accessed. The capability of scanning tunneling microscopy (STM) would be
extended to element-specific scanning by means of photon excitation of desired
elements, even those present in minority concentration. Thus, in studies of

superconducting materials, for example, the atomic positions of individual
elements could be mapped by specifically exciting., say, capper atoms to stales at
which their photoemission potential is greatly enhanced and subsequently
rescanning the same sample while it is bathed in photons tuned to excite another
element, such as oxygen.
Research in areas such as sub-picosecond x-ray switching via two-photon
techniques could be pursued with synchronous femtosecond visible light pulses.
Resonant probing of nanostructure material patterns with feature sizes similar to
the exciting wavelength could also be pursued, and high-resolution holographic
imaging utilizing the spatially coherent portion of the radiation could be applied
to a variety of problems. This coherent research facility would be unique in the
world and would ensure U.S. leadership in this emerging diagnostic capability.
2.2.3 Atomic and Molecular Science
Soft x-ray and VUV radiation are excellent sources for the study of atomic and
molecular science. An atom or molecule is held together in the balance between
the attraction of the nucleus for the electrons and the mutual repulsion of the
electrons for one another. This equilibrium is delicate, and the effects of
correlation (i.e., the mutual interaction of the electrons) can be dramatic, giving
rise to complex satellite spectra in photoemission, for example, and thereby
providing a stringent test of new theoretical techniques.
Studies of free atoms and molecules will emphasize electron-electron and
electron-vibrational correlation effects and coincidence measurements
(including angular correlations) between various fragment particles, for example,
between photoelectron-Auger electron or electronic-ionic fragment pairs. In
these studies of highly tenuous targets, the high brightness, high resolution, and
polarization of the photon beam will be crucial. Novel and extremely detailed
work will not only include noble gases, but also can be extended to encompass
high-temperature atomic and molecular targets and chemically important
transient species. Many-electron and relativistic effects can then be understood
in open-shell and short-lived systems, which, in contrast to closed-shell atoms,
have eluded scrutiny until now.
Third-generation synchrotron radiation sources provide new opportunities
for research in atomic physics through use of their high flux or their brightness,
depending on the experiment, and especially in the use of high photon-energy
resolution at high flux. A resolution as high as 10,000, for example, has recently
allowed the study of a multitude of narrow resonance features in doubly excited
helium atoms (Fig. 2.11).
Powerful spectroscopic tools can be applied to the study of atoms and
molecules (e.g., photoelectron spectroscopy and fluorescence), in addition to
absorption and ionization. An example is the photoionization of ions, in which
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Fig. 2.11. Autoionizing states of double-excited He below the N = 2
threshold {IP2) of He: (a) overview, (b) magnification of the n £ 6
region, and (c) "2n~" states. [M. Domke et al., Phys. Rev. Lett. 66,
1306(1991).]
photoelectron spectroscopy has recently been used to study autoionizing states of
Ca* ions. In an experiment at Super ACO, the high-brightness radiation from an
undulator was used to produce the autoionizing state, with subsequent detection
of energy-analyzed electrons by means of a cylindrical mirror analyzer (Fig 2.12).
Similar experiments planned for the ALS will allow study of autoionizing states
and measurements with high photon-energy resolution, taking advantage of the
high brightness of undulator radiation.

The short-time (pulse) structure of synchrotron radiation has been used for
Nlight studies to investigate a number of interesting processes in atomic
and molecular science A recent example is the study of double ioni?ation of He,
in which one-step and two-step processes in ionization were investigated
(Fig 2,13), Studies o! the ionteation of neutral species to fully understand shakeup, shake-off, cind other electron correlation effects are planned at the ALS
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Fig. 2.12. Top: Photoelectron spectrum measured in the photoionization of a Ca+ ion beam with 33.20-eV
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The polarization of synchrotron radiation is a powerful property whose use
can give detailed insight into atomic processes. Undulator radiation is essentially 100% linearly polarized and can be used with angle-resolved spectrascopy

to determine accurately the asymmetry parameter 01 emitted photoelectrons or,
in the case of an aligned target, the matnv elements describing the emitted
photoelectrons These techniques provide a very stringer.} test oJ theoretical
models For example, two-electron photoemission studies carried out on rare
gases with a prototype undulator in Wisconsin provided a much improved
understanding oi correlation effects.
Circular polarization produced by taking bend-magnet radiation from above
and below the electron-orbit plane or produced by a specialized insertion device
can provide even more detailed information about final states of atomic and
molecular processes.
2.2.4 Chemical Dynamics Research at the ALS
The chemical behavior of highly reactive, severely strained, or unstable
molecular species and molecules in excited electronic and vibrational states
underlies important processes, such as the combustion of fossil fuels and the
manufacture of high-tech materials. A systematic understanding of the
fundamental chemistry in these processes would have tremendous economic
and environmental implications. Yet a detailed understanding of the chemical
reactivity of these species is unavailable from conventional chemical
experiments, which are limited by low sample density, weak signals, and poor
resolution. The high flux and high brightness of next-generation synchrotron
sources, such as the ALS, offer excellent opportunities for a concerted
experimental and theoretical attack that entails basic investigations of these
species at the molecular level. The availability of the ALS, together with
advances in spectroscopic techniques, lasers, molecular beam methods, and
imaging and computational techniques, will make possible new
photoionization, photodissociation, and photoelectron studies of important
chemical species. The challenging areas planned for investigation include:
determining the chemical reactivity, structure, and spectroscopy of polyatomic
radicals, reactive intermediates, clusters, and unusual transient species;
elucidating details of the mechanisms of elementary chemical reactions and of
primary dissociation processes of aromatic molecules; probing the nature of
molecular energy flow; and searching for bond-selective, mode-selective, or
region-selective means of m edifying and manipulating chemical reactivity
These will be studied under collision-free conditions, single-collision situations,
or at the vacuum-surface interface.
ALS-undulator radiation, when used as a photoanalysis source, can produce
macroscopic quantities of VUV photoproducts. This effect will permit
experiments to study the primary dissociation of polyatomic molecules. For
example, the dissociation dynamics of CH2=CH-C2CH will reveal the important
mechanisms of addition reactions involving two acetylenes. Whether the
formation of C H T = C H - C S C H involves the initial isomerization of C H H C H to
^-C: or occurs through a molecular reaction to form the ' C H - C H - C H ^ H *

dsradical, tollowed by the 3-1 In dromon atom transfer, can be answered by
measuring the translation-energy distribution ol the products oj the reverse
reactions The kinetics 01 complicated combustion-related reactions can be
unraveled when specific tree-radical products can be selectively ionized by the
tunable ALS undulator radiation
The ALS will extend the possibilities ol bond-selective chemistry in the UV.
In the photodissoaation ol CHjIBr, lor example, it has been shown that it is
possible to dissociate selectively the stronger C-Br bond and keep the weaker C-l
bond intact by exciting the nonbonding electrons of bromine to an antibonding
orbital of the C-Br bond It will be very interesting to learn whether a trend can
be established by breaking the C-Cl bond in CH^BrCl in an analogous way.
When the AL.S is operated in the eight-bunch mode, the expected photon
pulse width will be 35 ps. An unprecedented resolution of 1 meV over the entire
energy range from the ionization potential to 30 eV can be obtained in threshold
photoelectron spectroscopy Spectra of this resolution will reveal new structure
for nearly all species investigated. The use of a cold molecular beam and the
excellent electron-energy resolution make possible the study of dissociation
reactions of metastable ions and of reactions between ions and molecules. The
iitty-iold increase in internal-energy resolution provided by the ALS will
certainly reveal new information about these complex reactions.
The study of clusters and free radicals is one of the most active areas in
modem chemical physics. Carbonaceous clusters are important direct players in
combustion processes such as soot formation and coal combustion. An
understanding of their structure, thermochemistry, and reactivity is required.
Metallic clusters, on the other hand, play important roles in catalysis, have
practical applications in catalytic converters, and have unique and unexplained
reactive and electronic properties. Reactive free radicals are often the active
species controlling complex chemical reaction networks, yet they are the most
difficult to understand because of the difficulty of making them in quantity. ALS
UV radiation, together with infrared radiation from lasers, are uniquely suited to
study the vibrational and electronic spectroscopy of these species, to measure
ionization potentials, to determine bond energies, and to determine the lowest
energy pathways in fragmentation of the species.
Surface processes will be induced and interfacial dynamics explored. ALS and
auxiliary lasers will be used to understand basic bond-breaking, bond-making,
and energy-transfer processes on surfaces. ALS photons at energies beyond 6 eV
can be used to elucidate UV-induced photochemical mechanisms for an adsorbed
polyatomic, such as chlorohydrocarbon. Free-radical reactions, excited-state
reactions, and hydrocarbon reactions on interfaces can all be studied.

2,2.5 Actinide Science
The major question »n studies of the physical and chemical properties of
actmtde elements and materials is the role oi the M electrons For example, the
unique properties oi the Si electrons are especially dramatic in the light actinide
metals and intermetallic compounds, where the 51 orbitals are extended and
display hand-like (itinerant) properties similar to those ol d orbitals. For
elements in the middle and latter half ot the actinide series, the Si orbitals in the
same types ol material? display localized behavior, reminiscent of lanthanide (or
4i) materials. Although these properties have been characterized in some
actinide materials by many techniques, major questions remain unanswered,
especially tor the transuranium materials. Photoemission with variable
excitation energy is a direct way to unravel the electronic properties of actinide
materials. In particular, the 5f states as well as 6d states can be located within the
valence or conduction band. Initial studies on some actinide dioxides using
laboratory photon sources, as illustrated in Fig. 2.14, give an indication of the
potential of this approach. With the availability of the new third-generation
synchrotron radiation sources, novel fundamental studies will become feasible,
and practical applications will doubtless follow, as happened in the 1970s with
electron speetroscopy for chemical analysis (ESCA) based on discrete laboratory
sources.

Fig. 2.14. Photoelectron spectroscopy
provides a means of probing f and d
electronic states in actinide materials.
The figure, which shows ultraviolet
photoelectron spectroscopy (UPS)
spectra for UOT, NpC>2, and PuC>2
taken with conventional UV
sources, hints at the potential of this
technique. Excitation sources were
(a) 21.2 eV (He I); (b) 40.8 eV (He II);
and (c) 48,4 eV (He IT). [J. R. Naegeie
and J. Ghijsen, Structure
and
Bonding 59/60, 247 (1985).]
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Combined with photoelectron spectroscopy, high brightness will make Jt
possible to probe unambiguously the 5f, 6d, and 7s electrons and explore the
unique role 0/ the 5( electrons throughout the series. Elements up through
einsteinium can be studied, allowing a determination for the first time of such
basic properties as binding energies, band structures, electron distributions, and
lonization probabilities. Higher order effects, such as relativistic, many-electron,
and quantum-electrodynamic interactions, which become increasingly
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significant at the upper end of the periodic table, may also be determined, All
these measurements become possible because the intense photon flux available
at the A IS compensates lor the small amounts of actinide samples available,
especially lor the heavier materials. For the first time, an understanding of the
electronic structure throughout the periodic table will be within reach,
However, the use of radioactive materials at the ALS represents a major
concern for two reasons. The first is the possibility of contamination in the
handling of actinides in and about the experimental apparatus, to which must be
added the associated problems of transfer of the material. The second is a
requirement of safeguarding of the storage ring, since the common vacuum
between the storage ring and the beam line is directly connected to the actinide
sample in the proposed ultraviolet photon beam line. Both of these problems
are being addressed in the actinide beam line project. The construction of a
separately ventilated, self-contained actinide laboratory around the actinide
branch line endstation, along with fast valves and a detection system built into
this branch line, will ensure complete containment of the actinide materials,
even in an improbable worst-case incident. The long tradition and experience in
actinide research at LBL make it feasible to overcome the difficulties associated
wsih use of radioactive materials at a major user facility, such as the ALS.
2.2.6 Consciences
Synchrotron radiation sources provide many strong tools for looking at
geologic materials, their properties, and the chemistries associated with them.
Insight into chemical bonding, structure, and elemental compositions can be
gained. The same is true for chemical reactions that geologic materials undergo,
such as chemisorption and reduction-oxidation reactions. Several important
areas of experimental emphasis are discussed below.
X-ray photoelectron and Auger spectroscopy are useful for looking at both
bulk and surface chemical states of geologic materials and their surface reactions.
Mineral systems that are readily studied include silicates, phosphates, carbonates,
and aluminosiiicates. The surface reaction products of the phases that can be
studied include all heavy metals and their associated chemical species. When
combined, these two spectroscopies are extremely effective for looking at the
results of rock-water interaction and near-surface, fluid-induced phases.
Material and chemical systems of geologic interest that are strong candidates
for study by these techniques are elements adsorbed on surfaces, clays and
associated intercalation chemical systems, geologic glasses, metal oxide mineral
phases such as Fe/Mn oxides, and gels involving silicates and aluminates. Other
principal! areas of interest to geosdentists include reaction mechanisms,
temperature effects on mineral-rock phases, and diffusion effects.

A detailed Knowledge OJ reaction mechanisms i> 01 extreme importance lor
understanding the siepwise J'ormation ol ores, for example. Subsequent
alterations on initial chemical species to create the final ore can be experimentally
toll owed
Temperature effects on mineral/rock phases are of interest, since temperature
alterations can promote changes in structural phases. Different phases often
react quite differently in rock/water interaction chemistry, for example.
Diffusion effects are extremely important in geologic/chemical systems
involving precipitate layers, chemical films on rocks and minerals, and
oxidation layers of such mineral systems as sulfides. Diffusion processes also
play an important role in reactions, such as those involving dehydration of
hydrated oxide mineral phases
2.2.7 Life Sciences
2,2.7.1 X-Ray Microscopy
New developments in soft x-ray microscopy provide opportunities for subcellular biologieal materials at the borderline between the smallest organdies
and the largest macromolecules, with feature sizes of the order 10-20 nm. With
a natural contrast mechanism and the ability to penetrate hydrated material, soft
x-ray microscopy will provide unprecedented images of biological material in a
near-native, aqueous environment at a spatial resolution far beyond that of
optical microscopy. This will be accomplished without recourse to fixation,
sectioning, and staining as required for electron microscopy. Dynamic
observation of certain processes, including response to stimuli, may for the first
time be observable on this spatial scale. The success of dynamic experimentation
will depend on sensitivities to radiation dose.
One topic of keen interest is the higher order packing of chromatin structure,
the complex of genetic material as encoded by DNA and packaged by histone
proteins. As seen in the nucleus at metaphase, the 1-m length of a human
chromosome is coiled and folded into a geometrically tight complex only a few
microns in size. From electron microscopy, neutron scattering, and other
techniques, this packaging of DNA is known to involve 11-nm building blocks
called nucleosomes, further coiled into 30-nm fibers, and from there into higher
order packings of as yet undetermined form (see Fig. 2.15). Gene expression—or
suppression—is determined by the selective opening of these fibrous structures
for transcription of particular regions of the DNA molecule—a gene or a family
of genes. The visualization of such material in an aqueous environment could
provide a very exciting entry into the world of genetic packaging and expression
not currently available and have possible application to damage repair,
preventive drug therapies, etc

Chrumatin Tacking: Spatial Features, irom Angstroms to Microns
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Fig, 2.15. The packing of DNA in chromosomes can be visualized as a hierarchy
of successively larger anH more complex structures beginning with the familiar
DNA double helix, followed by building blocks called nucleosomes, which
consist of DNA and associated proteins. The nucleosomes then coil into fiber
structures, which form the basis for a complex packing of DNA loops on a
protein scaffold. X-ray imaging holds the promise of imaging such structures
with spatial resolution approaching 200 A. [D. Attwood, Lawrence Berkeley
Laboratory, unpublished.]
Soft x-ray microscopy offers the potential for a new modality for the
visualization of biological material and processes across a broad range of subcellular processes: It is complementary to optical and electron microscopies in its
combination of resolving power, with near-native aqueous imaging capability
and natural contrast mechanisms. For full exploitation of the imaging potential,
an x-ray microscopy facility at the ALS should have two branch lines, one for an
imaging x-ray microscope and one for a scanning microscope. These two
microscopes complement each other. Both microscopes would cover a spectral
region including the water window at wavelengths from 2.3 to 4.4 nm and
beyond The imaging microscope achieves the highest possible spatial resolution
and shortest possible exposure time, but with higher radiation dose. The
scanning microscope, on the other hand, provides the lowest possible radiation
dose, but with less resolving power and longer exposure time. In combination at
the ALS, the«« two microscopes should provide a unique capability foi studying a

wide class oi biological materials and processes, with spatial resolution
approaching 20 nm and exposure times in the ms to 1 s range. In addition to
supporting studies ol the chromatin structure, secretion processes, muscle
contraction, and other topics already identified, it is important that the
microscopy facility be easily accessible to a broad life science community from
across the country that will largely be new to the use of synchrotron radiation
and w a y microscopy and will thus require special attention to the issues of user
access and friendliness.
2.2.7.2 X-Ray Spectroscopy
The enzymes responsible for biological nitrogen fixation, O2 evolution,
methane oxidation, and hydrogen utilization all contain multinuclear metal
centers Third-generation synchrotron radiation sources can be used to study
structural and mechanistic properties of these and other metalloenzymes. New
techniques and instrumentation are required to use the high flux and brightness
01 insertion device beam lines at the ALS mosk efficiently The research program
will include characterizing individual metal sites on the basis of oxidation state,
magnetic properties, and evolution in time. High-resolution fluorescencedetected x-ray absorption will allow bond lengths and coordination numbers to
be derived for particular oxidation states in a sample. L-edge x-ray absorption
will allow oxidation states and site symmetry to be deduced for the metal
components of a sample. Flow-pump-probe x-ray spectroscopy will allow
characterization of intermediates on a milli- or even microsecond time scale.
One of the most interesting opportunities resides in the confluence of
microimaging and spectroscopy. Spatially resolved spectroscopy would provide a
wholly new dimension to the understanding of biological systems. In the
simplest case, one obtains two-dimensional elemental distributions within a
tissue section or across a cell by means of the x-ray fluorescence microprobe.
While the detection sensitivity varies from element to element, detectability at
the level of tens or hundreds of femtograms for elements such as Cl, K, Ca, Fe,
Mn, Cu, and Zn has been demonstrated. A future opportunity is to combine
high spectral resolution with spatial resolution to obtain maps of chemical-state
information.
2.2.8 X-Ray Lithography and Nanostructures
The use of X rays for writing, probing, and imaging nanostructures is an
emerging technique with great potential both for advancing basic materials
science and for having a highly leveraged economic impact. Nanostructure
patterning of complex structures with feature sizes in the 10-100-nm range offers
the potential for new materials with properties determined not by the bulk, but
rather bv surfaces and quantum-confined transport. An economically important
application of this technology is the manufacture of microelectronic devices By
the year 2000, these electronic devices will be "nanoelectronic," smaller and faster
than the present generation, and ever more important economically and for

defense purposes. The ability to mass produce such structures and to inspect
them tor detects and below-specified performance will require new capabilities in
vray optical imaging and inspection techniques There is truly a world race to
understand and perfect the critical resources needed lor technical supremacy in
this generic, pre-competitive world oi small structures. The critical path includes
\-ray sources of different types, x-ray patterning, transfer optics, at-wavelength
optical testing equipment, x-ray optical coating techniques, appropriate resist
materials with acceptable processing latitude, and a host of related synthesis and
processing capabilities. Along the critical path, there will b*. myriad advances in
basic materials science with applications as yet unthought of. Distinctions
between current disciplines of solid state physics, materials science, chemistry,
and electronics will fade in the world of nanostructures. There is a national
mandate to be first in these new technologies; failing to do so will result in an
enormous loss of opportunities. The extension to other fields, such as
biotechnology, micromotors and energy-related sensors, smart materials, and
other areas not yet identified, makes this a high-stakes game, (See Fig. 2.16,
nanoelectronic pattern.)

Fig. 2.16. The state of the art in microchip fabrication is advancing
rapidly into the nanochip regime with minimum features sizes less
than 0.1 ^m forecast for early next century, only a decade away. The
photo shows an x-ray micrograph of a test pattern with minimum
feature sizes of 700 A. {Y- Vladimirsky et al., Appl. Phys. Lett. 54, 286
(1989).!
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Soli \ rays, particularly (host1 with high brightness and partial coherence, are
well suited to these new developments Having wavelengths in the 1-10-nm
region and benefiting from new developments in reflective and diffractive
optics, soft X rays suddenly provide a new path leading to the science and
technology oi the 21st century Several proposals at the ALS address these new
endeavors Some are associated with basic materials science, albeit on a very
small scale, while others address the specific needs of nanoelectronics. The
DOD's Defense Advanced Research Projects Agency (DARPA) has funded design
studies for a U5.0 undulator beam line that would be used at wavelengths of
5-13 nm for the testing of optical surfaces with prescribed multilayer coatings;
the testing of multi-component optical systems, and the study of advanced x-ray
lithographic techniques (including projection x-ray lithography with multilayer
reflective masks, spherical and nonspherical optical systems, and advanced
holographic projection techniques). DARPA has also funded design studies for a
soft x-ray metrology station This is currently envisioned to be a bend-rmgnet
facility with two branch lines, one to service proximity x-ray lithography in the
05-1.5-nm wavelength range and one for projection x-ray lithography covering
the S-13-nm wavelength region. These metrology stations would provide
absolutely calibrated reflectometry stations with well-defined spectral
characteristics, cathode and detector calibration facilities, and other precision
x-ray measurements as needed In addition, the bend-magnet metrology station
would be available for industrial- and university-based resist testing for
sensitivity, dynamic range, process latitude, and modeling accuracy. A third
portion of this effort involves the establishment of a nanostructure patterning
infrastructure for both two-dimensional and three-dimensional structures. This
would serve not only nanoelectronics, but also the larger area of nanostructure
materials science. With a large core of interest developing in the unique
properties of such structures, these facilities would provide great leverage for the
study of metals, insulators, ceramics, and superconducting materials.
Complementary spectromicroscopy capability for the measurement of dilute
quantities of dopants and impurities on a spatial scale of 30-100 nm will be
available as well. Such a capability is, in general, important for controlling
properties and transport at surfaces and in confined channels and thus affects all
of the above applications.

3, HARD X-RAY RESEARCH
3.1 MATERIALS
Research on materials as used here refers loosely to investigations
encompassing a broad spectrum ol scientific disciplines, including those of
physics, chemistry, materials science, metallurgy, and engineering. The
investigations cover a broad range of fundamental and applied condensed matter
phenomena and include studies of metals; semiconductors; insulators; ceramics;
electronic, optical, and magnetic materials; composites; polymers; and liquids.
Advancements in the area of materials research and technology impact a wide
range ol national needs and have a direct relationship with the development of
high-performance materials required to maintain our competitiveness as a
nation. As noted in Section 2.1, the convention in this Hard X-Ray Section is to
use brilliance as photons/s/mm : ! /mrad : 70.1% bandwidth and brightness as
photons/s/mrad2/O.U'c bandwidth.
3.1.1 Local Order and Atomic Size
The atomic structure of metal alloys on a local scale is well known to have a
major influence on their physical and chemical properties. Solid-solution
strengthening, magnetic and electronic properties, and corrosion are but a Jew of
the properties affected Yel we know very little about the local order among the
atoms of crystalline solid solutions though they form the bulk of our structural
alloys. Only a few alloys have been studied because of the time-consuming
requirements of taking the necessary data with weak x-ray and neutron sources.
Present diffuse scattering measurements in a repeat volume in reciprocal space
require several days which can be reduced to a few hours with the new
synchrotron sources coming on line. Previous measurements with energytunable synchrotron radiation show that specific atoms can be highlighted to
reveal new structural information. A Ni77.5Fe22.5 sample water quenched from
1000'C was shown to have local order with a preference of iron to have nickel
first nearest neighbors. What was determined for the first time was that the
Fe-Fe first neighbor distances are large compared to the average lattice spacing.
The displacements of the atoms from the sites of the average lattice were
determined for each Ni-Ni, Ni-Fe, and Fe-Fe pair out to the eight coordination
shell by tuning the x-ray energy to highlight the Ni or Fe atom. As shown in Fig.
3 1, the diffuse scattering data change when the x-ray energy is shifted from 7.092
to 8.000 to 8.313 keV.
3.1.2 Diffuse Scattering
The high brightness of undulator beam lines will allow diffuse scattering
measurements with high enough resolution to probe long-range structural
correlations through diffuse scattering near Bragg reflections and at the same
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Fig 3 1 Diffusely scattered x-ray intensities in the H3 = 0 plane collected with xray energies of (a) 7092, (b) 80, (c) 8.313 keV The large thermal scattering which
peaks near the 200 and 220 Bragg positions is removed with the C-keV data,
where the \-ray scattering factors k, - f,r are made nearly equal. The weaker
peaks near the superstructure positions 100, 110, 120, and 210 arise from the
short-range order (SRO) but are changed in intensity and shifted by the atomic
si/e displacements Contrast changes achieved at the different energies reverse
the sign oi tNl - i t t to cause the SRO peaks to move from (a) to (c) and permit
recovering the atomic distance between Ni-Ni, Ni-Fe, and Fe-Fe atomic pairs
Such information is necessary to our understanding of the properties of
o-vstalhne solid solutions |G !•' Ice et al, Mi vs. Rev Lett. 68, 863 (1992).]
time provide sufficient flux to perform the measurements throughout the zone
to monitor short-range chemical and structural order. This aspect will be
utilized to investigate local atomic arrangements in alloys employing both
conventional single wavelength measurements and multiple wavelength
anomalous scattering techniques. Time-resolved techniques will be used to carry
out diffuse scattering studies of the dynamics of diffusive and displacive phase
transformations in materials of technological interest; investigations of effects
such as concommitant ordering and decomposition will involve both largeangle and small-angle scattering. The stability and thermal evolution
characteristics of both intrinsic and processing induced defect clusters in
crystalline solids will be investigated using diffuse scattering as well. It is known
that lattice defects and defect microstructure play pivotal roles in determining
structural characteristics of many materials of technological importance.
3.1.3 Time-Resolved Scattering
The puised time-structure of synchrotron sources makes it possible to carry
out nanosecond resolution time-resolved diffraction measurements on highly
nonequilibnum phenomena Mr.ny advanced materials processing techniques
such as pulsed-laser processing and rapid thermal cycling can only be
investigated w real time through access to intense, short x-ray pulses with high
colhmation and small beam sizes Research in this area will include studies of

overheating and undercooling associated with rapid melting and regrowth in
puSsed-Iaser-irradiated semiconductors, fundamental investigations oj
thermodynamic vs mechanical melting, and measurements of Kapitza (thermal)
resistance at structural boundaries and materials interlaces, These time-resolved
techniques will be used to probe the linearity of heat flow under extremely high
temperature gradients, and longer term developments of time-resolved studies
will make use of x-ray streak-cameras to resolve scattering phenomena within
the time frame of the ~100-ps x-ray pulses. Such capabilities will be used to
investigate picosecond time scale phenomena such as superheating of crystals
before melting, electronic-to-phonon energy transfer in semiconductors, and
fundamental aspects of homogeneous nucleation during melting.
3.1.4 Millivolt Energy Resolution Diffraction
Energy resolution -10 meV has been demonstrated on existing synchrotrons
using nearly 180° backscattering monochromator and analyzer crystals.
Undulator lines on the APS will provide increases of more than two orders of
magnitude in intensity, making x-ray inelastic scattering with a few millivolts
resolution possible on a routine basis. This technique will be used to study
phonons, plasmons, and interband excitations in metals, semiconductors,
insulators, and high-TV superconductors in eases where neutron techniques are
not easily applied. For instance, such x-ray inelastic scattering investigations
will be applied to very small samples and two-dimensional systems such as thin
layers, interfaces, and localized defects; systems complementary to those
addressable by neutron studies; and cases where very high momentum
resolution is required.
3.1.5 Nanovolt Energy Resolution Diffraction
The pulsed time-structure of the APS and the high brightness associated with
undulators open new possibilities for x-ray spectroscopy with nanovolt energy
resolution. Mossbauer resolution (~10 8 eV) x-ray beams generated using nuclear
resonant Bragg monochromators are presently under development, and they
will be used in the study of very low energy excitations in solids and to separate
elastic and inelastic scattering on the nanovolt scale. Elastic scattering provides
information on static (or time-averaged) structure and defect microstructure,
while inelastic and quasi-elastic scattering arises from dynamic effects and
provides insight into lattice dynamics and collective excitations. The high
brightness (i.e., simultaneous high collimation and high intensity) of these
beams will be used to investigate weakly first-order and second-order phase
transformations, including initiation of fundamental investigations such as the
three-dimensional melting process and studies of the details of soft mode phase
transformations as observed in the ferroelectric transformation in perovskite
materials. The ability to separate completely inelastic thermal scattering from
elastic structural Bragg scattering and structural diffuse scattering at high

temperatures will make possible thermodynamic equilibrium investigations of
ordering and structural transformations
3,1,6

Surface/Interfaces

Studies of the atomic structure and chemical composition of surfaces and
grain boundaries have become increasingly important due to the essential role
played by interfaces in controlling the physical properties of materials. Although
\-ray diffraction and fluorescence represent well-established techniques for
investigating new materials, their usefulness in probing the structure of
interfaces has been limited because of the relatively weak signal associated with a
narrow boundary region. However, the advent of synchrotron x-ray sources has
made it possible to carry out crystallographic studies of reconstructed surfaces,
adsorbed monolayers, grain boundaries, crystal-amorphous interfaces, and solidliquid interfaces. Clearly, the area of interfacial scattering is a rapidly growing
field, and the instrumentation of advanced synchrotrons will make possible
previously unfeasible investigations.
.Anomalous x-ray diffraction methods have been used to measure the
contribution of an epitaxial copper overlayer on silicon to the x-ray scattering at
the crystal truncation rods (CTRs), The intensities of the CTRs give the interface
structure. The epitaxy of a large-misfit system [e.g., Cu on SiUll)), could be
studied to show how much Cu was in phase with the Si substrate. Anomalous
scattering observed at the Cu K edge along a Si CTR demonstrates that just two
copper planes are in registry with the Sid 11) surface. The copper-atom registry at
the interface could be modeled based on the known bulk ii-CuaSi structure and
observed epitaxy. This is an example of a buried interface in which synchrotron
radiation has the unique characteristics to penetrate the overlayer of Cu, be
intense enough to provide a readable signal, and have a scattering cross section
dependent on x-ray energy.
By employing glancing angles of incidence and x-ray standing waves, x-ray
diffraction and spectroscopy measurements can be made more surface specific.
Improved understanding of x-ray reflectivity has also revealed it to be a powerful
nondestructive probe of surface structure in situ. The glancing incidence angles
necessary indicate that brightness is the key parameter affecting the sensitivity of
the experiments. The new high-brightness sources will greatly expand the
applications of these methods to include smaller, more easily obtained samples,
extension to low-Z scatterers, time-resolved studies, and magnetic studies using
circular polarization. The research opportunities are so promising that the
majority of the x-ray beam lines in the summaries plan to employ glancing angle
methods.
The utility of these methods is illustrated by considering the recent examples
of electrochemical interfaces. Electrochemical and corrosion processes have
tremendous technological importance, but detailed microstructural information
has been lacking. Traditional electron-based surface science probes cannot be
applied to surfaces in an aqueous environment. Glancing angle diffraction,

reflectivity, and hXAFS have recently provided detailed structure and chemical
inhumation on crystal surfaces under electrochemical control While stil! in
their early stages, these experiments are already providing surprising insights
into the types of surface reconstructions and chemical interactions which can be
induced by changes in the electrochemical potential.
3.1.7 X-Ray Microprobe Characterization of Materials
With magnetic insertion devices especially suited for extracting the radiation
from the APS, a third-generation, low-emittance storage ring wil) provide
spectral brilliance in units of [photons s 1 mm"2 mrad"2 (0.1% band width)'1) of
near 1019; this value approaches the electron brilliance of 3 x 1019 from the most
advanced field-emission electron guns. Undulators cover the x-ray energy range
from 4 to 33 keV, which will excite the electron energy levels of the K and /or L
shells for detection of atoms throughout the periodic table. Existing x-ray storage
rings are factors of 103—104 less bright for these energies. The wide usage of
analytical electron microprobes attests to the great emphasis being placed by the
scientific community on the need for microstructural characterization of matter.
X rays offer many advantages over electrons and other charged particles for the
microcharacterization of materials; they are more efficient in exciting
characteristic x-ray fluorescence (x 10 to 100) and produce fluorescent signal-tobackground ratios of 104 to 10s those obtained with electrons. Detectable limits
for X rays are a few parts per billion, which are -10 3 to 105 times lower than for
electrons. Energy deposition in the sample from X rays is -10 3 to 104 times less
than for electrons for the same detectable concentration. Negligible electrical
charging occurs for nonconducting samples; samples can be studied in air, in
water, and in other environments; X rays provide a more quantitative technique,
and there is less beam spreading in the sample; thus preserving the spatial
resolution of the probe. In bulk (thick samples) electron scattering produces
approximately 1-um-diam fluorescent sources, whereas submicron diameter
x-ray microprobes will produce unprecedentedly low levels of detection in
diffraction, EXAFS, Auger, and photoelectron spectroscopies for structural and
chemical characterization and elemental identification. Included in materials
science studies that will benefit are measurements of impurity effects and strains
in crack growth and fracture; understanding ductility of grain boundaries from
measurements of grain boundary structure and fracture; creep, ceramics, and
reinforced composites where impurities, voids, and stresses affect their brittle
behavior; diffusion; integrated circuits and microchips where chemistry below
present detectable limits affect iheir performance; radiation effects where grain
boundaries, dislocations, precipitates, and voids contribute to radiation behavior;
and corrosion.
Segregation of elements and nonuniform distribution of phases in materials
are the rule rather than the exception. Common interfaces in materials to which
segregation occurs are surfaces, grain and precipitate boundaries, dislocations,
and surfaces formed by defects such as vacancy and interstitial configurations.
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Iniemumalh added trace elements and unintentional impurities play a major
role »n the physical and chemical propt?rties o! matter Besides their effect on
electrical properties, minor elements can have a major effect on both surface,
interlace, and bulk properties because ot their bias for segregation. Segregation
may evtend outwardly tor distances of microns from the interface or be confined
to single-atomic dimensions Microprobe characterization of segregation in
materials is important to understanding their properties.
3.1.8

Crack Growth and Fracture

The catastrophic and unpredictable failure of structural components by crack
initiation and propagation requires that they be greatly overdesigned compared
with what is necessary to withstand the applied loads. As the basic mechanism
of cracking is not well understood, expensive solutions me used—high strength
is traded for crack-resistant ductility, requiring thicker structural members to
ensure reliable performance. Observations of crack initiation and propagation in
thin metal toils under simple tension with transmission electron microscopy
reveal dislocation distributions associated with the plastic deformation ahead of
the crack tip The crack tip radiates dislocations in the forward direction to
accommodate the high-stress levels around the crack; however, quantitative
information important to an understanding of the strain distributions is lost
because of the necessity of using thin foils which permit buckling that relieves
the elastic strain Samples more consistent with practical situations and thick
enough to preserve the elastic strain couid be studied with an x-ray microprobe
in diffraction mode; thus providing new information about strain distributions
to test current theories of fracture. In addition, the role played by impurities in
fracture could be studied at concentrations orders of magnitude less than
presently possible.
3.1.9 X-Ray Tomography
Computed tomography (CT) is most frequently used in medical diagnostic
radiology, where the spatial resolution is of the order of 500 micrometers. CT is
slowly developing for industrial applications as well. Though the resolution of
industrial CT units is sufficient to detect many critically sized flaws, it is not
sufficient to image microstructural features such as second phase precipitates,
reinforcing particulates, or fibers in composite structures. Synchrotron radiation
sources now change this situation. The ability to make precise x-ray attenuation
measurements on ever smaller volume elements is a developing technology
which is being spurred by the increased access of scientists and engineers to
synchrotron radiation sources. This technology is known as x-ray tomographic
microscopy (XTM) to delineate the method as a form of x-ray microscopy which
uses tomographic reconstruction techniques to build three-dimensional images
of microstructures.
In essence, XTM carries the industrial-computed
microtomography techniques to their extreme limit in spatial resolution and
contrast sensitivity.

Presently, the spatial resolution ot XTM using synchrotron radiation is
between 2 to 5 micrometers We expect the spatial resolution will improve with
the availability ot high-brightness synchrotron radiation sources as technical
improvements are made both to the quality oi x-ray optics and position-sensitive
detectors
The nondestructive, three-dimensional attributes of XTM will
significantly impact our understanding at materials performance and failure—
especially in technologically important areas such as composite microstructures,
electronic materials, and biological materials.
3.1.10 Application of X-Ray Tomography to Metal Matrix Composite failure
Failure in continuous fiber metal matrix composites has been extensively
studied over the past several years with the hope that these materials might find
use in aerospace applications such as NASP and the High Speed Civil Transport.
Nevertheless, many fundamental questions remain regarding the mechanical
response of these materials to applied loads. This is particularly true in fatigue
and creep studies on these materials where the complex interplay between
matrix and fibers in these heterogeneous structures greatly complicates analytical
modeling.
In a recent proof-of-concept experiment, a monotonic load sequence in an
aluminum matrix/SiC (SCS-8 fiber) composite was examined using XTM. The
goal of this experiment was to determine whether XTM had the spatial
resolution and contrast sensitivity to detect the microstructural damage which
might develop under loading at stress levels greater than the yield strength of
the aluminum matrix. The types of damage expected to occur during loading
include interfacial disbonding between the fiber and the matrix, fiber breaking,
and matrix microcracking. Because these features might not lie in any single
plane, a three-dimensional volumetric image is advantageous for assessing the
nature of the damage expected in these materials.
Figure 3.2 shows a cross-sectional XTM image of an as-received
microstructure of the composite. Clearly seen are the carbon cores of the SCS-8
fibers (approximately 30-nr* diam); the contrast is sufficient to distinguish
between the SiC layer an,- the aluminum 6061 matrix, even though the
calculated contrast difference is less than 10%. From the calculated contrast, it is
possible to use XTM as an analytical tool to determine the average atomic weight
of the images.
Significant matrix cracking is shown in Fig. 3.2, particularly in the outer plies
of the composite. These cracks exist in the as-received material and are likely
due to the incomplete consolidation of the matrix during fabrication. Tensile
samples were fabricated from this composite, and the samples were stressed in a
monotonic load series extending up to the ultimate tensile strength of the
composite. At stress levels greater than the yield strength of the matrix, the
fibers appeared to rearrange themselves into a more closely packed configuration

compared to their original distribution »n the as-received panel Also, at stress
levels near hah mi the ultimate tensile strength of the composite, the carbon
cores were seen to begin breaking They continued to break with ever increasing
irequencv up to loads which ultimately produced composite failure.

Fig. 3.2. Cross-sectional tomograph of a SiC fiber with carbon
core embedded in an Al alloy. Light areas show where SiC has
separated from the Al matrix and the carbon core. The central
core is approximately 30 \im diameter.

An identification of the primary source of failure in conventional single-fiber
tensile testing flaw is difficult because of the tendency of the fibers to shatter.
Because XTM allows imaging of the fibers while they are still in the matrix, the
fiber remains contained, and the fracture can more easily be analyzed at the point
of failure. The evidence of core/sheath failure in single-fiber tension tests is
consistent with XTM observations of core failure prior to total fiber failure in the
fabricated composite. Hence, in the absence of interfacial reactions between the
fiber and the matrix, it can be argued that ultimate fiber failure in the SCS fibers
inmates at the fi!:n?r core

XI,U Nondestructive Evaluation tNDE)
NDt has traditionally iwn applied to the detection of flaws in manufactured
and structures where catastrophic failures may occur, such as a bridge
collapsing or an aircraft skin ripping oft in flight. The advent of high-brilliance
x-ray sources enables us not only to inspect nanometer scale features in
electronic, electromechanical, and biological structures, but also to study the
fundamental material properties, which may lead to crack initiation, growth, and
eventual failure.
There are three synchrotron-based microscopies which will be used for in situ
materials studies, these are projection microscopy, scanning microscopy, and
torn ©graphic microscopy. Each of these techniques may be element specific, by
absorption imaging on both sides of a photoelectric edge, or by observing
fluorescence. The onset of failuie in metal-matrix composite materials is being
studied by synchrotron-based tomography; a scanning x-ray microprobe will be
applied to a broad spectrum ot materials studies; and the details of very small
structures wili also be studied by projection microscopy. In the latter technique
the synchrotron source is demagnified to a spot on the order of 10 nanometers,
and then as the flux diverges from this point, an object in the path of the
diverging beam casts a shadow, greatly magnified with high resolution, onto an
imaging "detector.
The types of materials which will be studied by these x-ray microscopies
include: Q) laser fusion targets; (2) structures which record over time changing
contamination levels such as strip air particulate filters, tree rings, and clam
sheJls; (3) microelectronics produced by x-ray lithography; (4) intergranular
precipitates in metals and ceramics; and (5) metals within biological cells.
3.1.12 X-Ray Magnetic Scattering
Exciting prospects for x-ray magnetic scattering experiments at high-brightness
synchrotron sources include using polarization analysis to study magnetic
structures, to separate the orbital and spin magnetization densities, and to
perform spectroscopy of magnetic states. New directions will also include the
characterization of magnetic multilayers, thin films, and possibly surface layers.
With higher brightness sources like the APS, magnetic scattering by systems with
smaller magnetic moments (e.g., third-transition elements) becomes feasible.
3.1.13 In Situ Monitoring of Organo-MetaiHc Vapor Phase Epitaxial Growth
Many of the advanced semiconductor devices currently being produced are
grown using organo-metallic vapor phase epitaxial growth COMVPE), This
proems uses a hydrogen carrier gas to bring the organic molecules to a heated
substrate where the mofccule decomposes and the semiconductor grows on the
sub*trait? surface Due to the near-atmospheric pressure hydrogen ambient,

electron-ba*ed structural probes are ineffective- X rays are only weakly absorbed
by hydrogen, so a sufficiently bright x-ray source can be used to monitor the
structural changes that occur during epitaxial growth The brightness is
necessary because the angle of incidence of the X rays on the surface is less than
one degree to achieve the necessary surface sensitivity.
One example of in situ monitoring of OMVPE growth is that of ZnSe on
GaAs. Using the PEP storage ring, a beam of radiation with a divergence of less
than 100 urad was diffracted from the surface of the ZnSe film while the film was
growing at 525 *C. Figure 3.3 shows a diffraction pattern along the (110) direction
from that growing surface. As the data are plotted on a logarithmic scale, one can
see the excellent signal-to-background possible with an x-ray undulator. A fully
dedicated storage ring with x-ray undulators would enable researchers even
greater capabilities to understand the nature of epitaxial growth.
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Fig. 3.3. In situ x-ray scattering from ZnSe during 525°C OMVPE
growth on GaAs The measurements were made along the (110)
direction using the PEP storage ring.

3.1.14 Nanophasc Materials
Nanophase materials have promising pioperties that have important
technological implications. Nanophase ceramics are less brittle than bulk
ceiarnscs with higher toughness, and they can be processed at lower temperatures
making feasible a whole range of new composite structures. Developing such
materials for a commercial basis will have an important technological impact
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Such ceramics may permit enhanced high-temperature operation of engines and
structural members leading to mure eflicient use of energy and enhanced
capabilities while reducing weight
Synchrotrons give the capability to obtain a fundamental understanding of
the unique properties of nanophase ceramics A critical feature of nanophases is
the large percentage of the volume of the sample composed of intergranular
regions. It is believed that the change in properties of the nanophase material is
caused by this feature. The high brillance of the APS makes it practical to employ
the new technique of diffraction anomalous fine structure (DAFS) to investigate
these materials The DAFS measures the fine structure in the anomalous
diffraction which has been shown to contain XAFS information. By choosing a
particular diffraction line on which to measure the DAFS, one weights the XAFS
signal of the absorbing atom by the structure factor of the crystal. In the case of
the nanophase materials, only the core of the grains in the nanophase material
will contribute to the DAFS. On the other hand, XAFS weights all absorbing
atoms equally both in the core and in the intergranular region. By subtraction of
the signal between XAFS and DAFS, one can isolate the intergranular signal and
elucidate its structure. Such investigations will help formulate a fundamental
understanding of the reason for the unique properties of nanophase materials
3.2 ATOMIC, MOLECULAR AND OPTICAL PHYSICS
The separation made in this report of synchrotron radiation research into "hard"
and "soft" X rays is somewhat artificial, particularly in the area of atomic,
molecular, and optical physics. For convenience sake, this discussion will be
confined to experiments with X rays above 2 keV in energy. This choice of limit
overlaps the parallel discussion in the soft x-ray section, which ranges as high as
4 keV. The primary concerns of atomic and molecular physics are
measurements of the structure and dynamics of molecules and atoms. Typically
these studies are performed on free atoms, molecules, or ions, but in many cases
the study of processes in condensed matter is also appropriate. The tenuous
nature of the target material has severely limited the progress of studies of
atomic and molecular physics in the hard x-ray region where interaction cross
sections are small. Nevertheless there are compelling motivations for pursuit of
atomic and molecular studies with hard X rays. Photons in general are highly
selective probes of atoms and molecules in comparison to electrons or ions. It is
necessary to move into the hard x-ray photon energy region in order to probe the
innermost levels of most atoms, especially heavy atoms. For studies of
dynamics, it is also significant that the interaction time of a hard X ray with an
atomic inner shell is very fast Furthermore, the hard x-ray regime has particular
advantages for experimental study of some of the more intractable, fundamental
problems in physics, specifically the many-body problem and questions of
relativity and quantum electrodynamics (QED).

The advantages of hard X rays Jar research in atomic and molecular physics are
dearly based on the fundamental characteristics of the interaction of X rays with
atoms What is new is the potential availability of the high-brightness beams of
X rays that are required to perform the high-resolution and highly differentia]
measurements that are of interest with tenuous samples. This possibility has
been recognised by researchers in Japan as well as the US.
A number of experiments in atomic and molecuiar physics will be possible. For
example, the many-body problem is to be studied through several methods,
including measurements of multivacancy features in x-ray absorption, x-ray
emission, and electron emission spectra, including angular correlation
measurements. The studies of multi-electron processes also lead to questions of
relativistic and QED effects. The Breit interaction is included in Dirac-Fock
calculations of inner-shell structure to account for the relativistic retardation in
the interaction between electrons. This correction becomes quite large, along
with QED effects such as self energy and vacuum polarization, for the inner
shells of heavy atoms. Good agreement has been attained when calculations of
inner-shell energy levels, including all of these effects, are compared to present
experiments. However, measurements of multi-electron processes could isolate
the Breit interaction and thus indirectly test the QED effects as well.
Relativistic effects are also predicted to be observable in the angle distribution of
photoemission. A number of effects, such as inner-channel coupling are known
to affect the angle distribution of photoemission with respect to the photon
polarization vector, but the relativistic effect causes an additional asymmetry
with respect to the photon propagation vector.
Measurements of the electronic structure of atoms and molecules by
conventional hard x-ray techniques are limited in resolution by life-time
broadening of spectra due to the fast decay of inner-shell excited states. For this
reason the study of resonant Raman effects, both for Auger electron emission
and x-ray fluorescence, will be a key component of atomic and molecular
research with hard X rays. A key example of what is possible in atomic and
molecular physics with hard X rays is the observation of the polarization of x-ray
emission and anisotropic angular distribution of both x-ray and electron
emission. Profound polarization effects have been observed for x-ray
fluorescence from a molecular gas under the resonant Raman condition. The
strength of this effect is indicative of the fact that hard x-ray measurements are
capable of freezing in time the molecular rotation and observing the
instantaneous orientation of molecules with respect to the laboratory. Similar
observations from atomic gases have interest to studies of electron correlation.
Polarization and angular distribution measurements are also excellent examples
of techniques whose power will be greatly extended by the proposed new
facilities. Elliptically polarized wigglers will provide versatile control of the
incident x-ray polarization. In particular the production of circularly polarized

\ rays, both at high energies in the wiggler mode and at lower energies in the
undulator mode, will enable new studies such as alignment of chiral molecules.
The area of optical physics studies with hard X rays is closely related to studies of
atomic and molecular physics, but it also has direct consequences for other fields
of synchrotron radiation research including solid state physics, materials science,
and biology Many of the applications of optical physics such as microfocusing,
magnetic and nuclear scattering, and anomalous diffraction are described
elsewhere in this document. In addition there remains interest in more
fundamental aspects of the optical physics of X rays. Such areas as interference
and interferometry, complex diffraction cases, wave-propagation modes, nearfield effects, resonant scattering, and nonlinear processes have interesting and
potentially exploitable characteristics in the hard x-ray regime.
3.3 CHEMISTRY
Many of the proposed beam lines have strong programs in the chemical
sciences. Such topics as electro-chemistry, photo-chemistry, macromolecular
structures and dynamics, and analytical chemistry are proposed. Due to the high
brightness of the proposed sources, spatially resolved elemental analysis and
imaging based on elemental and molecular distributions will be possible as well
as the introduction of time resolution as a new capability to existing techniques.
Fundamental science emerging from the experiments proposed for these new
beam lines will provide critical information to be used in the development oi
advanced materials, catalysts, and energy conversion and utilization systems.
The high brightness of the APS facility opens up the possibility of doing a
wide range of new experiments which have never been possible with any
existing facility. It will be possible to study phenomena on time scales that are
orders of magnitude faster than any experiments which have been done to date.
It is convenient to divide the types of experiments into two classes—experiments
on materials which are reversible [i.e., the sample will return to its starting state
some time after an external stimulus has occurred {i.e photosynthesis)], and a
second class of experiments on samples which are not reversible (i.e.,. they will
not readily return to their starting state) The first class allows what we call
pump-probe or stroboscopic experiments. Here we send in a pump pulse of light,
heat, pressure, electric, or magnetic fields to change the state of the sample, and
then the sample is probed with the x-ray pulse at some later time. If a single
pulse is not sufficient to get adequate signal to noise, the sample is repeatedly
pulsed and probed with the same time delay until adequate signal to noise is
achieved. The time dslay is varied, and the experiment is repeated so that the
entire time evolution of the sample structure can be studied. To do single probe
pulse experiments, we must develop a method for isolating a single bunch from
the train of pulses coming from the synchiotron. The second class of
experiments to be studied are samples in which irreversible structure changes
occur. Almost any material which undergoes a first-order phase transition will

be o! this type c ompared 10 time-resolved *-ray diilracuon in single crystals
which would obtain a structure o) the enure molecule AS a iunchon oi time,
some tune-resolved spectroscopu techniques detect structural changes only in
part ui the molecule and do not require single-crystalline samples These
experiments are sensitive to small concentrations o\ a particular element Thus,
time-resolved spectroscopy may have considerable advantages over dillraction
techniques it only the local structure is a major concern
The brightness and time-domain capabilities of the new synchrotron sources
seem ideally suited to probe the questions of isomeric structures and their
thermodynamic stability in small clusters Two approaches may be considered in
confronting the range of sizes of interest here. One is the deposition of small
clusters (either from solution or from the gas phase using mass selected clusters
from molecular beams) in a beam or within a stabilizing matrix (e.g., zeolites,
porous glasses, polymeric networks such as Nation, etc.) or on various substrates.
The more rigid matrices provide better defined and more predictable stabilized
clusters, while the less rigid ones allow a higher degree of flexibility. The latter
also may be desirable for a variety of technological applications where further
processing of the matrix is required Many materials have been generated during
the last lew years in the form of small particles, mostly in solution Many can be
stabilized for long periods of time They can also be precipitated out and then
redispersed while maintaining their original size, which indicates very high
These include metals, often noble metals (I'd, Pt), which are highly
sstability
relevant to catalysis; semiconductors of the II-VI groups (CdS, ZnS, and their Se or
Te analogs and alloys); semiconductors of the II1-V groups (GaAs); and transitionmetal oxides (TiCn, F&yO^, ZnO, etc.), as well as Si and Ge. Very little structural
information is available on them while their electronic properties (primarily by
optical spectroscopy) have been intensively investigated. In most cases it is
assumed that the observed results are due to a "quantum size effect," which is an
effect of size on the electronic properties within the well-established bulk crystal
lattice framework However, only in one case was it shown that the bulk crystal
structure was already developed in this size regime. It is conceivable that in some
of these cases the effects observed are not genuine quantum size effects but rather
effects of size on the crystallographic phase. The smaller the particle size the
more likelv this is to be true
3.3.1 Fuel Cell Electrocatalysts
Catalysts play a major role in the production of the majority of synthetic
chemicals, decreasing their costs and increasing the yields. Catalysts are
important in energy conversion and utilization, including the production of
electricity from fuel cells. The adaption of fuel cells to such widespread uses as
transportation would lower the amount of fuel consumed because of their high
efficiency and decrease their environmental impact because of their absence of
omissions A major barrier to their replacement of existing internal combustion
engines is the costs associated with their platinum-based catalysts used in fuel
cells These costs can be lowered bv the use of catalysts with smaller metal
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particles and bv alloying the platinum with other metals However, as the
complexity 01 the material incrt-ase:., further improvements will be increasingly
dependent on understanding the structure and reactivity of these materials on a
fundamental level, both in model systems and in actual operation Because of
the heterogeneous nature of the catalyst-support-electrolyte system, this
information is difficult or impossible to obtain by conventional spectroscopic
methods XAFS, however, easily provides much of the necessary data, and
extensions of the technique can be used to provide structural information as a
function of applied potential, current, and other operating parameters. A variety
of interesting results pertaining to both fuel cells and cluster chemistry and
physics have been obtained. First, in many cases, the cluster structure is either
not fully developed or even nonexistent in the initial materials, coming into its
final form only after some induction-oxidation cycles. Second, although certain
aspects of performance are enhanced and the local structure around the
platinum atoms is modified by the presence of other metals, these other metals
can reside in a separate domain from the platinum without forming alloys.
Finally, these clusters are themselves reactive, forming a chemisorbed oxygen
layer, which is lost on reduction. The new storage rings will permit wider
application of these techniques. Performing similar experiments with other
catalyst preparations will allow the determination of the structural and chemical
factors affecting efficiency and performance and indicate the directions by which
future improvements can be made.
Although existing sources are sufficient for this family of materials, similar
studies of other types of catalysts will require higher fluxes. Most catalysts and
the chemical intermediates involved in chemical production are present at low
concentrations; the extension of studies from models of catalyst systems, as is
currently performed, to actual catalyst systems depends upon the increases in
sensitivity found in new beam lines. And, as demonstrated with fuel cells,
experiments on real operating systems are the real basis for improvements in
performance.
3.3.2

Photophysics, Photochemistry, and Chemical Reactivity

Conversion of light to chemical energy is the essential aspect of
photosynthesis and other means of solar energy conversion and utilization. The
determining factors in the efficacy of a particular system are the efficiency with
which it absorbs the light (photophysics) and the efficiency with which this
photoexcited state is converted into a useful chemical form by this energy rather
than re-emitting it or converting it into heat (photochemistry). These, in turn,
are usually determined by the overlap of the initial and final states (i.e., the
relative ease of the path connecting the starting materials and the products). If
the molecular structures are known, from which the electronic structures can be
(in principle) calculated, then accurate predictions of photochemical efficiencies
could be made, resulting in rapid improvements of efficiency through molecular
modeling and synthesis This is relatively trivial for ground state structures, but
onlv relatively inaccurate, indirect methods exist for the structural

characterisation of excited states, which tend to be y.ry short lived. A method
tor obtaining the relevant structural parameters of the excited states is x-ray
absorption tine structure CXAFSJ- Using existing sources and methods, there are
currently plans by at least two groups to perform XAFS measurements on
photoexched states. Also, because XAFS is sensitive to the actual pair
distribution function, it is possible, in principle, to determine experimentally the
initial /final state overlap. The first desired result for the dimerie platinum
complex, which is the subject of these experiments, is to measure the contraction
of the distance between the platinum ions when an electron is raised from the
highest, occupied antibonding orbital to the lowest, unoccupied nonbonding
orbital. This bend length can be compared with other compounds with similar
bonding levels to ascertain if it is typical or unusual. A second result is, with
sufficient data quality, to extract the widths of the radial distribution functions.
These can also be checked for unusual features as well as used in the overlap
calculations for comparison with the cross section of the photoabsorption.
However, the compound to be used in these experiments was selected because its
parameters fit the experimental restrictions and not because it is of any intrinsic
interest The real utility of this approach will only be realized with
submicrosecond time-resolved measurements that depend on high flux sources
sn combination with the development of a practical, gated detector that will be
run in coincidence with a pulsed laser.
3.3.3 Chemical Sciences/Categories
Catalyst studies can benefit from the use of ultrahigh resolution
instrumentation for trace element analysis and computed microtomography
applied to the study of macroscopic specimens. Examples of the applications are
examinations of the catalysts used in the polymerization of olefins, fluid cracking
catalysis (FCC) catalysts, and hydrotreating catalysts. Questions on porosity,
swelling, fluid flow, spatial distribution, chemical state, etc., can be investigated.
An example of the use of computed microtomography to study porosity in
polyethylene polymerization particles produced using different catalysts is
shown in Fig, 3.4. Data of this type will be valuable in understanding the
catalytic process and will lead to improved processing methods.
3.4 BIOLOGY
3.4.1 Structural Biology
Modern molecular biology depends upon a detailed knowledge of the
structure and organization of biological systems. Increasingly, the research that
determines such structural information will be carried out on synchrotron
radiation sources. The advent of third-generation, high-brilliance synchrotron
x-ray sources will substantially enhance the research opportunities in structural
biology. Structural biology research that uses synchrotron radiation falls into

tour major areas: crystal diffraction, noncrystalline diffraction, x-ray microscopy,
and \-ray spectroscopy-

Fig. 3.4. Tomogram showing a section through a polyethylene
polymerization particle produced using a SiO2-supported Cr
catalyst. The polymer yield is 200 g polymer per g catalyst. The
catalyst fragments are distributed at the periphery of the section.
The pixel size is 5 um x 5 urn, and the slice thickness is also 5 um.
The image matrix is 321 x 321 elements. The lowest x-ray
attenuation is represented by black and the highest x-ray
attenuation bv white.

A recent review, Structural Biology and Synchrotron Radiation: Assessment
of Resources and Needs (Sponsored by the Structural Biology Synchrotron Users
Organization under an NSF grant; available through the NSF Biological Instrumentation and Instrument Development Program), describes the requirements
tor synchrotron sources of the national structural biology community. That
document reached seven major conclusions:
Structural research is providing ever more significant insights into
biological systems, and the demand for structural information is
increasing in all fields of biology.
Synchrotron radiation can make significant contributions to the speed,
quality, and nature of structural results in biology-

Strong resources in structural biology, including synchrotron radiation,
are critical to maintaining and enhancing the US, competitive
advantage in the pharmaceutical and biotechnology industries.
The rapidly growing structural biology community and the large
number of nonspecialists willing to undertake structural studies result
in a very large "latent" community of users of synchrotron radiation
tor structural biology.
The achievements of synchrotron radiation in structural biology far
outpace the support for existing facilities, and lagging support limits
the use of synchrotron radiation by structural biologists today.
Substantial new support for new experimental facilities and for
improvement to existing facilities is needed to match the substantial
growth of the structural biology research community.
Improved mechanisms for funding, design, construction, and operation are needed for the rapid, efficient development of synchrotron
radiation facilities for structural biology.
3,4.2 Protein Crystallography
Explosive growth in protein crystallography has been fed in recent years by
the increasing needs of molecular biologists, pharmaceutical drug designers, and
physical chemists for highly refined structural information at atomic resolution
of enzymes, genetic regulators, electron transport proteins, carrier proteins,
structural proteins, complete viruses, and even large aggregate structures such as
the ribosome. As improvements are made in modern electronic x-ray detectors
and with the increasing power of computers, the speed with which data can be
measured depends increasingly on the simple availability of X rays; modern,
powerful synchrotron sources are required. Four areas in which synchrotron
radiation has been and will continue to be applied to protein crystallography are:
(1) large unit cell crystallography (viruses, ribosomes, etc.), (2) multiple-energy
anomalous dispersion (MAD) phase determination, (3) Laue diffraction for timeresolved enzyme kinetics studies, and (4) drug design and protein engineering.
3.4.3 Virus Crystallography
The capability to record and process diffraction patterns from crystals of large
macromolecular aggregates, including many disease-causing viruses., has led to
dramatic advances in our knowledge of these structures and how they work.
Determination of structures of icosahedral viruses is almost routine today, but
such studies absolutely require synchrotron radiation, since the diffraction
patterns of virus crystals are complex and weak. Today we know the molecular

Mructuros ot complete viruses which cause polio, the common cold, hool-andmouth disease, certain kinds 01 encephalitis, and many plant and insect
injections Studies are now under way to design drugs that prevent colds by
studying crystal structures ol many closely-related chemical compounds that
inhibit the human rhinovirus (causative agent for the cold), bound in situ on
the virus surfaces Such studies already have elucidated the mechanism by
which rhinovirus springs open to release its encapsulated genetic data into a
victim's cell
The excitement of new, third-generation synchrotron sources for virus
crystallography is in the potential for recording very high resolution diffraction
data from crystals of drug-virus complexes. Previous studies show this promise;
APS beam lines will realize it. The information density of virus diffraction
patterns mitigates toward brilliant x-ray beams. In addition, these crystals are
extraordinarily labile in x-ray beams; typical lifetimes are 5 minutes or less. We
must record whole data sets within these time limits. 500,000 Bragg spots,
recorded in 100 s, with 1,000 counts each, require 1Q10 x-ray photons/s to strike a
0.2-mm crystal Such flux cannot be obtained at existing sources but will be
available at the APS It should be added that efficient, fast area detectors must
also be available for these studies.
3.4.4 Multiple-Energy Anomalous Dispersion (MAD)
The central experimental problem in crystallography is to determine phases
of the complex structure factors. Whereas phases for crystals of smaller
structures can be determined now by direct methods, such mathematical
techniques elude the protein crystallographer. Instead, phases may be
determined from a single protein crystal by the new method of "MAD" phasing
This method requires that there be a few heavy atoms within the protein
structure. Electronic transitions within such atoms resonate with incident
X rays, creating "anomalous" x-ray dispersion: small differences between Bijvoet
diffraction pairs which are energy dependent. If Bragg reflection intensities can
be measured with sufficient accuracy—typically 1-2%—this information can be
used in a direct mathematical formalism to determine phases for these
reflections. MAD phasing has now successfully solved several protein
structures, although with considerable effort. The challenge now is to develop
faster, more robust experimental stations for this method. Properly built, such
stations promise to increase greatly the power of protein crystallography and
increase the speed with which structures can be determined.
New sources of X rays promise advanced capability in this field. MAD
phasing requires sources with high-energy resolution, high flux onto small
samples, fast energy tuning, and stable operation over long time intervals. Also
required are efficient, trustworthy detectors with high dynamic range. These will
be available at AI*S.

3.4,5 Enzyme Kinetics
Turnover rates oi enzymes typically range irom seconds to microseconds,
main important reactions occur in the millisecond time scale. Despite years of
study, the mechanisms of most catalyzed reactions are still poorly understood. A
thorough understanding ot what really occurs in an enzymatic reaction requires
direct evidence tor existence of identifiable reference points on its reaction
pathway
Oittraction studies Irom crystals ot enzymes can, in principle, produce such
evidence, it the enzyme remains active in its crystalline state; fortunately, many
if not most crystalline enzymes are catalytically active. The technical problems
are substantial—to prime the enzyme with substrate; to initiate the reaction in
the whole crystal simultaneously, in synchrony; to catch the reaction in quasistable intermediates with diffraction data recording methods which are short
relative to the lifetimes of these reaction intermediates; and to refine the
resultant crystal structures to yield meaningful structural information. These
tasks individually are challenging, and not the least is to record data quickly from
a crystal that represents a large part of its entire diffraction pattern. Such fast data
collection can be performed by the Laue diffraction method—recording Bragg
peaks simultaneously stimulated by a wide bandwidth of x-ray energies. No
other method can record data so quickly Working with existing synchrotron
sources, data can be recorded by Laue diffraction methods, using high-quality
crystals, in 20-100-ms intervals. The APS will be a particularly valuable source
for this since low-angular divergence is valuable for Laue diffraction. The 100fold increase in the brilliance of the APS should permit Laue diffraction patterns
to be recorded in less than a ms. Such unique capability should permit us to
study many important reaction mechanisms with time constants in this time
regime.
3.4.6 Protein Engineering and Drug Design
If a new crystal structure must be determined, MAD phasing or another, more
classical method must be used to establish and refine it. Once determined, a
protein crystal structure usually suggests questions regarding the function of its
particular parts. These questions may reasonably be answered by using sitespecific mutagenesis methods, so-called "protein engineering," to modify
systematically individual components of the protein structure. Subsequent
analysis of the activity of this modified protein—changes in enzyme kinetic
constants, binding affinities, etc—permits us to see much of the significance of
such changes, but frequently we must redetermine its crystal structure to

understand fully the mutation's significance.
Similarly, the crystal structure analysis of many, perhaps hundreds, of
structure complexes between an enzyme and its inhibitors is often needed to
develop a drug which, by specifically inhibiting that enzyme, confers beneficial

medicinal value to thai chemical compound Such studies are repetitive but
have the virtue that the crystal is usually isomorphous and one need only record
uvith high accuracy) the diffraction intensities of one oi each crystal complex to
study the difference Fourier map of the drug in situ
Protein engineering and drug design share the experimental feature of
needing repetitive data collection and analyses of many very similar structures
Synchrotron sources are particularly valuable in such studies for two major
reasons: first, high beam flux permits these data to be recorded quickly; and
second, the crystals of enzyme with inhibitor may not grow to large size in every
case, with the Murphy's law consequence that often the most valuable structures
are found in the smallest crystals.
Protein crystallography is just one of the biophysical applications of
synchrotron radiation to structural biology, and it has a high potential economic
value in American commerce. The promise of developing anti-virus medicines
and enzyme inhibitors with applications as drugs are two clear examples of the
value of synchrotrons, particularly new, third-generation machines, in this
rapidly growing field.
3.4.7 Noncrystillinc Diffraction
X-ray scattering from nonerystalline samples gives information about the
distances which separate distinct features in the samples being studied. In
general, the sample cannot be oriented relative to the x-ray beam, so that the
sample is an ensemble of objects, all of whose orientations relative to the beam
are equally probable. In such a general case, the diffraction pattern resembles that
from a spherically symmetric object. However certain samples, such as oriented
fibers or flat membranes, have considerably greater order and will diffract with,
respectively, cylindrical and planar symmetry.
Despite lower orientational information with respect to crystals, these
noncrystalline study samples have a great deal of information to give, and they
have the considerable virtue that their constituent components are usually in a
state closely resembling their normal milieu. Furthermore, it is frequently
difficult or impossible to crystallize constituent macromolecules of these
samples, and often the information most sought is the relationship among
components, not the molecular structures alone.
Perhaps the most famous example of a noncrystalline diffraction study is the
determination of the DNA double helix structure. X-ray diffraction images from
oriented DNA fibers exhibited striations and periodic features, which represented
evidence for helical structures populated by regularly repeating substituents.
However, these data could be interpreted in a variety of ways. Chemical and
biological insights, guided by creative model building, were required to
supplement the mathematical and geometrical data, evident from the diffraction
images, to synthesize a valid model of DNA structure. Noncrystalline diffraction

data uevjuently give information in this way
By limiting the possible
namevvork of Mructures, such studies often permit modeling exercises to
illuMrate the correct arrangement ot a complex structure
3.4.8 VRay Spectroscopy
Spectroscopy yields structural information complementary to diffraction data
and can give information unobtainable by crystallographic methods, particularly
of time-dependent structural changes, XAFS spectroscopy is vitally important in
structural biology, because it permits us to examine regions in a metalloprotein
immediately surrounding its metal atom. XAFS is also exquisitely sensitive to
minute changes in the structure of that neighborhood. Crystal diffraction methods examine the entire structure at moderate resolution: 1.5-A resolution data
can be used to refine a crystal structure with an accuracy of perhaps 0.2 A for each
atomic coordinate. In contrast, XAFS gives information about a limited number
of atoms in a structure, usually those located in the enzyme's active site, and
such data are of very high spatial resolution, typically accurate to about 0.01 A.
It is significant that XAFS can detec; small movements of atoms within a
metalloprotein as it carries out its function, be it enzyme catalysis, oxygen
binding, or other activity, since such studies can be made with proteins in
solution Unlike crystallographic analysis, XAFS does not need highly ordered
samples. Enzymes typically change shape as they catalyze reactions and carrier
proteins (such as hemoglobin) change shape as they bind ligands. This usually
prevents these processes from being observed in the crystalline state: the
movements disrupt the crystal lattice. Thus, XAFS permits studies of timevarying phenomena, and with the increase in x-ray brightness of the APS over
existing x-ray sources, the time resolution of such studies can be considerably
shorter than a millisecond—comparable to the natural rates of in-vivo kinetics.
XAFS has been used in the past to verify that the structures of crystalline
enzymes are the same as they are in solution. Coupled with crystal diffraction
information, therefore, XAFS can investigate metalloprotein kinetics in solution
studies for which the protein environment is closely similar to its in-vivo
conditions. On the other hand, XAFS studies can also be carried out on
crystalline samples, if brilliant x-ray sources such as the APS are available,
permitting us to study oriented samples. Finally, spectroscopy may be carried out
with very small samples or on small parts of a sample, if a brilliant source can be
used.
3.4.9 XAFS of Biological Structures
The XAFS technique gives structural information which complements and
refines the more global information of diffraction. XAFS defines the immediate
environment about a heavy atom in metalloproteins with higher resolution of
0.01 A and can measure the protein when it is in solution or crystallized. XAFS

can thus check the basnc assumption oj crystallography that proteins in solution
have the same confirmation in Uie crystal With the increased brightness of the
AF:>- :he \AFS technique will be able to obtain the structure of short-lived
intermediate states of metaHoproteins, to investigate metalloproteins in
environments closer to :»:-r};iii1> conditions., and to add spatial resolution to its
capabilities.
3.4.10 X-Ray Imaging
It has long been recognised that many limitations of conventional light
microscopy, such as limits to resolution, may be overcome by using soft X rays,
with wavelengths around 100 A, but x-ray imaging requires development of
methods to focus them, Recent developments in mierolithography, permitting
fabrication of Fresnel lenses of very high x-ray focusing power, have led to a
renewed interest in this idea. X-ray microscopes may examine living, wet cell
specimens without sample fixation, and the penetration power of X rays permits
examination of unseetioned samples. Work carried out on the undulator source,
XI t>t the NSLS has dearly shown the potential for tius kind of x-ray microscopic
imaging, and it is expected that the ALS sources will be particularly valuable in
this area.
Another form of x-ray imaging is tomography—using a narrow, brilliant
x-ray beam scanned across the sample, linear summed absorption can be recorded
tor each orientation of the sample. If these linear absorption images are recorded
for many rotational orientations of the sample, a two-dimensional slice of
absorption density for the sample can be computed. Vertical translation of the
sample then permits additional plane slices to be observed, and a threedimensional reconstruction can be made. Microtomography can be carried out
with sufficiently narrow beams, and this method can be improved with the high
brilliance of new, third-generation x-ray sources (APS and ALS) now being built.
This method may also produce images of specific elements and their spatial
distribution in the sample, by inducing x-ray fluorescence of the element to be
visualized as a function of position. This method is capable of quantitative
evaluation of heavy metal content, at levels of 1 ppm, with localization accuracy
of microns. A particularly exciting prospect for microtomographic x-ray
fluorescence imaging is to observe sequestration of gold-labeled monoclonal
antibodies on thin-sectioned samples. Depending upon what antigenic features
the antibodies are intended to specify, this method can locate tumor antigens, to
identify micro-metastatic cancers; cell-surface receptors, to identify tissues
susceptible to hormone therapy; or cell identification antigens, to specify, for
exampSe, which cells in the brain respond to which neurotransmitters. Such
procedures begin to transcend definitions of "structural biology" and enter the
:ie3d of "medic* I imaging.,"
Medical imaging of macroscopic anatomical structures, such as the human
heart and its coronary arteries, or neuroanatorny of the brain, represents a
pariicukriy powerful new use for synchrotron radiation. Studies at the SSRL

And the XSLS over the pa>t decade have shown the promise of this, technique,
bin thos»e ejnort> have been hmited by tl\e beam intensity of the source A highenergy wiggle? source on the APS will produce much higher intensities for such
purposes, and a medical center lor the ATS, the Medical Imaging Center (MJC),
ha> beer proposed The prospect for this center would be to carry out basic
research that is impossible by other methods: NMR imaging, ultrasound
imaging mega\oh CT, etc Particularly interesting would be the development of
effective two-dimensional imaging, permitting cinematic x-ray evaluation of
moving objects For coronary angiography, the method of dichromatographic
subtraction imaging of heavy elements with observable x-ray absorption K-edges
has been developed This method depends upon the abrupt change in x-ray
linear absorption at a K-edge. By recording two absorption radiograms, using two
slightly different x-ray energies which bracket the K-edge, and digitally
subtracting them., one greatly enhances contrast: no anatomic feature changes
absorption so quickly For example, iodinated compounds in the blood may be
visualized with 150,000 times greater contrast, relative to their visualization by
conventional angiography lodinated organic compounds may thus be present
in far lower concentrations than for conventional angiography, so they may be
introduced from a vein rather than from the aorta, as currently practiced. If is
the high concentration of iodine and the invasive procedures of introducing a
catheter directly into the coronary artery ostium that make conventional
coronary angiography sufficiently risky that it is not considered "routine," being
performed only when the patient is to be evaluated for surgical coronary artery
bypass graft. With veinous injection of contrast agent, angiography could be
carried out more frequently, permitting weekly post-surgical follow-up
evaluation, prospective epidemiologic studies of populations at risk, studies of
nonsurgical intervention to evaluate efficacy of medical therapy in reversing or
stabilizing arterial occlusions, and many other studies. The APS wiggler source
would also permit use of contrast elements of higher atomic number,
particularly the lanthanide rare earths. Because these elements have K-edges of
higher energy, the x-»-ay absorption in a patient's body would be much lower;
thus, the sensitivity of the method would be improved, and the radiation dose to
the patient would be reduced. In summary, medical imaging methods with
synchrotron radiation have great promise as a research tool for a variety of
specialized applications, particularly in coronary angiography. The advent of the
APS gives these methods far more power and versatility than present sources
allow

3.5 ENVIRONMENTAL SCIENCE
3.5.1

Environmental

An x-ray microprobe would produce a 104 reduction in detectable limits of
trace elements and greatly advance environmental and biological sciences
because many elements of importance arc below present detection limits. The
nondestructive analysis and the reduced heating and radiation damage of x-ray

fluorescence compared to electron or other charged particle excitation are
A lactor of lO-MO^ less, tor the same detectable limit We list only some of the
areas ot research thai would be conducted at an x-ray microprobe facility. The
ability to conduct a retrospective microchemical analysis of durable biological
materials to determine when an organism was at a particular location would be a
boon to many branches ot ecology, behavioral science, environmental studies,
and paleontology Basic research on habitat use and selection would be given a
valuable tool Many examples of potential uses exist in applied biological
sciences For example, in the field of pollution control, determination of when
and where a fish was exposed to a contaminant that now taints its flesh and
forces closure of a fishery could allow the contaminant source to be located and
corrected. Endangered pecies protection could be advanced if critical habitats
occupied by the endangered species could be recognized without destructive
sampling of either their populations or their limited habitats. There is a need to
quantity temporal changes in air, soil, or water quality at a single point, where
sessile aquatic and terrestrial organisms such as clams, scallops, corals, or trees
might maintain a permanent record This information would advance our
knowledge in toxicology, oceanography, and climatology.
From the local contamination of soils and ground waters to altering the
global climate because of the accumulation of "greenhouse" gases in the
atmosphere, it is becoming increasingly clear that man's activities are having a
large negative impact on the environment. Understanding the subtle interplay
between the multitude of factors affecting the environment and the
development of new technologies that can maintain our economy with minimal
environmental effects will provide substantial, new opportunities for
fundamental and applied science.
The DOE weapons complex cleanup is estimated to cost $150 billion over the
next 20 to 30 years using existing remediation technologies. Development of
improved methods of contamination detection would affect significant savings
in both costs and time. Such improvements must be based on a molecular level
understanding of the speciation and reactivity of the contaminants, which will
be used for creating accurate physiochemical-based models of the transport of
these contaminant species. These models can then be used to calculate
conditions whereby this transport can be decreased to limit the extent of the
contaminated area or enhanced for removal of the contaminant in a directed
wash steam or by batch treatments. This chemical information is obtained by a
combination of species sensitive techniques to identify the presence and relative
amounts of the compounds of importance and a species-determining technique.
A combination of vibrational luminescence spectroscopy and XAFS has been
used to identify the speciation of uranium in clays. Using this approach, it has
been learned that there are three different uranium adsorption sites on the clay,
with each having a different equatorial ligand structure. This equatorial ligand
structure is also sensitive to pH and the presence of organic co-contarninants
Comparisons with synthetic uranium compounds with similar structures can

then tv used to determine the reactivities 01 these different species A second
example is the use oi \AFS to determine the structure oj surface complexes, the
strength 01 which determines the equilibrium between the transportable aqueous
phase o! a contaminant and its stationary, surlace-bound phase.
The higher brightness oi the APS will optimize specimen sensitive
techniques such as XAFS for studying contaminants in natural systems, which
are inherently heterogeneous and complex, by adding spatial resolution of 1 um
or less and enhanced time resolution
The APS will also contribute
microtomography capability with three-dimensional resolution of 1 um or less,
microprobe sensitivity to 1 part per billion and diffraction from volumes of
1 p - . This arsenal of tools permits the study of contaminants in soils and clays
under ambient conditions, elucidating the molecular basis for the interaction of
contaminants with and their transport through the environment.
Another strategy for remediation technology is the development of microorganisms to sequester and concentrate contaminants. A careful structurefunction analysis of the macromolecules involved in such micro-organisms can
lead to the development of more efficient and effective micro-organisms. The
APS will introduce capabilities that significantly improve and speed up the
structure-function analvses of macromolecules.
i.6

GEOSQENCE

Third-generation synchrotron radiation sources can provide the experimental
approaches needed for studying geologic systems. Two powerful types of
spectroscopy using hard X rays for such studies are XANES and EXAFS
spectroscopy In XANES, two areas of interest to geoscientists are the oxidation
and coordination numbers of metal ions, both extremely important in
identifying chemical phases. Using EXAFS, geoscientists are interested in such
systems as polyhedral linkages as found in metal oxide minerals, solutions, gels,
clays, fluid inclusions, glasses, and adsorption phenomena; these are by no
means the only areas of research interest, but they do serve to illustrate the
breadth of the areas to be studied.
Other uses of hard X rays from synchrotron sources to study geologic systems
include diffraction techniques such as single-crystal diffraction, Bragg scattering
from crystalline materials, and non-Bragg scattering methods for studying such
geologic systems as hydraled gels, silicate and aluminosilicate liquids, glasses, and
ore-related solutions.
Surface diffraction studies can be used to look at geologic crystal surfaces and
suriace structures that have been affected by rock-water interactions Thin films
on geologic materials can be readily studied in systems involving geologic
materials that have come into contact with electrolytes.

X-ray fluorescence microprobe approaches are a\*a extremely efjecuve ior
k>oking ai elemental distributions on mineral-rock surfaces Heavy metals that
have been adsorbed onto geologic phases as a result of rock-water interactions
can be studied, with elemental surface mapping easily being possible in the
1-10-micron range. For typical geochemical samples, trace metal detection will
be at the ug/g level, with some metals being delected at even lower levels, even
at the femtogram level.
3.6.1

Fractures and Voids in Rocks

A knowledge of the fractures and voids in rock specimens is important in
understanding fluid flow through them. Such information is important for
understanding basic geological processes such as the formation of geologica!
structures or the reasons for earthquakes, as well as for practical processes such as
improving technology for enhanced oil recovery
Synchrotron-computed microtomography (SCMT) is a method that can be
used to determine the structure of the voids and fractures in a rock with highspatial resolution and without the need to section the sample. The results of the
examination of a drill core sample at a resolution of 25 um is shown in Fig 3.5
The rock porosity is found from analysis of the section and, in addition, multiple
sections can be obtained to follow changes in the structure through the rock.
Wider availability of high-energy synchrotron x-ray sources will bring this
type of investigation into more global use. Where applicable, examination of the
material at the um resolution level is even now possible. Thus, real-time
measurement of fluid flow in these specimens can be undertaken. This
capability opens a new window on the study of the flow process in geological
specimens.
3.6.2

Earth Sciences

The earth sciences study complex materials in a variety of ways to clarify
questions about crystal structure; chemi.al composition for major, minor, and
trace elements; chemical state; porosity; fluid flow; phase changes; etc. The
conditions of temperature and pressure vary over wide ranges as do the sizes of
the objecis to be examined.
Synchrotron radiation, because of its high brilliance and wide energy range
can be used for investigations of these questions on a micrometer scale for objects
from the size of micromaterials to full-scale rock samples. The use of highenergy CMT for study of porosity and fluid flow and the use of unduiator-band,
fluorescent x-ray microscopy for trace element and chemical speciation
measurements are specific examples of how present and future synchrotron
facilities will be employed for work on the earth sciences.

Fig 3.5. Tomogram showing a section through a 25-mm drill
core specimen of siltstone. The pixel size is 50 um * 50 \im, and
the slice thickness is 25 urn. The matrix size is 607 x 607
elements The lowest x-ray attenuation is represented by black,
and the highest \-ray attenuation by white. The tomogram
shows a crack and variations in x-ray attentuation throughout
the specimen.

3.6.3

Lead Toxicology

Lead is a common environmental pollutant that causes serious health
problems when it enters the human body For example, in children, lead causes
learning retardation, hearing loss, and hyperactivity Approximately three to
lour million children are at risk. It is also possible that low levels of lead
exposure tor the general population are implicated in cardiovascular and kidney
disease.
Synchrotron radiation is an important way of studying the accumulation (and
loss) of lead in the skeleton, where most of the lead in the body resides.
Fluorescent x-ray microscopy can be used to measure the accumulation in
specific bone structures For example, the structure at the outer edge of the bone
(hurnerus, nine-year-old boy) is shown in Fig 3.6, and the distribution of lead in
the same region is shown in Fig 3 7 It can be seen that lead is preferentially
accumulated in a region o( new bone formation The transport of the lead into
the compact bone structure bears on the question of the biological lifetime of the
Jcad and on the release of the lead back into the blood stream. These are
questions for which quantitative information can be gained from use of
fluorescent x-ray microscopy

The use o! advanced synchrotron x-ray sources will make it feasible to obtain
higher resolution and more sensitive data than are presently possible. Thus, a
more rehned definition of the biological pathways will be feasible.
Another way to use the new sources is tor ir.-vivo determinations oi the
bone-lead content This has potential tor n.aking measurements quickly and
with accuracy not achievable with radioactive sources. The proximity of the APS
to a large population center presents the opportunity for screening programs and
lor epidemiological studies, since lead toxicity is a recognized health problem in
Chicago s south and west sides

Fig 3.6 Photomicrograph of portion of human humerus showing the periostea]
surtace and compact bone The region in the box is 1 mm * 2 mm. The
elemental composition in this region '\as determined using synchrotron
radiation-induced x-ray emission (SRIXF) at the NSLS X26 x-ray microscopy
lacihty The elements' maps are shown in Fig 3.7.

Fig 3.7 SRIXH measurement of the distribution of calcium, strontium, zinc, and
lead in a b35-jim thick section of humerus taken from a nine-year-old boy. The
measurement was made in 50-jim steps in both dimensions. The distribution of
the lead at the surface of the bone is of great importance for a better
understanding of the mechanisms by which lead is accumulated in the body and
for improving ni-t'iiw diagnostic methods.

4. DOE BEAM UNI COSTS
] he goal 01 the cost section i^ to provide a reliable estimate ot the cost 01
supporting DO1- laboratory beam hne requests Care has been taken to estimate
the costs in a uniiorm manner and to provide the best numbers possible The
cost tigures are, however, a best guess because o! still-to-be-determined shielding
costs and the uncertainty in the availability ot' facility designed generic
components, which require facility guidance tor their determination. Without
these generic components, beam line costs will be significantly more expensive
because ot the duplication in design and engineering costs. The estimated costs
tor each of the tour DOH synchrotron radiation sources are presented in Tables
4.1 through 4 4. Table 4.5 is a compilation of the DOE Laboratory beam line
requests from Tables 4.1-4.4, including both construction and operating costs for
hsca! years 1992 through 199S. Costs are estimated in 1993 dollars.
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'Cost estimates for propvteu Phase 1 IX)E lalxiraton,1 bi\im lines The beam line number
designations are internal to this report and correspond to the beam line summanes
"'Front ends and insertion devices are provided to the users by the APS unless noted here.
rr
Has not been submitted to APS
•ftwon, Princeton, Brookhaven National Laboratory1, University of Pennsylvania
'"Allied Signal, Universal Oil Products, National Science Foundation
•National Science Foundation. National Institute ol Health, Canada, University of Washington
•'National Science Foundation and CAT Institutions
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Table 4.S. Projected OOE Cost for Synchrotron Radiation
fleam Line Construction and Operation
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20,3
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19,9

APPENDIX A
BEAM LINE SUMMARIES

Sof* X-Ray Spectroseapy Beam Line (AUS-1)
Facility; AIS
PRTCAT; SXSjvc
Pt imary Institutions: The University of Tennessee, Tulane University, Oak Ridge National
laboratory National Institute for Standards and Technology', Lawrence
Berkeley Laboratory (Beam Line shared with IBM Laboratories in California
and New York-sibout 1 /3 SX Spec, 2/3 IBM)
Spokesperson: T, A CaUcatt, The University of Tennessee-SX Spec (Joe Stohr-JBM. California,
is joint beam line spokesperson)
Cost

SUM for SXE branch line; SS?0K of funding in place from NSF, UT, Tulane, and NIST. Will
submit additional request of S300K equipment plus operating to DOE/OHER to support ORNL
research. All required funding is already committed. Monochromator provided mostly by
IBM,

Beam Line Description; This beam line will measure soft w a y emission (SXE) and soft x-ray
absorption iSXA) spectra of solids Its key instruments are the U5 undulator with monochromator to
provide photons and a super efficient SXE spectrometer. Its unique capabilities are measurements of
phottwexcited SXf spectra and joint measurements of SXE and SXA spectra of solids. Other important
katures are access to sample prep facilities and electron spectrometers of the companion IBM beam line.
Scientific Program: Sott w a y speetroscopies provide information on the filled (SXE spectroscopy) and
empty (SXA spoctroscopy) densities of states of solids. Selection rules select for angular momentum
state and separate spectra are obtained for each element so that the spectra provide a local partial
density of states (LPDQS) for each element of complex solids. X-ray absorption lengths make the
technique a bulk probe that can measure through overlaycrs and is useful in studies of multilayers and
buried structures. The use of photon excitation (instead of electron excitation) of SXE spectra enables
the investigator to eliminate Bremstrahlung, which is the major source of noise for weak spectra, to
excite selectively particular core levels and to study lattice and electron relaxation processes by
studying coupling between core excitation and de-excitation processes.
Studios will be carried out on a wide variety of materials, including electronic materials, alloys,
oxides, ceramics, high-Tc superconductors, and impurities in various materials.
Two particular research emphases can presently be identified. By exciting near threshold using
photons, core holes can be created either bare or with screening electrons in localized states such as
excitons or excited d or f states. By measuring both SXE and SXA spectra of these "core hole
impurities," much unique information may be obtained about the local response of both the electron and
lattice system to the presence of impurities.
A second research emphasis will make use of the high flux from the ALS U5 undulator to study dilute
impurities in various solids. In particular, funds will be sought from OHER through ORNL to carry out
such studies on minor constituents in organic systems. Particular attention will be given to elements from
the second, third, and fourth rows of the periodic table that generate prominent spectr* n the soft
x-ray region and play important roles in living systems. Measurements of the LPDOSs of these elements
should provide unique information about the electronic structure and bonding of these elements that are
riOJ otherwise available. Studies of su<*h systems using e-beam excitation are fundamentally limited by
ihe Bxemistrahlung that swamps ihe weak emission spectra. Older synchrotron light sources have not
had sufficient intensity to make measurements on the more dilute systems practical. Special
accommodations, including cryogenic substrates and shields, and special sample chambers will be
required before soft x-ray spectroscopy measurements can be rrude on organic rystcms in a routine
fashion.

Spectromicroscopv Facility (ALS«2)
facility
PRT

Advanced Light SnuceiALS*
The I'nduUtor Speetromicroswopy Facility at the ALS • In^rtion Device Team (IPT>

Primary Institutions

University ot Calilc>rnia, University ot Michigan, University of Oregon,
Pennsylvania State University. University of Wisconsin, University of
Washington, Lawrence Lsvermore National Laboratory, Stanford Synchrotron
Radiation Laboratory, Center for X-Ray Optics (CXRO), AT&T Bell Labs

Spokesperson; Bnan P. Tanner, University of Wiscomsin, 414-229-4626
Presenter:

lames G. Tobin, LLNL. 51CM22-7247

Capital Cost S1.63M; DOE request S1.2M; Non-DOE requests S43QK
Spending Profile ($K):
Capital
Operating

1992
275
110

1993
430
275

1994
445
300

1995

Capital Equipment Costs:
1992
1993
1994

300K
MicroFocus. I - diffraction/holography
430K
NanoFocus 1 - scanning microscope
Multilayer beam splitter
255K
215K
MicroFoeus 1 - fluorescence detector
$l,20QK
Total

Non-DOE Requests
25OK
AT&T
X-ray interferometry and focalometry
MicroFocus
Optics
180K
ALS
Total
S430K
Operating Costs
One FTE scientist, one graduate student research assistant, one month of
1992
summer salary- for BPT, plus travel, supplies, and expenses.
1993
The same as 1992 plus one FTE beam line engineer.
The same as 1993 plus housing expenses for operation in Berkeley.
1994
H u m I irn»

Type A IDT, U5 undulator, spherical grating monochromator (SCM).
Initial configuration:
Branch Line A
1.

U5-MicroFocus 1

Micro diffraction, fluorescence, photo-acoustic, momentum-space spectromicroscopy, fully tunable. Station MicroFocus 1 is located at the focus of
ellipsoidal mirrors providing SlOO-meV bandwidth fully tunable photon
energy from 100 to 800 eV for fluorescence, photoacoustics, x-ray absorption
and photo-emission, into 1 -50 ujm spot size.

Branch Line B
2

U5-M.croFoojs II

Ultra-resolution micro-ESCA. MicroFocus II is an ultra-resolution tunableenergy station for micro-ESCA, with photon energies up to 1200 eV.

<s
xanntng miaoM'opv Motion. M 5iK» cA di*crt.*tc wavelengths At tocus ol
high-u>*o!u lion w a s optic* uoiw plate* and Schwar/bchtld objectives.) tor
multiple iived-wavelength acantwd microscopy at the minimum a c h l
>pdt»al resolution (target 2iW A>
Branch Line C
4

1/5-ATT

Final Configuration

Vray mterterometry. focalometry Using multilayer mirrors and zone-plate
optics, this station will be used tor quantitative evaluation and development
ol ultra-resolution x-ray optics
Ultimately, the inclusion of the beam splitter optics will permit a return to
the original design of four branch lines and five stations.

5

U3-.\anoFocus II

Scanning microscopy station 500-1500 eV, discrete wavelengths

capabilities
Ultrahigh energy resolution (e.g., targeting 0.1-eV bandwidth at 1200-eV photon energy).
High spatial resolution, targeting 1 micron to 200 A.
Multiple branch lines and a multifaceted facility
Program;
Speetromieroscopy
resolution of microscopy
g
p
p
y combines the spatial
p
py with the chemical
information of spectroscopy. Fundamental scientific investigations willll enter into a new regime, where
the chemical properties of individual nanoscale structures can be probed. This unique characterization
capability will help to provide a scientific basis for and a guide to on-going developments in nanoscale
materials and device miniaturization. Part of this effort will in fact be detector, optics, and instrument
design and development to permit such high-resolution studies. Many of the research thrusts will be
strongly centered upon the development of advanced materials and environmental safety issues: e.g.,
molecular beam epitaxy, colloidal nanocrystatline semiconductors, heavy metal contamination in cells
and tissues, minerals, and compounds for radioactive waste storage. A vital industrial collaboration
should grow up around the x-ray lithography component of the program. Thus, this program is
consistent with the DOE goal of fostering the best basic research while developing novel materials and
state-of-the-art analysis capabilities.
Moieover, it contributed to maintaining national
competitiveness in high-technology areas that are intrinsic to the national security. Some examples of
the proposed scientific program are listed below.
•
•
•
•
•
•

•
•

Advanced x-ray optics and electro-optics for analysis and fabrication of new materials.
Fundamental x-ray absorption and photoemisiion studies of materials with ultra-resolution (space
and energy).
Electronic properties of mesoscopic structures: Ranging from atom "strings" grown at atomic steps to
highly patterned epitaxial structures such as planar supcrtatticcs.
Spatially resolved surface chemical reactions: Corrosion phenomena; tribology; x-ray induced
reactions and materials modification; lithography
Fiijr* growth kinetics \n heteroexpitaxy: Melastable phases of magnetic multilayers; nonequilibrium growth kinetics role of defects, island formation, and impurity segregation.
Lateral electronic inhomogeneities in semiconductor interfaces: Metal overlayer islands which
affect Fermi-level pinning; position dependence of heterojunction band discontinuities with
resolution comparable to the Debye screening length of carriers.
Correlated electron systems; Fermi energy spectroscopy of narrow-band ternary alloys; proximity
effects in ceramic superconductors; lateral superconducting gap variations near metal overlayers.
Interface formation of fragile materials such as growth of polymer-semiconductor interlaces or
protein adsorption on inorganic substrates.

Pvnamical Phenomena in SoJids (ALS'3t

radlity:

A IS

PRT: Dynamical Phenomena in Solids
Primary Institutions: LBL
Spokesperson;

Philip N Ross. LBL.
Allred S Schlachter, LBL, ?

Estimated Cost to DOE: i.D & Beam Line, including R&D $9.4 M

Beam Line Description: The beam lino makes use of two ALS radiation sources—a U5.0 unduiator and a
bend magnet. Radiation from the two sources can be incident on the same target in one end station. In
this mode, an optical delay line arrangement makes it possible to control the time of arrival of the
pulse* irom the two sources, so thai time-resolved, two<olor, pump-probe experiments can be earned
out The undulator will provide the pump beam, and the emphasis is on obtaining the maximum pump
p;-<er on the sample. For this reason, the unduiator beam line will have either no monochromator (at
the hiph end of the photon-e.iergy range where the unduiator line width is smallest) or a lowu'solution grating mono*1' ">mator with high throughput (at the low end of the photon-energy range
where the unduiator is largest). The bend magnet will provide the probe beam, and a high-resolution
spherical-grating monechromator with a resolution of about 10,000 over the photon-energy range from
80 to 1100 eV will be used. A multiple mirror reflective system with rotating and/or translating
minors make-, it possible to delay the arrival time of the bend-magnet radiation relative to that of the
unduiator radiation at intervals from coincidence to the orbit time of an electron bunch of 656 ns. There
will be multiple end stations capable of receiving pulses from both radiation sources for two-color,
pump-probe experiments. It will also be possible to do single source experiments using bend-magnet
radiation only. End stations would have a range of photon and electron spectroscopy instrumentation,
as well as provide for the use of synchronized lasers for some time-resolved measurements.

Scientific Program: The research program emphasizes dynamical phenomena in solids, particularly
those that appear as time-dependent features in various core level spectra. The planned high-speed
time resolution capability will make it possible to observe effects in core-level spectra, such as
photoemission and Auger electron emission, that occur within picoseconds after excitation by the
unduiator pump beam because of the rapid relaxation of the environment surrounding the core hole
following excitation by a soft x-ray or VUV (collectively, XUV) pulse. In the past, the ability to
measure time-dependent core spectra has been severely hampered by the absence of facilities with the
required time-resolved capabilities in this energy range. The high intensity, short pulses of XUV
radiation and high repetition rate of the ALS arc well matched to the investigation of strongly
pumped electronic excitations. Equally important is the capability to probe the resultant excited state
with a synchronized, short puise of delayed tunable XUV radiation. In this way, the pump-probe
technique that is well established in laser spectroscopy in the visible and infrared can be extended to
the XUV region. The experimental program will include heretofore impossible dynamical experiments
in sohds, including semiconductor heterostructures, insulators, magnetic material': and thin films,
surfaces, interfaces, and novel materials systems, such as molecular solids. On surfaces, for example,
transient phenomena, such as deso^ption of surface species and surface chemical or catalytic activity
can be investigated.

Materials Science VViggler
Facility:

Advanced Light Source u-\LS»

CAT Materials Science Wispier
Institutions: LIU,, University of Calilornw (Berkeley Davis. Los» Angeles, an<4
Riverside Campers*
Spokesperson: P Ross(LBU
Total Cost $«J.3M

Total DOE request S8.65M
Beam Line Description: W13.6 VViggler as specified in ALS Conceptual Design Report Two Branch Lines:
hard x-ray tor a Microprobe Facility, soft x-ray/VUV tor surface science experiments. Unique soft
x-ray/VUY beam line optics for two-photon experiments, one soft x-ray photon plus one VUV photon
focused at same point
Scientific Program

See description of ALS Bending Magnet Mieroprobe BL (A. Thompson, Spokesperson) for general
scientific impact. Wiggler mieroprobe would increase sensitivity, increase spatial resolution, and
extend element range to higher Z versus the bend magnet microprobe.
Soft X-Ray/Vl'V Branch Ling
We propose to use a combination of a spherical-grating monochromator (50-800 eV) and a double-crystal
monchromator (800-3500 eV) to span the full range from about 50 to 3500 eV, Resolutions should be
approximately 0.01 eV at 50 eV, 0.1 eV at 800 eV. and 1.0 eV at 3500 eV. Both of these monochromators
would be directed toward the same sample position so as to permit carrying out a range of experiments on
a given sample without breaking vacuum. Full tuneability of energy without varying the parameters of
the wigglcr wifl permit doing a variety of experiments including core- and valence-photoelectron
spectroscopy, photoelectron diffraction, soft x-ray fluorescence, NEXAFS, and EXAFS. The lower energy
range is advantageous because of its higher resolution and its ability to specifically excite valence
levels and outer core levels. Photoelectrons at energies of 50-100 eV also exhibit a maximum surface
sensitivity and strong effects due to magnetic scattering. The higher energy regime will permit exciting
photoelectrons from both valence and more deeply bound core levels up to kinetic energies of 1000 eV or
more, in this high-energy limit, there are simplifications of theoretical interpretation due to the
sudden character of the emission process, the dominance of forward electron scattering, the greater
applicability of a single-scattering model for diffraction, the nearly free-electron character of the
outgoing electron, and the density-of-states character expected from valence emission for many systems
at ambient temperature. This branch line will be used to study a broad range of problems in materials
science, including epitaxial growth surface chemistry and adsorption, free and supported microclusters,
thin films, and novel multilayer quantum and magnetic structures. The materials will indude metals,
alloys, insulators, polymers, semiconductors, superconductors, and magnetic materials.

Spherical Grating Monochromatoi Beam Line (ALS-5)

Facility Advanced light Source lAl S)
PRT University oi California/ National Laboratories Participating Research Team
Primary Institutions: Lawrence L:\ermore National Laboratory
Los Alamos National Laboratory
Sandia National Laboratory
University of California (all campuses)
Spokesperson: Marvin J. Weber, LLNL. (510) 423-1036
Capital Cost:
S1.5M; DOE request S1.5M; Non-DQE Request - none
Spending Profile (SK): ]992 J993 1994 1995
Capital
400 600 500
Operating
100 400 400 400
Capital Breakdown (SK) 500 Front end; improved optics
(including station for circular polarization)
500 Display-type electron spectrometer
500 Spin-polarized detector spectrometer
1500 Total
Beam Line Description:
The UC/National Laboratories PRT proposes to move an existing soft x-ray beam
line located at the Stanford Synchrotron Radiation Laboratory to a bending magnet
at the Advanced Light Source. The beam line has a water-cooled toroidal first
mirror that accepts a 5-mrad radiation fan and focuses it vertically onto the entrance
slit of a spherical grating monochromator and horizontally onto the exit slit. The
monochromator gratings are sphericallv figured to focus the beam vertically on the
exit slit. The exit slit is moveable along the beam line axis and a bent cylindrical
refocusing mirror forms the image of the exit slit at the sample. The focused spot
size ranges from less than 0.5 mm vertical by 2 mm horizontal to 0.5 mm vertical by
6 mm horizontal. Both the entrance and exit slit apertures are adjustable horizontally and vertically. The monochromater has three interchangeable, fused-silica
gratings that are holographically produced, ion etched, and platinum coated and
mounted for use in an ultrahigh vacuum chamber. The gratings provide photons
at wavelengths from 08 to 22 nm, corresponding to energies of 60 to 1100 eV. The
measrred resolution of the beam line is approximately 0.04 eV at 400 eV. Highly
circularly polarized X rays can be obtained from this beam line by displacing the first
mirror vertically. The beam line includes upstream filters to reduce higher order
radiation, an I o section, and an end station with a VSW electron analyzer. The Io
section is equipped with circular polarization detection. Further enhancements will
be the addition of a display-type electron spectrometer and a spin-polarized detector
spectrometer.

M

Scientific Program:
The IV National Laboratories PRT beam hne ai bSRI is a genera)-purpose beam
hne used by the PRT members lor photoermssion. photoelectron diffraction, and Kray absorption tine structure spectroscopy and tor test and evaluation of soft x-ray
optical components and instrumentation Transfer of the beam line to the ALS will
provide increased photon flux and brightness and improved time resolution The
beam line will also be modified to provide increased throughput and both linear
and elliptical polarized radiation. The addition of a state-of-the-art display-type
analyzer is the most efficient means of electron detection and will make optimal use
of this high-resolution beam line. The beam line is optimized for materials studies
and optical component characterization. The demonstrated high-resolution and
circular polarization capabilities are important assets in this regard. Additionally, a
spin-polarized detector system for photoelectron diffraction and spectroscopy will be
built and implemented in an ultrahigh vacuum system. Spin-sensitive detection,
when coupled to tunable polarization (linear, circular, or elliptical) will permit the
highest selectivity available for probing partially occupied bands and states. This
could include the 3d bands of 3d transition metals, 4f states of the lanfhanides, and
S\ states of the transuranics and actinides. The research program will include not
only investigations of novel materials (e.g., nanocrystals ar.d multilayers) and
fundamental surface science and chemical physics studies but also the development
of new and important analytical capabilities (e.g., photoelectron holography and xray instrumentation). These all fulfill the goals of DOE in supporting the best
fundamental research and materials development, as well as the enhancement of
materials characterization capabilities, and are essential to the nation's economic
competitiveness and national security

Recent and Proposed Research Activities of PRT Members:
1. Spin polarized photoemission studies - H. Hopster (UC Irvine).
2. Semiconductor nanocrystals - J. G. Tobin (LLNL) and A. P. Alivisatoc (UC
Berkeley)
3. Photoelectron holography - L J. Terminello (LLNL).
4. High-energy chemical physics - D. A. Shirley (UC Berkeley).
5. Electronic structure for compounds, ultrathin films, and multilayer structures R. S. Williams (UCLA).
6. Synchrotron radiation, studies of magnetic ultrathin films - J G Tobin (LLNL).
7 Applications of synchrotron radiation studies to interfaces, multilayer structures,
and thin-film growth - T. Barbee (LLNL).
8. Materials science for soft x-ray projection lithography - G. Kubiak (SNLL).
9. X-rav instrumentation studies - G. Tirsell (LLNL).

High-Resolution Synchrotron Radiation Spectroscopy (ALS-6)
radhty; Advanced Light Source
PRT; High-Revolution >ynchrotron Radiation Sjvctrosvopv at ihe Advanced Lighl Source
Primary Institutions I BL, University 01 California (Berkelov and Davis)
*sperson David A Shirley, LBL
Total Cost: Se*t?k (indicates only partial cost, utilizes, already developed Spherical Grating
Momvhromator (cost S1.5M) moved from SSRL BL t*-] to ALS). These funds will be provided by LBL
resources including ALS, Chemical Science Division, and Materials Science Division No outside
tunding is requested
Beam Line Description: This is a high-resolution beam line which utilizes a spherical grating
monochromator with three interchangeable gratings, presently installed on the BL 6-1 at SSRL: see
P. A Heimann el al, Physica Scnpta T31. 127
Photon Energy Range: 3U< hv < 1250eV
Resolving power. 10,000
Photon flux: >10J^ photons per s in <100 meV band pass.
Honsontal acceptance angle: 7-10 mradians.
The unique features ol this beam line will be in providing for ultramgh resolution spvctroscopics of
si^oral types, with the ability to readily tune wavelength over a wide range. (The ALS undulators by
contrast will not be quickly tunable under user control during the initial phases of operation.) Tht
monochromatized flux from this beam line should also be approximately 4-5 times tha1 in its present
location on a wiggler at SSRL. A final advantage of this proposal is that it will make use of sufficient
existing hardware to enable "first-day" science at the ALS; that is, meaningful experiments as soon as
reliable photons are produced.
Scientific Program: 1 wo major goals of this project arc the performance of pathbreaking research based
on high-bnghtn?ss vacuum ultraviolet radiation and the training of chemistry Ph.D. students in
synchrotron radiation science. Research projects are identified to emphasize those priority research
areas identified in "Opportunities in Chemistry" (the Pimental Report) that are amenable to study
with vacuum ultraviolet radiation: chemical reactivity, chemical catalysis, and matter under extreme
conditions.
This beam line will be used to study a broad range of problems in materials and chemical sciences which
are of technological importance, including high-resolution photoiomzation or photoabsorption, surface
chemistry and adsorption, interfaces and epitaxial growth, electrode kinetics and eleetrocatalysis, and
novel multilayer quantum and magnetic structures The materials to be studied will be both gases and
solids, including adsorbdte systems, metals, alloys, insulators, polymers, semiconductors, superconductors, and magnetic materials.
One of the ma)or techniques to be utilized and further developed wili be angle-resolved pholoelectron
spectroscopy, including especially surface structure determinations from angle-resolved core-level
emission (photoeleciron diffraction and photoelectron holography). These measurements will take full
advantage ol the high brightness and energy tunabiht ">l the radiation available from the Advanced
Light Source
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VRay Microprobe Bending Magnet Beam I ine for Materials Science
Facility: Al S
PRT/CAT: VRay Mieroprobe Bending Magnet Beam Line lor Materials Science
Experiments
Spokesperson: A! Thompson, LBL
Total Cost: St»30K (S275K plus the cost ot the front end (approximately S330K)]
The operating cost of the beam line will be 1 scientist and 1 technician plus
S75K/year of capita! equipment for beam line improvements.
Beam Line Description: The beam line is a pair of white radiation beam lines that
enter the same hutch. There will be two experimental stations within the same
hutch—one dedicated to materials science experiments and the other to
development of advanced microprobe instrumentation. Multilayer coated x-ray
mirrors will be used to produce a focused 1-um2 beam. The unique aspects of this
beam line are the ability to take elemental maps with high spatial resolution and
excellent elemental sensitivity The energy of the focused beam will be tunable
from 1-12 keV to maximize elemental sensitivity, and the beam will be scanned
instead of the sample so that many sample geometries are possible.
Scientific Program: The major research planned for this beam line is elemental
analysis of materials science samples with a spatial resolution of 1 urn2 and
femtogram elemental sensitivity. Some of the materials science programs that
could use this beam line include:
• The spatial distribution of trace elements in ceramic samples and how the
material properties are changed by different distributions
• Characterization of defects and cracks in material
• Measurements of how a main propagating crack interacts with
microstructural features (precipitates, etc.)
• Quantitative elemental measurements of complex samples. The
calibration of an x-ray microprobe is comparatively easy.
• Using tomographic techniques, it will be possible to measure depth
distributions of elements within samples.
The trace element distribution within samples often determines iheir structural
properties. Measurements of elemental distributions with a spatial resolution of
1 unv will enable studies of samples that are impossible with present probes. This
x-ray microprobe will provide a non-destructive, sensitive probe of these
distributions.

Insertion Device and Beam I me for Elliptical Polarisation (ALS-81
Facility: ALS
PRT: Insertion Device and Beam Line tor lUhptica! Polarization
Primary Institutions: LBL, IBM
Spokesperson: K. J Kim, B Kincaid, W Hassenzahl, LBL; j . G. Tobin, LLNl
Possible Participants Include: J Stohr, Neville Smith, Steve Cramer,
Marshall Onellion; non-LBL
Estimated Cost: I.D. & Beam Line, including R&D: $5M
Beam Line Description: The unique aspect of this beam line and insertion device
will be polarized light and the ability to reverse polarization rapidly. Details of the
beam line have not been developed in terms of optics, number of elements, length,
etc. However, a possible model is the Dragon beam line at the NSLS, As this will be
the first beam line for polarized light at the ALS, it should be a familiar design, with
the expectation of upgrading after the characteristics of polarized light production
are better understood. If the insertion device selected is a crossed undulator, which
produces a beam that has roughly the same dimensions >:. .ne vertical and
horizontal, then it will be in straight #4 of the ALS, which has a special vacuum
chamber in the downstream sector to accommodate a photon beam with a large
vertical dimension. If an elliptical wiggler is selected, the beam line will be installed
in one of the ALS straight sections.
The development of this insertion device and beam line will require R&D for both
the I.D. and beam line. In particular, design of either a crossed undulator or an
elliptical wiggler will be required. Neither of these exists in a useful form at present.
In addition to the unique physics that will be possible with this beam line, it will
contribute to the technology of synchrotron radiation, as it will be one of the first
(perhaps the first) such beam line on a third-generation light source.
Scientific Program: This insertion device and beam line will be designed to produce
and deliver elliptically polarized light for a variety of experiments. The types of
experiments made possible with this beam line are those that investigate
phenomena that depend on the "handedness" of the samples. These experiments
will explore the dielectric function c<q,u>), which is tensor in nature. Polarizationdependent interactions can be expected in magnetic samples where spin-orbit
coupling is important and for materials with helical structures. For example,
measurements ot x-ray magneto-absorption and magnetic XAFS on Ni would allow
a determination of the spatial variation of spin density

HO

Although recent experimental results haw demonstrated the utility of higher
energy (200 eV < hv < 1000 eY) x-ray magnetic circular dichroism experiments, there
remain a wealth of crucially important helical-polarization experiments to be done
at lower energies (3 eV < hv S 100 eV) High-brightness, energy-tunable, helically
polarised x-ray and VUV sources such as the proposed crossed undulator are
essential to such experiments It is important to emphasize high brightness.
Because of the high resolution (e.g., energy, electron momentum, circular
polarization), it will be necessary to trade brightness-flux for resolution and
selectivity. The high brightness of the ALS will be necessary to and fully exploited
by these experiments.
As an example, consider the band mapping of materials with open subshells such as
the 3d transition metals, the 4f la; thanide metals, and the 5f actinide metals. Here,
electron spin can provide another dimension of selectivity and sensitivity to the
electronic and geometric structure of surfaces and ultrathin films of these samples.
To band map the entire two- or three-dimensional Brillouin zones of these samples,
we must have tunable energy (5 f.V S hv < 50 eV) and adjustable-polarization
(helical., linear) x radiation and be able to resolve the energy, momentum (angle),
and spin of the emitted photoelectrons in a high-resolution mode. Moreover,
helical polarization will provide us with an added and essential degree of selectivity:
Turning transitions on and off by varying the polarization is a powerful means of
ascertaining state or ba id symmetry. The utility of high-resolution band mapping
should not be underestimated. High-resolution, angle-resolved photoemission
studies of layered, high-temperature superconductors has provided crucial input to
theoretical analyses of these materials. By extending, the photon energy slightly
upwards (hv <, 100 eV), band-mapping studies can be done out into other Brillouin
zones, and shallow core levels, such as the 3p of the 3d transition metals, can be
accessed for core-shift measurements and low-energy photoelectron diffraction.
Another important application of helically polarized soft x-ray and VUV radiation is
the investigation of the valence states of chiral molecules. For example, selfassembled monolayers on surfaces, organic superconductors (chiral buckyballs?),
and bic-ogically important molecules are a few possibilities.

PRT Beam line for Polarized Photon Studies (ALS-9)
Facility: ALS
PRT/CAT; PRT Beam Line for Polarized Photon Studies at the ALS
Primary Institutions: Lawrence Berkeley Laboratory, AT&T Bell Laboratories
Spokesperson: Mervyn Wong, Lawrence Berkeley Laboratory, (510) 486-4534
Capital Cost:

Total Cost
$1800K

Total DOE
S1800K

Non-POE
$000K

Beam Line Description: The radiation source is a bend magnet. The beam line
design (Double-Headed Dragon) originated with the proposal to the ALS. Pilot
studies of the design concept are planned by the AT&T Bell Laboratories group (C. T.
Chen et al.) at their present beam line at NSLS. A cylindrical-element
monochromator with multiple interchangeable gratings, a moving exit slit, and two
sets of horizontal and vertical focusing mirrors is used to obtain variable
polarization. One vertical focusing mirror is above the plane of the electron orbit,
and the other is below. Differential measurements of absorption and scattering can
be made by reversing the photon helicity (magnetic systems and helical structures)
or by reversing the external field {magnetic systems). To maximize the sensitivity to
the small differences in absorption or scattering from photons of opposite helicity,
the beam line permits left and right circularly polarized photons to be incident on
the target alternately by means of a chopper located at the entrance slit, Linear
polarization can also be obtained by placing both vertical focusing mirrors in the
orbit pl.ine. The Dragon monochromator has a demonstrated spectral resolution
E/AE » 10,000 at the nitrogen K-edge (401 eV). The spectral range of the beam line
will be from 100 to 1500 eV.
Scientific Program:
Photon beam characterization. Systematic measurements of the differential photon
flux and of the photon polarization, both in-plane and out-of-plane, will be carried
out.
Interaction of polarized photons with matter. The absorption, transmission,
reflection, and scattering of (elliptical and linear) polarized radiation in matter will
be studied. The emphasis will be on the basic interactions of polarized photons with
magnetic or chiral matter. These studies will be made in a wide variety of systems,
including magnetic multilayers and the new superconductors. It is also planned to
investigate polarization effects in nonlinear photoionization spectroscopy in which
a laser pumps a system to an excited state, which is then ionized by synchrotron
radiation. It is also planned to investigate polarization effects in nonlinear
photoionization spectroscopy in which a laser pumps a system to an excited state,
which is then ionized by synchrotron radiation.
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Biological

structures of several orders of complexity will be studied in the water window
(300 eY), which is ideal for the study of very condensed forms of DNA, Dense DNA
structures have a very large size and a very regular organization, thereby providing
an ideal model for study of the general packing of DNA in chromosomes Optical
properties of microscopic aggregates of densely packed DNA give very strong
circular intensity differential scattering (CIDS) signals, positive and negative. The
optical properties of highly condensed DNA representing long-range order will be
studied. The in vivo condensed (liquid crystal) form of DNA in the nuclei of the
Dinoflagellate Prowccntrurn micans will be investigated initially, as it possesses
some of the largest known chromosomes whose geometry is well known.

Coherent Optics (AIS-IO)
Facility; ALS
PRT/CAT: Coherent Optics
Primary Institutions: LBI
Spokesperson: David T. Attwood, LBL, (510) 486-4463
Capital Cost: $1.1 M total branch line cost. BES funds are sought to build this branch
line, which will time-share the UML undulator and front end with the Biological
X-Ray Microscopy branch lines.
Beam Line Description: A separate high spectral resolution monochromator is
being considered for these coherent optics experiments. This will permit higher
resolution x-ray holograms of complex structures and narrower spectral resolution
for probing and exciting various atomic resonances.
Scientific Program: The ALS is pioneering the pursuit of coherent X rays. This
branch line will permit a wide range of studies, for both the physical and life
sciences, using the unique spatial coherence properties at the ALS. The most
challenging aspects of x-ray holography, two-photon techniques, element-specific
STM techniques, and generalized projection techniques based on coherent X rays
will be pursued on this branch line.
Comments:
This modest branch line facility will provide daily access for the first time to truly
unique opportunities with coherent optics. Researchers from national laboratories
and universities—big science and little science alike—will have easy access to
research opportunities available nowhere else.

fhotoprocesses in Atoms, Molecules, and Ions (ALS-11)
Facility; ALS
PRT/CAT: Photoproeesses in Atoms, Molecules, md Ions (branch on U8 beam line)
Primary Institutions;
University of Central Florida, Lawrence Berkeley
laboratory. Oak Ridge National Laboratory
Spokesperson: C. Denise Caldwell, University of Central Florida, (407) 823-5208
Alfred S, Schlachter, Lawrence Berkeley Laboratory, (510) 486-4892
Capital Cost: Branch A (Atoms and Molecules): S500K, requested from NSF, no
DOE funds
Branch B (Ions): $600K, to be requested from DOE
Beam Line Description: The radiation source is an 8-cm period undulator (U8.0)
operating in the fundamental only. A spherical-grating monochromator with
three-interchangeable, water-cooled gratings will cover the photon-energy range
from 20 to 300 eV. This spectral region extends from that available with lasers at the
low-energy end to the carbon K-edge at the high-energy end, a range covering
thresholds and the outer core levels of atoms, molecules, and ions. The photon flux
over much of this range will be 1012 photons/s with a spectral resolution E/DE *•
20,000 for experiments in which high resolution is needed; for flux-limited
experiments, the flux will be 1Q14 photons/s with a reduced spectral resolution.
Photons will be at least 99.5% linearly polarized for angular distribution
measurements. Laseis will be used for dissociation and pump-probe measurements
and for alignment of experimental chambers. Differential pumping beyond the
monochromator exit slit will be provided to accommodate gas-phase samples in the
UHV environment of the ALS. The beam line, except for end stations, is funded by
the ALS project.
Scientific Program:
Branch A. Analyses of photoprocesses involving atoms and molecules in the gas
phase to produce electrons, photons, ions, and /or molecular fragments in various
internal states have been among the most productive uses of synchrotron radiation.
Results of experiments in this field have stimulated new theoretical techniques,
leading to a near revolution in the understanding of atomic and molecular
structure. Experiments have reached the stage at which the next breakthroughs will
demand higher flux and enhanced resolution capability. The difficulty associated
with research in photoprocesses in atoms, molecules, and ions is the often
extremely weak signal. At present, advances in electron detection and electronics
have outstripped the photon fluxes necessary for performing many experiments. In
brief, there are areas which are relatively untapped by synchrotron radiation users
that will be accessible at the ALS.

In the general area of processes in atoms and molecules, it is planned to devote
attention to the finer details of electronic correlation in simple atoms and
molecules. High flux will permit measurement ot traditional parameters (eg,,
photoelectron angular distributions) in systems tor which the signals are weak. High
resolution will open up new areas of research for which only a few pilot studies
exist, including threshold photoelectron spectroscopy and fluorescence detection of
excited state ions produced by inner-shell ionization. Much attention will be given
to "outer core" electrons lying just below the valence shell. Within this energy
regime, electron correlations play a significant role, leading to much structure
directly at threshold. Experimental techniques to be employed include highresolution threshold time-of-tlight photoelectron spectroscopy, decay fluorescence
from ions for branching ratios and alignment of excited states, and coincidence
measurements involving photoelectrons with Auger electrons or florescence
photons for details of electron correlation.
Branch B. The study of the structure of ions has been limited by the difficulty of
producing ions in adequate quantities for measurements. Advances in ion
generation and manipulation techniques together with the high flux of the ALS
represent a dramatic extension of research capabilities and will open up several new
branches of fundamental inquiry. The objective of the proposed experimental
program will be to study the interactions of photons with ions, both positively and
negatively charged. The study of photon-ion interactions is of particular importance
to a comprehensive understanding of ionic structure and to understanding of the
dynamics of photon interactions with non-neutral species. Examples include the
high-energy states of molecular ions and autodetaching resonances in newly
discovered states of alkaline-earth negative ions.

X«Ray Spedroscopy (ALS-12)
Facility; At <*
PRT: X-Ray Speetroscopy
Primary Institutions: LBL
University of Nevada, Las Vegas
University of Oregon
Spokesperson; Dennis W. Lindle, UNLV
Total Cost; S1850K
Total DOE Request: S1350K
Planned Outside Funding; S500K from NSF
Beam Line Description: Bend magnet beam line will cover the 500-5000 eV x-ray
region using a double crystal monochromator. The crystal monochromator would
be an improved version of the Cowan et al. design used in X-24 A beam line at the
Brookhaven's NSLS, which presently provides the best flux and resolution al this
photon energy in the world. The design of this bend magnet beam line should
generate about 1012 ph/s through the exit slit with a band pass £0.5 eV and a 1-mm
focal spot over the energy range of interest. This beam line is the only beam line at
ALS operating in this energy range, and it will have the capability of providing
linear and circular polarized radiation.
Scientific Program: This beam line will be used for research in the area of atomic,
molecular, and optical (AMO) physics with X rays in the 0.5-5 keV photon-energy
range. Emphasis is placed on the understanding of fundamental interactions of
X rays with matter: absorption, emission, ionization, dissociation, and scattering.
The overall goal is to determine the basic physical and chemical effects of primary
importance to a variety of core-level processes in atoms, molecules, ions, and
condensed matter.
Th? choice of the x-ray energy range is predicated on some important aspects of keV
photons. First, the anticipated energy range of the proposed beam line (0.7-5 keV)
can access core levels of all elements with (fluorine). Second, these energies have
considerable penetration depth in solids, solutions, etc. Furthermore, the natural
linear polarization of the synchrotron radiation (SR) can be enhanced to nearly
lOCTC because Bragg angles of crystal diffracting elements can be chosen near 45°.
These characteristics guarantee that an intense monochromatic beam from an ALS
x-ray beam line will provide a versatile tool for AMO studies for most of the
Periodic Table under a variety of environmental conditions.

in hand with these characteristics of the probing X rays are the x-ray
absorption spectroscopy for the investigation of the electronic structure and the local
environment (<; -3 A) of specific atoms in the biological materials. The near-edge
region provides information about the valence state of the absorbing atom, the
chemical state of the neighboring atoms whereas the EXAFS region provides
information about the number and average distance of neighboring atoms. This
beam line will also be used for i-edge absorption spectroscopy {E - 1 keV) transition
metal containing biomolecules and K-edge spectroscopy (F. - 2,4 keV) of sulfurcontaining biological materials among others.
This beam line will also be used for testing and evaluation of x-ray optical and beam
line components and as a test bed for multilayer gratings in the 1-2 keV region.
This beam line will also be extremely useful for the performance of scientific
experiments that require high flux, a beam stable in intensity and position, high
spectral resolution, continuous tunability or ultrashort pulses, but do not require
the ultimate spatial resolution associated with the highly focusable, coherent
radiation characteristics of undulators.
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Chemical Dynamics Research laboratory/Chemical Physics PRT (ALS-13)
Facility; ALS
PRTCAT: Chemical Dynamics Research Labaratary/Chemical Physics PRT
Primary Institutions: LBL/Univ. of California-Berkeley, Univ, of North Carolina
Spokesperson: Yuan Lee/Tom Baer
Total estimated cost: S26M (FY 1991 dollars)
Total DOE Request: $26M (FY 1991 dollars)

Beam Line Description:
Undulator beam line: This beam line features an undulator with a 10-cm-period
wiggler and a normal incidence monoehromator optimized to deliver photons in
the 5-50-eV range with high resolution. It is designed for studying outer-shell
electronic processes. It will be equipped with a unique high-order suppressor to
eliminate interference by higher energy photons and to permit operation with
corrosive gases on the beam line.
Bend magnet beam line: The bend magnet beam line has a 5-m normal incidence
monoehromator that will provide high-resolution (1 part in 50,000) VUV photons.
The nvnn features are extremely high resolution and ease of tuning the photon
energy. It is especially suitable for photoelecfron and photoion coincidence studies.
End stations: Six end stations are planned to serve the chemical physics community
interested in studying the spectroscopy, energetics, and reactivity of species critical to
the understanding of combustion of fossil fuels and high-tech manufacturing. The
six specific disciplines of emphasis are primary dissociation and elementary reaction
processes, chemical kinetics and combustion chemistry, cluster and ionic beam
processes, inter facial chemical dynamics, photoion and photoelectron processes and
free radical spectroscopy, and chemical dynamics and imaging of combustion-related
reactions. Each station is equipped with state-of-the-art molecular beam sources and
reaction chambers and lasers synchronized to the ALS photon source.
Scientific Program: The U10 undulator beam line and its associated bend magnet
beam line and end stations will be dedicated to support Basic Energy Sciences
research programs in chemical dynamics, chemical kinetics, and spectroscopy of
processes that underlie the combustion of fossil fuels. Fossil fuels account for more
than 90% oi the nation's energy consumption. Even slight improvements in
combustion efficiency or pollution reduction achieved through a systematic

wu
g of the tun da mental chemistry of combustion and industrial
processes would have tremendous economic implications. In particular, the high
ttw\ and high brightness ot the ALS offer new possibilities in photoionization,
phoiodissoeiaUan, and photoelectron studies of polyatomic molecules and free
radicals which play a critical role in the combustion cycle and in chemical dynamics,
which encompass all phenomena in which molecules undergo energetic or
chemical transformations. As a photoanalysis source, the ALS can produce
macroscopic quantities of vacuum ultraviolet photoproducts. When operated with
an infrared free electron laser, it is a powerful tool for the study of chemical
processes induced by infrared multiphoton absorption. The time structure of the
synchrotron light permits the study of ultrafast processes. These studies will
culminate in research to determine the structure, energetics, and chemical reactivity
of highly reactive polyatomic radicals and unusual transient species, to provide
microscopic details of the mechanisms and dynamics of elementary chemical
reactions and primary dissociation processes, to probe the nature of inter- and intramolecular energy relaxation, and to search for bond-selective or mode-selective
means to modify and manipulate chemical reactivity. Specific experiments
proposed include photoelectron-photoion coincidence spectroscopy of ions and
neutrals, threshold photoelectron spectroseopy, translational photofragmentation
spectroscopy of molecules probed by photoionization, study of ionic beams and
clusters, and chemical dynamics at vacuum-surface interfaces. The long-term goal is
to provide a foundation for enhancing energy and environmental efficiency,
securing future energy supplies, and enhancing environmental quality—all key
elements of the National Energy Strategy. The major experimental facilities at the
CDRL will include two beam lines from the ALS and six experimental stations
consisting of a complement of state-of-the-art lasers and molecular beam facilities.
This PRT includes scientists from LBL, SNL, BNL, ANL, PNL, as well as
universities.
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Photoproeesses in Actinides (ALS-14)
Facility; Advanced Light Source
PRT; Photoprocesses in Atoms, Molecules, and Ions. This summary covers the
Actmide branch line on U8, which is part of the above PRT,
Primary institutions: Lawrence Berkeley Laboratory
Dak Ridge National Laboratory
Lawrence Livermore National Laboratory
Spokespersons: Manfred Krause, QRNL, and Norman Edelstein, LBL
Total Cost: ALS provides the U8 undulator and the monochrome tor, the total
additional cost of the Actinide branch line is $1800K.
Total DOE Request: The DOE request is S1800K. No outside funding requested.
Beam Line Description: This proposal is for a branch line on the ALS U8 beam line
which covers the 20-300 eV energy range.
The primary technique to be used on the Actinide branch line is photoelectron
speetroseopy. Other techniques such as ion spectroseopy, fluorescence, and spm
analysis are available options. For the initial program the following equipment is
needed:
L A refocusing mirror and a dual deflection mirror system on the U8 line to be
used to switch into the actinide branch line, plus thin filters to interrupt line-ofsight connections.
2. Ultrahigh vacuum solid state photoelectron spectrometer consisting of a sample
preparation chamber, a transfer chamber, and an analysis chamber, including
vacuum pumps, associated electronics, detection system, and glove boxes.
3. Gas-phase electron spectrometer consisting of a sample transfer chamber and
analysis chamber, including furnaces, provisions for differential pumping,
including vacuum pumps, associated electronics, detection system, and glove
boxes.
Safety is the common denominator for all experiments carried out on the actinide
branch line. As a countermeasure to potential hazards from radioactivity to
personnel, equipment, and the environment, the following installations are an
absolute necessity for the actinide branch line:
1. A self-contained laboratory which will house the experimental apparatus. This
aclinide staffon constitutes tertiary containment and is equipped with absolute
filters, radiation monitors and alarms, an air lock, and isolated utilities.
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2 A separate exhaust system to the root ol ALS with appropriate filters and
monitors.
3, The photon transport line with a double, ultrafast valve and shutter
arrangement to be interlocked with radiation and vacuum monitors.
Scientific Program: The primary goal of experiments at the ALS is the elucidation
of the role of the 5f electrons which dominate the atomic, chemical, and solid state
properties of the elements in the aetinide series. So far, only limited data exist on
the properties of the 5f electrons in the transuranium elements due to the
limitations of present photon sources coupled with the constraints imposed by
small size and high radioactivity of the sample. However, the high brilliance of the
ALS should enable pioneering studies on the electronic structure and bonding of the
5f electrons throughout the aetinide series up to einsteinium. Using primarily the
technique of photoelectron spectrometry, the electronic structure and dynamics will
be studied in free atoms and in metals, alloys, and compounds over the photon
energy range from 20 to 300 eV with the highest resolution possible, viz., better than
10 meV up to 30 eV and 10=40 rneV above 50 eV.
The major problem with the use of aetinide materials at a major facility is the
associated radioactivity. It is for this reason that no transuranium materials have
been examined in the UV energy range at any synchrotron light source facility to
date, and no other facility is planned. This facility will be unique in the world and
will attract both U.S. and foreign researchers. A number of major research programs
are in place at DOE laboratories such as LBL, ORNL, ANL, LANL, and LLNL on the
properties of transuranium materials. This proposed branch line, and the new
findings that will result from its use, will strongly complement existing programs.
Scientists from ORNL, LBL, LANL, and LLNL have formed an actinide users group
and are formally a subgroup of the U8 PRT.
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Geosdences Beam Line
Facility: ALS, l,»L
PRTVCAT: Geosdences Beam Line
Primary Institution; LBL
Spokesperson: Dale L, Perry
Total DOE Request and Total Cost: Bending magnet, S350K; monochromator, S650K;
branching optics, S200K; end station, $6QQK, Total = $1.8M
Seam Line Description: The major aspects of the beam line are outlined in the
section above in which each itemized component is costed.
Scientific Program: Research will be conducted centered around surface studies of
both minerals in their unrgacted state and their reac|gd state with gaseous and liquid
reactants; these studies will make use of surface techniques such as x-ray
photoelectron, Auger, EXAFS, and x-ray mieroprobe. In the surface studies of the
unreacted materials, work will address basic experimental spectroscopic phenomena
such as binding energies, line shapes, satellite structure associated with main
photoeleetron peaks, and oiher related x-ray phoioelectron parameters, especially as
they pertain to higher energy lines. The same approach will be ustd for the Auger
experimental parameters, making use of the ALS source to reach higher level
energy Auger lines (such as the silicon KLL, aluminum KLL, and sulfur KLL lines
found in aluminosilicate and sulfide minerals) for the mineral systems to be
studied. In the studies of the reacted minerals, the same approach will be followed
in order to study surface reactions on the minerals, surface reaction products, and
surface reaction mechanisms.

Biological X-Ray Microscopy (ALS«16)
Facility: ALS
PRTVCAT: ©iological X-ray Microscopy
Primary Institutions: LBL
Spokesperson: David T, Attwoad LBL, (510) 466-4463
Stephen S. Rothman, LBL, (510) 486-4029
Capital Cost: S6.6M total (S2.5M BES/S4.1M OHER). BES will fund the undulator
and front end for a LBJS sh©» i wavelength facility that will also serve ALS and
Coherent Optics branch lines (see separate Executive Summaries). Separate
funds for biological sample preparation and characterization will be sought from
NIH and OHER,
Beam Line Description: World's highest spatial resolution (approaching 100 A)
biological microscopy, and shortest exposure times (microsecond to millisecond),
based on the unique high brightness and partial coherence in the nominally 10-50 A
Isoft x-ray) wavelength range, Both an imaging microscope for highest resolution
and shortest exposure lime and a scanning microscope for minimal radiation
damage are planned. Candidate designs for the beam line include state-of-the-art
varied line space grating monoehromatoi and novel pop-up mirrors for efficient
time-sharing of these valuable photonsScientific Program: This facility will provide unique (in the world) research
opportunities to observe biological material, including higher order packing of
chromatin structures, in a near-native aqueous environment. These structures are
key to packaging the human genetic code and for the selective expression or
suppression of individual genes. There is no competing diagnostic that can
visualize this material in water at the required resolution, perhaps in a dynamic
mode under specialized circumstances.
Comments:
This is one of the truly unique opportunities for breakthrough, prize-winning
sdence based on synchrotron radiation at third generation facilities.

X*Ray Spectroscopy and Diffraction m the Life Sciences (ALS-17)
Facility: ALS

PRT/CAT: X<Ray Spectroscopy and Diffraction in the life Sciences
Institutions: Lawrence Berkeley laboratory
Spokesperson: Stephen P, Cramer, Lawrence Berkeley Laboratory, (510) 486-4720,
and University of California at Davis, (916) 752-6153
Capital Cost:

Total Cost
~"$7,5Q0K

TotajPOg
$?,300K

NonjOOE
000

Beam Line Description: The radiation source is a 16-cm period wiggler (W16.0)
2,9 m in length with a maximum magnetic field of 2 T, giving a critical photon
energy of 3.1 keV. The wiggler will illuminate two branch lines, one for
spectroscopy (EXArS, XANES, etc.) and microprobe studies and one for
crystallography and small-angle scattering. The experimental stations will be located
on rigid tables on rails in a special large hutch designed for semi automated
interchange of spectroscopy and mieroprobe experiments.
Crystallography branch line: A double-crystal 'silicon (111)] monoehromator with
vertical and horizontal focusing mirrors gives u photon flux of 1012 photons/s in a
spot 0.2 * 0.1 mm 2 on the sample at 10 keV. The useful tuning range (10% of the
flux at 10 keV) will be 3-15 keV, and the spectral resolution E/AE • 10,000 for
anomalous dispersion measurement. The performance for small crystals with large
unit cells will exceed that of existing synchrotron sources, while that for large
crystals with small unit cells will be comparable. The sample alignment stage will
be capable of cooling the sample. An imaging plate detector system with a system to
rapidly change and scan the plats will make the data available for immediate
computer analysis.
Spcctroscopyimicroprobe branch line: A double-crystal monochromator with
interchangeable crystal pairs will be tunable through the range 0.5-12 keV. Silicon
t i l l ) crystals will allow EXAFS/XANES investigations for elements above sulfur in
the periodic table. For elements of lower atomic number, materials with a large d
spacing, such as beryl, will be provided, together with a multilayer-coated
premonochromator to remove most of the wiggler power to cover the range 1-3
keV. For L-edge spectroscopy at photon energies below 1 keV, a high-resolution
( E / A E = 10,000) grating monochromator will be used. A multielement detector
system will be used to collect fluoiescence X rays fpom dilute biological samples. For
microprobe studies, the monochromator will allow the incoming beam to pass
through untouched, so that the microprobo optics can image the source at large
demagnification to a spot of 1 urn or less. Multilayer optics in a Kirkpatrick-Baez
crossed-mirror configuration simultaneously focus the beam and provide a degree
of spectral 'selectivity (E/AE •= 10).
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A novel multiuser configuration of crystallography stations served by one
synchrotron beam line will be developed. The usage of synchrotron radiation for
crystallography is growing rapidly, and present and currently planned beam lines
wilt be completely inadequate to satisfy the scientific need in this field. When the
ability to multiplex the use of a single x-ray beam line is fully developed, it will
greatly enlarge the (facilities for crystallography with synchrotron radiation. Two
different x-ray optical elements for "splitting" x-ray beams are under consideration:
high-quality multilayer mirrors on very thin substrates and thin (10-25 micron)
silicon crystals as a transmission x-ray monochromator. Initial development will be
carried out in a separate research program.
Scientific Program: The enzymes responsible for biological nitrogen fixation, O2
evolution, methane oxidation, and hydrogen utilization all contain multinuclear
metal center? Third generation synchrotron radiation sources can be used to study
structural and mechanistic properties of these and other metalloenzymes. New
techniques and instrumentation are required to best use the high flux and
brightness of the proposed insertion-device beam lines. The research program will
include characterizing individual metal sites on the basis of oxidation state,
magnetic properties, and evolution in time. High-resolution fluorescence-detected
x-ray absorption will allow bond lengths and coordination numbers to be derived
for particular oxidation states in a sample. L-edge x-ray absorption will allow
oxidation states and site symmetry to be deduced for the metal components of a
sample- Flow- pump-probe x-ray spectroscopy will allow characterization of
intermediates on a milli- or even microsecond time scale.
One of the most interesting opportunities resides in the confluence of microimaging
and spectroscopy. Spatially resolved spectroscopy would provide a wholly new
dimension to the understanding of biological systems. In the simplest case, one
obtains two-dimensional elemental distributions within a tissue section or across a
ccla by mears of the x-ray fluorescence microprobe. While the detection sensitivity
varies from element to element, detectability at the level of tens or hundreds of
femtograms for elements such as Cl, K, Ca, Fe, Mn, Cu, and Zn has been
demonstrated. A future opportunity is to combine high sr^ctral resolution with
spatial resolution to obtain maps of chemical-state information.
The bulk ©f three-dimensional structures of proteins and nucleic acids have been
determined by time-averaged x-ray diffraction. The prerequisite for x-ray
crystallography is obtaining arystals of high diffraction quality. So far, primarily one
class of proteins and nucleic acids has been studied—water-soluble proteins, which
yield good-quality crystals of sufficient size to obtain diffraction data. However,
there are a large number of biological macromolecules that do not yield high-quality
crystals suitable for normal diffraction studies but are susceptible to investigation by
synchrotron radiation. The proposed research program emphasizes those
experiments that (I) cannot be done with a conventional x-ray source, (2) would
have substantially improved resolution, and (3) would gain substantially in research
time. Materials wouiJ include enzymes, membrane proteins, cancer proteins,
industrial enzymes, pharmacological hormones and proteins, viruses, DNA
fragments, RNA fragments, and others.
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X-Ray Lithography and Nanostructures Undulator Facility (ALS-18)
Facility: ALS
PRT7CAT: X-Ray Lithography and Nanosfructures Undulator Facility
Primary Institutions: LBL and an industrial/national laboratory/university
consortium (Intel AMD, IBM, AT&T, GCA Tropel, Ultratech, LLNL, UCB,
U Wise, MIT,,..)
Spokesperson: David T. Attwood, LBL, (510) 486-4463
James H. Underwood, LBL, (510) 486-4958
Capital Cost: S5M; total cost to be assumed by DOD/DARPA and the research
consortium, including U5 undulator, front end, beam line and x-ray optics
instrumentation.
Beam Line description: Partially coherent X rays from a U5 undulator will permit
unique, at wavelength testing of precision optical surfaces and optical systems,
coated for high reflectivity in the wavelength region of primary interest for
evolving technologies based on projection x-ray lithography, nominally from 130-A
to 45-A wavelengths. The partial coherence properties are ideally suited for x-ray
interferometry, a requisite high-precision diagnostic of optical surfaces.
Scientific Program: This facility addresses a major national scientific and technical
need, the preservation of a viable, independent, microelectronics industry as it
moves with uncertainty toward the unproven technologies required for
nanoelectronics in the year 2000 and beyond. Complex electronic devices with
feature sizes of about 0.1 um (1000 A) will be needed. New patterning techniques
based on projection printing reduce the demands on critical mask and proximity
constraints, but transfer those demands to optical surfaces, coatings, and optical
systems. These developments will affect all soft x-ray optical developments and
applications, including many of interest to the DOE materials science programs,
such as photoemission microscopy of material surfaces and interfaces, surface
catalysis, etc.
Comments:
A unique opportunity to serve a critical national need to preserve and strengthen
international competitiveness in an industrial arena with very strong economic
military and technological impact.

m
X-Ray Lithography and Nanostruetwres Metrology Station (ALS«19)
Facility; ALS
PRT/CAT: X-Ray lithography and Nanostructures Metrology Station
Primary Institutions: LBL and an industrial/national laboratory/university
consortium (Intel, AMD, IBM, AT&T, GCA Tropel, Ultratech, LLNL, UCB,
I I Wise, MIT,...)
Spokesperson: David T. Attwood LBL, (510) 486-4463
James I t Underwood, LBL, (510) 486-4958
Capital Cost: $2M; total cost for bending magnet front end, two branch lines, and
metrological instrumentation to be assumed by DOD/DARFA and the research
consortium.
Beam Line Description: A bending magnet beam line exclusively for x-ray
metrology—precision measurements ot mirror reflectivity, detector sensitivity,
spectral dispersion efficiency, etc. Two branch lines will serve long wavelengths
130 A to nominally 10 A and 20 A to 5 A.
Scientific Program: As soft X rays play a more important role in scientific research
and technological developments—both with and without synchrotron radiation—a
dedicated facility is needed where accurate metrological work and secondary
calibrations can be made with ease and with confidence and in a timely manner.
This will affect not only the DOD/DARPA programs which fund it, but many DOE
programs (on both sides of the house), NASA, and other agencies.
Comments:
This is a relatively modest national investment which will serve many
communities in the pursuit of precision x-ray instrumentation as well as an
accepted well-characterized source for comparison of competing developments or
processes (e.g., mirror coating development) which affect the rate of progress toward
various programmatic goals.
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Infrared Spectroscopy Beam Line (ALS-20)
Facility: ALS
Name: Infrared Spectroscopy Beam Line
Spokesperson: Gww P, Williams
Primary Institutions: Brookhaven National Laboratory,
AT&T Bell Labs (Y. J. Chabal), Exxon (F, M. Hoffman)
Total Estimated Cost: $500K
Total Cost to DOE: $250K
Beam Line Description: It is proposed to extract infrared radiation with wavelengths
of 1 n to 1 mm from one of the custom high aperture ports on a dipole of the ALS.
A water-cooled SiC plane mirror inserted from below will feed beam vertically
upward to an ellipsoidal mirror located approximately 1.5 m from the source point.
From there, the beam will be focused at a diamond window a further 1.5 m from the
mirror using a 45° reflection perpendicular to the electron beam direction in the
ring. The beam will then be collimated and directed into a modified Nicolet 20F
rapid scan interferometer.
Scientific Program: The main scientific attraction of the ALS-IR port is the shorter
bunch structure of the ring—a factor of 10 less than the NSLS, for example. Thus,
fast-response and pump-probe studies will be possible on a shorter time scale than
those ongoing currently. The main parameters of the port, flux and brightness, are
comparable to those of the NSLS, at least in the near- to mid-IR region, and the IR
port at BNL is consistently oversubscribed because it is now the only such port in the
country.
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Materials CAT (CMC) <APS-1)

Facility: APS
CAT; Complex Materials Cat (CMC)
Primary Institutions: Exxon, Princeton, Brookhaven, University of Pennsylvania
Spokesperson: S, K. Sinha (Exxon)
Tata! Cost:

Estimated S6M Capital and $6M Operating
(The operating costs are to be spread over 10 years)

Total DOE Request
From Brookhaven $500K
BNL Spending Profile ($K):
for Incremental Capital:

1992

1993

1994

1995

100

200

200

Planned Outside Funding: The initial capital funding of the CMC
has been tentatively planned as follows:
Exxon
Princeton
BNL
Penn
Total

$1.5M
$0.5M
$0.5M
S0.5M
S3.0M

Important Note:
The remaining $3M capital money and all of the operating money (Est. $0.6M/year, starting in about
1995) will be requested in separate proposals written by the CAT as a group to NSF, N1H, and DOE.
The "Total DOE Request from Brookhaven" of $500K above is Brookhaven's portion of the initial
capital funding. If incremental funding is not available, then capital equipment funds at the level of
about one hundred to two hundred thousand dollars will be requested through normal BNL programs in
accordance with the laboratory's "Policy on BNL participation in Beam lines at Other Facilities,
October 16,1991." The extent of BNL's commitment to the request for $4.0M is under discussion.
Beam Line Description: Several of the principal investigators have worked (and continue to work) in
collaboration with each other at the NSLS and have been responsible for the design, building, and
operation of highly successful beam lines at this facility. Collectively, they represent considerable
scientific expertise and have been responsible for several pioneering developments in x-ray research.
The instrumentation and type of research proposed for the beam lines are tailored to exploit the special
properties of the APS, such as the low emittance and high brightness and, in particular, the unique
properties of undutator radiuuo- The prospective layout of the beam line will feature undulator A
(5-20 keV) and a bending magnet. Various optical elements, including vertical and horizontal focusing
mirrors, double crystal monochromators, slits, beam position monitors, etc., are anticipated for both
beam lines. New initiatives will be proposed in ultrafast detectors, in UHV instrumentation for
surfaces, and tit new instrumentation for small-angle scattering. A unique feature of the beam line will
be its. cascading modular design, which will allow experiments to be translated into/out of the beam as
they are performed.

The Hsve generic type* ol evpeniwnl *if e
including £\AF>and tomography
incidence diffraction and reflectivity from smlaces and interlaces in UHV, under
l conditions, and in the ambient
3 General diffraction, including crystallography
-» Hn^Jv resolution sniall-angle scattering and liquid surface detraction
5 Time-dependent scattering and photon^ornMation spectToscopy
Scientific Program: The primary1 thrust of the research will be concerned with the structural
characterization of complex materials, as opposed to the well-defined model systems studied in
conventional condensed matter pnysies. The principal investigators and their collaborators, within
their respective institutions, possess a broad, interdisciplinary background {including physics,
chemistry, polymers, and materials science and biology) and share a common interest in using the unique
properties of the APS in the areas of U) complex fluids and self-assembling systems, (2) surfaces and
interlaces, and t3> heterogenous materials. The principal motivation behind the effort is that unique
properties ot the APS will be critical to advancing our understanding of these complex materials
systems Furthermore, this understanding will lead to many new technological applications bas<»d on
these systems, including friction, wear and corrosion reducers, catalysts, energy storage and conversion
devices thin-film-based nonlinear optical devices, biosensors, and the synlhesis and processing of
novel btornoleeular and inorganic composite materials. These purposes an? well-matched to long-range
goals of the DOE and of the nation, Moreover, the interdisciplinary approach including university,
industrial lab, and national lab collaboration will bring to bear the strengths of each in a common
pursuit.
The particular expertise of the Brookhaven Physics X-Ray Scattering Group in the development and
construction of the CAT falls mainly into the area of surfaces and interfaces.
At the moment, the X-Ray Scattering Group and its collaborators have active efforts in studying the
structure and phase behavior of surfaces in vacuum and under electrochemical conditions and of
magnetic and liquid surface layers. They have been instrumental in the development of anomalous
reflectivity studies of surfaces and of resonant magnetic scattering. X-ray surface scattering studies
benefit immediately from the high brightness available at the APS, especially those experiments
performed in near glancing incidence geometries. The X-Ray Scattering Group anticipates extending its
present studies at the NSLS to smaller samples, to low Z surfaces and adsorbate structures, io timedependent phenomena at surfaces, and to the possibility of magnetic reflectivity. Most of these
experiments will be possible only at the APS, although they will be attempted at the NSLS. Novel
x-ray magnetic scattering experiments, especially those involving quantitative polarization analysis,
also benefit enormously from increased brightness and arc anticipated at the APS. These include, for
example, separation of the orbital- and spin-magnetization densities and spectroscopy of magnetic
states. In the larger picture, the X Ray Scattering Group anticipates extensive collaborations with
other members of the CAT in the general areas outlined above, especially in time-dependent
phenomena and possibly in small-angle scattering.

MICROCAT (APS-2)
facility: ATS
PRT CAT; MKI\> Investigation ot Composition Research Organization (MICRQCAT)
Pi imarv Institutions: Oak Ridge National Laboratory1, Lawrence Ltvemwre National
Laboratory, Lawrence Berkeley Lababoratory
re Gene £ ice, Oak Ridge National Laboratory, (615) 574-2744
Capital Cost S^M; DOE Request - S9M, Nion-DOE Requests - None
Spending Profile <SK>:
Capital
Operating

W2

!Si3
1800

ISS*
4400

1S95
2800
500

11%

1J2Z

500

500

500

beam Line Description: Type-A Undulator; X-Ray Optics (Kirkpatrick-Baez mirrors, zone plates,
ellipsoidal mirrors, or multilayers, and/or capillaries) to achieve -1 (im 2 x-ray beams with
>1QM ph/s and Q,l% energy bandwidth; single-hutch, four-circle diffractometer, 100-A resolution x,y,z
staging. Second-stage demagnifieation for beam diameters approaching 50 nm will be explored.
Fluorescence capabilities for elemental concentrations to one-part/billion and diffraction from volumes
to -1 pm 3 for phase identification and strain measurements. Solid state detectors and crystal
spectrometers for fluorescence detection, and both one- and two-dimensional detectors for diffraction.
Three-dimensional tomography capability with absorption, fluorescence, and diffraction signals with
spatial resolution of Si urn. Materials science, environmental, and biological materials will be
emphasized.
Scientific Program: There are many applications where advanced x-ray microprobes will produce
needed information for new developments in the science and technology of materials and which have
environmental and biological impact. We intend to apply this proposed microprohc in the areas of
material science and to environmental and biological studies where knowledge of trace element
distribution and crystallographic information provides for new insights to understanding, both the
possible beneficial and deleterious effects of impurities. Included in materials science studies will be
the measurement of impurity effects and strains on the following: crack growth and fracture; ductility
oi grain boundaries from measurements of grain boundary structure and fracture; creep, ceramics, and
reinforced composites where impurities, voids, and stresses affect their brittle behavior; diffusion;
integrated circuits and microchips where chemistry below present detectable limits affects their
performance; radiation effects where grain boundaries, dislocations, precipitates, and voids contribute
to radiation behavior and in studies of corrosion. Improved characterization and analytical analyses
in ail these areas will be beneficial to our technological and economic competitiveness.
Among the many possible areas of research in the environmental and biological sciences are the
measurements of trace element distribution in tree rings, fish scales, clam shells, and other time
dependent growth tissues where contamination levels can be related to their chronology of exposure.
Knowledge of the distribution of chemical contaminants in plant tissue would enhance our
understanding of critical sites of concentration or exclusion within specific tissues or subcellular
organdies. Determinations of shifts in elemental distributions under environmental stress would lead
to better understanding of the physiological disorders. The ability to determine low levels of
elemental concentrations with submicron resolution provides a dramatic improvement in our ability to
determine elemental distributions within individual cells and increases the resolution of the historical
record, It will be possible to study the elemental distribution at resolutions approaching a few tens of
nanometers for more than 12 normally occurring elements within a single human red blood cell to
determine not only their synergistic interactions but also their distribution response to chemical and
physiological stress. An x-ray mieroprobe would contribute a new technology to DN A sequencing. These
arcis of science are of particular importance to environmental health and safety issues.

UN1-CAT tAPS-3)
facility: ASS
CAT;

I'luverMly-Natwnal Laboratory-Industry iUNKAT)

Primary Institutions; University of Illinois Materials Research Laboratory, Oak Ridge National
Laboratory, Allied Signal Corporation. UOP Corporation
Spokesperson; Haydn Chen, University of Illinois, (217) ?33-7t»36
Capital Cost: S#M; MRL -= DOE request
S1.5M
MRL-NSF request S1.5M
OKNL
S3M
Allied Signal/UOP
$3M
Spending Profile <SK>:
Capital
Operating

I2§2
300

T9g3
1300
100

1994
1300
200

1995
1300
300

H%
300
300

300

Beam Line Description: Insertion Beam. Line; Type A undulator; tunable energy from 4-42 kev using first
and third harmonics; sagittally focused monoehromator; cylindrically focusing double mirror system.
System designed for maximum beam brightness and collimation, Ben^njgMjj^ejjeamj-mg; Choice of
*a£it tally focused illumination or flat silicon crystal monoehromatization, gnd..jBtjajmns; High*
resolution diiiraeiometer, surface/interface diffraetometer, x*ray absorption spectrometer, tunable
energy diffuse scattering diffraetomoter with wide-angle and small^angle scattering capabilities.
Scientific Program: The science carried out on the UN1-CAT beam line will reflect the research
programs of the three partners and the scientific interests which develop among the scientists using the
beam lines. The UNI-CAT instrumentation will be designed to be extremely flexible and adaptable to
meet the developing needs of the users. The focus of the facility will be on extremely high-energy
resolution scattering, time-dependent scattering, wide- and small angle scattering, surface scattering,
magnetic scattering, short-range order, and EXAFS. The research program is described as follows:
Structural studies: microcrystalline materials, fibers, microcrystals, and microdomains in catalysts,
molecular sieves, clay minerals, polymers, and strain distributions in solids.
Macromolecular crystallography: nucleic acids and proteins, protein folding and liquid mixing.
Diffuse scattering: locai atomic arrangements in alloys, dynamics of phase transitions, interstitial
solute density fluctuations; multiple wave length short-range-order investigations of materials with
close atomic numbers; and investigations of intrinsic and processing-induced defect clusters in materials
usmg high-resolution diffuse scattering near Bragg reflections.
Surface/interface diffraction and scattering: adsorbate systems in submonolayer range, dynamic studies
of surface structure during crystal growth, multilayers, melting, solidification, passivation and
corrosion processes at surfaces, and polymer films.
TimeiResolved Structural Scattering: use of the pulsed time-structure of Ihe APS to perform
nanosecond-resolution time-resolved structural measurements investigating rapid thermal transport,
interface thermal resistance, and highly nonequiiibrium crystal melting and regvowth.
scattering spectroscopy:
electron structure arid dynamics, amorphous
p
p
l
l
system dynamics and phase transitions, elastic-inelastic scattering, quasielastic scattering.
Eackscatlering mont>chromafor techniques will be used for millivolt resolution, and Mbssbaucr resonant
monochromators and analyzers will he utilized for nanovolt-resolution x-ray scattering spoclrostx-py.
Magnei»nr, sea He ring: magnetic superlattiees, high-temperature superconductors, magnetic Compton
scattering, and two-dimensional magnetism.
Tamt?-<lepcndcn< EXAFS and SEXAFS: polymer crystals, catalysts, and zeolites.
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PNC-CAT <APS*4>
Facility: APS
CAT: Pacific Northwest Consortium (PNC-CAT}
Primary Institutions: Pacific Northwest Laboratory, University of Washington
Simon Eraser University, Washington State University
Director: Edward A, Stern, University of Washington, (206) 343-2023
Phase I Cost:

S12.4M
DOE Request - S7.9M
Non-DOE Requests: NSF, NIH, Universities, Canada - S4.5M

Spending Profile (SK):
Capital
Operating

1992 1993 1994 1995 1996 1997
680 1050 3050 1400 1000
2050 5970 2700 860 860

Beam Line Description (Phase I): Type B Wiggler for ID beam line and two bending
magnet beam lines, one for XAFS measurements and the other for macromolecular
structural analysis. A unique? 1-um2 x-ray microscope will be a mainstay of the ID
beam line. It will use a new concept of concentrating X rays by a tapered capillary.
By appropriate design, the X rays can be totally externally reflected within the hole of
the capillary as it reduces its diameter to 1 um or less. Solid state and ion chamber
detectors with x-ray filter and crystal spectrometers for fluorescence and transmission detection. Capability of 3-dimensional spatially resolved microtomography,
XAFS, diffraction, mieroprobe to -1 um 3 resolution. Additional capability of surface
and interface diffraction and XAFS and of the new technique diffraction anomalous
fine structure (DAFS). Environmental problems, macromolecular structures, and
materials science will be emphasized.
Scientific Program: An area which will play a prominent role in our CAT is
environmental problems. The PNC includes the Pacific Northwest Laboratory
CPNL) in Richland, Washington, which is developing the Environmental and
Molecular Sciences Laboratory (EMSL) for the Department of Energy as a national
users facility t© focus on the challenging technical and scientific problems posed by
potentially hazardous organic and inorganic compounds in our environment. One
of the research initiatives of the EMSL is to apply techniques based on synchrotron
radiation to study both synthetic and natural materials. The research in
environmental science involves the study of natural systems that are
heterogeneous and complex and the capabilities of our ID beam line have been
optimized to study these problems.
Fundamental studies on materials will be performed. Some of these studies will be
related to understanding how materials interact with the environment while others
walll be of a purely fundamental nature. Among the topics to be investigated are

vt structural vltanges, structures of jnacrornoleculk11* »n order to obtain
an understanding ot the basis of their Junction, properties of .surfaces and buried
interfaces, and the impact ot impurities and other delects on the properties of
materials, High-pressure studies and studies, on materials using the new technique
ot PAFS are among others planned.
The broad goal of the biological component of our CAT is to carry out structurefunction analyses of macromolecules to understand their biological and chemical
properties in terms of their molecular structures. Knowledge of the threedimensional spatial arrangement of the atoms in biological molecules
fundamentally shapes our understanding of their function. Many of the research
groups participating in this CAT are involved in collaborations aimed at
redesigning proteins or substrates to generate new drugs or to carry out new
reactions in industrial processes. The fundamental importance of molecular
structure information in these types of endeavors is fairly well accepted. It is hoped
that enzymes can be developed with specific activities for degrading chemical waste
molecules and will provide elements of control and specificity not now available to
people dealing with pollution problems. Also, the development of microorganisms
to sequester and concentrate radioactive metals is one way to deal more effectively
with nuclear waste. Careful structure-function analyses of the macromolecules
involved in such microorganisms will be a part of our basic research.

Midwestern Universities CAT

<HCAT)

(APS-5)

Facility; APS

CAT: Midwestern Universities CAT iuCAT)
Primary Institutions: Ames Laboratory, Iowa Slate University, Washington
University (St, Louis), Kent State University, University
of Nebraska, University of Missouri (Columbia), Georgia
Tech, SUNY (Stony Brook)
Spokesperson: D, \V, Lynch, Ames Laboratory /Iowa State University, 515-294-3476
Budget
Cost of Beam Line: Equipment; Purchases and Fabrication
SOURCE
Funding agency
CAT institutions

FY 1995
S300K
S100K

FY 1996
S550K
S120K

$4871K

FY1997
S600K
S140K

Budget by Fiscal Year
This budget assumes funding will be received in December 1992 (FY 1993).
Capital Costs
Operating Costs

FY1993
S2563K
S88K

FY 1994
S1923K
S417K

FY1995
$3t>5K
S614K

FY1996
—
$778K

FY 1997
—
S822K

Beam Line Description: This proposal describes the scientific justification for the
development, procurement, and construction of three beam lines on the APS, one
from an undulator (Type A) and two from one bending magnet. The undulator
beam line will use a focusing monochromator designed to image the source at the
first four-circle experimental hutch, 70 meters from the source. Between the
monochromator and the experimental stations, a polarization-modifier, using the
principle of polarization Pendellosung, will allow us to change the plane of
po> .rization of the beam as well as produce circularly polaiized light.
The two tandem experimental stations on the undulator line feature 4-circle
diffractometers, the first intended primarily for experiments in magnetic x-ray
scattering and diffraction from micron and sub-micron sized single crystals. The
second holds a comprehensive surface science chamber equipped to provide a
complete set of surface analytical and preparation techniques while the sample is in
the beam. One of the bending magnet lines will have a 4-circle diffractometer
capable of accommodating a smaller portable surface science chamber and a second
hutch to accommodate the large surface chamber for bending magnet radiation
experiments. The other bending magnet line will be instrumented for timeresolved powder diffraction at elevated temperatures. All beam lines will allow
additional experimental stations to be added downstream.

Scientific Program: The beam lines will be used for research tailing generally in the
category oi materials science. Four focus groups within the CAT have been
organised corresponding to mutual interests; surface scattering, magnetic scattering
and spectroscope microdiffraction, and scattering and spectroscopy. Each group has
taken responsibility iot the design, construction, and operation of experimental
stations on the appropriate beam lines. There is also some degree of overlap
between the experimental groups on topics such as magnetic scattering from
surfaces and magnetic structural determination of small-grained metastable phases.
Research programs in surface scattering are centered on the study of the kinetics and
growth of 2-dimensional systems, the role of defects in epitaxy, ordered nonepitaxial overlayers, and phase transitions in liquid crystals. Magnetic x-ray
scattering will be used for the study of magnetic structures and phase transitions
Microdiffraction studies will be made of small-grained samples of unusual interest,
(e.g., quasicrystals and mineral particles of extraterrestrial origin). Powder
diffraction studies will emphasize the study of phase transitions, metastable phases,
and relaxation in spin glasses.
In addition to the scientific interests of the CAT members themselves, it must also
be recognized that our CAT represents a consortium of universities. This means
that our sector will serve a much larger community than is represented by the
members themselves in areas such as chemistry, biology, engineering, physics, and
medicine.
The uniqueness of the APS lies in the use of insertion devices. For this reason, the
major thrust of our efforts will be directed toward the development of the
undulator beam line.
Our research program is well-matched to the capabilities of the APS. The large
increase in beam brilliance, relative to current sources, will qualitatively change the
direction and focus of research in surface scattering, a field which has already
attained some degree of maturity at current synchrotron sources. Evolving the
fields, such as magnetic scattering and spectroscopy, as well as microdiffraction, can
mature only with the availability of synchrotron sources such as the APS.

BESSRC tAPS-6)
Facility; APS
CAT: Basic Energy Sciences Synchrotron Radiation Center (BESSRC)
Primary Institutions: Argonne National Laboratory, QRNL/Tlw University
of Tennessee
Director: Pedro A, Montana, Argonne National Laboratory, (708) 972-6239
Capital Cast: S3Q.8M (including front end, insertion devices, and personnel costs);
DOE Request - S30.8M, Non-DOE Requests - None
Spending Profile «$K):
(Total ED&I, Construction,
Management, Contingency,
and Escalation)

1993

1994

1995

1996

1997

1200

5100

14600

7600

2300

Beam Line Description: The CAT will consist of two bending magnets and two
insertion devices (one undulator and one wiggler). The first bending magnet beam
line consists of two experimental stations, with one being dedicated to energy
dispersive x-ray absorption measurements and the other to special environment
multipurpose single-crystal diffraction. The energy dispersive x-ray absorption
spectroscopy (XAS) experimental station will be designed to cover a wide range of
x-ray energies. The second experimental station will be equipped with a
multipurpose instrument for obtaining single-crystal diffraction and diffuse
scattering data at variable temperatures and pressures. The second bending magnet
beam line consists of three experimental stations: XAS, a powder diffraction station,
and a multipurpose experimental station [small-angle x-ray scattering (SAX5) and
x-ray imaging and microtomography, etc.]. Three experimental stations are planned
for the undulator beam line: time-resolved x-ray diffraction, x-ray atomic and
molecular physics, and a shared experimental station for x-ray inelastic scattering.
SAXS, and high-resolution x-ray tomographic microscopy. We propose to use an
elliptical multipole wiggler design to obtain a high-photon Pax with well-defined
and variable polarization for x-ray absorption and scattering. Three experimental
stations will be constructed at this beam line: one general purpose x-ray diffraction
and absorption spectroscopy station, a second station for Complon scattering, and
the end station for surface magnetic scattering.

Scientific Program: Among the scientific areas of interest are time-resolved studies
of photon-excited states in photosynthetic materials, real-time investigations of
chemical reactions, and time-dependent studies of phase transformations in
crystalline compounds. We plan structural studies of actinide materials (which are
frequently available only in very small quantities), studies of ultra-small crystals,
trace element analysis ( « 1 ppm) with high spatial resolution, and in situ studies of
duster structures.
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We propose to study surfaces And interfaces by a large number of synchrotron-based
techniques which will allow, e,gM surface structural determinations and selective
elemental depth profiling- Examples include studies of radiation-induced surface
modification., impurity clustering at grain boundaries, measurements of the
electrical double layer at electrodes in electrochemical cells, concentration profiling
at dissimilar interfaces, study of the magnetic structure of ultrathin films, in situ
studies of the growth of films by MBE, Schottky barrier formation, sputtering, etc.
A collaborative scientific program is proposed in the application of synchrotron
radiation techniques to problems in atomic and molecular physics. We propose to
set up a program in synchrotron-based atomic physics using APS. The program will
be aimed at developing our understanding of multi-electron correlation and
relativistic effects as thev relate to the structure and dynamics of atomic inner shells.
The APS offers an opportunity to perform grazing-incidence magnetic x-ray
scattering experiments on ultrathin and even monolayer magnetic films, The goal
would be t> decompose the spin and orbital contributions to the magnetic form
factor to characterize the spin-orbit-coupling effects that give rise to new magnetic
ies and magneto-optic responses in epitaxially stabilized magnetic phases.
Research activities at the CAT will be carried out by internal (50%) and outside users
C50^-)> The internal program will be in support of on-going BES programs within
the Materials Science Division and the Chemistry and Physics divisions.
Independent users will gain access to the facility by a proposal and peer review
process, as is eommon at other national user facilities. A Scientific Advisory
Committee has been established to carry out this review process and to provide
input and advice on instrumentation needs for the facility and future scientific
directions.
CA more detailed description of the scientific program can be found in the CDR
Project No. 93-CH-04, Document No. J0900-103-S-T001 REV. 01.)

MICCAT <APS-7)
Facility: APS
CAT; Medical imaging Center
Primary Institutions; Argonne National Laboratory, Brookhaven National Laboratory,
Loyola University Medical School, Mayo Clinic, Northwestern University
Medical School, Presbyterian-St, Lukes Medical School, Stanford University
Medical School, University of Illinois Medical School, University of Chicago
Medical School, Washington University Medical School
Spokesperson: Robert N. Beck, University of Chicago and Argonne National Laboratory, 312-702-6271
Capital Cost: S2Q.4M; DQE/QHER Request: $20.4 M
Spending Profile <SK):
V9J3 1994 1995 19% ]W
Technical Components 280 1332 1775 1153 643
Convent. Facilities
190 906 1207 784 437
ED&l
895 537 604
146 130
Project Management
142 678 904 587 328
Contingencies
223 685 826 550 284
Escalation
239 832 1311 1101 765
TOTALS
1%9 4970 6183 4321 2587

V9J8 Total
50 5233
33 3557
82 1950
26 2665
27 2595
109 4357
337 20357

Beam Line Description:
Insertion Device: APS Wiggler A design. Bending magnet
optics: double-crystal, fixed exit monochromator, double mirror with second mirror a
focusing bent toroid. Wiggler beam line: two identical monochromator systems—one
deflects the beam u p , the other down, each of which will serve its o w n separate
experimental hutch. Each system consists of two convex bent crystals to spread beam
vertically, oriented to select energies above and below, respectively, the K-edge of a metal
contrast agent. Experimental facility: an exterior medical building a n d an exterior detector
building will be constructed outside the APS hall. The patient will sit at the crossover point
of two beams of energies bracketing a K-edge. Two separate experimental stations (one u p ,
one down) will be set u p .
Scientific Program: The wiggler source will support a program of basic research into
physiologic processes with anatomic visualization capability. These include coronary
angiogTaphy; brain a n d other neural tissue imaging by computer tomography, blood
perfusion studies of in fa re ted myocardium, pulmonary vascular system studies, and
tomography of bone. The bending magnet line will support microtomography of small
excised tissue samples, fluorescence imaging of trace metals in tissues, localization of
stained microscopic features, and development studies with small animals to improve
techniques of the wiggler line.
The scientific program will be carried out entirely by medical research staff from the CAT.
Review of human subject studies will be carried out by ANL and relevant outside IRBs.
Studies will be supported by operations funding from NIH and other medical research
institutions.

SBC-CAT (APS-B)
Facility; APS
CAT: Structural Biology Center
Primary Institutions: Argonne National Laboratory, Brookhaven National Laboratory,
Brandeis University, Cold Spring Harbor Laboratory, Northwestern
University, University of Illinois (Chicago)
112 individuals from 88 institutions are the preliminary user community
Spokesperson: Edwin M. Westbrook, Argonne National Laboratory, 708-252-3983
Capital Cost S113M; DOE/OHER Request: S11.3M
Spending Profile <$K):
Direct Effort
Materials and Services
Lab General & Administrative
ED&l
Conventional Facilities
Contingencies
Capital Equipment
Capital Equipment Escalation
TOTALS

1993

19J4

1995

1996

Total

295
325
85
362
0
137

400
435
116
382
332
697

538
466
156
280
797
427

332
125
96
192
199

1565
1351
453
1216
1328

261

1522

309
34
1547

1199
132

1117
123

859
94

3484
383

3693

3904

2158

11302

Beam Line Description:
Insertion Device: APS Wiggler B design. X-ray optics of both
beam lines (wiggler and bending magnet) will be identical: double-crystal monochromator
(second crystal sagitally focusing); tangential, cylindrically focusing mirror for vertical focus
of monochromatic beam; toroidal focusing mirror for Laue diffraction with other optics
removed. Energy tunability over 6-30 keV with energy resolution below 3 eV. Laue
diffraction with band widths of 50% (10-20 keV). End stations: each beam line fitted with
lift table, four-circle goniostat, large electronic area detectors (3072 x 3072 pixels, 15 cm3) with
0.2 s frame readout. Each beam line will be completed equipped with high-speed digital
processing equipment.
Scientific Program: SBC will be exclusively dedicated to protein crystallography. Four basic
data experiments will be supported:
•
•
•
•

High-resolution monochromatic diffraction
Multiple-energy anomalous dispersion (MAD) data collection
Laue diffraction data collection for time resolution studies of enzyme kinetics
Multiple data sets from closely similar structures for drug design and protein
engineering

These experiments will primarily bi? carried out in a user facility mode. Such research is at
the cutting edge of American biotechnology and will be crucial for advances in many areas
of molecular biology.
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TTI-CATCAPS-9)
Facility APS
CAT Topography/Tomography Imaging (TThCAT)
Primary Institutions; The University of Michigan-CAT Project Leader in conjunction with:
Argonm" National Laboratory, MCT; Brookhaven National Laboratory, MSP; Lawrence Liwrmore
National Laboratory-; Los Alamos National Laboratory; Georgia Institute of Technology; The Johns
Hopkins University; State University of New York at Stony Brook; University of Western Ontario,
London, Ontario Canada; British Petroleum (America) Research, VVarronville, Ohio; University
of Chicago, Chicago, Illinois, CREVVE Laboratory STEM; Swiss Federal Laboratories for Materials
Testing and Research (EMPS), Switzerland, Associate Members of TT1, Cooperating Access Team
(Stanford Synchrotron Radiation Laboratory; University of D'inois, Urbana-Champaign, Illinois;
Chalk River Nuclear Laboratory, Canada)
Spokesperson: John C. Bilello, University of Michigan, Ann Arbor, Michigan
Total Cost:

$6,736,000

Total DOE Request: $2716,000 (three years)
Planned Outside Funding and Sources:
University of Michigan, Industry, Canadian Government, Swiss Government, Army Research
Qifice, and other areas of DOE other than BES
Beam Line Description: Major features of this beam line will be the ability to do dynamic tomography
and topography with extremely high resolution while simultaneously a scanning monochromator will
allow chemical species identification. Thus, this facility will serve as a Center for Real-Time
Analysis of Microstructure in the broadest sense. It will be capable of assessing the evolution of
microstructure and associated microchemistry in both physical materials as well as in biological
specimens. Appropriate stages and environmental chambers will be constructed to assess sample
behavior under a wide variety of in situ real-time conditions. A brief description of the beam line
follows:
A full section is planned utilizing both an insertion device and a bending magnet station. Each will be
described in turn.
The insertion device (ID) portion of the sector should have an ID with a broad tunability range, a
wide sample area coverage, and as high an intensity as possible. The best compromise seems to be
the APS Wiggler A which will have relatively flat response from approximately 1-100 keV.
Again a suitable beam spreading mirror would be useful; as with the bending magnet line the
mirror should be capable of shifting out of the optical path if required. A monochromator with
large plug-in crystal holders for accommodating a variety of different modes of operation will be
built. The monochromator should have a fixed output beam position, and it should also be
possible to let the optical path move through the monochromator such that Ihe entire spectrum of
the wiggler can be used for high brightness quasi-white beam experiments. Detectors for
spectroscopy, tomography, and high-resolution video will be fabricated as well as the usual film
holders.
Bending Magnet Hutch. For TT1 it is often of interest to use white radiation for imaging over a
wide sample area. This is especially true in the preliminary phases of real-time imaging when
the exact location of phenomena can be easily spotted in this mode. This hutch would have a
tnple-axis goniometer plus rotation stages with precise remote control of sample position. This
white beam camera would have suitable film cassette holders, detector banks for tomography,
and a wide area real-time TV imaging detector. The goniometer and rotation stages will be
adaptable to all stages and special cameras designed for the ID hutch. If suitable mirrors can be
designed thi>t will spread the beam without losing the necessary low optical divergence of the
source, such a device should be accommodated on this line.

Scientific Program

uv»

i"Ri«7t,.\Y irwcfwus m wmpiWi? imVenah can be quantified by imaging areas of interest and Iht'ii
studying the associated local chemistry Dynamic topography will be employed on fibercomposites to assess plastic deformation and associated failure modes, (ANL, LLNL)

tb>

Cwwsipu: processes can he investigated by correlating near-*dge EXAFS with the associated
morphological features. (BNU

U?)

l.XAFS studies of individual sjrtiins in multicomponent systems (e.g., high-T, superconductors).

id*

Thin-film substrate interface characterization during growth and under a variety of external
stimuli (e.g., stress, electric field, cyclic heating). (LAND

te)

Crystal growth studies for a number of technologically important materials, including
semiconductor compounds, metals, polymers, and ceramics, (LAND

ii>

Crack propagation studies in a variety of elastic-plastic advanced materials, including
ceramic/ceramic, ceramic/polymer, and refractor)1 metals/alloys. (ANL, LLNL)

tg>

Chemical vapor infiltralitM studies for control of fiber/matrix interface and macroscopic density
distribution. (LLNL, ANL)

(h)

Fatigue crack initiation and propagation in bicrystals, monolithic metals, and composites, (all)

U)

Interfacial structure-property correlations in bicrystals for such phenomena as diffusion, grain
boundary sliding, and fracture behavior, (all)

())

Quantitative high-resolution strain mapping of fatigue cracks, film-substrate interfaces, grain
boundaries, composites, and precipitates.

(k)

Biological imaging of pathological tissues and small animals used in drag testing.
Nondestructive nature of synchrotron tomography would allow ihe same live animal to be
studied over the course of a treatment program.

{I}

Advanced composite material processing control and damage assessment under service loading
conditions.

(m)

Processing control of electronic materials, ranging from advanced strain-layer superlattice
devices and engineering studies of multichip packages.

Research areas a-i specifically involve the national laboratories with appropriate labs indicated in
parentheses. Areas j~m are proposed by the work with the Army Research Office, the Canadian
consortium, the Swiss Government Laboratories, and industry, respectively.
The research planned has a crucial need for synchrotron radiation. It is the only feasible way to do
dynamic tomography/topography. Without synchrotron radiation, such studies would not be possible.
Both intensity and energy scanning will make this facility a unique world-class facility that will truly
bv J materials science beam line. Images will be recorded with speeds *»1(V5 faster than present
synchrotron stations currently available in the world. This beam line also has a powerful synergistic
combaridtion of national laboratory, university, and industrial collaborators plus the element of
international cooperation which would give us a technological window into what is happening in
Canada and Europe (since the Swiss are also involved in the European Synchrotron Radiation
FaciIitvJ.

133
INTERCAT (APS-1Q)
Facility: APS
CAT: Interdisciplinary Science CAT UNTERCAT)
Primary Institutions: Brookhaven National Laboratory
State University of New York at Stony Brook
Spokesperson: Keith Jones, BNL
Total Cost: $7M; DOE request (funding fraction not decided)
Funding will be requested from NSF, NRC, and industrial
sources.
Beam Line Description: The beam line needs are diverse because of the nature of
the interdisciplinary research of interest at BNL and at the other participating
institutions, A major part of the proposal is the use of high-resolution and highsensitivity x-ray microscopy methods for the imaging of materials in different fields.
We intend to make major use of a bending magnet beam for computed
microtomography of large or dense objects an ' for microanalysis using fluorescent
detection of K X rays of heavy elements. Many microanalysis measurements will
demand the use of an undulator beam line. Experience at the NSLS tends to make
us give emphasis on the development of a simple and very flexible beam line
design.
Scientific Program: INTERCAT is aimed at providing an integrated approach to
interdisciplinary experiments that require the use of x-ray microscopy techniques.
The APS beam line capabilities will be integrated with the use of the imaging
facilities now in operation at the NSLS X26 beam line to obtain the most
comprehensive arrangement possible.
The planned DOE-funded research will include catalyst characterization,
measurements of rock porosity and fractures, fluid-flow studies on a theoretical as
well as experimental basis, transport of toxic elements in the environment and in
biological systems, microsurgery, and in vivo medical measurements. There will be
a major component of research devoted to industrial applications. These studies
will be linked to the NSLS facilities so that a coordinated research plan ensures that
the NSLS and APS beams are used on experiments for which they are best suited.
Comments: Please note that the INTERCAT group is in the process of formation.
The list of participants is necessarily incomplete at this time, but extensive
discussions are now in progress at BNL and with other national laboratory groups,
as well as with universities and industry. We are attempting to formulate a
proposal that will respond to needs by gaining access to several different photon
sources.

NSLS X22A (NSLS-1)
Facility: XSLS
PRT: BNL-Physics X22A
Primary Institution; Brookhaven National Laboratory
Spokesperson: Doon Gibbs
Total Cost: S300K
Total DOE Request: S300K
Planned Outside Funding: Possible collaborations are currently under
discussion with several other institutions.
Spending Profile (SK);
for Incremental Capital:

1992
150

1993
150

Beam Line Description: This beam line will be a high-flux, 10-16 keV beam line
built tor x-ray diffraction studies of surfaces, especially those held under
electrochemical conditions (e.g., electrified interfaces), and of thin films and
multilayers. The beam line facility will include an ultrapure water source and
special provisions for the handling and preparation of surfaces in an
electrochemical cell- The x-ray optics will include a flat Pt-coated mirror focusing in
the vertical, a sagitally focusing Getlll) monochromator scattering in the horizontal,
and a full 4-eircle scattering geometry. The beam line will accept 6 mrad incident
radiation in the horizontal and focus 1 x 10 l2 photons/s into a (1/2) mm 2 spot at
lOkeV.
Scientific Program: This beam line will be dedicated to inplane diffraction and
reflectivity studies of surfaces held under electrochemical conditions and of thin
films and multilayers. These high-resolution studies, in combination with
scanning tunneling microscopy studies, will play a pivotal role in developing a
comprehensive understanding of surface structure under electrochemical
conditions. At the moment, we are carrying on discussions with scientists at other
institutions who share our commitment to x-ray scattering studies of
electrochemical systems and with whom we hope to collaborate in the building and
use of this beam line.
We elaborate briefly on electrochemical studies of surfaces. During the last several
years, the X-Ray Scattering Group has developed a far reaching new program in
x-ray reflectivity and inplane diffraction studies of surfaces and interfaces held
under electrochemical conditions. To date, all of the low-index faces of Au have
been siudied in a variety of solutions and versus the applied potential. At negative
potentials these electrode surfaces are reconstructed (that is, surface atoms are not
positioned at bulk lattice sites). Important, new results have emerged concerning

MO
the nature oi the transition to an ideally terminated lattice. In particular, it has been
unwd that the dependence of the reconstruction on induced surface charge exhibits
universal behavior, independent ot solution species, This result has profound
unpSjcatoans for our understanding of adsorbate structure at surfaces and for our
understanding of reconstruction. More generally, studies of electrified surfaces have
the potential to address the fundamental problems of eleetrocatalysis, electroplating,
semiconductor junctions, and corrosion and to complement similar studies
performed in vacuum surface science.
Construction of a third beam line, NSLS X22A, will allow the X-Ray Scattering
Group to expand the scope of the present research at X22B and X22C (which are
presently oversubscribed) by dedicating the electrochemistry program to X22A. This
arrangement allows for an increased utilization of the liquid surface spectrometer
(in tollaboration with Professor P. Pershan of Harvard University and Dr. S. K.
Sinha of Exxon) at X22B, Future plans for the liquid spectrometer include a
substantial, new effort to study liquid metal surfaces. Together with our UHV
surface capability on X22C, the full-time liquid surface capability on X22B and the
proposed beam line for electrochemical systems will secure Brookhaven Physics'
X22 as the premier x-ray scattering center in the world for studying the structure and
phase behavior of surfaces.
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NSLS X39/30 (NSl.S-2)
Facility: NSLS
Ream Line; NSLS X29/30
Primary Institutions; NSLS, Brookhaven National Laboratory
Spokesperson: J B, Hastings, PKL
TotaH Cost:

S400K

Total DOE Request: $400K
Beam Line Description: This beam line will provide focused high-energy resolution
radiation from 5 to 20 keV and the necessary instrumentation for powder
diffraction. The beam line will consist of a dispersive Si(lll) monochromator (4
crystal design following Beaumont and Hart) and cylindrical mirror for horizontal
collection. This will provide resolution of 1.3 K 10"4 over the full range in energy
with fluxes in excess of 1 x 1011 in a focal spot of less than 1 mm 3 at 0,10 keV.
Scientific Program: Synchrotron radiation-based powder diffraction is now used for
aH the applications of lab-based powder instruments. It has come into its own in ah
j'wjfjo structure determination and multiparameter structural refinement using the
Rietveld method. The proposed beam line will double the capability for this class of
study at the NSLS. In particular, care in the initial design of this instrument will
provide the ability to use anomalous scattering to look in detail at relative site
occupancies of different chemical species, as well as the same element in different
chemical states. The high intensity will also permit studies of thin films and
capillary samples. On-line data analysis for phase identification will be provided.

NSLS X2S (NSLS-3)
Facility; NSLS
Beam line: NSLS X23
Primary Institutions: NSLS, Brookhaven National Laboratory
Spokesperson: J, B, Hastings, BNL
Total Cost:

S1200K

Total DOE Request: S1200K
Beam Line Description: This beam line is one of the two high-field hybrid wiggler
lines at the NSLS, At present it is equipped to provide high-intensity focused and
unfocused beams with or without a two-crystal monochrome tar. The proposed
upgrade will add a rapidly switchable (>10 hz) polarized wiggler as a new source and
the ancillary beam diagnostics and x-ray instrumentation to utilize the available
circular cemponent from this new source.
Scientific Program: The X25 beam line has already been pioneering in several areas:
x-ray speckle experiments, inelastic scattering, high-resolution fluorescence EXAFS.
The new capabilities of rapidly switehable circularly polarized X radiation over the
full range (5-25 keV) of X25 operation will add a new dimension to the beam line
capability. With the evolution of synchrotron x-ray research, the user community is
now actively pursuing not just the normal scalar scattering factors but also tensor
properties that involve the coupling of circularly polarized radiation to magnetic
systems, for example, as wtl? as noncentrosymmetric chemical systems. This new
capability of having this radiation with rapidly switchable polarization will permit
phase-locked detection and make these studies routine.

NSLS U13tNSLS-4)
Facility.: NSLS
Beam Line: NSLS U-13
Primary Institutions: NSLS, Brookhaven National Laboratory
Spokesperson: J, B. Hastings, BNL
Total Cost; S7000K
Total DOI Request: $7000K
Beam Line Description: The U13 wiggler/undulator on the NSLS VUV ring
produces fundamental output greater than 2 x 1015 photons/s/Q.1% bandwidth/amp
in the 3-30 eV photon energy range. At 6 eV the lo opening angle of the radiation is
320 ^rad. The beam line wiil provide high-resolution normal incidence optics to
cover this energy range.
Scientific Program: Two general types of experiments are envisioned in which the
synchrotron-based source is used—stand-alone or in combination with a laser
source for so-called "pump-probe" measurements. Some possible areas of research
which could exploit these new capabilities include the following:
Threshold Spectroscopies, The sharp nature of photoionization thresholds
and the high-resolving power typical of normal incidence monochromator
CNIM) type instruments (ca. 104) would allow the study of a large range of
molecules without a prior knowledge of the rovibronic spectrum as is
required for laser-based UV techniques, such as resonantly enhanced
multiphoton ionization (REMPI) oi laser-induced fluorescence (LIF). This
sharp threshold behavior can also be exploited in photon-stimulated
desorption (PSD) and desorption induced by electron transitions (DIET)
experiments which currently rely on electron impact or line sources.
Photofragmentation, Photofragmentation studies can provide important
insights about chemical dynamics, with implications for atmospheric and
combustion chemistry. Srna.I molecule studies of systems like water, carbon,
dioxide, ammonia, ethane, chlorofluorocarbons, and hydrocarbon radicals all
have ionization energies too high to be studied with existing tunable lasers.
Experiments such as photoelectron photoion coincidence (PEPICO) and
photoion photoion coincidence (PIPICO) which provide information about
energy partitioning during dissociation have been, to date, limited by
inadequate intensity at high resolution.
Twa-C&hr Chemical Dynamics. The dynamics of highly excited stales could
also be probed with the addition of a second (typically laser) source. Near and
just above ionization threshold, excited molecular states can decay to form

neutral fragments which could then be selectively probed. Depending on the
specific experiment, the wiggler could be used as the excitation source and a
laser as a state selective probe, or an excited state molecule could be prepared
by multiphoton excitation with a laser and then ionized by the UV radiation
for analysis. This type of research has relevance for the issues of free radical
chemistry which are important in several fields including combustion and
atmospheric processes,
Solid State Photoemission. Angle-resolved photoelectron spectroscopy
CARPES) studies have provided much of the key experimental knowledge of
electronic structure of solids, including both the bulk and surface band
structures of many metals, semiconductors, and alloys. The highest
resolution studies to date (ca. 20 meV) have provided important data
showing the existence of metallic surface states and, at slightly poorer
resolution, studies which show directly the presence of a gap in hightemperature superconductors.
Unlike gas phase work, solid state
photoemission experiments are restricted in maximum flux by space charge
effects. Calculations by P. D, Johnson suggest that a beam line providing a k||
momentum resolution of 0.01 A'1 would obtain the space charge limit if the
source produced 1O15~1Q16 photon/s,
Certainly there are other experiments in solid state physics and chemistry which
would take advantage of the beam line if it were developed.

n?
NSLS X13 (NSLS-5)
Facility; NSIS
Beam iimv XSi.S X13
Primary Institutions: NSLS, Brookhaven National Laboratory
Spokesperson: ]. B, Hastings, Bh'L
Total Cost;

S400K

Total DOE Request: S4OTK
Beam Line Description: A small-gap (6-mm magnet gap, 4-mm vacuum gap)
undulator (PSGU) project is under way at the NSLS. Following commissioning of
the PSGU, which has its fundamental at 2.5 keV and third harmonic at 7.5 keV, a
beam line utilizing state-of-the-art x-ray optics will be constructed. It will include a
high-resolution x-ray monochromator of S K-adge spectroscopy and focusing optics
tor chemical state-specific imaging of sulphur at submicron resolutions.
Scientific Program: The development of the PSGU is in itself important to the SF,
community as a whole. The ability to operate storage rings with very small gaps
without sacrificing beam lifetime will be important on third-generation machines
and beyond. Scientifically, sulphur is a very important element. It is important in
the biological sciences where there are sulphur-containing proteins that can be
phased using MAD techniques with the brilliance and capabilities provided by this
beam line. The ability to separate the spatial and chemical states of sulphur in coal
has been the goal of much research. Its effects or poisoning of industrial catalysts is
also important In all of these areas, high-resolution spectroscopic imaging that will
be provided by this beam line should lead to new understanding.

OPTICS UPGRADE CNSLS-6)
Facility; NSLS
Beam line; NSIS Optics Upgrade
Primary Institutions: XS\S, Brookhaven National Laboratory
Spokesperson; J, B, Hastings, BNL
Total Cost:

SSOOOK

Total DOE Request; S8000K
Beam Line Description: Most of the beam line optics at the NSLS are a decade old.
This corresponds to at least one generation and, in some cases, more. The upgrade
described will replace the toroidal grating and plane grating monochrome tors on the
YUV ring with state-of-the-art spherical grating monochromators (SGM), Further,
the upgrade will provide new x-ray mirrors with qualitatively better
figure/roughness which lead directly to performance.
Scientific Program: The SGM instruments will provide greater resolving power
throughout the required photon energy range without sacrificing flux. There is the
argument, often made, to put these devices on next-generation sources. The reality
is that ALS has eleven straight sections which are dedicated to the broad range of
VUV science as well as x-ray research. These resources cannot possibly meet the
needs of high-resolution research in the VIA' soft x-ray community. Below 500 eV,
the VUV bends are equivalent in flux to the ALS bends at design current, and below
7Q0 eV, they are superior.
The limit on the size of the focus and throughput of x-ray optics on Ihe NSLS x-ray
ring is the quality of the x-ray mirrors. A typical one-to-one focusing mirror at 70
meters with 5 arcsecond slope error has an image size of a blur of 0.5 mm, but the
measured NSLS vertical source size is 0.3 mm FWHM, Similar arguments on
roughness are valid. Replacing existing x-ray mirrors with state-of-the-art optics can
improve beam quality by factors of 5-10. This can qualitatively change the research
capabilities ©f the NSLS.

NSLS XI (NSLS-7)
Facility: NStS
IDT; NSt.S M
Primary Institutions: NSL.S, Brookhaven National Laboratory
Spokesperson: Peter Johnson, BNL
Total Cost:

SIM

Total DOE Request: S200K
Planned Outside Funding: The IDT consists of five institutions, each of which
has contributed S200K.
Spending Profile (SK):
Capital

1992
150

1993
50

Beam Line Description: The beam line has been designed to exploit the highphoton flux available from the NSLS XI soft x-ray untlulator lor speetroscopie
purposes. A beam line based on the spherical grating monochromator design has
been successfully installed and commissioned. Jl has been demonstrated that the
resolving power of this beam line at 8000 or better is higher than any other soft x-ray
facility in the world. The beam line also enjoys the advantage of having a
considerably higher flux than any other facility. It therefore represents the beam
line of choice for any photoemission studies in the soft x-ray range. However, in
order to exploit fully the full photon energy range from 200 to 1000 eV, it is
necessary to buy more diffraction gratings for the beam line.
Scientific Program: This beam line is the first high-resolution beam line to be
constructed on a high-power source of the type that might be expected in the next
generation of light sources such as the ALS. As such, the scientific program centers
around experiments that will also be attempted at those facilities. Because of the
large photon flux and the extremely high resolving power of this facility, a large
program has been initiated in gas phase photoemission and photoabsorption studies
of various molecules. In the solid state it is intended to establish a program in spinpolarized core level photoemission from ferromagnetic systems. It is also intended
to explore the development of techniques reliant on photon-in photon-out
measurements. The latter techniques will be applied to semiconductors and buried
interfaces.
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NSLS US (NSLS-8)
Facility: NSLS
IPT: NSLS U3

Primary Institutions: NSLS, Braokhaven National Laboratory
Spokesperson; Peter Johnson, BNL
Total Cost:

$3X1

Total DOE Request: S400K
Planned Outside Funding: A large collaboration is currently seeking renewed
funding from the NSF in the form of an MRG. The
funding requested is approximately $800K per annum.
Spending Profile (SK):
Capital
Operating

1992
150
50

1993
100
50

1994
50

Beam Line Description: The beam line has been designed to exploit the highphoton flux available from the NSLS VUV undulator for spectroscopic purposes. In
particular, a unique facility allowing spin-polarized photoemission studies of
magnetic ihin films has been constructed. The beam line also includes a complete
MBE chamber allowing the films to be grown in situ. The beam line will ultimately
provide radiation in the photon energy range from 12 to 150 eV with resolving
powers of the order of 2500 or better.
Scientific Program: As noted above the scientific program is centered on studies of
the spin-dependent electronic structure of two-dimensional ferromagnetic systems.
This includes the magnetic structure of clean and adsorbate-covered surfaces and
studies of the properties of thin films and the technologically important transitionmetal multilayers. This facility is unique in the U.S. and is viewed by many as
probably the premier spin-polarized photoemission facility in the world. For a
relatively modest investment the DOE is in a position to extend the facility and thus
keep in a forefront position for the rest of this century. It should be noted that the
NSLS UV ring will remain an excellent site for insertion devices delivering photons
below 100 eV.'

S Beam line«5SRH)
facility; SSRL
Name; SSRl- Circularly Po)aim\1 Source tSSRl general ii^r beam line)
Spokesperson Ptero PianetUi, SSRL, W1S) 92tv3HM
Total Cost S12.4M (including building extension and ring modifications)
DOE Request - S124M, .N'onDOE requests None
Beam Line Description: SSRL is proposing to build a beam line vhich will generate high-resolution,
hugh-intensity circularly polarized radiation in the 31XM600 eV photon energy range. The source of
the circularly polarised' beam line will be two undulators of the Elleaume type in series located in the
long 13 m> SPEAR East Pit straight section. One undulator will supply right-handed and the other lefthanded polarization. Each beam will be directed toward the sample wilh a separate horizontally
focusing mirrors and manochromated by the same high-resolution spherical grating monochromator
with water-cooled sins and gratings. A chopper will allow the handedness of the radiation striking
the sample to be alternated rapidly. With SPEAR operating in its new low-emit tance mode at 3.5 GeV
and 100 mA, brightnesses of 6 x io'*1 lph0tons/sec-mm:?-mrad2'O.l% BW) will be achieved at 300 eV
and 1 x 10'h tit 1400 eV, Resolutions in excess of 10,000 have been achieved at SSRL on a monochromator
of the same design proposed here used on a bending magnet, Understanding of magnetic materials,
bio'ogical materials (protein^ and macromolecules), and high-Tf superconductor will be advanced
with this beam line.
Scientific Program; The general theme of research using circularly polarized radiation involves
studying anisotropies in systems whether they are caused by magnetic interactions or structural
"handedness." The use of circularly polarized radiation in the soft x-ray regions has already starled to
yield important results in the study of thin-film ferromagnetic materials as well as transition-metal
containing molecules such as metallopnzymes.
The high intensity and resolution made available by this beam line will make possible spin*
polarized x-ray photocmission spectroscopy, in which the circular polarization eliminates the need for
spin detection, and magnetic x-ray dichroism studies on thin-film magnetic surfaces and interfaces as
well as metalloenzymes. The circularly polarized nature of the radiation is also of key significance in
extending such studies to obtain spectroscopically resolved magnetic microscopy information. Another
research area that will be impacted by this beam line involves the study of magnetic interactions on
hjgh-Tf superconductors. There is growing evidence that magnetic interactions within these materials
play an important role in their superconducting properties. Since these materials are
anltfcnromagnetic, it has not been possible to study the magnetic interactions with spin-resolved
photoemission alone. However, the combination of spin-resolved photoemission with circularly
polarized radiation will make these studies possible.
Finally, we plan to use the recently developed technique of circular intensity differential
scattering CCIDS) to study the higher order organization of the eukaryoiic chromosome. C1DS is the
difference in scattering power of an object when illuminated by right versus left circularly polarized
radiation. High intensity soft X rays will make it possible to isolate and study the different levels of
supcrcoiling in chromosomes.
The specifications and scientific program for this beam line were developed through a series of
mint-workshops held at SSRL. The user interest was driven by the fact that the research areas
described above arc either inaccessible or only marginally accessible with standard synchrotron
techniques not involving undulator-based circularly polarized radiation.
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Name; Detraction Beam line tSSRJ, general UM.T beam line)
Spokesperson: Sean Bre.nnan , SSRL, (41?) ^t>-3in
Total Cost; Thus beam line has not been officially proposed yet
Gleam Line Description; The source of radiation for this beam line would be a 30-pole NdFeB hybrid
wiggler, maximum held 1.43 T. The first optical element will be a vertically collimating mirror inside
the alcove, A two-crystal water-cooled monochromator just outside the alcove will be followed by a
first hutch equipped with a 4-circle diffractometer. Downstream of the first hutch will be a
horizontally demagnifying minor and a second hutch. Research in the first hutch will emphasize
nuclear Bragg scattering (NBS) which requires extremely high-energy resolution and therefore could
not use a horizontally focused beam. Research in the hack hutch will be primarily the study of the
structure of growing surfaces using grazing incidence x-ray scattering. These experiments need a very
intense beam as the angle of incidence on the sample is typically 0.25 degrees. The horizontally
demagnUying mirror will greatly enhance the intensity of the beam without significantly degrading
the scattering resolution.
Scientific Program- There arc two ma|or research directions with this line. The first is the study of the
structure of surfaces and interlaces during growth. The technique proposed for these studies is grazing
incidence x-ray scattering (G1XS). For instance, the manufacture of modern, high-performance
semiconductor devices requires careful control of growth processes and precise, atomically abrupt
transitions between different structures. While organometallic vapor phase epitaxy (OMVPK) is a
powerful approach to the synthesis of the materials for such devices and is widely used in industry,
there is little direct knowledge of the microscopic mechanisms of the relevant growth processes and,
hence, great difficulty in scaling research technology. Similarly, advanced magnetic recording media
will require carefully controlled deposition of metal multilayers using sputtering techniques.
Using G)XS, we intend to study the growth of thin films using these and other growth methods.
Recently, G1XS has made it possible to observe x-ray intensity oscillations from a continuously growing
film of GaAs. These oscillations occur because X rays are scattered weakly from partially filled layers
and strongly from complete layers. Thus layer occupancy and lateral correlations can be observed as a
Junction of the whole range of deposition parameters such as temperature, pressure, and flow rate.
The second area of research is to understand the nature of the interaction between X rays and nuclei. By
tuning the incident beam energy to that of a Mossbauer transition energy, one can observe diffraction
which is delayed in time due to absorption and reemission by a collection of nuclei in the sample. The
delayed, reemitted X rays have an energy spread of less than 1 micro-electron volt. These diffracted
X rays have the potential of being a unique probe of the structua* of matter.

STRt'CTURAL MOLECULAR BIOiOGV BLAM UNE (S8RL-3)
facility SSRL
Name Structural Molecular Biology Ream Line (SSRL biology general user beam line)
s: Rntt Herman, Keith Hodgson, <md Paul Phi/ackerley, SSRL
Total Cost $"•>-•JiOM (plus contingencies), including all experimental station instrumentation;
POE-OHER reques* is tor total funding No nan-POE sources.
Beam Line Description; SSRL proposes a new beam line fully dedicated to structural molecular biology
research. The beam line would occupy the beam line 9 location at SSRL which is the only convenient
vacant beam line space in an existing building. The insertion device would be based on a multipolo (2030) permanent rr,«gnet wiggler, illuminating a tandem end station and two side stations. State-of-theart instrumentation would be provided for each experimental station briefly described below. Staff
would be provided to support fully all users on the facility, contuining the tradition of strong SSRL user
support. All users would have access to the supporting facilities at SSRL, including the extensive
computational system and network and the biochemical/chemical laboratory.
The number oi poles and held strength of the individual magnets for the permanent magnet wiggler
will be chosen to provide a fan of radiation sufficient to illuminate three areas. The three beams will
provide radiation to lour large experimental stations. There will be tandem end stations for protein
crystallography illuminated by the central beam line—the upstream station being devoted to white
beam Laue diffraction and the downstream station devoted to multi-wavelenglh anomalous dispersion
(MAD) crystallography. This central beam line will be designed to be used in either a focused mode,
with a long toroidal platinum-coated mirror, or in an unfocused mode, without the mirror. A twocrystal monochromator is planned for MAD experiments in which one crystal can be detuned with
respect to the second to eliminate the harmonic component of the beam. One side station <9-1) will be
devoted to SAXS and will use x-ray optics that are similar to those used by the existing rotation
camera facility at SSRL on beam line 7-1. Radiation is first deflected sideways by means of a focusing
triangular crystal monochromator and then focused in the vertical direction by a platinum-coated
mirror. The station will be able to access a range of wavelengths and will provide a very intense beam
which will be well-suited for static and time-resolved small-angle scattering experiments. An
additional channel-cut monochromator would be used for anomalous SAXS experiments. It would be a
permanent installation fully dedicated for SAXS experiments. The other side station (9-3) devoted to
XAS will incorporate a standard two-crystal monochromator followed by a flat mirror to remove the
harmonic component in the x-ray beam when operating at lower x-ray energies. A focusing/collimating
pre-mirror would provide flexibility—in coHimating mode higher energy resolution radiation would be
provided, or alternatively it could be used for focusing to obtain the highest brightness. XAS
experiments can be carried out in the 2.5-35 keV region (though the He will reduce flux in the lower
energy regions—an area where beam line 6.2 would be more optimal).

Scientific Program: The genera! theme of the research using this beam line is to provide advanced
synchrotron radiation-based resources for research applications in structural molecular biology.
Specifically, the interaction of X rays with biomolecules can be used to probe a number of aspects of
geometric and electronic structure. One of the goals of the new beam line is to provide capabilities that
will enable studies of biostructures in the time domain. The scientific methods to be utilized include
x-ray protein crystallography (monochromatic and Lane), x-ray absorption spectroseopy, and smallangle x-ray scattering. The details of the scientific program for this proposed facility have been
provided in several documents given lo the DOE-OHER.
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