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Introduction
Our nation’s scientists and engineers, who are solving key problems in energy, the envi-
ronment, and human health require access to the best research tools available. The U.S.
Department of Energy’s (DOE’s) Advanced Photon Source (APS) is one such tool. Now in
its 12th year of operation, the APS is the largest federally funded user facility in the U.S.
as gauged by several important metrics, including number of visiting scientists per year,
number of experiments performed per year, and the number of peer-reviewed journal arti-
cles published per year. This third-generation, hard x-ray synchrotron radiation research
facility is the only one of its kind in the U.S. and one of three worldwide, the others being
the European Synchrotron Radiation Facility at Grenoble, France, and SPring-8 at
Harima, Japan.

But the new challenges in energy and the environment need sharpened tools. The prob-
lems that must be addressed in the future by APS users require a major renewal that
will, within a decade, bring the APS to the state of the art in synchrotron x-ray science
and maintain the facility’s ability to provide the best hard x-ray capabilities to the U.S.

Since March of 2008, our user community has been engaged in a process to move forward
on an APS renewal plan. From the beginning, the importance of user involvement in the
development of this plan was recognized and an APS Renewal Steering Committee was
formed with membership from the user community, the APS, and the APS Scientific Advi-
sory Committee (SAC).

An open workshop held on October 20-21, 2008, was organized by the APS Renewal Steer-
ing Committee to stimulate the development of the scientific drivers for a substantial re-
newal of the APS. A primary goal of the workshop was to engage the SAC in identifying
overarching scientific themes that would guide the technical aspects of the renewal. Two
exciting themes emerged: mastering hierarchical structures through x-ray
imaging, and real materials in real conditions in real time.

These two themes formed the focus for a white paper that was sent to the DOE’s Office of
Basic Energy Science in November 2008. This white paper outlines a proposed APS re-
newal that promises maximum scientific impact and high return on investment.

This document contains the proceedings of that workshop, the white paper, and the de-
scription of the proposed scope of the APS renewal.

APS Renewal Steering Committee
February 2, 2009
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Renewal of the Advanced Photon Source —
White Paper

Executive Summary

To ensure that state-of-the-art hard x-ray tools are available for U.S. scientists and
engineers who are solving key problems in energy, environment, technology develop-
ment and human health, the nation’s unique high-energy x-ray source needs a major
renewal of its capabilities. The Advanced Photon Source (APS) renewal program re-
sponds to key scientific needs driven by our user community. The renewal encom-
passes many innovations in beamlines and accelerator capabilities, each of which will
transform our tools and allow new problems to be solved. In particular the APS re-
newal dramatically expands two compelling avenues for research. Through x-ray im-
aging, we can illuminate complex hierarchical structures from the molecular level to
the macroscopic level, and study how they change in time and in response to stimuli.
Images will facilitate our understanding of how proteins fit together to make living
organisms, contribute to development of lighter, higher-strength alloys for fuel-effi-
cient transportation and advance the use of biomass for alternative fuels. Hard x-
rays are also especially suited to the study of real materials under realistic conditions
and in real time. The advances proposed in this area would help develop more effi-
cient catalysts, enhance green manufacturing, point the way to artificial light-har-
vesting inspired by biology, and help us develop more efficient lighting. The scope of
the renewal of our ~$1.5 B facility is estimated to be ~$350 M over five years. It is
vital that the investment begin as soon as possible. The renewed APS would comple-
ment other national investments such as the National Synchrotron Light Source-II
and would keep the U.S. internationally competitive.

Argonne National Laboratory v
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Introduction

Supported by the U.S. Department of Energy’s Office of Science, Office of Basic En-
ergy Sciences (DOE-BES), the Advanced Photon Source (APS) serves the nation’s
largest scientific user community. Located at the Argonne National Laboratory near
Chicago, Illinois, the facility provides brilliant high-energy (or “hard”) x-ray beams to
3500 users each year, who annually publish more than 1000 papers contributing to
knowledge and innovation in the energy, health, environment, physical, and life sci-
ences. At the core of the APS is a high-energy, 7-GeV electron accelerator that feeds a
1.1-km-circumference storage ring whose undulators and bending magnets deliver x-
rays to almost 60 independently operating beamlines. There are only two other high-
energy, third-generation storage ring x-ray sources operating around the world - the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France, and the
SPring-8 facility in Harima, Japan. Both facilities are planning major upgrades.

The APS began operations in 1996. To address the future needs of users and provide
the best hard x-ray capabilities to the U.S., the APS requires a major renewal that
would bring it to the state-of-the-art within a decade. Innovations in many instru-
ments and beam sources would generate orders of magnitude improvements in sensi-

Renewal of the Advanced Photon Source — White Paper
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tivity and precision, deliver new capabilities that were not envisioned when the ma-
chine was built, and enable important experiments that cannot be accomplished
today. The renewal plan was developed in an open process with our user community.
The investments would take full advantage of our outstanding accelerator complex
and skilled user base. Support for the APS renewal would complement other develop-
ments in the U.S. by offering the best source of hard x-rays.

Scientific Vision for a Renewed APS

We invited input from our existing and potential user community to identify the in-
novations that would have revolutionary impact and address important scientific
questions unanswerable with the capabilities available at the APS today. Among the
spectacular potential impacts on science and engineering research that were pre-
sented, we identified two overarching themes that will guide our investments for the
APS renewal: Mastering hierarchical structures through x-ray imaging, and
Real materials in real conditions in real time. For each theme we have singled
out some high-impact problems whose solution will be aided by the APS renewal.

Mastering hierarchical struc-
tures through x-ray imaging
Hierarchical structures are perva-
sive—from machines to organisms.
Because of their penetrating power,
hard x-rays uniquely offer the abil-
ity to examine non-destructively the
interior of hierarchical systems and
characterize structure, composition
and dynamics on length scales from
nanometer to centimeter. Develop-
ments in optics, beam stability, de-
tectors, and software are enabling
revolutions in rapid imaging with

Renewal of the Advanced Photon Source — White Paper
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Images from proteins and living organisms will help con-
nect the dots in understanding how genetics controls
health and disease. (Courtesy W.K. Lee, ANL; © 2007
Socha et al.; licensee BioMed Central Ltd.)



hard x-rays inside large objects
down to the nanometer length scale.

With new imaging tools we will be
able to address one of the most im-
portant problems in biology–How
do proteins fit together to make
organisms? Every organism is the
outward physical manifestation
(phenotype) of internally-coded in-
heritable information (genotype).

An overarching challenge is to link
genotype and phenotype, connecting
the avalanche of data on genetics to

fundamental questions about biological diversity, and to medical concerns such as
why one individual but not another becomes ill in response to the same stress. Re-
solving these questions requires techniques that bridge the scale of molecular biology
to that of entire organisms. The APS is today the most productive source in the world
for solving complex protein structures. Leveraging this capability at the molecular
level with multiscale imaging on length scales from nanometer to centimeter will be
transformative.

More than 8% of U.S. imported foreign oil could be saved if we reduce the weight of
trucks and cars by only 10%, through the use of high-strength steel or aluminum al-
loys. Although the materials exist, we cannot yet use them because we do not under-
stand the “springback” in these complex materials associated with stamping of
automobile body parts. Springback is just one example of an engineering problem
that could be solved by better quantitative understanding and modeling of de-
formation in polycrystalline materials enabled by advanced hard x-ray imaging
at the APS. The techniques can also be applied to innovative new nanocomposites
that offer ultimate control of properties by imitating biological materials.

Three-dimensional distribution of grains in a 1-mm cube
of aluminum. (Courtesy R. Suter et al., Carnegie Mellon
University)

viii Argonne National Laboratory
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Transport of environmental contaminants remains inadequately understood.
Advanced x-ray fluorescence imaging can address contamination problems ranging
from safe storage of nuclear waste to cleaned-up manufacturing. Hard x-ray fluores-
cence is most appropriate to spatially resolve trace concentrations of contaminants,
and promises to give important insight into the health and disease effects of met-
als in biology through sub-cellular imaging at the organelle level.

One of the most promising alternatives for petroleum-based fuel is ethanol obtained
from biomass. Invaluable to understanding biomass conversion is imaging the mo-
lecular architecture of ligno-cellulose in plants and during processing into glu-
cose, ethanol, and other chemical products. More generally, complex tissue is a
fruitful area of study for advanced x-ray imaging, where not only structure but me-
chanics can be revealed by imaging of stress distribution, addressing important med-
ical problems such as prostheses. Other major x-ray imaging challenges include
sequestration of carbon in rock, and fluid jets and sprays. The latter example,
with application to improved engine efficiency, demands not only high spatial resolu-
tion, but also ultrafast imaging.

To address these and a myriad of other important questions will require develop-
ment of new, dedicated, high-performance imaging capabilities. Needs include one
or more long beamlines to provide larger fields-of-view, higher spatial coherence
to enhance phase contrast imaging of low-atomic number materials, new x-ray op-
tics for nanoscale focusing, and faster detectors to take advantage of the high av-
erage brilliance of the APS and allow fast time-dependent imaging. Better
software for image analysis and real-time modeling is equally important. Better
electron and photon beam stability and nanopositioning of samples will be en-
abling goals of the renewal project. Complementary scattering and spectroscopy
techniques will be developed to bridge to the molecular scale. We also plan to de-
velop a unique, pulse-slicing source for hard x-rays that would be complementary
to the new Linac Coherent Light Source (LCLS), offering tunable hard x-rays and
time resolutions from 1 ps up to seconds or longer to use with imaging, diffrac-
tion, and spectroscopy. These coupled developments will lead to the orders-of-



magnitude improvement in time resolution and sensitivity that will be needed to
solve the scientific challenges.

Real materials in real conditions and real time
Hard x-rays above 20 keV are uniquely suited to penetrating complex environments
and revealing atomic level structure. For example, APS researchers have studied
combustion, materials under conditions of the Earth’s core, surfaces buried under liq-
uids, operating fuel cells, and catalytic reactors. To enable the dreams of scientists
and engineers, and extend these experiments into new regimes, we must provide
multiple techniques in one experiment to supplement the information from x-rays,
and develop the ability to study in real time and provide images. With optimized
beamlines, including access to complementary measurements during in situ experi-
ments, improved detectors and optics, and enhanced data analysis capabilities, many
important new experiments will become possible through the APS renewal. We also
expect to attract a larger fraction of industrial users who are very interested in exam-
ining conditions used in manufacturing.

Developing catalysts with the specificity and activity of enzymes.
Catalysts are key to the modern world, but greatly improved catalysts are essential
for development of sustainable energy. As an example, because we have been unable
to develop catalysts with sufficiently high
activity, fuel cells today contain very large
loadings of precious metals. Yet we know
that nature can produce catalysts (en-
zymes) that operate at low temperatures
with very high activity and specificity, use
readily available metals, and are resistant
to degradation even in “dirty” environ-
ments.

Further development of catalysts requires
understanding and perfecting their struc-

Schematic of an H2 fuel cell. (Courtesy D. Myers,
Argonne National Laboratory)
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ture and dynamics under operating conditions. Hard x-rays are uniquely able to pen-
etrate high-temperature, high-pressure gas or liquid environments to reveal
the molecular structure and dynamics of heterogeneous catalysts. The added
ability to image such structures and identify the active sites would be invaluable.
High-speed acquisition of data is necessary to explore reaction dynamics.

The APS today is the most prolific source of high-impact
papers in the area of high-pressure science. These studies
can be extended to more extreme conditions and shorter
timescales. With new facilities for ultrafast compression
and recording, we plan to enable new insights into dy-
namic shock compression physics. This would open the
way to new regimes of extreme pressures and tempera-
tures that cannot be sustained for long, but reveal ener-
getic materials behavior important in weaponry.

About 20% of energy consumption in the U.S. goes to light-
ing, yet most lighting is very inefficient. Solid-state lighting

represents a major improvement, and the development of high-quality, inexpen-
sive fabrication techniques will be favored by in situ studies of materials
growth.

Vast amounts of energy in sunlight are ripe for collecting if we can replicate nature’s
efficient mechanisms for photon-electron transfer. One key to artificial light-harvest-
ing is understanding the complex chemical excited states involved in photosynthesis.
Progress will be aided by the tunable, high-average-brilliance, 1-ps source that would
be developed at the APS as a part of the renewal, accessing the large dynamic range
of electron transfer after photoexcitation.

Nucleation is one of the most important phenomena controlling the structure, proper-
ties and failure mechanisms in materials, yet it is poorly understood. For example
nucleation in liquids determines the structure and function of chemically synthesized

Argonne National Laboratory xi
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precipitates, from film emulsion to food. A major reason for our lack of knowledge of
nucleation is that it is often a rare event. With a combination of high-speed imaging
detectors and realistic large samples, we believe that the nature of nucleation can
be exposed by the “triggering” of detectors in analogy with methods developed by
high-energy physicists.

Similar approaches should shorten the cycle of development of new materials
through efficient exploration of parameter space. Energy and other high-priority soci-
etal needs demand new materials with better functionality, including thermo-
electrics, solid-state battery electrolytes, superconductors, and magnets.

Common to the themes described in our scientific vision – hierarchical imaging and
real materials – is extending into real time and going beyond structure to examine
the dynamics of materials. The APS is ideally suited for such studies over time scales
from picoseconds to hours, and is complementary to the ultrafast single-pulse studies
possible at the free-electron laser LCLS. Dynamical experiments will use diffraction,
imaging, and spectroscopy.

Our two overarching scientific themes do not encompass all the innovations that
would be implemented in the renewal, but they are ubiquitous and the improve-
ments they would spawn will pay off in other important areas of x-ray science at
the APS. For example, improved mechanical and beam stability will permit use of
micron-sized crystals for protein structure determination, extending the method to
a much larger number and wider range of proteins and assemblies than can cur-
rently be studied.

By developing capabilities with radically new scope addressing the two themes, to-
gether with complementary technique developments, we believe that the invest-
ment in the APS renewal will be enormously rewarded by benefits to
environmentally responsible energy production and use, making the Earth a
healthier planet, a stronger and more sustainable economy, human health, and sci-
entific knowledge. Highlights have been included in this white paper, but a much

Renewal of the Advanced Photon Source — White Paper
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fuller account is found in this proceedings, and can be seen at our Web site:
http://www.aps.anl.gov/Renewal/.

National Context

Table 1 lists the suite of major third-generation light sources in the U.S., and two
major light sources under construction. The second-generation National Synchrotron
Light Source (NSLS) in New York, which will be replaced by NSLS-II, is included for
comparison.

Of these productive and complementary sources, the APS is unique with its high
characteristic x-ray energy and very large user community. The APS will remain the
only major hard x-ray source in the U.S. for a decade or more. Renewal of the APS
will strengthen this role by providing world-class hard x-ray capabilities in the U.S.
for decades to come. The APS would complement the new NSLS-II, which will deliver
brilliant beams at intermediate x-ray energies, and the LCLS in California, which
will deliver exceptionally bright single pulses at intermediate energies. Hard x-rays
(>20 keV) are unique in penetrating complex environments and thick objects, and of-

Renewal of the Advanced Photon Source — White Paper
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Advanced Light Source California Third-generation 1993 3.2 keV 43 1784
storage ring (12-keV

super-bend)

Advanced Photon Source Illinois Third-generation 1996 19.5 keV 60 3420
storage ring

Linac Coherent California Free-electron 2009 N/A 4 N/A
Light Source laser (instruments)

National Synchrotron New York Second-generation 1982 7.1 keV 65 2219
Light Source storage ring

National Synchrotron New York Third-generation 2015 2.5 keV ~58 N/A
Light Source II storage ring possible

Stanford Synchrotron California Second- to 1973 7.5 keV 34 1151
Radiation Laboratory third-generation

storage ring

Table 1. Major light sources in the U.S.



fering very high Q-space resolution. The application of these characteristics to impor-
tant scientific problems forms the basis of our renewal proposal. Complementary de-
velopments in soft x-ray science will be facilitated at the Advanced Light Source in
California, at NSLS-II, and at possible future light sources. In addition to synchro-
tron sources there are other facilities in the U.S., such as the Spallation Neutron
Source in Tennessee, that use other types of radiation and probe matter in comple-
mentary ways.

International Context

Table 2 lists the only high-energy, third-generation synchrotron sources operating or
under construction in the world. The newest source, PETRA-III, will have lower emit-
tance than the other three sources and will provide strong competition, although it
will have relatively few beamlines.

SPring-8 and the ESRF are engaged in renewal and upgrade. At SPring-8, an x-ray
free-electron laser is under construction that will provide a stand-alone new capabil-
ity and allow injection of single bunches into the storage ring. SPring-8 is also en-
gaged in beamline renovation and building, and planning for a new storage ring
lattice upgrade in the next few years. The ESRF is in the advanced stages of securing
~ 170-MEuros capital investment for major beamline renovations, conceptually simi-
lar to the approach we are proposing for the APS renewal. We have benefitted from
close involvement with these facilities. For instance, a recent Three-Way Meeting be-
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Source Name Location Type 1st Year Characteristic Beam- User
Operation Energy lines Visits (06)

Advanced Photon Source U.S. Third-generation 1996 19.5 keV 60 3420
storage ring

European Synchrotron France Third-generation 1994 20.3 keV 49 6,090
Radiation Facility storage ring

PETRA III Germany Third-generation 2009 20.8 keV 14 N/A
Light Source storage ring (up to 20)

SPring-8 Japan Third-generation 1997 28.9 keV 48 N/A
storage ring

Table 2. Major light sources worldwide.



tween SPring-8, ESRF, and APS management on the subject of upgrade and renewal
was held in the spring of 2008 at the APS. Our renewal will help us define the state
of the art in the key areas we have identified. Especially in imaging, we need to de-
velop new capabilities to compete internationally. Without a major renewal we would
slip behind in most areas.

Development Process for the Renewal Plan

For the last five years the APS has been planning with its users for new high-priority
scientific capabilities. Table 3 shows those workshops that have been held in just the
last two years.

The DOE held a major peer review of the APS in December of 2007 that strongly rec-
ommended development of a renewal plan. Building on previous strategic planning,
we solicited specific proposals associated with the renewal and began discussion of
these at the May 2008 User Meeting, attended by over 600 users. Each beamline at
the APS, whether operated by the facility, or independently by a collaborative access
team, was encouraged to submit a science-based proposal on the investments needed
to achieve world leadership. Forty-two beamline proposals were received. These were

Renewal of the Advanced Photon Source — White Paper
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Title Date
APS Renewal Workshop Oct. 20-21, 2008
Small-Angle Scattering Short Course: Beyond Rg June 28-July 2, 2008
Understanding Condensed Matter Dynamics at the Microscopic Level June 23, July 2, 2008
Workshop to Introduce High-Resolution Inelastic X-ray Scattering on Earth Materials Using Synchrotron Radiation May 31-June 1, 2008
Short-Pulse X-rays at the APS May 9, 2008
APS Upgrade/ERL Optics Workshop April 23, 2007
New Applied Materials Research from Improved High-Energy X-ray Sources July 28, 2006
Detectors July 21, 2006
Sub-meV Energy Resolution July 20, 2006
Microscopy July 17, 2006
Biology and Life Sciences July 14, 2006
New Structural Science from Improved High-Energy X-ray Sources July 13, 2006
Picosecond Science June 29, 2006
Novel Science with Polarized X-rays June 29, 2006
Interfacial and Surface Science June 29, 2006
Coherence/Imaging June 15 & July 11, 2006
Workshop on Intermediate-Energy X-rays June 13, 2006
Science Opportunities Using X-rays and Split-Gap High-Field Magnets June 8-9, 2006
Ultrafast SAXS June 6, 2006
Fourth CW and High Average Power RF Workshop May 1-4, 2006

Table 3. APS workshops: 2006-2008.



developed in close association with the user beamline advisory committees. Seven
proposals for brand new beamlines were also submitted from the community and
have received initial review from the APS Scientific Advisory Committee. Several of
these could be accommodated at the three undeveloped insertion device beamlines
that remain at the APS, whereas others could be incorporated in redeveloped sectors.
All these proposals and more information can be found on our Web site:
http://www.aps.anl.gov/Renewal/. Through a Renewal Steering Committee compris-
ing facility and user representatives1, we appointed 10 science teams to identify the

Name Research Field
Prof. Jens Als-Nielsen X-ray physics
Neils Bohr Institut, Copenhagen

Dr. Michelle V. Buchanan Molecular analysis,
Associate Laboratory Director, Oak Ridge National Laboratory protein interactions

Dr. Howard Einspahr Protein crystallography,
Research fellow, Bristol-Myers-Squibb (retired) drug design

Prof. Janos Kirz X-ray microscopy
Scientific Director, Advanced Light Source

Prof. Miles V. Klein Experimental condensed-
University of Illinois (retired) matter physics

Dr. Dan Neumann Structure and dynamics in
National Institute of Standards and Technology Center for Neutron Research molecular materials

Prof. Piero A. Pianetta X-ray microanalysis, especially
Deputy Director, Stanford Synchrotron Research Laboratory surfaces and interfaces

Dr. William Stirling Magnetic scattering
Director General, European Synchrotron Research Facility

Dr. Soichi Wakatsuki Protein crystallography
Director, Photon Factory

Dr. Glenn Waychunas Synchrotron radiation applied
Molecular Geochemistry Leader, Lawrence Berkeley National Laboratory to geochemistry and

environmental science

Prof. Donald J. Weidner Geophysics
Department of Earth and Space Sciences, Stony Brook University

Dr. Wei Yang Molecular biology and protein
Chief, Structural Biology and Cell Signaling Section, National Institutes of Health crystallography

Prof. Larry Lurio (ex-officio) Coherent x-ray scattering and
Northern Illinois University; Chair, APS Users Organization physics of soft materials

Dr. Denis Keane (ex-officio) Surface x-ray scattering
Director, DuPont-Northwestern-Dow Collaborative Access Team; and reflectivity
Chair, APS Partner User Council

Table 4. The APS Scientific Advisory Committee.
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science drivers for future users of the APS, and a number of technique coordinators
to look at the instrumentation and expertise that would be needed to satisfy the sci-
ence challenges. We also benefited from the recent decadal study of condensed matter
and materials physics by the National Research Council (Condensed-Matter and Ma-
terials Physics: The Science of the World Around Us: An Interim Report, Committee
on CMMP 2010, Solid State Sciences Committee, National Research Council, The Na-
tional Academies Press [2006]; http://www.nap.edu/catalog.php?record_id=11730)
and the “Grand Science Challenges” report of the Basic Energy Sciences Advisory
Committee (BESAC), which identified key scientific problems and the vital role of
current and future light sources (Directing Matter and Energy: Five Challenges for
Science and the Imagination, U.S. DOE-BES [2007]; http://www.sc.doe.gov/bes/re-
ports/list.html). At the APS renewal planning workshop in October 2008, we brought
together ~200 key users and staff to present these scientific visions to members of the
APS Scientific Advisory Committee (Table 4), which provided the recommendations
summarized in this document. The recommendations allow us to select and develop
the highest priority proposals to include in the renewal project.

As we proceed with renewal planning, we will be holding a major set of workshops at
the 2009 APS Users Meeting in May, and will continue our preconceptual design
planning. With DOE approval of Critical Decision 0, we would develop a Conceptual
Design Report (CDR), holding workshops and a SAC-based review process to priori-
tize and select the detailed projects that would comprise the renewal. We expect that
we could be ready with a CDR by the end of 2009.

Estimated Cost and Schedule

From our preliminary planning we estimate that the project will cost between $300
M and $400M, and take from 5 to 7 years to complete. There will be little major civil
construction involved, although some extensions to beamlines that require small out-
buildings and additional laboratory space are desired. We have simultaneously devel-
oped a plan to deal with infrastructure and obsolescence issues at the APS, which are
becoming severe. This plan would be accomplished in parallel with the renewal,
using our routine capital and accelerator improvement funds.



Beyond the Renewal –
The Opportunity for a Major Machine Upgrade

Once the renewal is complete, the APS will be in an excellent state for the next
decade. In order to provide the best possible source of hard x-rays within the U.S. for
the longer term, we are simultaneously exploring options for major upgrades to the
accelerator that would build on the APS renewal investment. For example, next-gen-
eration sources would offer greater coherence and shorter pulses that would build di-
rectly on the themes that we have developed for the renewal. Options we have
considered range from third-generation lattice improvements, to fourth-generation
concepts such as the energy-recovery linac and the x-ray free-electron laser oscillator.
While the lattice upgrades could be accomplished without significant further R&D,
they offer less dramatic improvements. We anticipate being involved in R&D on the
fourth-generation options in the next few years, and working with the DOE as they
plan for next generation capabilities in the U.S. The BESAC is currently carrying out
a national study of the need for fourth-generation light sources to address grand sci-
entific and technological challenges. Our goal is to continue to lead the development
of hard x-ray science in the U.S. and position the community for whatever next-gen-
eration investments may be made for hard x-ray sources in the decades to come.

Renewal of the Advanced Photon Source — White Paper
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The Advanced Photon Source
Renewal Workshop
October 20-21, 2008
Hickory Ridge Marriott Conference Hotel
1195 Summer Hill Drive
Lisle, Illinois

Beginning in March 2008, Advanced Photon Source (APS) management engaged
users, facility staff, the distinguished members of the APS Scientific Advisory Com-
mittee (SAC), and other outside experts in crafting a renewal plan for this premier
synchrotron x-ray research facility. The scope of renewal for this ~$1.5B facility is es-
timated to be about $350M over 5 to 7 years. The only two comparable high-energy x-
ray sources, the European Synchrotron Radiation Facility in Grenoble, France, and
the SPring-8 facility in Harima, Japan, are both well along in planning for major up-
grades. It is vital that the investment in the APS renewal begin as soon as possible in
order to keep this important U.S. facility internationally competitive.

The APS renewal plan encompasses innovations in the beamlines and the x-ray
source that are needed for major advances in science—advances that promise to fur-
ther extend the impact of x-ray science on energy research, technology development,
materials innovation, economic competitiveness, health, and far-reaching fundamen-
tal knowledge.

A planning milestone was the APS Renewal Workshop held on October 20-21, 2008.
Organized by the APS Renewal Steering Committee, the purpose of the workshop
was to provide a forum where leading researchers could present the broad outlines of
forward-looking plans for science at the APS in all major disciplines serviced by x-ray
techniques. To facilitate these dialogues, these 10 Science Teams were formed to de-
velop draft reports that provided the basis for discussion at the workshop:

Continued on next page
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Science Field Team Leader
Chemical Science & Engineering Jeffrey T. Miller

Argonne National Laboratory
Condensed Matter and Materials Physics Samuel D. Bader

Argonne National Laboratory
Engineering Applications & Applied Research Gene E. Ice

Oak Ridge National Laboratory
Fundamental Interactions in Chemical,

Atomic, & Molecular Physics Stuart A. Rice
The University of Chicago

Geological, Environmental, & Planetary Sciences Neil C. Sturchio
University of Illinois at Chicago

Interfacial Science Paul A. Fenter
Argonne National Laboratory

Life Sciences (excluding MX) Lee Makowski
Argonne National Laboratory

Macromolecular Crystallography (MX) Anthony A. Kossiakoff
The University of Chicago

Materials Science & Technology Paul G. Evans
University of Wisconsin-Madison

Polymers and Soft Materials Kenneth R. Shull
Northwestern University

The Charter provided to the Science Teams is given below:

“Members of the Science Teams are charged with developing the scientific case (for
their respective areas) that will be the basis for a 5-year APS renewal proposal to the
U.S. Department of Energy. The scientific case should clearly define how upgrades to
beamlines (optics, detectors, insertion devices, end-station instrumentation, and soft-
ware) and the facility will enable the science to progress and how that progression
will impact the field. Management of the APS has already called for renewal propos-
als from beamline scientists describing how those renewals will enhance the capabili-
ties of various beamlines and/or techniques. The Science Teams should select,
consolidate, and optimize those proposals (and/or develop/call for new proposals if
necessary) that support their scientific cases and outline how the renewal will posi-
tion the APS to enable high-impact science.

“Technique Coordinators (experts in relevant techniques or instruments) will facili-
tate the identification of specific techniques that are important to each scientific dis-
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cipline and, in particular, across disciplines. The Technique Coordinators will work
with the Science Teams to develop a strategy for instruments that are required to en-
able high-impact science.

“The Chairs of the Science Teams will organize and lead the development of the sci-
entific case. Members of the Science Teams have accepted responsibility for gather-
ing information from the community and preparing the reports. The Science Teams
will consult with other experts in the field and with the Technique Coordinators.

“Although the goal of the Medium-Term Renewal is to develop the case for a medium-
term (5-year) renewal of the beamlines, the Teams should also keep in mind what
sort of larger, longer-term upgrade of the entire APS facility would further enhance
their area of science.”

Two days of scientific presentations, discussions, and dialogue (see Appendix A for
the agenda) involved 188 scientists representing 41 institutions (see Appendix B for
list). The scientific talks and breakout/discussion sessions provided a forum for Sci-
ence Team leaders to present the outlines of forward-looking plans for experimenta-
tion in all the major scientific disciplines covered by photon science. These
proceedings comprise the reports from the Science Teams that were commissioned by
the APS Renewal Steering Committee, having been edited by the Science Teams
after discussion at the workshop.

Among the spectacular impacts on science and engineering research that were of-
fered, two overarching themes were identified that will guide the U.S. Department of
Energy, Office of Basic Energy Science (DOE-BES) investments for the APS renewal:
Mastering hierarchical structures through x-ray imaging, and real materials
in real conditions in real time. These two themes formed the scientific foundation
for a white paper outlining the proposed APS renewal, which promises maximum sci-
entific impact and high return on investment. This white paper has been written and
was sent to DOE-BES in November 2008. It can be found beginning on page v. of this
volume.
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Renewal of the Advanced Photon Source:
Chemical Science & Engineering
Jeffrey T. Miller (Chair) Argonne National Laboratory
Simon R. Bare UOP
Peter J. Chupas Argonne National Laboratory
James E. Penner-Hahn University of Michigan
Deborah J. Myers Argonne National Laboratory
Lynda Soderholm Argonne National Laboratory
Nenad M. Markovic Argonne National Laboratory

Executive Summary

X-ray-based synchrotron techniques can provide the unrivaled, multilevel informa-
tion necessary to explore structural correlations over a broad range of length scales to
answer high-impact scientific questions such as:

• What determines the structural details of complex catalytic nanoparticles and how
do these change under differing reaction conditions?

• How do structure, morphology, size, support, and promoters, etc., affect perform-
ance including catalysts capable of new chemistry and with selectivities approaching
that of biological systems?

• What is the atomic-level spatiotemporal structure of a working catalyst in a cat-
alytic reactor?

• How does the structure of a solution-electrode interface impact the chemistry, effi-
ciency, and stable delivery of reactions, including those important to electrical power
in fuel cells?
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• What novel, non-noble metal nanoparticle compositions and synthesis methods are
needed to produce high-efficiency fuel cells?

• How does solution chemistry of metal-ion speciation, including coordination, liga-
tion Chemical Science & oligomerization, affect chemical reactivity, electrode and
electronic response, and solubility?

In the near future, the characterization of solutions, interfaces, and nanoparticle
samples will play a central role in both fundamental and applied chemical science
and engineering. Challenges will include the provision of new, abundant, and envi-
ronmentally safe energy for the nation. Solution and nanomaterial sciences offer
great potential to create novel materials with tailored properties that strongly de-
pend on the specific hierarchy of chemical or physical components, organized at dif-
ferent length scales. The function and behavior of these new materials can only be
understood if their microscopic structure and dynamics are known over all length
scales down to the molecular and atomic levels. Synchrotron x-ray techniques provide
an unprecedented level of structural detail, even on materials lacking long-range
order typical of those in chemical science and engineering. The primary techniques
will be diffraction, scattering, and absorption spectroscopies, in both static and time-
resolved modes. For systems and materials of importance to chemical sciences and
engineering, measurements under in situ conditions, such as elevated temperatures,
pressures, and applied potentials, as well as in reactive and corrosive solutions, will
be necessary.

New capabilities are necessary that will help scientists to understand and find an-
swers to these questions by providing unique information on the quantification and
chemical state of complex structures of nanoparticles; solution complexes; the interfa-
cial boundary of solid-solid, solid-gas, solid-liquid, and liquid-liquid; as well as trace
elements at unprecedented sensitivity and spatial resolution, and ultimately, with
time dependence. Hard x-rays provide the added benefit of enabling specific sample
environments so that real systems in their near native environments can be studied.

Renewal of the Advanced Photon Source: Chemical Science & Engineering

6 Argonne National Laboratory



Expected User Communities

Chemical sciences and engineering addresses scientific questions over a broad range
of disciplines. Research groups in industry, academia, and national laboratories have
extensive research programs in these areas. The unique information provided by the
techniques at the APS affords the greatest level of detail and understanding for
many problems. While most scientists perform their analyses with laboratory meth-
ods, it is not always possible to analyze samples under in situ conditions. Improved
capabilities will attract new users, but wider availability of beamlines with gas han-
dling and other equipment needed to make in situ measurements will greatly in-
crease the number of users in the chemical sciences and engineering field.

Introduction

Catalytic technology is essential for economic prosperity, energy security, and envi-
ronmental preservation in the twenty-first century. Catalytic science and technology
has an extraordinary impact on the U.S. economy and quality of life, with applica-
tions to the fields of agriculture, transportation, petroleum refining, chemicals, bat-
teries, fuel cells, electronics, health care, and environmental stewardship. The U.S.
Department of Commerce estimates that about 90% of chemical manufacturing
processes and nearly 30% of all manufactured goods in the U.S. are dependent upon
a catalytic process to achieve the desired combination of economics and functional
performance.

The importance of catalysis research to meet the energy needs of the nation and the
central role of U.S. Department of Energy (DOE) facilities in advancing catalytic sci-
ences has been specifically identified in the Energy Policy Act of 2005. The world de-
mand for energy is expected to double by the year 2050. Compounding this challenge
is the growing need to protect our environment by increasing energy efficiency and
developing clean, safe, renewable energy sources. The solution to these challenges is
vital to our future energy security, to address global climate change, and for contin-
ued economic prosperity. A U.S. Department of Energy, Office of Basic Energy Sci-
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ences (DOE-BES) report on Basic Research Needs to Assure a Secure Energy Future
[1] has recognized that solutions will require scientific breakthroughs and revolution-
ary developments. Within this context, nanoscience and nanotechnology present ex-
citing and requisite approaches to addressing these challenges. Moreover, from the
DOE-BES reports entitled Basic Research Needs: Catalysis for Energy [2], Basic Re-
search Needs for Solar Energy Utilization [3], Basic Research Needs for Clean and Ef-
ficient Combustion of 21st Century Transportation Fuels [4], and Basic Research
Needs for the Hydrogen Economy [5] it is clear that catalysis will play a major role in
advancing the research and technology needs for the nation. As part of the reports on
specific research needs, DOE also identified five Grand Challenges for Science and
the Imagination. Mastery of catalysis and catalytic systems will require advances in
all five of these challenges. The development of future technology will result from the
synthesis of new catalytic materials, with the properties of unprecedented activity,
selectivity, and stability.

Within the overall context of the critical role catalysis plays in energy-related tech-
nologies is the electrocatalytic conversion of chemical energy to electrical energy
within a fuel cell. Due to its ability to efficiently convert fuels to electrical energy at
low temperatures, and its high efficiency and power density, the polymer electrolyte
fuel cell has the greatest potential to replace the internal combustion engine in vehi-
cles, eliminate or greatly reduce greenhouse gas emissions, and decrease world de-
pendence on petroleum-based fuels.

The successful deployment of advanced fuel cells depends on the development of new
materials that can meet the demanding performance requirements under extreme
conditions of high voltage, high temperatures, and corrosive electrochemical environ-
ments. The two most significant challenges to the widespread implementation of this
promising technology are the high cost and limited durability of the platinum and
platinum alloy nanoparticle cathode electrocatalyst.

The strategic goal is to acquire fundamental understanding of atomic/molecular-level
interactions that occur at electrified solid-liquid interfaces. This fundamental knowl-

Renewal of the Advanced Photon Source: Chemical Science & Engineering

8 Argonne National Laboratory



edge will eventually lead to the design and synthesis of selective, robust, impurity-
tolerant, low-cost, and highly efficient, tailored, nanoscale electrocatalysts for fuel
cell electrodes, thereby assisting in achieving one of DOE’s mission goals for “revolu-
tionary advancement in electrocatalysts and dramatically enhanced energy transfer
in fuel cell systems.”

Aqueous solutions containing dissolved metal ions have historically been viewed as
homogeneous systems in which a solute (a metal ion, for example) is evenly distrib-
uted in a solvent (water). There is mounting evidence that this description is often in-
adequate and that significant solute organization can occur [1] with a measurable
impact on a wide range of behaviors ranging from metal solubilities and creativities
to chemical separations. Dissolved metal-ion speciation, including coordination, liga-
tion, and oligomerization, plays a central role in chemical reactivity, electronic re-
sponse, and solubility. This chemistry also plays a critical role in a wide variety of
energy-related technologies, including catalysis, the environmental fate and trans-
port of heavy metal ions, and the separation of metal ions for purification and use. A
necessary first step to a predictive understanding of metal-ion solution chemistry is a
comprehensive picture of metal-ion speciation. This picture is currently in its infancy
and needs to be developed to adequately assist theorists and modelers in a wide vari-
ety of technology areas.

Key Science Drivers

Catalysis by nanoscale materials
Catalysis controls the rates at which chemical bonds are formed and broken, thereby
controlling the yields of desired products over undesirable ones in chemical reactions.
Catalysis is, therefore, central to energy conversion and environmental protection, as
well as contributing to a healthy economy. Achieving a high degree of selectivity in
catalysis is recognized as a crucial challenge for the coming decades. While nature at-
tains near 100% selectivity with enzyme catalysts, such selectivity in synthetic sys-
tems is rarely obtained. Nanoparticles and nanostructured (single-site) materials
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offer new avenues of controlling catalytic function. The geometrical structure and
electronic properties of nanoscale catalyst particles play a major role in selectivity;
therefore, highly controlled particle-size distribution, composition, and morphology is
essential. Furthermore, at the nanoscale, the catalytic rate and selectivity of metal-
lic, alloy, and oxide nanoparticles cannot presently be predicted from the properties
of the bulk materials.

It has long been known that the oxide surface and promoters also have a strong influ-
ence on the performance of nanoparticles, but how these alter that performance is
largely not understood. The most significant research challenge needed to address
these issues is to create and characterize interfaces and nanostructures that are tai-
lored to optimize catalyst performance. The possibilities include fabricating inter-
faces using a wide variety of materials and chemical combinations, along with
interface shapes patterned at the nanometer length scale. To accomplish this, a di-
verse array of synthesis methods ranging from top-down lithography through self-as-
sembling materials growth, wet-chemical processing, and biological assembly must
be combined to create novel structures. In parallel, experimental techniques for
nanoscale characterization must be developed and used to relate structure and func-
tion. Finally, during reaction, the operating environment (e.g., gas composition, tem-
perature, pressure, etc.) alters the surface composition. Few methods provide the
structural and electronic details that allow for a fundamental understanding of how
these properties affect performance.

The research challenge for catalysis is learning to tune the nanoparticle properties to
control the chemical reactivity. Future catalysts will not only enable new reaction
pathways, but will control the product selectivity with unprecedented selectivity. For
example, catalysts with very high selectivity would eliminate the need for additional
catalytic process steps or separations, thus significantly improving energy efficiency
and reducing cost. Drawing from the lessons of biology, nanostructured materials
must be designed to match both the structure and conformation of the reactants to
control the reaction pathway to the desired product. To accomplish this, new and effi-
cient methods of in situ characterization, combined with rapid high-throughput test-
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ing of catalytic properties will be required. The choice of materials, structural param-
eters, and the experimental design must be guided by a continually improving funda-
mental understanding of the structure-function relationships of nanostructured
catalysts.

Electrochemical fuel cells
The major challenges for the development of a new generation of materials required
for efficient energy conversion in fuel cells is to develop a fundamental understanding
of metal-electrolyte interfaces. The activity depends on their atomic-level properties
[7]. These properties include oxidation state, particle size, local atomic environment
of the reactive site, electronic structure, inter-atomic bond lengths, and short-range
order [8]. Characterization of these properties, especially while the catalyst is in the
reactive environment, allows a correlation of these properties with activity, identifi-
cation of the active catalyst site, an understanding of degradation mechanisms, and
ultimately, improvement of the catalytic activity and durability. For example, identi-
fication of the active site allows synthetic methods to be tailored to maximize the
density of these sites, leading to higher catalyst-specific and volumetric activities.
Characterization of oxidation state and particle size in the reactive environment also
provides critical knowledge regarding degradation mechanisms and the link between
operating conditions and degradation, which allows tuning of catalyst composition
and operating conditions to extend lifetimes. In addition, determination of the cata-
lyst atomic structure during synthesis—such as during the heat-treatment step for
converting the precursors to metals and alloys—provides critical knowledge on the
temperature necessary to form the desired phase, but limits nanoparticle growth.

It is also of paramount importance to determine the mechanisms that control the mi-
crostructure, activity, and stability of nanostructured materials that are certain to
find application in the next generation of fuel cell systems. To reach this goal, we
need to resolve relationships between the structure, chemical nature, and composi-
tion of the electrochemical interface, and its activity and stability. To address these
challenges, we have to learn how to: A) create novel states of catalytic materials by
manipulating their surface electronic and crystal structure; B) characterize, at the
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nanoscale, atomic and electronic properties of nanostructured interfaces by develop-
ing and using ex situ and in situ surface characterization techniques and state-of-the-
art theoretical methods to explore structure/function relationships; C) understand, at
the atomic/molecular level, the fundamental principles that govern efficient bond
making and bond breaking at electrochemical interfaces; and D) optimize the active
sites by an iterative process, guided by a fundamental understanding of structure
function relationships at multimetallic electrochemical interfaces.

Solution chemistry
One of the Chemistry Grand Challenges is to understand, predict, and control the be-
havior of dissolved metal ions in solution. The basic first step in realizing this chal-
lenge is a comprehensive picture of speciation, specifically the structure of ligands
surrounding the ion of interest. Unfortunately, x-ray and neutron diffraction, two of
the most powerful analytical tools for structure determination, require long-range
correlations for their application and thus are not useful for solution work. Recently,
single-ion probes such as nuclear magnetic resonance and extended x-ray absorption
fine structure (EXAFS) have broadened our knowledge of solute environments, even
in dilute solutions. Extended x-ray absorption fine structure has emerged as the tool
of choice for probing metal-ion speciation in solution because this tunable, single-ion
spectroscopy can be used to directly determine oxidation state, coordination number,
and in selected cases coordination symmetry [9]. An emerging frontier for EXAFS is
the routine application of time-resolved EXAFS to characterize solution reactivity.
Over the last decade, the development of relatively inexpensive, easy-to-use, stopped-
flow, ultraviolet-visible spectrometers has revolutionized the study of inorganic
chemistry, allowing inorganic chemists to ask much more sophisticated questions
about the kinetic (and ultimately, the mechanistic) properties of their materials. It is
now becoming possible to extend these techniques to EXAFS, and this promises a
similar advance in the detailed understanding of chemical kinetics (particularly if ul-
traviolet-visible and EXAFS stopped-flow can be combined on the same system).

Although EXAFS is broadly applied to many solution-based problems, it is not able,
except in unusual situations, to give statistically reliable coordination information
beyond the first coordination sphere, so that any ion-ion correlations at distances
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longer than about 0.4 nm to 0.5 nm
are not consistently revealed by
EXAFS studies, as demonstrated in
Fig. 1 (left). This information is crit-
ical for characterizing solute-sol-
vent interactions. Consequently,
the characterization of solute-solute
and solute-solvent correlations has
largely been limited to indirect
techniques including colligative
properties measurements, such as
vapor pressure osmometry and
spectroscopic techniques such as ul-
traviolet/visible, Raman, and infrared spectroscopies.

Understanding these correlations is particularly important when studying oligomer-
ization, aggregation, and precipitation reactions, which require information at dis-
tances longer than those of the first-coordination sphere. Secondly, coordination
numbers are usually significant only to about ±10%, an error too large for many ap-
plications. For example, information about the coordination number of a lanthanide
ion in solution often requires discerning whether the ion is 8 or 9 coordinate, a ques-
tion that is not unequivocally resolved with EXAFS spectroscopy.

The research challenge for solution chemistry is to extend our understanding of self-
assembly and correlations that occur in amorphous systems and at their interfaces
with either a solid or another solution. This understanding needs to include an accu-
rate means of assessing first-coordination sphere ligation of a solute ion, oligomeric
interactions, ion pairing, and second and more distant coordination spheres. The data
needs to include distances, and the nature and number of ligating ions. Within solu-
tions themselves, self-assembly and ordering of ions or molecules at interfaces is im-
portant in many biotic and abiotic processes. Phase-transfer catalysis,
pharmaceutical drug delivery, many electrochemical processes, nanoparticle synthe-
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Fig. 1. A comparison of Fourier transformed EXAFS (left)
and high-energy x-ray scattering (HEXS, right) data taken
on the same Th solution. The peak at 4 Å in the HEXS data
is attributable to Th-Th interactions, which are not observ-
able in the EXAFS data. Not explicitly shown is the higher
resolution available in the EXAFS data, which allows the ob-
servation of splitting within the first coordination sphere [10].



sis, and numerous chemical reactions take place at the interface between two immis-
cible liquids. Important environmental processes that rely upon interactions at inter-
faces include tertiary oil recovery, solvent extraction of radionuclides from nuclear
waste, and permeation liquid membranes used for the cleanup of ions in the environ-
ment. For example, biological membranes at aqueous-aqueous boundaries are funda-
mental to cell chemistry and processes. In the area of separations science—a
cornerstone of the chemical industry—solvent extraction and other metals separa-
tions technologies rely heavily on the transfer of metal ions across an interface.

Significance of the APS

Understanding solution and materials chemistry requires knowledge of structure at
the atomic level. Most of the standard structural characterization tools provide high-
quality information on bulk, periodic, or crystalline materials. Equally high-quality
characterization is needed for amorphous materials, solutions, and complex nano-
structures. Synchrotron-based techniques can now be used to characterize samples
irrespective of their state of crystallinity via different scattering and spectroscopic
methods. X-rays are providing structural details at length scales that encompass
local structure from about an ion to the long-range ordering present in well-formed
crystalline materials, and have found applications in solutions, glasses, liquids, poor-
quality crystals, powders (which can be multiphase), assemblies of micro-crystals, ad-
sorbed surface layers, etc. Moreover, the evolution of structure under reaction
conditions is also an important feature of a catalytic system that needs to be investi-
gated and understood. Techniques most often used for analysis of catalytic materials
include x-ray diffraction and scattering, pair distribution function (PDF), small-angle
scattering (SAXS) and x-ray absorption spectroscopy (EXAFS and x-ray absorption
near-edge fine structure, XANES).

Current APS techniques and potential upgrades in capabilities
Synchrotron x-ray powder diffraction (SXRPD) is a core competency for structural
analysis of catalytic nanoparticles. The major application of SXRPD is structural
analysis of new catalytic materials using Rietveld refinement (e.g., zeolites and
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mixed oxides). In recent years, there has also been much interest in in situ catalyst
research. Having a beamline with capabilities for in situ measurements would be
highly advantageous to the catalysis community, as many metallic nanoparticles are
highly oxidized in ambient air.

There is also an urgent need for x-ray diffraction analysis on nanoparticles smaller
than ~5 nm. For example, precise identification of the alloy phase in nanoparticles is
often not possible. In addition, bimetallic catalysts may contain several structurally
distinct phases and determination of the fraction of each is also currently not possi-
ble. Therefore, the determination of the fraction and structure of each phase in multi-
component nanoparticle catalysts is crucial for identification of the catalytically
active phase. Also, nanoparticles in bimetallic catalysts often form alloy phases,
which are not known in bulk compositions. Similarly, new structures may occur in
bimetallic catalysts (e.g., core-shell nanoparticles), which do not occur in bulk phase.
Development of in situ SXRPD for determination of the structure and composition of
1-nm to 5-nm oxide and metallic nanoparticles would provide an unprecedented level
of detail and lead to a new degree of understanding about the structure and function
of catalytic surfaces.

The PDF is the real-space representation of the scattered intensity. The PDF directly
recovers structural parameters in the form of a distribution of atom-atom correla-
tions (i.e., interatomic distances) with a spatial resolution considerably finer than the
length scale of a chemical bond (~0.1 Å) and extending out to distances as far as sev-
eral nanometers [11,12]. Measurements up to high values of Q are needed to obtain
high-resolution PDFs, which necessitates the high flux of high-energy x-rays (>60
keV) available at the APS. Recent work performed at the APS using area detectors
has demonstrated PDF measurements as fast as 30 ms, orders of magnitude shorter
than conventional experiments [13]. With this time resolution, and by measuring
PDF differences between loaded and unloaded supports, meaningful in situ PDF
studies on nanoparticles are now possible, which allow both the local and intermedi-
ate-range (1-nm to 4-nm) structure of supported clusters to be probed directly and si-
multaneously. A specialized application of PDF, the differential PDF (D-PDF)
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approach, is ideally suited to directly probing nanoscale catalysts, as it allows the se-
lective recovery of only the atom-atom correlations arising exclusively from the cata-
lyst particle (i.e., only those involving the atoms of the catalytic clusters deposited on
the support). It can be obtained by direct subtraction of a reference PDF for the bare
support from that of the cluster/support complex. Differential PDF measurements
can be used to monitor the structural changes of supported particles that occur under
realistic reaction conditions. In situ measurements are possible under realistic cat-
alytic conditions using specially designed flow cells that enable gas flow across sam-
ples with heating up to temperatures of 1000˚ C [14]. Pair distribution function is
complimentary to other scattering techniques and can be combined with simultane-
ous SAXS measurements to yield information not just regarding local structural
changes, but also particle shape.

Applied to high-surface-area and flat-model catalytic materials, SAXS and grazing-
incidence SAXS (GISAXS), respectively, can provide both ex situ and in situ informa-
tion on cluster size, shape, and interparticle distance. The ability to compare the two
classes of materials will validate the formation of identical structures on the two sup-
port morphologies. Grazing-incidence SAXS can also give depth profile information,
and the aspect ratio (height/diameter) of a cluster can be calculated from the GISAXS
data to obtain the interfacial energy using the Wulff-Kaishew construction [15]. The
GISAXS experiments are performed in a reaction chamber equipped with a heated
sample holder and gas introduction system mounted on a goniometer. Products can
be monitored by mass spectrometry and gas chromatography. During heat treatment,
scattering data can be collected as a function of time and temperature.

Anomalous SAXS, or ASAXS, offers an extension to standard SAXS experiments in
which the energy of the probing x-rays is tuned near the absorption edge of an ele-
ment in the sample. By performing SAXS experiments near the characteristic ab-
sorption edge of any given atom, it is possible to vary the contrast for scattering by
that particular element. This method overcomes the problem of separating the scat-
tering of clusters from that of the support, or a second metal center. For the first
time, anomalous GISAXS data have been obtained on Au metal clusters on surfaces
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[16]. This approach has also been used also for Pt (L-edge) and is possible for both Pd
and Cu (K-edges) [17-19].

X-ray absorption fine structure and XANES have become the workhorse techniques
for catalyst characterization over the last 30 years. The popularity of these tech-
niques is primarily the result of their power to provide in situ, element-specific,
atomic-level chemical and geometric information on the structure of real working cat-
alysts (both heterogeneous and homogeneous). While, in general, the structure of ho-
mogeneous and supported single-site catalysts is too complex to determine by
EXAFS, by analysis of the difference spectra (between the starting structure and that
under reaction conditions, for example) one can follow the changes in structure dur-
ing pre-treatment or under reaction. The difference spectrum indicates which ligands
were lost and by comparison with the initial structure, allows for determination of
the active species. Likewise, the difference spectrum can allow for determination of
small changes in the structure of nanoparticles that occur under reaction conditions.
Structural details in the difference spectrum, however, require significantly im-
proved signal-to-noise up to high-k values. For determination of subtle structural fea-
tures, significantly improved signal quality is required. Finally, accurate
determination of the catalyst structure simultaneously with measurement of the re-
action kinetics will allow for identification of the active nanophase when several
structures are present. Thus, it is not only necessary to obtain the analysis under re-
action conditions, but also be able to simultaneously make high-quality kinetics
measurements.

From the XANES spectra, the oxidation state and geometry of the metal atoms may
be determined. During pre-treatment, for example, from the time-dependent XANES
spectra, the kinetics of reduction (or oxidation) can be determined. The kinetics of
changes in structure under different reaction conditions can similarly be determined.
Changes in the occupancy and energy of the d-orbitals affect the chemical reactivity
and small changes are important. Changes in XANES intensity of the LIII and LII
edges are proportional to the number of d electrons. A significant improvement in the
resolution of the XANES spectra can be obtained by high-energy-resolution fluores-
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cence (HERF) XANES measurements
and represents an important new ca-
pability in catalysis research. Figure 2
shows significantly enhanced intensity
and energy resolution of the HERF
spectra compared to the transmission
XANES for Au foil [20]. This method is
especially important for determination
of the small differences, which occur
during reaction conditions.

In many catalysts, the catalytically ac-
tive element of interest is present in a
mixture of forms. In synchrotron-based investigations as they are currently per-
formed, the signal (spectroscopic or otherwise) is an average characterizing the vari-
ous species that contain that particular element. For a fundamental understanding of
active catalytic species, it is necessary to be able to separate the signal characterizing
the element in each of the structures and configurations. Emerging techniques such
as high-energy-resolution x-ray fluorescence (HERF) spectroscopy, x-ray emission
spectroscopy (XES) [21], and resonant inelastic x-ray scattering (RIXS) [22,23] are
showing potential for determining the local electronic and geometric arrangement of
an element in such complex, non-uniform samples as typical solid catalysts. The
grand challenge is to conduct such investigations of catalysts as they function in a
time-resolved manner.

When a reactant adsorbs or interacts with the catalyst surface, it changes the elec-
tronic structure of the catalyst, primarily in the valence band. With a probe that can
interrogate these electronic changes, the fundamentals for surface bonding can be de-
termined. Changes to the electronic structure have been demonstrated to be measur-
able by careful analysis of the x-ray fluorescence spectrum emitted from the sample.
In particular, the Kβ lines exhibit a wealth of fine structure, and therefore, informa-
tion about the sample’s valence states. For example, the energy of one of the Kβ

Fig. 2. Comparison of the high-energy-resolution fluo-
rescence XANES (dotted) to the transmission XANES
(solid) for Au foil [15]. (© 2006 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim)
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satellite peaks has been shown to be directly related to whether a transition metal is
coordinated to N, O, or F [21].

The power of the high-energy-resolution x-ray spectroscopy technique is that it may
be combined with x-ray absorption spectroscopy (XAS) to become RIXS. By measur-
ing the x-ray fluorescence intensity as a function of both incident energy and emitted
energy (or energy loss) around a particular fluorescence line, additional electronic
structure can be resolved compared to the standard XAS measurement, where the
fluorescence is not energy analyzed. This additional structure can be related to the
electron density of states.

This combination has the potential to isolate the x-ray absorption spectrum due only
to the atoms interacting with the reactants (i.e., surface sensitive), and then provide
data on the oxidation state and near-neighbor environment (neighboring elements
and distances) of only the active atoms in the catalyst particle. The specificity of this
technique already has been demonstrated for spin state, site occupation, and valence
states

The integral nature in the way that EXAFS data have traditionally been collected
also means that no spatial information is obtained. In many cases in catalysis there
is spatial variation in the catalyst structure. What is required is spatially-resolved
molecular structure information, preferably under reaction conditions. Two different
approaches have recently been applied to bring spatial information to EXAFS: full-
field transmission microtomography, and scanning x-ray microtomography. Each of
these methods has specific advantages and disadvantages, but each has been demon-
strated to reveal spatial information under reaction conditions for several different
catalytic reactions. There is an urgent need to implement these techniques at the
APS. A natural extension of this work is in the temporal domain in order to obtain
spatiotemporal structural detail of the working catalyst.

Electrochemical interfaces play a crucial role in many aspects of analytical, synthetic,
and materials chemistry, as well as in chemical and photochemical energy conver-



sion. In the past, these interfaces have been treated empirically with limited under-
standing of the fundamental, molecular-level processes associated with bond-making
and bond-breaking events at an inherently complex multi component environment.
This has motivated the development of in situ surface-sensitive probes, most notably
synchrotron-based surface x-ray scattering (SXS) and scanning tunneling microscopy
(STM). Since the early 1990s, these techniques have enabled the transformation of
electrochemistry from a largely phenomenological subject into a discipline that ad-
dresses atomic/molecular-level issues at a degree of detail that is equivalent to what
has been accomplished in ultra-high-vacuum-based surface science.

The SXS method takes advantage of the ability of x-rays to penetrate a thin solu-
tion layer, along with the simple theory of backscattering, allowing the collection of
very detailed spatial information. Of particular interest has been the exploration of
potential-driven phenomena at ambient temperatures, ranging from ordering,
phase transitions, and mobility in metal surface atoms and adsorbed layers [24,25]
to the surface compositions and segregation profiles of bimetallic systems [26,27].
Although such potential-dependent interfacial transformations are important, the
successful deployment of advanced electrochemical systems depends critically on
the development of in situ methods capable of providing information on tempera-
ture-dependent surface structures at a level of sophistication that is equivalent to
that obtained in potential-dependent studies. To overcome the existing “tempera-
ture gap,” electrochemical SXS cells now operate over the range of 275K to 325K.
With a new temperature-controlled SXS cell, it will be possible to study in situ tem-
perature-induced reconstruction and relaxation of surface atoms, stability of active
sites and the nature of active sites, and the structure and nature of adsorbates and
reactive intermediates.

In addition to surface x-ray diffraction, in situ x-ray fluorescence spectroscopy
(EXAFS and XANES) and wide-angle diffraction techniques are used to characterize
the electronic and structural properties of multimetallic nanoparticle catalysts dur-
ing (half)-cell operation. One of the main advantages of x-ray techniques is its versa-
tility to various forms of nanoparticle catalysts.
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Until the recent application of high-energy (>30-keV) x-ray photons to the problem of
metal-ion speciation in solution [28,29], x-ray scattering was essentially limited to
crystalline and amorphous solids. Some early work using in-house x-ray sources and
Mo K radiation showed the potential of the technique, but the lack of both flux and Q
range significantly limited the systems for study and the information obtainable [30].
The availability of a high flux of high-energy photons at selected third-generation
synchrotrons, including the APS, brings an opportunity to enhance and further de-
velop HEXS as a tool for studying correlations in solution.

There are three specific advantages to the use of high-energy photons. The first ad-
vantage involves the minimal absorption by aqueous solutions, which permits data
acquisition in the transmission mode, thereby limiting the need for geometric correc-
tions. As a result, absorption effects, which can be a significant source of error in
scattering or diffraction experiments conducted at more conventional energies (8 keV
to 20 keV), are typically small enough to be neglected for higher-energy data. The
second advantage, also related to the low absorption cross section, is the increased
stability of redox-active metal ions in the beam. Lower-energy photons have a
propensity to influence the oxidation state of ions in solution and thus vitiate the
data. The third significant advantage gained from using high-energy x-rays comes
from the extended Q-range generally available, since Q = 4 π (sinθ)/λ, where θ is the
scatting angle and λ is the x-ray wavelength. Thus, higher energies, or shorter wave-
lengths, result in higher Qs for the same scattering angle. Higher Q-range data are
necessary for accurate background subtraction and resolution in the Fourier-trans-
formed data. Background correlations arising from solvent-solvent interactions are
the main limiting factor to the use of x-ray scattering for probing solute correlations
and can be accurately removed only with the information on self-scattering that is
available at higher Q. These advantages are demonstrated in Fig. 1 (left).

There are two different x-ray scattering experiments of particular use in studying so-
lutions and their interfaces. The first experiment involves the Fourier transform of
background-subtracted HEXS data to provide a direct picture of solute correlations in
solution. This technique has been recently used to study the solution environment of
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a dissolved metal ion [10,28,31-34] and provides evidence of remarkable organization
about the solute ions. Of particular interest is the detailed information about nano-
cluster formation, structure, and surface ligation, as shown in Fig. 3. The second use
is for probing liquid-liquid interfaces [35]. Recent x-ray surface scattering studies
have determined the distribution of ions at these interfaces. These experiments are
sensitive to the different chemical environments of an ion in the bulk and at the in-
terface. High-energy scattering from interfacial ions, analogous to those just de-
scribed in the bulk solution, may provide information on the local ionic structure
near the interface. Such experiments can also probe the interaction of ions with mo-
lecular assemblies at the interface. This provides an opportunity to observe the ef-
fects of different solvation structures on ionic interactions.

Initial x-ray studies also demonstrated that surfactants at liquid-liquid interfaces be-
have very differently than at the liquid-vapor interface, though in a manner that is
unexpected. The presence of an aqueous and an organic phase leads to strong interac-
tions with both the polar and non-polar parts of surfactants. Depending upon the sur-
factant, this may lead to solvent mixing into surfactant monolayers and a re-ordering
of the monolayer. X-ray studies have demonstrated the role of surfactant tail-group
flexibility, surfactant head-group interactions, and solvent chain length on interfacial
ordering at both the liquid-liquid and liquid-vapor interfaces. Control of the interfa-
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Fig. 3. The FT of HEXS data obtained from a [Pu38O56Cl54]14- cluster in solution is compared with a model ob-
tained using atomic positions obtained from a single-crystal structure of the same cluster. The data were ob-
tained on the mother liquor from which crystals were harvested, indicating that the clusters were pre-organized
in solution [34].



cial electric field at a liquid-liquid in-
terface allows for the investigation of
electrostatic effects on surfactant or-
ganization. Additionally, chemical re-
actions occur between molecules
solvated in the two phases that meet
only at the interface.

The development of x-ray scattering
from liquid interfaces has been
closely tied to advances in synchro-
tron sources and instrumentation.
These experiments usually require a
very brilliant x-ray beam. The study of buried interfaces, such as liquid-liquid inter-
faces, can benefit from higher x-ray energies. Focusing techniques that are optimized
for the study of liquid interfaces are needed to study heterogeneous interfaces, small
biological interfaces, and highly curved interfaces. Also, new time-resolved instru-
ments are required to meet the need for studying kinetic and dynamic interfacial
processes at interfaces.

Scientific Community

An enhanced catalyst research beamline with capabilities for in situ XAFS, powder
diffraction, and kinetics measurements would benefit the entire catalysis community,
i.e., government research laboratories, academia, and industry. The beamline and its
staff would also serve as a focal point for expanding catalyst research to other APS
beamlines using advanced techniques not routinely applied to catalyst systems, e.g.,
SAXS, XES, RIXS, and HERF spectroscopy. Development of these latter methods
would position the APS as a leader in this area and attract leading scientists from all
over the world. It is expected that new users would initially characterize their mate-
rials and identify appropriate systems for specialized techniques.
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Fig. 4. Cell for in situ x-ray absorption studies of fuel cell
catalysts. Standard Fuel Cell Technologies cell hardware
was machined to allow x-ray fluorescence studies of cath-
ode electrocatalysts in an operating membrane-electrode
assembly (fuel cell). (Argonne National Laboratory photo-
graph)



Throughout the U.S. and the world, there are countless research groups working to
develop the enabling material in fuel cell catalysis: an oxygen reduction electrocata-
lyst that is less expensive and more durable than platinum [36-38]. A few of these
groups utilize synchrotron-based x-ray techniques to characterize their electrocata-
lysts; however, these studies are almost exclusively in environments mimicking the
reactive environment or are ex situ. A notable exception is the catalyst development
effort being led by Los Alamos National Laboratory, which encompasses many ap-
proaches and involves many university and national laboratories. As part of this proj-
ect, Argonne researchers have developed the capability to characterize catalysts
containing low-atomic-number elements in an operating fuel cell using XAFS at the
APS. Utilizing this cell (Fig. 4), Argonne scientists have determined the active site in
a cobalt-containing catalyst. This capability would be extremely useful to other cata-
lyst development teams around the country and the world, and it is envisioned that a
dedicated APS electrocatalysis beamline could be designed and made available to
these teams. The neutron source at the National Institute of Standards and Technol-
ogy (NIST) has a beamline dedicated to studies of water transport in fuel cells, which
has provided invaluable information for fuel cell materials design. The APS beamline
would be the catalyst counterpart to the NIST beamline.

A molecular-level understanding of the interactions and correlations that occur in so-
lution and between solution phases is essential to building a predictive capability of a
metal ion’s solubility, reactivity, kinetics, and energetics. Until the recent availability
of tunable, high-energy x-rays this understanding has been significantly limited by
the absence of structural probes. The APS, with its high flux of high-energy x-rays, is
the ideal synchrotron source to provide this new information, which is critical to the
advancement of solution chemistry. The utility of high-energy x-rays is currently
being demonstrated as part of an APS Partner User Proposal (PUP-52), and has re-
ceived high visibility, including an Inorganic Chemistry feature cover [34]. This effort
is interesting a cadre of solution chemists that, to date, have not been part of the user
base at synchrotron facilities. The extension of high-energy capabilities from simple
PDF experiments to more complex liquid-liquid interfaces is expected to significantly
broaden this new interest group into areas including soft-matter studies.
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Executive Summary

The twenty-first century has ushered in many new societal challenges, the greatest
being to develop alternative energy technologies. This is an area where condensed
matter and materials physics (CMMP) can play—and is playing—a major role. Con-
densed matter and materials physics is an engine for innovation emanating from its
quest for new materials, new properties, and a new understanding of the world
around us. Condensed matter and materials physics also provides new instrumenta-
tion to enable many diverse fields of endeavor: from information technology to
healthcare to tools for exploring the cosmos. However, the U.S. is at a turning point
where its leadership in the field of CMMP is not to be taken for granted. New strate-
gic investments are necessary. U.S. Department of Energy (DOE) major facilities, in-
cluding the Advanced Photon Source (APS), need to continue to play a central role in
making progress toward significant national scientific and technological goals. The
charge is to identify where major breakthroughs are likely to occur in the coming
decade, and to utilize this perspective in order to outline upgrade investments needed
to enable the APS to perform optimally in uncovering, exploring, and understanding
the new science in CMMP.
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This report presents an examination of the grand scientific challenges in CMMP in
order to provide sets of hot questions that can be addressed in the future within a
laboratory setting. These questions are then generalized to provide a clear indication
of where it is most worthwhile to invest in APS upgrades in order to support the sci-
ence of the next decade or so. From the six grand challenges considered, dozens of hot
questions are posed within this report. These questions provide a roadmap for a fun-
damental set of APS upgrades. The challenges include the interdisciplinary scientific
and applications realms of emergence, energy, biophysics, non-equilibrium phenom-
ena, nanoscience, and information technology (IT). The hot questions focus on oppor-
tunities to create new materials, new structures and morphologies, new properties
and functionalities, and new theoretical and computational understandings that have
an advanced level of predictive ability spanning multiscale spatio-temporal regimes.

Transformational scientific advances require a new look at the ways synchrotrons are
equipped and organized. There is a need for new operational philosophies, new end-
station configurations, sharply focused x-ray optics, and novel source properties in
order to provide the following, which will have to be prioritized in independent stud-
ies:

• Multiple extreme environments, such as high fields and/or pressures, extreme tem-
peratures, and facilities for reactive or radioactive samples

• The presence of multiple, complementary probes in order to determine structure
and properties simultaneously

• Sample preparation and processing in situ needed to study growth mechanisms
and the onset of new properties

• Small spatial resolution in imaging and spectroscopy to complement structural in-
vestigations

• Short time resolution to probe rapid dynamics and non-equilibrium phenomena

In addition, a paradigm change is needed in the way synchrotrons are utilized in
order to actively drive new science within the user community rather than merely
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satisfying the needs of disparate user groups. This would be the first stage of a con-
certed effort to address the scientific needs of a world facing global instabilities. Ris-
ing Above the Gathering Storm: Energizing and Employing America for a Brighter
Economic Future, a report from the National Academy of Sciences, the National
Academy of Engineering, and the Institute of Medicine [1], has captured the nature
of the challenge. This new approach to synchrotron utilization requires surveys to de-
termine which twentieth-century beamlines and programs should be cleared away to
accommodate the science of the twenty-first century. This report is the beginning of a
dialogue of deep introspection that will bring about sweeping changes to advance a
critical scientific agenda of renewal to ensure U.S. leadership in scientific and tech-
nological goals that are shared globally. More detailed recommendations will require
workshops to further examine the ideas set forth herein.

Introduction

Condensed matter and materials physics is an engine of innovation for society at
large, leading to industrial applications, especially in areas of high technology, and
thus stimulating the economy, helping to ensure our defense and homeland security,
and, most importantly, improving our energy independence. Condensed matter and
materials physics helped to initiate the information technology revolution that is
changing our world in so many ways, from the Internet to the iPod©. Condensed mat-
ter and materials physics is also an enabler of scientific ventures outside of its own
domain because of the materials and instruments that it creates and perfects (such
as solid-state lasers, transistors, fiber optics, magnetic resonance imaging, and scan-
ning probe techniques) that energize fields from healthcare to space exploration and
particle accelerators. Thus, CMMP is among the most exciting areas of science: dis-
covering and investigating the emergence of new materials and phenomena.

Condensed matter and materials physics embraces “the science of the world around
us” [2]. It involves the creation of advanced materials, the exploration of their proper-
ties, and an understanding in terms of both the theoretical underpinnings of the phe-
nomena of interest, and the structure-properties relationships exhibited. Condensed
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matter and materials physics is a broad field that encompasses mission-oriented re-
search, such as for advanced solar cells, and largely curiosity-driven research, such
as in the fractional quantum Hall effect. It encompasses bench-top science as well as
major facility research; independent investigator research as well as team research;
experimental physics, theoretical physics, and computational physics. It can involve
hard materials—such as superconductors—or soft matter such as polymers, organics
and biomaterials. It can involve different forms of these, such as solids, liquids, and
glasses; and crystalline, amorphous, nanostructured, and/or composite systems. The
structure and properties can be intriguing in their equilibrium states, or in
metastable or dynamically driven environments as a function of state variables
and/or spatio-temporal constraints. Thus, there is a richness and diversity to the field
that makes for a lively internal culture characterized by a mix of virtuosity, inquisi-
tiveness, and unpredictability—a culture shared by many scientific disciplines.

There have been many efforts to encapsulate what the
twenty-first century will represent scientifically. The U.S.
Department of Energy Office of Basic Energy Sciences
(BESAC) Grand Challenges Committee coined the new cen-
tury as the “Age of Control” [3]. Physics Nobelist Robert
Laughlin dubbed it the “Age of Emergence” [4], where we de-
light in the study of the complex organizational structure
that grows out of simple rules. The journalist Thomas Fried-
man alluded to an “Era of Energy and Technology” [5]. These
are all apt descriptions predicting exciting possibilities that
lie within our grasp.

Key Science Drivers

The scientific case for the APS renewal can begin with the grand challenges in
CMMP. These were already identified in the CMMP 2010 report [2]. (The Basic En-
ergy Sciences Grand Challenges report [6] emphasizes similar themes, encompassing
additional scientific areas.) Thus, our focal point is the six challenges identified in the
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CMMP 2010 Report: How do complex phenomena emerge from simple ingredients?
How will the energy demands of future generations be met? What is the physics of
life? What happens far from equilibrium and why? What new discoveries await us in
the nanoworld? How will the IT revolution be extended?

These six overlapping challenges point to where we anticipate finding the most excit-
ing breakthroughs over the next decade and beyond: emergence, energy, biophysics,
non-equilibrium, nano, and information technology. The committee fleshed out these
challenges with lists of hot questions that make the challenges more tangible in a
laboratory setting. We outline below examples of these questions, which reveal pat-
terns indicating that similar approaches are needed to address the different chal-
lenges. This allows us to identify fundamental types of experiments that are needed
to advance the field. Many of them could benefit from the hard x-rays that the APS
provides, if there were suitable upgrades, as will be outlined elsewhere in this report.

In summary, we will see that the following hot questions have a healthy amount of
redundancy to them, and lend themselves to experiments that require:

• Multiple extreme environments, such as high fields and/or pressures, extreme tem-
peratures, and facilities for reactive or radioactive samples, and

• The presence of multiple, complementary probes in order to determine structure
and properties simultaneously

• Sample preparation and processing in situ in order to study growth mechanisms
and the onset of new properties (in, for example, single crystals, films, foams,
glasses, proteins, polymers, heterostructures, and/or nanostructures)

• Small spatial resolution in imaging and spectroscopy to complement structural in-
vestigations

• Short time resolution to probe rapid dynamics and non-equilibrium phenomena

How do complex phenomena emerge from simple ingredients?
Is it possible to develop multi-scale spatio-temporal methods to theoretically or com-
putationally predict desired properties, structures, dynamics of transitions between
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structures, and synthetic pathways? Theorists have developed powerful codes to sim-
ulate materials properties at the atomic scale, at the mesoscale, and in the contin-
uum limit. One challenge is to tackle the weak-coupling limit where such codes can
be meaningfully integrated into a hierarchy so that the properties of macroscopic sys-
tems can be simulated from elementary constituents, including organic, molecular
and biological building blocks, as one traverses vastly different time scales. This in-
volves confronting the challenging issues associated with the interface at each hierar-
chical step, in order to reconcile assumptions, pass meaningful parameters, and
retain physically significant and accurate results and insights. The strong-coupling
limit will require entirely new theories and approaches.

How does one describe materials whose electrons/atoms are neither perfectly local-
ized nor fully itinerant (i.e., correlated electron/atom systems)? Fermi liquid theory
has enjoyed great utility, but there are important classes of materials that defy de-
scription and require going beyond present-day theoretical understanding of complex
matter. Traditionally, the high-temperature superconductors and narrow-band met-
als, such as the heavy fermion systems, fall into the category where understanding is
a major challenge. The 5ƒ-electron systems are relatively unexplored, but might hold
the key to understanding because their ƒ-bands and bonds are more itinerant than
are the 4ƒ’s, but tend to be more localized than 3d-states. Can we identify and under-
stand materials with quantum critical points? Today another important facet of the
problem is to understand correlated atom behavior in ultra-low temperature Bose-
Einstein condensates, such as have recently been discovered and explored using laser
cooling methods.

Can we integrate materials whose properties tend to be mutually exclusive, such as
ferromagnetic and superconducting, or transparent and conducting? There is always
the challenge of searching for elusive single materials that embrace diverse proper-
ties, such as novel multiferroics. This quest to create hybrids has more recently cap-
tured the imagination of the scientific community. For example, combining soft and
hard matter could bring the physics community closer to understanding intriguing is-
sues associated with the life sciences. What is the origin of such contra-indicated
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properties? What are the limits of their performance, and why are there limits?

How will the energy demands of future generations be met?
Fundamental advances in CMMP are central to all technologies currently being eyed
as contributors to meeting future energy demands, from renewable energy such as
solar energy or biofuels, to carbon-neutral energy sources such as nuclear energy, to
energy efficient technologies such as solid-state lighting. The diverse roles of materi-
als in these technologies raise an equally diverse set of scientific questions.

Can we create high-efficiency, low-cost photovoltaic devices? Is there a self-assembly
strategy that can produce highly efficient solar energy conversion? Can we solve the
doping and other materials problems in wide-bandgap semiconductors (Group III-Ni-
trides and ZnO) for green, blue, and ultraviolet light emitters? Can we improve wide
bandgap materials/devices (GaN, SiC, etc.) for high-power and high-temperature ap-
plications (e.g., electric transmission, electronics for improved efficiency of automo-
bile and aircraft engines)?

A key to progress might be a new understanding of materials that enable rapid
searches of phase space to gain a wide variety of information. In developing thermo-
electrics, which convert heat into electricity, the need is to balance the properties of
phonons vs. electrons. How can we advance the search? For nuclear technologies we
need to study fundamental properties of transuranic systems, fuel rod designs, envi-
ronmental remediation, and stewardship of materials. In summary, we need to dis-
cover new classes of materials and combinations with outstanding properties such as
efficient light emission, photovoltaic conversion, superconductivity, catalytic effi-
ciency, electrodes for fuel cells, etc.

What is the source of the uniqueness of catalytic sites on a surface? What is their
structure? How can we distinguish “spectator” sites from “player” sites? Are there
new catalytic properties of nanostructured elemental or composite materials that are
not the canonical ones in use today? Are there classes of energy conversion reactions
that share similarities in their transition state? Can we identify the structures and
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similarities and use them to create new insights and sets of design rules, and to tune
chemical intuition?

What is the physics of life?
How does one distinguish, characterize, and differentiate living materials from inert
materials? What is the chemical language by which cells communicate? What are the
differences between right- and left-handed DNA and what is the basis for chiral
asymmetry in life? Does this question relate to the chemistry and physics of how mol-
ecules form in extreme environments? Can we observe and record the structural
changes in arbitrary biomolecules when they interact with each other or with exter-
nal stimuli? How does protein folding influence the properties of active sites? What
can we learn from biosystems in order to culture and harvest the materials we need,
from biofuels to self-repairing materials, to computer subsystems?

What are the “design rules” governing the three-dimensional architecture and prop-
erties of soft materials in specific environments (temperature, radiation, chemical,
etc.)? What is the origin of “mistakes” in structure during synthesis? Can we avoid
these mistakes to get compositionally and structurally pure material? What governs
the limits of charge transfer in organic/polymer materials? How can we optimize this
property for particular needs?

What happens far from equilibrium and why?
Is there a general way in which collective behavior emerges or disappears? Phenom-
ena such as magnetism, superconductivity and ferroelectricity can be created out of
non-equilibrium states, i.e., by pumping with light to a higher excited state, or by
pumping an ordered state into the disordered phase. Can the glassy state be de-
scribed theoretically?

Is there a universal description of quantum transport that can embrace electrons,
spins, molecules, and fluids? Non-equilibrium quantum transport equations must be
examined within the broadest perspective to encompass phenomena as diverse as, for
example, superfluid systems, organic spintronics, single electron transistors, and
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ultra-fast dynamics of optically excited semiconductors. Can all ranges of frequency,
mobility and spatial scale be meaningfully covered? Is there a universal origin to 1/ƒ
noise? Can we witness the birth of an elementary excitation in CMMP systems?

What new discoveries await us in the nanoworld?
Nanomaterials offer the promise to enable us to continue to develop technologically
as we face the fact that present-day materials and processes are reaching their lim-
its. The questions concern what lies beyond silicon? Can we transcend microlithogra-
phy with bottom-up approaches? Can we harness spintronics, near-field photonics,
and other advanced concepts and approaches to meet the needs of tomorrow? Will
quantum computing become a reality? Will we learn to utilize bio-inspired ap-
proaches to address our many societal concerns?

As objects shrink in size, are new methods are needed to measure what we make,
thus enabling the study of the new physics that emerges? Can we achieve the level of
control needed to fabricate integrated nanosystems with the same level of repro-
ducibility as found in today’s integrated circuits? What are the limits to controlled
fabrication of integrated nanosystems with reproducible properties? And what gov-
erns these limits? Can one control and manipulate organic-infrared and to find new
detectors that extend farther into the infrared?

What are the rules that govern phase separation? What are the rules that govern
self-organization in general? Self-assembly, defined as the autonomous organization
of components into patterns or structures, is rapidly emerging as a topic of major in-
terest. Self-assembly occurs on length scales that extend from the molecular to the
cosmic. Self-assembly provides pathways to create new nanoscale materials from the
bottom up that transcend the spatial limits of lithographic patterning, and it is impli-
cated as a universal feature in the physics of many complex systems. The thermody-
namic and kinetic rules that govern self assembly, and the underlying structural and
electronic properties, need to be understood in order to harness self assembly to cre-
ate a new generation of advanced materials and hierarchically organized systems, as
well as to get a better physical understanding of living systems. For example, how
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does surface topology influence morphology? Can porous membrane materials pro-
vide a new platform to catalyze heterogeneous chemical reactions while separating
reactants and products?

How will the information technology revolution be extended?
As we reach the end of Moore’s Law in silicon technology, advances in CMMP will
have a crucial role in extending the IT revolution. Can we solve the materials issues
related to the convergence of III-V semiconductors with silicon: integration of light
emitters/detectors with silicon integrated circuits? Can we engineer new substrates
for semiconductors that are not lattice matched to bulk materials and thereby exploit
strain to tailor properties? Can we heterogeneously integrate different materials on
one integrated circuit chip, with multiple layers of devices (three-dimensional inte-
gration), overcoming problems of differential thermal expansion and stress? Can we
tackle the problems of advanced packaging/heat extraction from circuits? What lies
beyond the semiconductor roadmap? Can we understand and develop alternatives to
silicon electronics, i.e., determine the limits of optoelectronics, photonics, plasmonics,
or spintronics? Can we utilize the wide range of functionalities of complex oxides, to-
gether with their high susceptibility to external perturbations, to develop wholly new
types of (Mottronic) technologies?

Modern semiconductor-based electronics utilize the charge of the electron, but ignore
its spin. Harnessing the spin can add value and functionality, such as in non-volatile
electronics that retain stored information when the power is off, and in the creation
of ultra-low-heat dissipation circuits that communicate via pure spin currents with-
out the flow of charge. Can we image a pure spin current? Can we find materials for
spintronics devices (for injection of spin-polarized electrons into semiconductors)?
Can one find nearly 100% spin polarized electron sources and retain interfacial con-
trol of the polarization? Can one create a spin transistor with gain to enable spin-
tronic applications? Can one find magnetic semiconductors that operate well above
room temperature? A corollary challenge is to integrate new spintronic materials
with conventional electronic materials and processes in order to add value and evolve
the technologies in a continuous fashion.
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How does one store and address information with light? As interest in optical materi-
als and phenomena migrates to the sub-wavelength and near-field realms, new chal-
lenges arise. Exploring and understanding the relevant issues will advance the
emerging areas of photonics and plasmonics. The key requirement of addressability—
the ability to direct the movement of energy or signals within a useful architecture—
is a difficult challenge. Future developments in photochemical energy transduction,
optoelectronics, and optical computing might hinge on such breakthroughs. A corol-
lary challenge is to address the question of what materials parameters drive the cou-
pling and diffusion of thermal energy on length scales shorter than a phonon
wavelength.

Can we create solid-state devices that operate at 80K or higher for quantum comput-
ing? What are the ramifications of quantum entanglement and coherency in compu-
tation? The goal ahead is to explore new paradigms to enable computations that
cannot otherwise be achieved. A challenge is to develop arrays of quantum coherent
objects that would form the quantum bits (qubits) and the logic gates of a quantum
computer. What materials systems and configurations permit sufficiently long quan-
tum coherence times for computation?

Significance of the APS

The APS is one of the world’s premier hard x-ray facilities, offering a crucial set of
tools to attack these forefront scientific areas. These powerful hard x-ray synchrotron
techniques, such as high-resolution scattering, imaging, and spectroscopy, offer a
unique ability to penetrate materials and provide an element-resolved picture to ad-
dress the scientific grand challenges and associated hot questions outlined above.
However, a new paradigm must be embraced in order for the APS to realize its full
potential to keep our nation at the leading edge of the scientific frontier. Presently,
the APS is largely organized to serve independent user communities. In the future
the APS will provide greater value by leading and focusing the user community in
order to make sure that a critical mass of talent is focused on grand-challenge goals.
This means that the APS will have to reorganize to act as a single organic entity to
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address a hierarchy of scientific questions in a coherent manner. The APS will need
to make room for new twenty-first century science, expanding some of its lab modules
into full-service laboratories, of which the Center for Nanoscale Materials can be con-
sidered as a first model. End-stations on rolling platforms may be moved in place or
x-ray beams may be brought to semi-permanent installations through collaborations
from contiguous institutes where the hot questions are pursued 24/7. User agree-
ments will span over periods of years, rather than days, in order to get serious work
accomplished, as outlined below.

Scientific Community

The CMMP scientific community will benefit, as well as our country and the planet
as a whole.

Requirements and Capabilities

This proposal encompasses a transformational change in the way experiments are
undertaken at major synchrotron facilities. Rather than having the x-ray studies con-
ducted separately, a complete suite of experiments would be performed in situ on the
beamline in real time by combining a variety of probes and processing tools. The evo-
lution of static and dynamic properties can directly connect with information pro-
vided by the x-rays. We outline several types of experiments and capabilities. Key to
this approach will be a strengthening of ties to existing external users as well as gen-
erating new users who would partner to perform long-term (1-3 years) dedicated sci-
entific programs. The new types of combined experiments fall into general categories:

• Expansion in facilities to bring widely applicable, powerful hard x-ray synchrotron
techniques such as high-resolution scattering and spectroscopy to bear on a greater
variety of materials and processes.

• An appropriate balance of facilities for specialized, high-performance, niche tech-
niques (e.g., inelastic scattering, magnetic scattering, ultra-fast or coherent x-ray
techniques).
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• The presence of multiple, ancillary, and complementary probes. The ability to fol-
low material properties in real time is crucial in order to correlate the x-ray measure-
ments with changes due to transitions between allowed phases. This will be
accomplished by enabling beamlines to directly integrate laboratory-based measure-
ments of electrical, magnetic, and optical properties. This also encompasses the abil-
ity to externally perturb systems away from equilibrium with electrical and optical
stimulation, which is crucial to the study of phase transitions and systems both near
and far from equilibrium.

• Combinations of extreme environments ( to alter temperatures, pressures, and
fields, and to accommodate reactive chemistry, radioactive samples, and ultra-short
electromagnetic pulses and shock waves.) Such measurements are suited to x-ray
probes that can handle small sample volumes because high pressures and pulsed
magnetic fields are more readily created over confined spaces. While today such ex-
periments can be undertaken in environments with one extreme condition, in the fu-
ture multiple extreme conditions imposed simultaneously will be used to track the
behavior across a multidimensional phase space.

• In situ processing and synthesis. Understanding, for example, catalytic phenomena
requires the ability to alter reaction conditions in real time. Obtaining rate laws and
transition state information, and being able to extract general insights depends on
following reactions dynamically. Similarly, in situ studies of film growth processes
provide a unique opportunity to understand the formation of materials in real time.
Via such studies much of the art of materials growth can be transformed into a sci-
ence, where intuition will succumb to sets of rules to guide discovery. It is envisioned
that major efforts can be launched to provide a synthesis institute with an initial
array of grow environments that include, for example, different types of growth
chambers, such as molecular beam epitaxy, as determined by workshops that identify
the optimal goals in synthesis and processing.

• Where possible, portable systems offering the above capabilities to the user com-
munity can be transported to multiple beamlines, optimized for different x-ray stud-
ies. With an integrated laboratory space, such systems could then be harnessed when
off-line in preparation for experiments.

• Where needed for complex, non-portable apparatus, facilities and peer-reviewed ac-
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cess will allow building and operating experiments for extended periods (two years)
in multiplexed hutches where an x-ray beam can service multiple experiments.

• A range of spatial resolutions extending to ~1 nm for imaging and probing with
various x-ray contrast mechanisms (absorption, phase contrast, diffraction, fluores-
cence, spectroscopy, polarization).

• A range of temporal resolutions extending to ~1 ps to probe rapid dynamics and
non-equilibrium phenomena.

The above can be considered as a first generation of recommendations to be dis-
cussed, altered, and/or refined via a process that is open to stakeholders in the com-
munity.
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Executive Summary

A fundamental multiscale understanding of the origin of materials behavior is vital
to the design and development of new and improved materials for structural, energy,
and other engineering applications. Similarly, applied studies of fuel-spray turbu-
lence, dendritic growth, bubble formation, chemical segregation/transport, and other
processes are essential to optimize and guide the development of important systems
such as gas engines, electrodeposition systems, fuel cells, toxic barriers, and batter-
ies. These kinds of studies can be classified as engineering applications and applied
research, and represent an area where the Advanced Photon Source (APS) can signif-
icantly impact technologies of critical national interest.

We propose a strategy to make the APS the leading synchrotron institution in the
world for engineering applications and applied research. This proposal includes hard-
ware and software upgrades that will make the APS accessible to a wider range of
engineering and applied research scientists and will provide unprecedented experi-
mental capabilities. These upgrades exploit unique capabilities of the APS that en-
able fundamentally new characterization tools and offer a huge return on investment
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that will stimulate American competitiveness and create new opportunities in areas
of critical national interest including energy independence and national defense.

This proposal leverages off special properties of the APS that make it the key x-ray
source in the United States for engineering applications and applied research. In par-
ticular, the high brightness of APS x-rays at short wavelengths creates unprece-
dented opportunities to study real materials in real environments and in real time;
with ultra-bright hard x-ray beams, materials can be characterized nondestructively
in situ, during service, and deep within actual parts where materials behavior is fun-
damentally distinct from the behavior in near-surface regions. For example, spa-
tially-resolved measurements with high-energy x-rays are a transformational class of
synchrotron science with the potential to revolutionize engineering and the applied
sciences. Spatially-resolved characterization of stress distributions, texture, and par-
ticle size distributions that evolve near structural inhomogeneities can test and guide
models and dramatically improve the performance of manufactured parts. Nonde-
structive, spatially-resolved measurements will also allow for characterization of
process-driven grain growth and phase evolution, including the driving forces of
anisotropic or transient stress states. Other approaches will allow for ultra-high-reso-
lution characterization of engineering materials at the mesoscale level of defects—
such as grain boundaries, dislocation walls, and phase boundaries—to test emerging
mesoscale and multiscale theories of materials behavior. In short, the emerging po-
tential to image scalar and tensor distributions of chemistry, structure, orientation,
and defects in three dimensions will transform our understanding of the hierarchical
structures that control materials behavior.

An area of almost unexplored potential is the detection and characterization of minor
phases that emerge at interfaces of real materials, including complex phases at
cladding interfaces in nuclear fuel rods, phases at the fiber/matrix interface in com-
posite materials, and in-service measurements of corrosion including elastic stresses
and studies of stress corrosion cracking. In addition to spatially-resolved measure-
ments, time-resolved measurements—made possible by high source brightness and
efficient x-ray sensitive area detectors—will allow for the discovery of transient
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phases that evolve during welding, heat treatment, concrete solidification, amor-
phization, and other phase-evolving processes.

Finally, high-brightness, high-energy beams offer unique advantages for nondestruc-
tive imaging. For example, phase-contrast high-energy radiography and tomography
can resolve structures in low-Z or low-density materials that would otherwise be in-
visible to x-rays. Phase contrast imaging can also resolve internal structures in speci-
mens comprised of mixed Z components or inside environmental chambers, and can
characterize sprays and jet distributions that are difficult to study by alternative
methods. With advanced instrumentation, imaging can also be used to follow the evo-
lution of cracks, voids, precipitates, and other phenomena in near real time.

To realize the immense scientific potential of the APS for engineering and applied re-
search, dedicated instrumentation is essential, including sophisticated hardware,
software, and high-performance computational facilities. To address urgent near-
term needs and emerging scientific opportunities we propose the following steps that
will significantly increase user access and experimental capabilities at the APS:

• Dedicate an additional beamline to high-energy x-ray measurements of aggregate
stress/strain/texture from materials.

• Complete the Phase II upgrade of the X-ray Operations and Research (XOR) 1-ID
beamline.

• Build a dedicated polychromatic nanoprobe hutch and install canted undulators on
XOR beamline 34-ID to allow for simultaneous and independent use of polychromatic
mesoscale and nanoscale probes.

• Optimize at least one bend-magnet beamline for high-energy energy-dispersive dif-
fraction.

• Develop a dedicated high-energy tomography station with phase-contrast sensitivity.

• Develop a range of environmental chambers for powder diffraction and small-angle
x-ray scattering (SAXS) targeted to catalysis and other applied studies.
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• Develop user-friendly “expert” soft-
ware for all engineering stations that
insures users walk away from experi-
ments with data sufficiently
processed for analysis at their home
institution.

• Coordinate combined
techniques/characterizations to follow
materials evolution.

• Develop user-friendly mail-in capa-
bilities in anticipation of the growing
difficulty of travel, given the likeli-
hood of high energy costs and in the
interest of energy conservation.

Introduction

The unique properties of APS x-ray beams should be augmented by upgrades to un-
dulators, beamlines, techniques, and supporting infrastructure. Indeed, much of the
science proposed here and discussed in APS mid-term upgrade proposals
(http://www.aps.anl.gov/Renewal/mt_beamlines.html) simply cannot be done at other
synchrotrons in the Americas. Even the ultra-low emittance projected for the new
National Synchrotron Light Source (NSLS) II at Brookhaven National Laboratory
cannot produce high-energy beams with the brightness possible from those at the
APS (Fig. 1).

The importance of the APS for engineering applications and applied research is clear
from the recent growth in the number of users and facility oversubscription in these
areas. For example, polychromatic microdiffraction developed at the APS [1-3] is now
being instrumented on beamlines around the world. But the infrastructure and capa-
bilities of the XOR 34-ID-E beamline remain unmatched, with a >400% oversubscrip-
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Fig. 1. On-axis brilliance for the untapered undulator U2.3
cm (APS23#1) installed on the APS and the NSLS-II stor-
age rings. The undulator is 2.4-m long and the undulator
gap is 13.5 mm. The first harmonics and the critical ener-
gies for two cases are labeled. The solid lines show the
wiggler approximation using the corresponding critical ener-
gies. (Courtesy R. Dejus, Argonne National Laboratory)



tion for available beam time and with outstanding proposals unable to secure beam
time. Similarly, the development of high-energy diffraction microscopy [4,5] pro-
grams and high-energy powder, small-angle-scattering, and other diffraction meth-
ods [6-8] have led to the development of large user communities, so available beam
time is highly oversubscribed for these powerful probes of engineering materials.
Other techniques, such as high-energy imaging, have been demonstrated but have
not been properly instrumented for routine user operations. The explosive growth of
these research areas is driven by the high-energy brightness of the APS x-ray beams,
which allow for nondestructive imaging of systems during processing or in service.
The combined ability to nondestructively probe volumes deep inside complex environ-
ments with spatial resolution, time resolution and density, and crystal and chemical
sensitivity requires ultra-bright high-energy x-rays. There is simply no source in the
Americas with the high-energy brightness of the APS.

Although there are no comparable sources in the Americas, the European Synchro-
tron Radiation Facility (ESRF) in France, the SPring-8 light source in Japan, and the
new PETRA III facility in Germany are international competition with similar poten-
tial to the APS, and with strong engineering and applied programs. Synchrotron re-
search for engineering materials is particularly active in Europe, with strong ties to
major European industries like Airbus and Volkswagen, and with close university
collaborations [9]. Nevertheless, the proposed upgrades will provide scientists in the
U.S. with a suite of tools for engineering applications and applied research that is un-
matched anywhere else in the world. Beyond these upgrades, there is a need to de-
velop closer collaborations with industrial and university researchers to best exploit
the capability of synchrotron research in transforming engineering and applied re-
search, and make the U.S. more efficient and competitive. In order to realize a mean-
ingful collaboration with university and industrial scientists, non-specialist control
and data-analysis software for engineering and applied research must reach a new
level of sophistication that makes experiments at the APS more user friendly. This is
a realistic goal, which together with a suite of sample environmental chambers, will
make efficient use of precious engineering and applied research capabilities.
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Key Science Drivers

The ability to nondestructively image inhomogeneous materials with unprecedented
spatial, chemical, crystallographic, and defect sensitivity opens fundamentally new
opportunities for engineering and applied research. Similarly, the ability to detect
and characterize ultra-small sample volumes and transient phases will transform our
understanding of materials behavior during processing and in service, and will bring
clarity to nonlinear phenomena where average properties are insufficient to under-
stand materials behavior. Below we briefly touch on a few of the many long-standing
engineering and applied research issues where new instrumentation and software
can have a major impact.

Fracture
Fracture is a long-standing issue with broad implications for engineering materials.
Lack of control and understanding of fracture necessitates over-design of parts that
adds cost and weight and lowers performance. Fracture is inherently a spatially inho-
mogeneous phenomenon with atomic level interactions near the crack tip and with
mesoscale strain fields both near the crack tip and in the post-crack region. For this
reason, nondestructive, spatially-resolved measurements can provide essential new
information to further our understanding of crack behavior. Of course, beautiful
transmission electron microscopy (TEM) experiments can image crack propagation in
real time, but dislocation motion is influenced by the thin sample size required for
TEM. X-ray studies are essential for the study of cracks in samples with true bulk be-
havior.

Fracture is an area where research has already begun, but where improved instru-
mentation and software can have a huge impact. For example, energy dispersive
studies of fine-grained materials have detected unexpectedly large plastic deforma-
tion “wake fields” behind propagating cracks [10]. In addition, studies of Ni-Ti alloys
have revealed the extents of both plastic and shape-memory zones around stress con-
centrations [11]. The APS has the brightness to push the spatial resolution of these
measurements by orders of magnitude and with time resolution. This will require
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high-performance achromatic focusing
optics to achieve small beams and
banks of ultra-fast energy-resolving
detectors to characterize the local plas-
tic and elastic strains. In addition, spe-
cial techniques implemented at the
APS — such as polychromatic microd-
iffraction and high-energy diffraction
microscopy— allow for sub-grain-re-
solved studies in samples with typical
grain sizes of 0.5 to 20 µm. Ultimately,
an improved understanding of fracture
physics will have a direct and wide-
spread impact on part design and ma-
terials.

Related areas of research include fa-
tigue cracking [12] and stress corrosion
cracking [13] that impact industry,
transportation, and energy production. An example is thermo-mechanical studies of
alloys used for nuclear reactor applications. Recent high-energy scattering studies
have provided strain and texture evolution of non-irradiated, Zr-based alloys used as
cladding materials for current and future reactors [14]. Future studies on radiated
and composite materials, under realistic conditions of thermomechanical deforma-
tion, are expected to provide unique spatially-resolved microstructural information
and improve life-cycle predictions.

Stress, residual stress, and deformation
Understanding mesoscale structural evolution in materials is one of the great chal-
lenges for engineering materials research. Recent work at the APS has begun to
characterize defect self-organization in systems where the starting conditions and
processing conditions are sufficiently well defined to allow for direct comparison to

Fig. 2. Hurst coefficient for correlated lattice rotations
in a deformed single crystal shows crystallographic
and depth-dependence. In the 321 crystal only a sin-
gle slip system is activated and the near surface be-
havior extends deep into the crystal. In the 111 and
100 orientations, multiple slip systems are activated
and the near-surface behavior is confined to a few mi-
cron region. (Courtesy J. Pang, Oak Ridge National
Laboratory)
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models. This is an area of enormous importance, where better spatial resolution,
faster detectors, and brighter x-ray sources can move experiments from demonstra-
tion and proof-of-principle to transformative. Measurements on single crystals
[15,16, bicrystals [17], and polycrystals [18] are beginning to provide guidance
about the ways dislocation behavior near surfaces and interfaces differs from the
behavior within a grain (Fig. 2). This information is essential for multiscale models
of engineering and other materials. The ability to nondestructively study local crys-
tal rotations with submicron spatial resolution and with good angular sensitivity
now allows for the first nondestructive measurements of the Nye, or dislocation,
tensor and has stimulated the development of a formalism to cleanly separate plas-
tic from elastic deformation in complex stress states [19]. This will enable critical
tests of plasticity models that invoke the Nye tensor to explain evolving materials
behavior.

Residual stress measurements (lattice strains) are another important application
where high-energy x-rays can transform studies of engineering materials. This area
is essential for industrial research and has long been the domain of neutron scatter-
ing due to the deep penetration of neutron beams into real parts. High-energy x-rays
offer the potential for good sample penetration with much faster measurement
speeds than neutrons and with much better spatial resolution [20]. Because residual
lattice strains ultimately arise from defect distributions in materials, the improved
resolution and faster time scale offered by a dedicated high-energy beamline will both
guide designers and resolve specific issues with engineered structures, and will tie di-
rectly to model simulations of defect evolution in materials. The need for such im-
proved structural assessments is anticipated to grow, for example, in the nuclear
industry where planned plant lifetime extensions will place emphasis on limiting
damage to critical components such as welds.

Deformation in novel materials
The APS renewal also provides opportunities for transformational studies of novel
structural materials including nanomaterials and amorphous materials. Recent in
situ high-energy pair distribution function (PDF) studies have demonstrated the abil-
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ity to characterize strain in amorphous bulk metallic glasses [21,22]. These first ex-
periments show a surprisingly strong dependence on local chemically-specific atomic
correlations. Extensions of this technique will provide unique insights into the role of
local structure and stress in amorphous materials. Similarly, the unique deformation
properties of nanoscale materials has begun to be understood with the aid of high-en-
ergy scattering studies [23]. Finally, high-energy studies of biomaterials have re-
vealed important information about the micromechanics of bone deformation, and
extensions of these studies toward biomaterials constructs such as implants in bone
and teeth are anticipated.

Dynamic deformation
Materials behave fundamentally differently under dynamic deformation, defined at
time scales on the order of hundreds of nsec and below. Applications here are prima-
rily defense/national security related, and post-deformation analysis can provide in-
formation about activated slip systems and other deformation mechanisms [24,25].
Ultimately however, real-time measurements are desirable. Possible studies include
high-energy x-ray scattering with large detectors capable of region-of-interest read-
outs (nanoseconds fast), and high-speed radiography. The APS recently hosted a
workshop on dynamic compression, which advocated a separate collaborative access
team sector based on the special needs of the dynamic deformation community; infor-
mation can be found at http://www.aps.anl.gov/News/Conferences/2008/DC_Work-
shop/.

Imaging
Elemental maps and three-dimensional (3-D) tomographic visualization are often
useful in support of emerging diffraction research. For example, 3-D density maps
can help identify positions of greatest interest in crack samples and can be used to
guide diffraction studies. Similarly, in some materials minor elements are known to
drastically influence intra-granular cracking. For example, boron and other elements
are known to ductilize by segregation to grain boundaries in NiAl superalloys and Ti
[26,27], and hydrogen is believed to embrittle these same alloys. If surrogate ele-
ments with higher Z can be found for these behaviors, then 3-D fluorescence tomog-
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raphy can provide nondestructive analysis of elemental segregation before, during,
and after fracture.

Nucleation, grain growth, and texture evolution
Another research arena where the APS can transform engineering research is in
providing new insights into nucleation, grain growth, and texture evolution. Much
of materials processing is related to attempts at controlling grain size, competing
phases, and texture in materials. Heat treating, rolling, extruding, and other pro-
cessing steps affect grain size, phase fractions, and texture. Yet the basic driving
forces for grain nucleation, growth, and texture evolution remain controversial and
largely untested. Recent synchrotron-based research has begun to address this area
and suggests a path forward toward a greatly enhanced understanding of these
critical phenomena. For example, Budai et al. [28] used polychromatic microdiffrac-
tion to study 3-D grain growth with submicron spatial resolution and sensitivity to
small-angle grain boundaries that would be difficult to detect by other means.
Their results support a key role of defect density in grain boundary evolution (grain
refinement).

Similarly, Poulson et al. [29,30] have studied texture evolution and grain growth
using a high-energy diffraction microscope that is functionally equivalent to the mi-
croscope on XOR beamline 1-ID. They find rough agreement between the simple
Sachs and Taylor models for texture evolution, with discrepancies occurring near
crystallographic symmetry lines. These discrepancies may arise from near-neighbor
effects, but further research is needed. In addition, they find highly discontinuous
growth of grains that is not explained by current models. Work at beamline 1-ID will
systematically study grain growth in a series of samples starting with high purity
and progressing toward higher alloying element concentrations. This work should
shed light on recent theory as well as the role of grain boundary segregation in deter-
mining the nature of boundary motions.

These pioneering studies will become even more useful with improved spatial resolu-
tion and with larger sample volumes. These competing needs demand fast, x-ray-sen-
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sitive area detectors, powerful data-
analysis software, and high-perfor-
mance computational facilities, as
well as advanced x-ray optics.

Transient and evolving
phases

Transient and evolving phases are
everywhere and play a major role in
engineering materials. For example,
surfaces exposed to O2 develop ox-
ides that can either be tenacious or
fragile. In situ measurements at the
APS have recently revolutionized
our understanding of oxide coatings
on high-temperature steels (Fig. 3).
This is only one small example of
the general corrosion issue, which
represents a huge cost to our devel-
oped infrastructure: about 3% of the
gross domestic product per year
[31,32]. High-temperature oxidation is a particular issue in energy-generating parts
for coal, gas, and nuclear power plants [33]. Stress corrosion cracking is also an im-
portant problem in the nuclear and oil industries.

Similarly, thermal processing is essential to the development of the multiphase mate-
rials microstructure needed to combine strength and ductility. Yet the evolution of
phase fractions is only now being investigated by real-time measurements [34,35].
Recent measurements of steel components during heat treating can follow the evolu-
tion and dissolution of phases during processing. This new information can test theo-
ries and help clarify paths toward ideal microstructures.

Fig. 3. Oxide stresses in a high-temperature steel at
temperature. Because the lattice expands during oxida-
tion, the oxide coating was assumed to be under com-
pressive load. In situ experiments at the APS found that
the coating is actually in tension, which is critical for
cracking and failure of the protective oxide coating.
(Courtesy E. Specht, Oak Ridge National Laboratory)
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Boundary layer phases and buried interfaces
One area of essentially unexplored potential is the study of minor phases that de-
velop at the boundary layer of engineering materials. In nuclear cladded fuels, a rich
progression of phases can exist at the fuel/cladding boundary. In fiber-reinforced
composites, minor phases at the fiber-matrix boundary can significantly enhance or
degrade performance. Finally, knowledge of phase stability at the electrode-elec-
trolyte interfaces in fuel cell stacks is crucial for assessing the performance and dura-
bility of these systems. The high brightness of APS x-ray beams can be used to
perform powder and single-crystal diffraction on very small volumes with no need to
section the sample. Improved spatial resolution and new in situ capabilities that sim-
ulate realistic operating conditions can target key issues including oxide layer evolu-
tion in thermal-barrier coatings [36]; deformation and thermal evolution during
tribological contact of low-friction coatings; and depth-resolved measurements
throughout the anode, electrolyte, and cathode layers of operating fuel cells [37]. New
instrumentation is needed to make such measurements practical.

Two specific examples are lightweight materials and cement.

Lightweight materials The development of lightweight materials for automotive
applications is a topic of critical national importance that can greatly benefit from
new capabilities at the APS. The Energy Independence and Security Act of 2007,
SEC. 651. LIGHTWEIGHT MATERIALS RESEARCH AND DEVELOPMENT, calls
upon the U.S. Department of Energy (DOE) to conduct research “to determine ways
in which the weight of motor vehicles could be reduced to improve fuel efficiency” and
specifically mentions the introduction of new aluminum alloys and high-strength
steels.

Transportation consumes 69% of the petroleum used in the U.S. and is responsible
for 33% of all U.S. CO2 emissions. Reducing this dependence upon non-domestic oil is
the most critical factor in achieving U.S. energy independence and energy security.
Attention has largely focused on alternative fuels and power systems. But regardless
of which engine technology ultimately prevails, the weight of a vehicle plays a major
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role in its energy efficiency. A recent
study by the National Research
Council [38] identified weight as the
most critical factor in automobile
fuel efficiency and showed that re-
ducing the weight of automobiles
and light trucks by just 10% would
reduce U.S. oil imports by approxi-
mately 8.5%. Lessening vehicle body
weight by substituting lighter-
weight materials such as aluminum
alloys and high-strength steels is
particularly effective because a
lighter automobile body requires a
less-massive suspension, transmis-
sion, engine, etc., thus multiplying
the weight reduction without com-
promising vehicle safety.

Large-scale introduction of advanced lightweight alloys is limited by their complex
behavior during production. The central technical issue is the inherent multiscale na-
ture of materials behavior, where small-length-scale processes govern the behavior at
the macroscopic level. The most intractable problems reside at the mesoscopic length
scale where long- and short-range interactions between millions of mobile and immo-
bile dislocations produce complex dislocation structures that are responsible for the
observed macroscopic behavior (Fig. 4). As shown in Fig. 7, synchrotron x-rays are
uniquely suited to studies of dislocation structure evolution because they can pene-
trate deep into macroscopic samples and provide quantitative measurements from
sample volumes smaller than the size of typical dislocation structures. The APS is al-
ready at the forefront of research in this field, with published groundbreaking studies
resulting from depth-resolved microbeams on beamline 34-ID and high-energy, high-
angular resolution diffraction on beamline 1-ID. If the APS is to retain a leading posi-

Fig. 4. Because deformation "spring-back" cannot be pre-
dicted, dies must be iterated until they form the correct
shaped part. Although this process is manageable with
soft steels, the iteration process is unacceptably long for
the high-strength steels and low-density alloys that could
drastically reduce the vehicle weight. (Courtesy L. Levine,
National Institute of Standards and Technology)
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tion in this field and continue produc-
ing research results that drive engi-
neering advances, investments are
required in facility upgrades such as
new high-performance focusing optics,
area-detector arrays, and real-time
data analysis using parallel processing
software and hardware. These up-
grades would provide higher spatial
resolution, faster data acquisition, and
real-time access to data, allowing re-
searchers to make informed decisions
during their experiments, all critical
factors for successful research in this
field.

Cement Studies of cement are another example of the critical importance of the
APS. Cement has a global environmental impact through the large amounts of car-
bon dioxide released during production. Nevertheless, cement finds wide-spread use
in concretes, mortars, and grouts. More Portland cement is produced than any other
man-made material. Synchrotron x-ray techniques, including diffraction, small-angle
scattering, and imaging are essential for studies that examine the early hydration of
cements in order to gain an understanding of how mechanical property development
relates to the mix chemistry, and how the long-term degradation of cement-based
materials can be better controlled. Access to high-energy x-rays is essential for stud-
ies of cement samples that are large enough to represent “bulk” material and to make
use of special sample environments.

Studies of cement grouts (slurries) illustrate the importance of sample environment.
Cement grouts are used to seal the space between the bore holes in oil and gas wells
and the steel pipe that is placed in the bore hole. Because oil wells can penetrate to
great depths, these cement slurries can experience extreme pressures (>1 kbar in

Fig. 5. Kinetics for the formation of Ca(OH)2, the major
crystalline hydration products of Portland cement at low
temperature, as slurries are hydrated at different pres-
sures. Pressure dramatically reduces the observed in-
duction time. (Courtesy A. Wilkinson, Georgia Institute
of Technology)
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some cases) and temperatures during their hydration. The hydration process and
final properties of the cement are controlled by the use of a wide variety of additives
in the cement slurry. High-energy synchrotron scattering offers a powerful window
for examining the crucial early hydration stage of these slurries under realistic oil
well conditions. Radiation of 30 keV to 60 keV from APS bending magnets has al-
ready been used for studies at pressures up to 600 bar and show the dramatic effects
of pressure on cement chemistry (Fig. 5).

Environmental degradation of cement-based materials is another area where APS ca-
pabilities can clarify the underlying science. Cement-based materials are subjected to
a wide variety of chemical agents that accelerate degradation and reduce service life-
time. This is a significant economic and environmental issue. Synchrotron radiation
can be used to both image microstructural changes in specimens and generate corre-
sponding maps or depth profiles of how crystalline phases are distributed within the
specimens leading to a better understanding of damage mechanisms (Fig. 6). High-

Fig. 6. Left: Microtomograph of a cement paste
cylinder that has been exposed to sulfate solu-
tion showing subsurface crack formation. The
corresponding depth profile for some of the
crystalline phases in the same specimen, gen-
erated from energy dispersive x-ray diffraction
data, is shown above. (Courtesy A. Wilkinson,
Georgia Institute of Technology)
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energy synchrotron methods comple-
ment more traditional analytical
tools, as experiments can, in many
cases, be done nondestructively and
without concern over artifacts arising
from specimen preparation. Early
phase-mapping experiments at the
APS made use of energy dispersive
diffraction capabilities at beamline 1-
ID, which are presently not available
but would be with the proposed high-
energy bending magnet beamline.
Furthermore, higher spatial resolu-
tion studies could be conducted on
these materials using high-energy
diffraction microscopy.

Significance of the APS

Among x-ray sources in the Americas, the APS is uniquely suited for engineering ap-
plications and applied research. The penetration depth of x-rays scales roughly as λ−3,
and only hard x-rays (i.e., those with short wavelengths) can travel millimeters to
centimeters through samples for studies of bulk properties and processes (Fig. 7). In
addition, a minimum wavelength is required for access to a reasonable volume of re-
ciprocal space and hard x-rays have low absorption but modest real-scattering factors
for phase contrast imaging applications on low Z, mixed Z, or for samples inside envi-
ronmental chambers. These factors make hard x-rays essential for engineering appli-
cations and applied research.

With this understanding, high-energy x-ray brightness is the figure of merit for vir-
tually all engineering and applied experiments. The APS is uniquely bright at hard
x-ray energies and will remain the premier U.S. source for high-energy x-rays for the

Fig. 7. Absorption length in millimeters as a function of
atomic number, Z, for 10-, 20-, 50-, and 100- keV x-rays.
(Courtesy R. Suter, Carnegie-Mellon University)
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foreseeable future. For example, the deflection parameter K = 0.934B0(T)λu of an un-
dulator is a unitless constant that depends on the undulator period, λu, and on the
maximum magnetic field strength, B0, but is independent of the electron energy. To
compare the performance of a state-of-the-art undulator on two rings, it can be as-
sumed that the minimum period and maximum field strength are about the same.
With this assumption, the maximum K and minimum undulator period are fixed by
technology. As shown in Fig. 1, at high energies, brightness for a comparable undula-
tor on the APS is significantly above even that of the ultrabright NSLS II. One fig-
ure-of-merit exception is for high-energy, full-field imaging (radiograph, tomography)
and energy-dispersive measurements, where a high flux and large beam size are
often desired. Due to the high APS storage ring energy, bending magnet beamlines
provide a unique, nationwide source for such studies.

Scientific Community

The scientific community that will use these facilities is immense.

Leading academic institutions include the University of Michigan, Northwestern
University, Carnegie-Mellon University, Cornell University, the University of Ten-
nessee, the University of Illinois at Urbana-Champaign, Vanderbilt University,
M.I.T, Stanford University, the Georgia Institute of Technology, and Stony Brook
University.

Industrial laboratories include Alcoa, Ford, Chevrolet, Dodge, Boeing, General Elec-
tric, John Deere, Martin-Marietta, and Pratt & Whitney.

Government laboratories include those belonging to the DOE, the Department of De-
fense, the Nuclear Regulatory Commission, the National Aeronautics and Space Ad-
ministration, the National Institute of Standards and Technology, the Defense
Advanced Research Projects Agency, the Navy, the Air Force, and the Army.
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Requirements and Capabilities

X-ray optics
As described above, spatial resolution is a key driving force for engineering applica-
tions. Applied research and the ability to study increasingly small sample volumes
will revolutionize engineering and applied research into the foreseeable future. In
order to lead in this area, the APS beamlines must have access to the world’s best
focusing and imaging optics. Past progress at the APS has resulted in promising x-
ray optics with demonstrations of record smallest one-dimensional hard x-ray fo-
cusing (a Laue zone plate lens with 16-nm full width half maximum [39]) and
demonstration of the world's smallest polychromatic probe, a Kirkpatrick-Baez
total-external-reflection mirror system with 80-nm-diameter probe size [40]. But
these optics are not widely available at the APS and a major effort is needed to ap-
proach these performance numbers routinely and for x-rays above 40 keV. Stable
optical environments require new levels of engineering to achieve the promise of
emerging optics. Major efforts at the ESRF have produced sub-50-nm achromatic
optics, and a tremendous program at Osaka/SPring-8 has recently set a new record
for the smallest hard (20-keV) x-ray beam at 15 nm. Refractive-based optics provide
efficient, source-size-limited focusing of monochromatic high-energy x-rays to the
µm-level, with relatively low divergence as required for high-q-resolution studies of
(e.g.) strain.

Detectors
There is no question that advanced x-ray-sensitive area detectors can revolutionize
synchrotron science in general, and engineering applications and applied research
specifically. This is an area that is rapidly developing, with dedicated synchrotron-
driven area detectors under development around the world, and with the continued
evolution of more-powerful area detectors driven by electron science and visible-light
cameras. In the near term, ultrafast detectors with readout times of 100 to 10,000
frames-per-second will efficiently use intense x-ray beams and extend 3-D microscopy
methods. These cameras will also allow for monitoring of increasingly short-lived
transient phases, and stresses.
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Over the next five years, x-ray cameras will become available with ~1% energy reso-
lution per pixel. These cameras will greatly improve signal-to-noise in virtually all
classes of diffraction experiments, will resolve diffraction orders, and will revolution-
ize fluorescence spectroscopy, including the development of differential aperture
methods to accelerate fluorescence spectroscopy. X-ray-sensitive area detectors with
crystal-spectrometer-class energy resolution (0.01%) will further revolutionize syn-
chrotron science in a number of ways that will directly impact engineering applica-
tions and applied research. Two clear examples—out of the numerous
possibilities—are for polychromatic microdiffraction and for grain-average-challenged
powder diffraction.

In polychromatic microdiffraction, a broad bandpass beam intercepts a small crys-
tal volume and generates a characteristic Laue pattern. The angles between the
Laue reflections determine the average crystallographic orientation of the sample
volume and the deviatoric strain (distortion of the unit cell shape). This informa-
tion is incredibly useful, but even more information can be recovered if the energy
spectra of each pixel in the area-detector pattern can be analyzed. For example, the
average energy spectra of even one Laue spot will determine the unit cell volume
and therefore the hydrostatic strain of the unit cell. More practically, in virtually
all engineering materials, Laue spots are streaked by dislocations and strain gradi-
ents. With energy-resolved area-detector patterns, the signal-to-noise of the pattern
is vastly improved and a detailed map of plastic and elastic strain is possible, in-
cluding diffuse scattering (sensitive to defects) that would be difficult to resolve
with an energy-integrated map.

In powder diffraction, as the sample volume decreases, particle statistics become in-
sufficient for high-precision measurements of lattice parameters and strains. In par-
ticular, reflections are nearly specular with respect to the lattice planes, and a grain
even off the ideal Bragg angle will scatter through the Lorenzian tail of the reflec-
tion. Because sample volumes with low particle statistics often do not include grains
oriented near the ideal Bragg condition, a false peak position can be observed. If how-
ever, a white beam is used to probe the small sample volume, there are ~102 to 104
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more chances for grains to satisfy the Bragg
condition. The particle statistics problem is
therefore vastly improved and the overlapping
Debye rings from the different energies can be
separated according to the encoded energy at
the detector.

Finally, high-spatial-resolution cameras will
improve resolution for tomography and remove
some of the burden on point-probe techniques
that are inherently slow compared to full-field
imaging of samples. For example, with more-
efficient cameras and more-optimized insertion
devices, 100-ps exposures are possible at the
APS for radiography and tomography on “few-
millimeter”- thick steel samples. With very
high frame rate cameras (1 Mhz) this opens the
potential to track the evolution of a crack prop-
agating in excess of 1 km/s.

With APS renewal funding, the spatial resolution available with transmission x-ray
microscopy can also be greatly improved and the technique can be pushed to much
higher energies. This is an area that will require combining advanced x-ray optics
and special small-pixel detectors to push resolutions with hard x-rays. Existing de-
velopments have achieved ~40-nm resolution, but only for long wavelengths. The
promise of this technology is indicated in Fig. 8, which shows a reconstruction of a
solid oxide fuel cell interface, including the grainy nickel anode in a matrix of Yt-
trium-stabilized zirconia and electrolyte.

Software and experimental control
Although instrumentation builds experimental capabilities, beamline-control and
data-analysis software are the keys to widening the experimental community and

Fig. 8. Transmission x-ray tomographic image
of a solid-oxide fuel cell volume. (Courtesy B.
Lai, Argonne National Laboratory)
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are deciding factors in facility pro-
ductivity. Some techniques lend
themselves to user-friendly opera-
tions. For example, absorption to-
mography, powder diffraction,
extended x-ray absorption fine
structure, and SAXS are compara-
tively easy to automate and users
can be efficiently trained. Other ex-
periments are more difficult to au-
tomate and may require data
analysis that is still evolving. For
example, high-energy diffraction
microscopy and polychromatic mi-
crodiffraction are emerging meth-
ods with no history of data
acquisition or analysis software. It
is essential that high-performance computations are accessible during data collec-
tion so that users see microscope output in time to guide further processing steps.
The enormous potential of these methods is challenged by the need to develop user-
friendly data acquisition and analysis packages.

Undulators
The 7-GeV electron energy of the APS makes possible ultra-bright, high-energy un-
dulators that are simply not possible at any other source in the Western Hemi-
sphere. Indeed, specially optimized undulators can vastly improve beamline
brightness and flexibility at high energies. Canted undulators offer the prospect of
individual undulator control on stations that would otherwise be forced to work
with compromised, shared spectral qualities. Consider, for example, the energy
spectra above ~20 keV. Figure 1 compares the theoretical performance of an undu-
lator on the APS to the calculated performance of a similar device on the NSLS II.
As can be seen, an optimized undulator on the APS can deliver about an order of

Fig. 9. On-axis brilliance for the tapered undulator U2.3 cm
(APS23#1) installed on the APS and the NSLS-II storage
rings. The average undulator gap is about 13.5 mm and
the gap taper is about 6 mm over the full length of the de-
vice (2.4 m). The critical energies for two cases are la-
beled. The solid lines show the wiggler approximation
using the corresponding critical energies. Note the much
higher brilliance over the range of 12-18 keV on the APS.
(Courtesy R. Dejus, Argonne National Laboratory)
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magnitude more bright x-rays above 20 keV, and roughly 3 orders of magnitude
greater brightness greater than 40 keV.

For polychromatic microdiffraction, there are also important opportunities to opti-
mize the source properties. Polychromatic microdiffraction utilizes broad-bandpass
radiation and studies materials behavior with submicron to nanometer resolution.
The geometry pioneered at the APS has the detector at 90° to the incident beam
path, which allows for good spatial resolution in all three dimensions. X-ray beams of
around 12 keV to 18 keV are favored by this geometry; this energy range allows for
many Laue spots, with reasonable integrated reflectivity in the high-energy reflec-
tions. At lower energy and narrower bandpass, there are too few reflections for gen-
eral purpose characterization of materials. At higher energy, the integrated
reflectivity falls rapidly and a transmission geometry is favored, which reduces spa-
tial resolution along the beam. There are interesting possibilities of moving to more-
penetrating high-energy beams for polychromatic microdiffraction, but even in the
12-keV to 18-keV regime, the APS offers major advantages for polychromatic microd-
iffraction. As illustrated in Fig. 9, even in the 12-keV to 18-keV range, the bandpass-
integrated brightness (photons/sec/mm2/mrad2) is about five times higher for an
undulator on the APS than for a similar device on NSLS II. Indeed, tapering an un-
dulator, working on- or off-axis, can broaden the undulator spectra and allow for
spectra with approximately 2 to 3 orders of magnitude more brightness than from
second-generation sources, but with wide bandpass.

Specific Recommendations

• Dedicate an additional beamline to high-energy x-ray measurements of aggregate
stress/strain/texture from materials. This should include state-of-the-art ancillary
equipment for sample environments and mechanical testing. Complementary x-ray
imaging and small-angle scattering capabilities should be integrated into the beam-
line for simultaneous measurements. The current aggregate materials program on
XOR beamline 1-ID will be moved to this new beamline. For more information, see
www.aps.anl.gov/Renewal/Proposals/1-ID_upgrade.pdf.
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• Complete the 1-ID Phase II upgrade. With the completion of number 1 above, this
upgraded beamline will have a dedicated high-energy diffraction microscope (HEDM)
station and a dedicated station for high-energy microfocused PDF and powder dif-
fraction experiments. The HEDM station will include tomography capability. For
more information, see www.aps.anl.gov/Renewal/Proposals/1-ID_upgrade2.pdf.

• Build a dedicated polychromatic nanoprobe hutch and install a canted undulator
pair to allow for simultaneous and independent use of polychromatic mesoscale and
nanoscale probes. Station 34-ID-E at the APS is instrumented for the only 3-D dif-
fraction microscope in the world with submicron spatial resolution. To meet the al-
ready overwhelming and growing demand for beam time, the coherent-diffraction
station should be relocated to a long beamline where it can benefit from larger sam-
ple-to-source distances and the polychromatic microprobe should be given a dedicated
canted undulator. The canted undulators will be optimized as described above to pro-
duce ultra-high brightness beams between 12 and 18 keV. A second canted undulator
would be dedicated to a nanoprobe station that can be located beyond the current mi-
croprobe station. This nanoprobe would have an initial polychromatic focal spot of
~40 nm, and with further development, beams of ~15 to 20 nm should be achievable
in the near future.

• Optimize at least one bending magnet beamline for high-energy, energy-dispersive
diffraction. As noted throughout the document, the APS is well suited to produce
high-energy x-rays. Compared to insertion device beamlines, bending magnet beam-
lines have received little attention for high-energy development despite their strong
potential. More information can be found at http://www.aps.anl.gov/Renewal/Propos-
als/HE_BM_midterm.pdf.

• Develop a dedicated high-energy tomography station with phase-contrast sensitiv-
ity. This station could be developed in addition to, or integrated with, the above
beamline.

• Develop a range of environmental chambers for powder diffraction and SAXS tar-
geted for catalysis, in situ thermomechanical loading, and other applied studies.

• Develop user friendly “expert” software for all engineering stations that insures
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users walk away from experiments with data sufficiently processed for analysis at
their home institution. This will require an investment in computational infrastruc-
ture, both in the form of personnel and hardware. Data need to be automatically
pipelined to appropriate machines for analysis during data collection. In some cases,
this may require getting data through firewalls to TeraGrid machines or other off-
site systems.

• Coordinate combined techniques/characterizations to follow materials evolution.

• Develop user-friendly mail-in capabilities in anticipation of the growing difficulty of
travel given anticipated high fuel costs.
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Executive Summary

Tracking the response to controlled excitation of a system initially at equilibrium
yields deep insight and is a step toward the fundamental understanding required to
control function at the molecular level. A modern scientific challenge has been to
observe, understand, and control the relationship between structure and function
in complex systems on the intrinsic time and length scales associated with elec-
trons, atoms, and molecules. Due to technical limitations, experiments seeking
structural information on the atomic length scale have emphasized time-indepen-
dent or slowly varying properties. For the past century x-ray diffraction has been
the cornerstone of structural science. Newly emerging time-resolved x-ray methods
permit tracking atomic and electronic motions on the ~100-ps time scale at syn-
chrotron light source facilities and, in the near future, on the ~100-fs time scale at
hard x-ray free-electron lasers (FELs). The proposed Short-Pulse X-ray (SPX)
source at the Advanced Photon Source (APS) based upon the radio-frequency cavity
chirping proposal by Zholents [1] will extend time-resolved capabilities to the im-
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portant 1-ps time scale while retaining the powerful characteristics of synchrotron
radiation: user-controlled, continuous tunability of energy, polarization, and band-
width combined with exquisite x-ray energy and pulse-length stability over a wide
energy range. The 1-ps stroboscopic images can freeze molecular rotations and cap-
ture photoexcited molecular transition states, stress/strain wave propagation, mag-
netic domain wall dynamics, phase transitions, energy relaxation, and the coupling
between electron, phonon, and spin degrees of freedom in condensed matter sys-
tems. The very high average flux (~1013/s) of the proposed SPX, combined with
high-repetition-rate excitation methods and year-round operation, will enable time-
resolved studies with unprecedented precision, yielding joint resolution of picosec-
onds and picometers for a variety of atomic, molecular, chemical, and materials
systems. These enhanced capabilities provide a compelling reason to locate at Ar-
gonne a proposed Energy Frontier Research Center.

Introduction

The first half of the twentieth century witnessed explosive growth in understanding
of the atomic and molecular basis for what we observe in the world around us. Be-
cause of technical limitations, the overwhelming emphasis in those developments
was on time-independent or slowly varying properties of physical and biological sys-
tems. The latter half of the twentieth century witnessed the development of tools that
permitted extension of our understanding to include many aspects of the time depen-
dences of atomic and molecular processes of all kinds. The time resolution available
to investigators shrank from milliseconds in the 1950s, to microseconds and nanosec-
onds by the end of the 1970s, to picoseconds and femtoseconds by the year 2000, and
now to attoseconds in the first decade of the twenty-first century. In fact, studies on
all of these time scales are needed to understand real-world processes.

Again because of technical limitations, comparable time resolution was not avail-
able across the spectrum of experimental methodologies, particularly not for struc-
tural studies by x-ray or electron diffraction. Yet it is arguable that we have
learned more about the structure of matter from diffraction measurements than
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from any other single method, and
the creation of technology that per-
mits the time evolution of struc-
ture to be studied is likely to yield
similar advances in understand-
ing, since it will permit unraveling
of the relationships between physi-
cal processes and function.

It is possible to generate short x-
ray pulses with either femtosecond
or picosecond duration; the former
will be generated at the Linac Co-
herent Light Source (LCLS) as
~100-fs-duration self-amplified
spontaneous emission pulses, and
the latter can be generated as ~1-
ps-duration synchrotron pulses by
the SPX at the APS. Atomic and
molecular processes occur over
such a wide range of time scales
that both facilities are needed for
the proper study of matter and its
transformations, and for both the
physical and biological sciences.
Indeed, a very important subset of those processes takes place on the few-picosec-
onds to few-nanoseconds time scale and are optimally studied with a source that
generates picosecond x-ray pulses with high repetition rate, stable pulse shape,
and high average intensity. Moreover, time-resolved x-ray spectroscopy in all its
variants requires that the x-ray source be tunable. The proposed SPX facility at
the APS satisfies both of these requirements, while an FEL source, although gen-
erating shorter x-ray pulses with very high intensity, has a relatively low repeti-

Fig 1. Photon flux for various accelerator-based, short-pulse
x-ray sources. The LCLS has a projected pulse duration of
~230 fs, the Advanced Light Source (ALS) laser slicing
source has a pulse duration of ~200 fs, and the APS SPX
has a projected pulse duration of ~1 ps. The LCLS photon
energy is discretely specified under accelerator operator
control, whereas both synchrotron-based sources (APS,
SPX, and ALS laser slicing) are continuously tunable under
local user control, thus enabling time-resolved spec-
troscopy. The high average flux of the APS SPX enables all
x-ray techniques currently in use: spectroscopy, scattering,
diffraction, microscopy, and imaging. The extension of the
APS SPX to higher x-ray photon energies allows higher
spatial resolution. (The APS SPX curves are based upon
Undulator A, 3.3-m period.) Two other synchrotron-based
laser slicing sources at the Swiss Light Source and BESSY
have performance similar to the ALS laser slicing source.
(Courtesy L. Young, Argonne National Laboratory)
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tion rate, does not have a stable pulse shape, and is not conveniently tunable by
the user. Thus, the two sources serve complementary purposes. A comparison be-
tween the SPX and the LCLS is shown in Fig. 1 and Table 1.

Table 1. Operating parameters for SPX and LCLS.

Property SPX LCLS
Pulse duration (FWHM) 1 ps 1,2 230 fs
Repetition rate 6.5 MHz 120 Hz
Photons/pulse @ 8 keV 106 1012

Energy range 500-100000 eV 800-8000 eV
Tunability Local-user control Accelerator-operator control

continuous discrete points
Average flux @ 8 keV 6.5 x 1012 photons/s 1.2 x 1014 photons/s
Pulse-to-pulse stability Excellent Limited by SASE

1SPX can be operated with variable pulse length from 1 ps to 100 ps. The flux values in the table should be
increased 100 × for 100-ps operation.
2SPX pulse duration is a monotonically decreasing function of the x-ray energy (see Fig. 6). At
500-eV photon energy, the pulse duration full width half maximum (FWHM) is ~5 ps.

Fig. 2. The ultra-small and the ultra-fast. (Courtesy SLAC National Accelerator Laboratory)
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Key Science Drivers

The frontier of the ultrafast and ultrasmall world (Fig. 2) can be explored with the
SPX, which provides joint resolution on the picosecond and picometer scales. Both
natural and technological phenomena can be explored in situ and in real time using
hard x-rays with the sub-Å wavelength, high penetrating power, and short pulse du-
ration that provide ultrafast stroboscopic snapshots, as shown in Fig. 2. Understand-
ing photoabsorption and subsequent energy transfer and dissipation in complex
systems is a key scientific goal, one which will lead to a richer understanding of, for
instance, the structure-function relationship in molecules relevant for efficient solar-
energy conversion. Molecular-scale electronics represent the technological future; de-
vice time scales fall in the terahertz domain and become accessible by the SPX. A few
specific examples of scientific opportunities in fundamental atomic and molecular,
chemical, and materials physics follow.

Control of atomic/molecular dynamics
A fundamental and enduring challenge in science is achieving control, at the
atomic/molecular level, of dynamical processes, specifically control of electron and
atomic motion. Quantum control is enabled by recent advances in laser technology
that tailor phase and amplitude of electromagnetic pulses from the visible to in-
frared. This is the subject of the 2006 National Academy report Controlling the
Quantum World, The Science of Atoms, Molecules, and Photons [2], and was issued as
a Grand Challenge by the National Research Council. With this technology, we can
attempt to realize the dreams that has existed since the inception of the laser. Can
one steer molecular processes to a desired outcome? Can one control electron flow in
semiconductors? Can one control non-radiative processes in semiconductors to en-
hance solar conversion efficiency? Combining this “photonic reagent” technology with
short-pulse x-rays will allow us to view laser-controlled phenomena on ultrafast time
scales with atomic-scale resolution.

Strong electromagnetic fields (~0.1 to 1V/Å) are commonly employed in exercising
control over molecular and electron motion. The non-resonant interaction of a laser
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field with a molecule’s polarizability can be used to reversibly modify potential en-
ergy barriers and thus control the outcome of photochemical reactions, and strong
fields have been used to induce phenomena such as transient bond hardening or soft-
ening. The use of strong non-resonant laser fields to align and orient molecules has
permitted forefront applications, examples of which are tomographic imaging of mo-
lecular orbitals, enhanced generation of high harmonic radiation, and serial crystal-
lography of large molecules in the gas phase. X-rays allow one to probe the response
of the molecular framework to the laser-aligning fields and through experimental/
theoretical collaborations achieve a predictive theoretical understanding of molecular
behavior in well-controlled, extreme environments. Strong electromagnetic fields can
be used to modify x-ray absorption of atoms in a reversible manner via electromag-
netically induced transparency (EIT), which may lead to an x-ray pulse shaper en-
abling femtosecond laser pulse shapes to be imprinted onto x-ray pulses. Photonic
control methods such as STIRAP (stimulated Raman adiabatic passage) can effect
population transfer from the ground state into target states with almost unit effi-
ciency and thus markedly enhance x-ray measurements of excited state structures.
In general, the use of x-rays to probe phenomena created by strong-field laser inter-
actions with matter is in its infancy and poised for discovery (Fig. 3).

Fig. 3. Strong optical laser field interactions with matter. (K. Yamanouchi, Science 295, 1659 [2002], © 2002
American Association for the Advancement of Science)
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Laser-dressed potential energy
surfaces The laser field couples the
potential energy surfaces of the field-
free molecule. In this way, new po-
tential energy minima and, hence,
molecular structures emerge. The
laser intensity necessary for studying
laser-dressed potential energy sur-
faces is most easily obtained by em-
ploying a pulse duration below 100
ps. Most useful is structural informa-
tion measured at an essentially con-
stant intensity within the temporal
and spatial profile of the laser pulse.
The 100-ps x-ray pulses currently
available at the APS are too long.
Using a 10-ps laser pulse with en-
ergy of 2 mJ focused to a focal diame-
ter of 40 µm, one can reach a peak
intensity of about 1012 W/cm2. This is
about an order of magnitude below
the intensity needed to saturate
multi-photon ionization, and it is
more intense by a factor of 10 than the intensity needed to align molecules. In this in-
termediate regime, one expects to see a pronounced laser-dressing effect on the mo-
lecular structure. Using 1-ps x-ray pulses, it will be possible to perform in situ
measurements of the resulting molecular structures.

Field-free molecular alignment If the laser pulse duration is short in comparison
to the characteristic rotational time scale of the molecule, then the laser-molecule in-
teraction launches a rotational wave packet that undergoes periodic alignment and
de-alignment, as shown in Fig. 4, where calculations are shown for bromine mole-

Fig. 4. Ultrafast x-ray diffraction imaging of rotational
wave-packet dynamics of bromine molecules (1K) kicked
by a horizontally polarized 50-fs laser pulse, centered at
t = 0, with a peak intensity of 1013W/cm2. The top panel
shows the time evolution of the ensemble average of the
cosine squared of theta, where theta is the angle between
the molecule’s principal axis and the laser polarization
axis. The probability to observe a given theta is shown in
the middle panel as a polar plot. At time delay A, the mole-
cules are highly aligned along the laser polarization axis.
At time B, there is partial alignment; at time C, the mole-
cules are anti-aligned with respect to the laser polarization
axis. The x-ray diffraction patterns (20-keV photon energy,
1-ps pulse duration) reflect the molecular alignment at the
three different time delays A, B, and C. (Courtesy R.
Santra, Argonne National Laboratory)
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cules at 1K exposed to a horizontally polarized 50-fs laser pulse, centered at t = 0,
with a peak intensity of 1013W/cm2. Theta is the angle between the molecule's princi-
pal axis and the laser polarization axis. The expectation value of the cosine squared
of theta is thus a measure of the degree of alignment of the molecular ensemble. As
may be seen in the figure, the molecules are highly aligned at the time delay A.
This is about 100 ps after the laser pulse is off, when the molecules are no longer
perturbed by the laser field. In order to exploit this phenomenon of field-free align-
ment, one has to be able to probe the molecules in the extremely short time interval
during which the alignment persists. This is not possible using 100-ps x-ray pulses.
However, 1-ps x-ray pulses are ideal for this purpose, as is shown in the three bottom
panels of the figure. X-ray diffraction patterns, calculated assuming a 1-ps, 20-keV x-
ray pulse probing the molecular ensemble at three different time delays after the
laser pulse, clearly reflect the dynamics of the rotational wave packet.

An important potential application of such impulsively aligned molecules is the
measurement of x-ray-induced electron angular distributions with respect to the mo-
lecular frame. Photoelectron and Auger electron emission patterns normally detected
are rotationally averaged, resulting in a loss of information about the electronic
structure of the target molecule. Recent applications of molecular-frame electron an-
gular distributions include the identification of the excitation mechanism of the satel-
lite accompanying the C 1s photo-line of the CO2 molecule and ultrafast probing of
core hole localization in N2. So far, the measurement of molecular-frame electron an-
gular distributions requires the complete fragmentation of the target molecule. In
principle, each fragment must be an atomic ion. These ions are then collected on a po-
sition-sensitive detector and, assuming that fragmentation is fast in comparison to a
rotational period of the molecule (axial recoil approximation), it is possible to recon-
struct the spatial alignment of a given molecule from the fragmentation pattern.

Evidently, for this technique to work, not only must ultrafast and complete atomic
ionization and fragmentation take place upon x-ray absorption, which is not gener-
ally the case in polyatomic molecules, but the measurement must be done effec-
tively with only one molecule at a time. The beauty of laser-induced alignment is
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that A) it is not limited by the axial recoil approximation, B) it may be applied to
polyatomic molecules, and C) it may be applied to a large number of target mole-
cules, thus enabling more rapid data accumulation. A recent measurement of pho-
toelectrons generated via strong-field ionization of impulsively aligned molecules
found the first experimental evidence of the dependence of the electron angular dis-
tributions on the relative orientation between the molecule and the polarization of
the ionizing laser field.

Molecular alignment in the liquid phase One frontier research area is the ex-
tension of studies of isolated molecule rotational alignment to the liquid phase, to in-
vestigate whether strong-field alignment survives in dense environments and the
degree to which decay and decoherence can be photonically controlled. Although the
theoretical work is just beginning, one can expect laser alignment to become a versa-
tile tool in chemistry once the effects of dissipative media are properly understood.
Obvious applications of three-dimensional (3-D) molecular alignment in liquids range
from control of chemical reactions to means of controlled assembly at the molecular
level. The unique coherence properties of intense laser alignment should allow the
disentanglement of decoherence from population relaxation. Laser alignment and
trapping of nanoscale objects in solution has already been achieved.

Controlling and probing vibrational and electronic motion Although the rota-
tional motion and alignment of molecules can be controlled and probed on the pi-
cosecond time scale, the vibrational and electronic motions of molecules typically take
place much faster. Although direct time-domain studies of such motions are beyond
the reach of even 1-ps x-ray pulses, these motions can still be studied by using alter-
native approaches. For example, the stimulated Raman scattering and STIRAP tech-
niques with shaped femtosecond laser pulses can be used to transfer a large fraction
of the sample to selected, highly excited vibrational levels. Such levels often sample
very different portions of the potential energy surface than the ground vibrational
state, and probing these selectively prepared molecules by using x-rays could provide
direct information on how molecular geometry and structure change for different vi-
brational modes of the molecule. Even if the experiments were not time-resolved, this
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approach would be interesting if existing control techniques were used to drive mole-
cules along the reaction coordinate for decomposition or isomerization.

Similarly, while electronic rearrangement takes place on a time scale much shorter
than 1-ps, excited-state lifetimes are typically much longer. Thus, short-pulse lasers
can be used to prepare selected electronic states and monitor the structural and spec-
troscopic changes that occur. While some work along these lines is being pursued in
the condensed phase (see, for example, the work of Chen and Moffat), essentially no
work has been done in the gas phase, and the untapped potential for this approach is
enormous. The situation becomes even more interesting when the excited state un-
dergoes a radiationless transition by internal conversion or intersystem crossing.
Note that, in many such cases, 1-ps resolution may not be sufficient to resolve the ra-
diationless transition rate; however, x-ray probes of the structure of the triplet states
or high vibrational levels of the ground state would be of considerable interest. In
such a case, it should be possible to pump a significant fraction—i.e., more than
half—of the molecules into the triplet state. X-rays have the potential to provide
unique structural information on high vibrational levels of both low-lying triplet
states and the electronic ground states. The acetylene molecule provides an interest-
ing example. Excitation in the near ultraviolet pumps the molecule from the linear
ground electronic state to the trans-bent A˜ state, thus inducing large structural
changes in the molecule. Perhaps even more interesting, it is thought that some lev-
els of the A˜ state couple with highly excited cis-bent levels, and that this coupling
drives the isomerization from the acetylene structure to the vinylidene structure. X-
ray probes of levels exhibiting such large-amplitude motion can provide tremendous
insight into the isomerization process.

Chemical reaction dynamics: structure of the transition state
A chemical reaction almost always generates a change in the structures of the mol-
ecules involved. Although we know a great deal about the initial structures of reac-
tants, and the final structures of products there is no direct experimental
information about the atomic pathways that are involved in these structural
changes, excepting a few gas-phase electron diffraction results. Some reactions (for
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example, direct fragmentation following absorption of a photon) occur on the fem-
tosecond time scale. Other reactions (such as photo-fragmentation via a metastable
state, photoisomerization and ring closure) can be many orders of magnitude
slower, especially when large-scale atomic motion is involved in the formation of
the product. And the time scale of a reaction is usually different in the gas phase
and in solution. The availability of high-repetition-rate, stable-pulse-shape, in-
tense, picosecond-duration hard x-ray pulses will permit the study of the evolution
of molecular geometry in a substantial class of chemical reactions, including deter-
mination of the transition state between reactants and products. Only a short-pulse
x-ray source can be used to study structural changes accompanying chemical reac-
tion in both the vapor and solution phases. It is clear that determination of the
structures of transition states in chemical reactions will transform our understand-
ing of molecular dynamics by providing information about the displacement path-
ways of all of the atoms involved, thereby replacing the simplistic descriptions now
employed.

Studies of the evolution of structure along the pathway from reactant to product
are restricted, for technical reasons, to either unimolecular reactions or reactions
initiated in a preformed bimolecular complex. Despite this restriction, there are so
many important chemical reactions that choice of systems for study will be targets
of opportunity. Isomerization reactions, both in the gas phase and in solution, are
prime targets for study, as they involve large atomic displacements and are in-
volved in the first stages of photosynthesis and of vision. Despite decades of study
using spectroscopic probes, the mechanism of isomerization about a carbon-carbon
double bond, and/or multiple double bonds, remains uncertain. There is new theo-
retical evidence that such reactions are determined by so-called conical intersec-
tions of potential energy surfaces, which occur in polyatomic molecules with
multiple electronic states. Calculations of the change of electronic structure as a
molecule undergoes the geometric changes that characterize the isomerization sug-
gest that x-ray structural studies can provide crucial information about the reac-
tion mechanism and dynamics.
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That time-resolved x-ray diffraction measurements can be carried out on a reacting
molecule in solution, on the 100-ps time scale, has been demonstrated at the Euro-
pean Synchrotron Radiation Facility (ESRF; see Fig. 5). The proposed SPX source
will generate shorter x-ray pulses with greater flux than was available for those ex-
periments. Indeed, there should be ample intensity available for studies of the uni-
molecular reactions of isolated molecules in the vapor phase because the density
need only be low enough that the time between collisions is much greater than the
pulse length and much greater than the characteristic reaction time. The x-ray dif-
fraction experiments can be carried out on freely rotating molecules, in which case
the structure is determined by fitting to model structures, as is conventional in
electron diffraction experiments. Alternatively (see previous section), the x-ray dif-
fraction experiments can be carried out on aligned molecules to greatly increase the
information content of the diffraction pattern and reduce uncertainty in the struc-
ture determination. The effect of inert gas (solvent) collisions on the evolution of
the structure can be determined from measurements in, for instance, an He envi-

Fig. 5. Structure determination of the C2H4I radical in methanol at t = 100 ps. The contribution from C2H4I
alone is isolated by subtracting other contributions from the raw data, allowing comparison with the gas-
phase model of the anti and bridged structures. (a) Theoretical (red) and experimental (black) difference in-
tensities for two possible reaction channels. The difference between the theory and experiment are also
shown in blue. The upper curves are for the formation of the bridged C2H4I radical and the lower ones are for
the classical anti structure. (b) Corresponding radial density functions for the two possible reaction channels,
and molecular structure (iodine, purple, carbon, gray). (Courtesy H. Ihee et al.)
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ronment. The determination of the time dependence of the molecular structure in
solution is complex because of the need to account for scattering from the solvent
and the influence of the evolving reactant on the solvent, but it also offers the op-
portunity to learn how solvent structure influences the reactant molecule structure
and its evolution. Methods for separating the contributions to the scattering from
reactant molecule and solvent have been developed. We expect that determination
of, say, the transition state structure in the isomerization of gaseous stilbene and
related molecules in an He atmosphere, and then in solution, will test our under-
standing and challenge our conceptual description of these and other isomerization
reactions such as the ring expansion of toluene to heptatriene, and of reactions that
occur in the refining of oil.

There are many photochemical reactions of metal complexes that are relevant to
solar energy conversion. For example, multiple-metal-center complexes are in-
volved in photo-induced water splitting reactions, where single photon events are
coupled with multiple electron redox reactions. It is challenging and ultimately im-
portant to visualize how and how fast the reaction coordinates correlated with elec-
tronic configuration changes induced by photons lead to the transformation from
the Franck-Condon state to products. Such information will help us to design mole-
cules and learn how to control structural factors correlating with electronic transi-
tions and to direct chemical reactions to desirable directions via photonic
excitation. The concepts developed in these experiments can be applied to capturing
the transition state during photochemical reactions, such as substrate binding to
metal complex photocatalysts.

Franck-Condon states have not been directly observed in condensed phase photo-
chemical reactions, where the nuclear geometry relaxation, both internal vibrational
relaxation and solvent cooling, are on a time scale of <1 ps to 10 ps. By coupling a
laser-pump pulse with a picosecond x-ray pulse, it becomes possible to directly ob-
serve electronic and nuclear structural changes simultaneously with x-ray absorption
spectroscopy and solution x-ray diffraction.
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We believe that the first determinations of transition-state structures in isomeriza-
tion reactions will be paradigm changers. Continuation of such measurements in a
thematic program to determine transition state structures in many reactions will
yield a database that can be used to suggest new concepts and to test old concepts vis
a vis the relationships between structure and reaction mechanism; the results of such
data mining are likely to greatly advance our understanding of chemical reaction
pathways. The need for information concerning transient structures in chemical reac-
tion pathways is so great, and the diversity of chemical reactions is so great, that we
anticipate widespread demand from the community for time for such studies.

Fundamental responses of materials to applied fields
A unifying theme in condensed matter and materials science is the development of an
understanding of materials’ response to applied fields, including mechanical stresses
and magnetic and electric fields. Materials respond to applied fields by developing in-
ternal strains, electrical or magnetic polarizations, or with dramatic phase changes.
The dynamics of the relationships among structure, magnetism, polarization, and ap-
plied fields in solids extends from very long times to times as short as 1 ps or less.

The relationships between applied fields and responses are the keys to the phenom-
ena underpinning nanomagnetism, nonlinear optical materials, ferroelectric devices,
and metamaterials. The responses to applied fields are also the key to understanding
correlated electron systems such as sliding charge density wave conductors and colos-
sal magnetoresistive oxides. The fundamental problem is that although quantitative
tools for probing the magnetism and structure of the ground states of materials are
highly advanced, there are few probes capable of looking at structures driven into
transient states far from equilibrium. The SPX facility can address these questions
by providing the opportunity to perform time-resolved x-ray diffraction and scatter-
ing studies with samples driven into short-lived transient states. Many materials ex-
hibit a slowing down (and concomitant growth in the spatial scale) of phenomena
near phase transitions. The soft-mode dynamics of ferroelectrics are an excellent ex-
ample of this.
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The magnetic multiferroic oxides
provide an important example of the
opportunities involved in manipulat-
ing these responses, as shown in a
diagram developed by Spaldin and
Fiebig (Fig. 6). The applied mag-
netic and electric fields H and E,
and the mechanical stress σ lead to
responses in magnetization M, elec-
tric polarization P, and strain ε. The
coupling among these degrees of
freedom is only beginning to be un-
derstood and very little is known
about the dynamics of the relationships between the magnetism and the applied
fields in these materials.

These phenomena have a fundamental structural and magnetic basis that can be
probed directly and quantitatively using x-ray scattering and spectroscopy. X-rays
are unique in this sense because they are largely non-perturbative, penetrate com-
plex sample environments, and can provide information across a wide range of time
and length scales. The fundamental scales of the responses of materials vary, but the
large-scale responses have times corresponding to tens to hundreds of picoseconds.
Phenomena associated with domain dynamics and the conventional linear constitu-
tive relations such as elasticity or polarizability all have characteristic time and
length scales.

The time resolution of structural measurements at the proposed SPX facility will be
comparable to the fundamental time scales associated with these phenomena. Elec-
tronic and magnetic phenomena can be driven at the high repetition rates available
at the SPX and benefit from the inherent flexibility of the high-repetition rate ap-
proach. X-rays couple to these phenomena via a wide range of quantitative scattering
mechanisms including resonant- and non-resonant magnetic scattering, diffuse scat-

Fig. 6. The response of materials to applied fields. (Spald-
ing and Fiebig, Science 309, 391 [2005], © 2005 Ameri-
can Association for the Advancement of Science)
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tering, and coherent scattering. The 100-ps resolution presently available is too long
in duration to match the fundamental times associated with these responses.

The following present several areas in which the few-ps time resolution of the pro-
posed SPX will be essential.

Dynamics in nanomagnetism Nanomagnetism is the field that arises from the in-
tersection of the physics of magnetic materials and the capability to fabricate and un-
derstand nanostructures. The long-length scale dynamics of magnetism involves the
control of magnetic domains and domain walls and has resulted in devices such as
giant magnetoresistive sensors, and device concepts such as magnetic racetrack
memories. In addition, nanomagnetic structures provide the means for discovering
new phenomena in magnetism, such as spin-transfer torques.

Magnetic domains are linked to a small magnetostrictive distortion of the magnetic
solid, so domain wall velocities are typically limited to be approximately the same as
the speed of sound, kilometers per second, or nanometers per picosecond. A picosec-
ond source of x-rays has fundamentally the appropriate time resolution for the study
of magnetic domain dynamics and the phenomena linked to them.

The magnetism of thin-film structures can be manipulated using spin-polarized cur-
rents of electrons. The coupling of the spins carried by the spin-polarized current to
the remnant magnetism of the layers results in magnetic forces that can cause the
magnetization of ferromagnetic layers to precess, nucleate magnetic vortices, and ul-
timately switch the magnetization. In addition to the potential to switch the stored
magnetization in devices electrically, the resonance itself is interesting because reso-
nance frequencies can exceed 10 GHz, even in relatively large devices, and because
these frequencies can be electrically tuned. These devices are beginning to incorpo-
rate more complex materials, including the magnetic multiferroics. These materials
can be reconfigured using applied fields, and require structural and magnetic charac-
terization tools with sufficient time resolution.
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Metamaterials and materials at THz frequencies Lithographic structures with
sizes smaller than or comparable to optical wavelengths can have surprising and use-
ful optical properties, including effectively negative indices of refraction. These struc-
tures are rapidly evolving to incorporate materials with properties that can be
manipulated with external fields. Laser-pumped optical switches with single-cycle
THz pulses can drive these materials. The potential to probe the structure of the
metamaterials during their operation can be extremely valuable. The pulse duration
of the SPX facility will be an excellent match to the time scale of the optical pulses in
non-linear metamaterials systems, and for the THz radiation and THz optical proper-
ties of materials.

High-frequency microelectromechanical systems and nanoelectromechanical
systems The range of frequencies at which nanomechanical systems can operate is
already above 1 GHz and will reach higher frequencies. At present, these systems are
studied using lumped parameters such as the resonance frequency, and understood
using simulations. The potential to examine the structural distortion locally in oper-
ating devices will dramatically improve the potential to design these structures.

Ferroelectrics and multiferroics Ferroelectric materials have a remnant electri-
cal polarization that can be manipulated with applied electric fields. As in magnetic
materials, the response of ferroelectrics to applied fields includes domain wall mo-
tion, which typically involves times of many nanoseconds. Shorter times effectively
freeze the domain walls, allowing the intrinsic local response of materials to be stud-
ied at high fields, large strains, and highly unstable polarization-electric fields states.
It has recently become possible to begin development and testing of predictions for
the response of ferroelectric oxides to very high electric fields. The physics of ferro-
electrics in this regime is fascinating because it is far outside the range of validity of
conventional descriptions based on free-energy models.

Frontier research in photosynthesis and molecular
solar fuels catalysis

Critical scientific challenges in solar energy and solar fuels generation, as outlined in
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the U.S. Department of Energy workshop on “Basic Research Needs for Solar Energy
Utilization,” derive from the need to couple ultrafast, single-electron, excited-state
photochemistry in molecular photosensitizers to multiple-electron, proton-coupled,
chemical fuels catalyses on transition metal complexes in a manner that avoids ex-
cited-state free-energy loss, quenching, and chemical back reactions, and ultimately
to accomplish all of this using renewable, naturally abundant materials. Biology has
achieved the ideal of efficient solar initiated water-splitting coupled to reductive
chemical energy storage using abundant, renewable, self-assembling “soft” materials.
Emerging work is suggesting synthetic pathways for achieving comparable solar
fuels catalysis in organometallic and inorganic systems. However, progress in the de-
velopment of solar-energy-converting materials is currently restricted by the lack of
information on time-dependent, photoexcited-state electronic and coordinate struc-
ture changes, and resolution of how these structural dynamics are linked to energy-
conserving chemistry.

Development of SPX capabilities at the APS will create opportunities for ground-
breaking discoveries in electronic and atomic coordinate structural dynamics that un-
derlie solar energy conversion across the full range of biological, organometallic, and
inorganic photocatalytic materials, and provide a strategy for accelerating solar-fuels
catalyst development by adding to synthetic design information on structure-depen-
dent excited-state energy conversion processes. Particularly significant will be devel-
opment of SPX-related facilities with capabilities for photoexcited structure mapping
using short-pulsed x-rays across a broad x-ray energy range, including tunable hard
x-ray energies for combined high-resolution spectroscopy and anomalous scattering
experiments, high-energy pulsed x-rays for high-resolution time-resolved pair distri-
bution function (PDF) analysis, and low-energy x-rays for time-resolved electronic
structure analysis of the complete first-row transition metals and sulfur ligands.

The critical role that SPX-related facilities will play in frontier research in solar en-
ergy can be illustrated by considering the photoexcited-state reaction cycles for
organometallic solar fuels catalysts. Significant recent synthetic work is directed at
the challenge of synthesizing first-of-a-kind supramolecular ensembles composed of
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photosensitizers connected by elec-
tron conducting linkers to transition
metal catalysts, with the goal of pro-
ducing supramolecular ensembles
that couple ultrafast, single-elec-
tron, excited states to multiple-elec-
tron, water-splitting, and
hydrogen-evolving reactions. Com-
parable approaches are also being
investigated using biological and in-
organic light-harvesting materials.
One example is illustrated in Fig. 7,
showing a molecular device com-
posed of a cobaloxime-based hydro-
gen-evolving catalyst coupled to a
ruthenium tris(diimine) photosensitizer moiety. This construct is the most efficient
supramolecular photocatalytic system produced to date, although it operates with
only about a 5% efficiency. Sources for the low yield have not been resolved, but even
the “simple” two-electron reduction of 2H+ to produce H2 requires the repetitive pas-
sage through two complex photochemical cycles that include the following dynamics:
A) Initial photo-excitation and subsequent ultrafast electronic structure relaxation
involving vibronic (F-C) transitions and, depending upon the photosensitizer, elec-
tronic reorganization such as intramolecule charge transfer (for example, metal-to-
ligand charge-transfer, MLCT), intersystem crossing (S-T transitions), Jahn-Teller
distortions, and photo-isomerization processes. These ultrafast electronic structure
and coordinate structure dynamics are crucial for establishing the precursor state en-
ergies and reactivities for subsequence chemistry. B) Excited-state electron transfer
from the excited-state photosensitizer to catalyst that theory has shown to be coupled
to rate-determining inner sphere and outer sphere atomic reorganization, but have
yet to be directly observed. C) Proton-coupled transfers that are similarly coupled to
rate-controlling inner- and outer-sphere reorganization events. D) Bond changes and
product release. Breakthroughs in solar catalyst design would be realized by resolv-
ing excited-state electronic structures throughout the photon-initiated reaction cycle,

Fig. 7. Excited-state reaction cycle for a photosensitizer
linked to a hydrogen-evolving catalyst. Prototype photocat-
alyst adapted from Fontcave et al., Angew. Chem. Int. Ed.
47, 564 (2008). (Courtesy D. Tiede, Argonne National Lab-
oratory)
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and correlating these structural dynamics to chemistry in organometallic, inorganic,
and biological solar catalysis. Key questions include resolving possible electronic in-
teractions between the photosensitizer and transition metal catalysts in light-excited
states, roles for microenvironments and second-sphere ligand environments for tun-
ing excited-state chemistry, and atomic-scale resolution of reaction mechanisms.

Milestone experiments have demonstrated the unique capabilities offered by time-re-
solved x-ray measurements. Excited-state electronic configuration changes (process A
above) have not been directly observed in condensed-phase photochemical reactions,
where the nuclear geometry relaxation, both internal vibrational relaxation and sol-
vent cooling, are on a time scale of <1 ps to 10 ps. By coupling a laser pump pulse
with a picosecond x-ray pulse, it becomes possible to directly observe electronic and
nuclear structural changes simultaneously with x-ray absorption spectroscopy and
solution x-ray diffraction (Fig. 8). For example, the S1 excited state of nickel por-
phyrin undergoes an electronic π-π* transition, followed by internal energy transfer
to generate a transient d-d excited state that relaxes to an expanded porphyrin
macrocycle geometry. Although the resulting electronic configuration and nuclear
geometry have been observed with 100-ps x-ray pulses, the correlation of the elec-

Fig. 8. Time-dependent electronic configuration changes for a photo-excited Ni-porphyrin measured by pump-
probe time-resolved x-ray absorption (TR-XAS). The ground S0 state is characterized by a 1s→ 3dx2-y2 transi-
tion with a 2.2-eV bandwidth (290K) and 1.8 eV at 15K, showing evidence of structural diversity. The excited T1

state: the singly occupied 3dz2 and 3dx2-y2 MO in the XAS final state with a d-d splitting of 2.2 (±0.2) eV and widths
of the peaks are <1eV. The MO energies shift with probe delay time corresponding to an E-shift of dx2-y2 MO by
0.3 eV from the GS. (Part (a): Chen et al., J. Am. Chem. Soc. 129, 9616 [2007], © 2008 American Chemical
Society. Part (b): Courtesy L. Chen, Argonne National Laboratory)
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tronic transition with the
ensuing nuclear geometry
change could not be re-
solved. With 1-ps x-ray
pulses, the time scale at
which one can investigate
excited-state electronic and
configurational changes can be significantly shortened to allow a direct monitor of
the reorganization processes most critically coupled to energy converting events.

Similarly, time-resolved solution x-ray scattering (TR-SXS) provides the new oppor-
tunity to directly observe nuclear geometry changes in the excited state. For exam-
ple, Fig. 9 shows single 100-ps x-ray pulse scattering pattern changes measured
with variable time delays following a laser pulse for a Cu(I)[dimethylphenanthro-
line] complex (CuDMP). Upon photon absorption, the CuDMP complex undergoes
instantaneous MLCT followed by an excited-state Jahn-Teller distortion and coor-
dination change that is complete within 20 ps. The reconfigured MLCT state decays
back to ground state in 350 ps in water. The “0 ps” TR-SXS transient measured
with 100-ps pulses shows a fully developed set of changes that includes small-angle
changes indicative of the coordination state change, and changes at higher angle
that reflect outer sphere reorganization that includes change due to both the ligand
structure and solvation layer. The outer sphere changes are seen to continue to
evolve during the MLCT state lifetime. The current TR-SXS measurements are lim-
ited by the 100-ps pulse duration that cannot resolve the early conformational
changes in the excited state, and low experimental repetition frequency (1 kHz)
that prevents the acquisition of high-signal-to-noise data.

Fig. 9. Reaction scheme (left) and
time-resolved difference x-ray scat-
tering patterns measured using sin-
gle, 100-ps, 12-keV x-ray pulses set
at variable time-delays following laser
excitation. (Courtesy D. Tiede, Ar-
gonne National Laboratory)

90 Argonne National Laboratory

Renewal of the Advanced Photon Source: Fundamental Interactions in
Chemical, Atomic, & Molecular Physics



The development of a multiple-energy SPX facility at the APS will provide dramati-
cally new opportunities for breakthrough discoveries in solar energy research. Criti-
cal new capabilities will include: A) The use of tunable, hard x-ray energies for
combined high-resolution spectroscopy and anomalous scattering measurements that
will enable precise resolution of ultrafast electronic structure changes and inner and
outer sphere nuclear geometry changes with 1-ps time resolution, and B) the develop-
ment of high-energy SPX capabilities that will create an entirely new opportunity for
high-resolution PDF excited-structure mapping, allowing the global scattering meas-
urements to achieve a spatial resolution comparable to that obtained by metal-cen-
tered x-ray absorption fine structure measurements. Finally, the development of
low-energy SPX capabilities will enable electronic and metal-centered coordinate
structure to be measured for the entire first-row transition metals and sulfur ligand
that are high-priority synthetic targets for solar catalyst development.

Significance of the APS

The APS is poised to become the leading synchrotron x-ray facility in the world for
time-resolved studies at the 1-ps and longer time scales. There are only two hard x-
ray synchrotron facilities in the world that can incorporate the Zholents radio-fre-
quency (rf)-deflection cavity scheme to produce short-pulse x-rays, the APS and
SPring-8 in Japan. (The PETRA-III synchrotron, due to begin operation in 2009,
may be able to incorporate this scheme. The ESRF, a 6-GeV machine with a smaller
circumference than the APS, has no available real estate for superconducting rf
cavities.) Researchers at the APS have performed extensive engineering studies for
implementation of the superconducting rf-deflection cavities, and at this point in
time are ahead of the SPring-8 group in planning. The relatively long, 150-ns pe-
riod between x-ray pulses in the standard 24-bunch operating mode of the APS
storage ring facilitates recovery of samples and the gating of detectors for time-re-
solved studies.

Importantly, the APS has a strong community of world-leading researchers in time-
resolved x-ray science spanning many fields: atomic and molecular physics, photo-
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chemistry, materials science, condensed matter, and biology. To serve the biology
community, a Laue diffraction beamline has recently been commissioned (BioCARS)
that produces 100-ps pulses with 1010 x-ray photons/pulse at a 1-kHz repetition rate
within a 3% bandwidth. This is suitable for time-resolved diffraction of crystalline
materials with long recovery times at an incident energy of ~12 keV. The SPX serves
a complementary purpose by enabling studies of both non-crystalline and crystalline
materials at higher temporal and spatial resolution, higher repetition rate, and with
widely variable photon energy, thus allowing the use of all x-ray spectroscopic, scat-
tering, diffraction, and imaging methods.

Scientific Community

We argue that the scientific community will benefit from the SPX at the APS in three
complementary ways:

• The opportunity to carry out a small set of “must do” experiments that address
what are widely accepted premium problems in specific subject areas, the results of
which are likely transformational. The experiments suggested are matched to the
unique capabilities of the proposed SPX facility.

• At the other extreme, a facility that can be used to study many systems and solve
many problems, providing information not now obtainable by other means. The no-
tion is that adding the capability for picosecond and longer time-resolved x-ray meas-
urements of all types will assist the solution of problems across almost all fields of
the physical and biological sciences, and that the provision of high-throughput beam-
lines and stations available to the scientific public is a matter of national interest.
The emphasis here is on the added value of an interwoven net of scientific measure-
ments. Although very few experiments are of type (1), even type (1) experiments ben-
efit from the web of knowledge gained from other, less spectacular studies.

• Between categories (1) and (2) falls the definition of a few thematic problems the
solution of which will benefit from a coordinated generation of data from studies of
many systems, from which new concepts and transformational developments will be

92 Argonne National Laboratory

Renewal of the Advanced Photon Source: Fundamental Interactions in
Chemical, Atomic, & Molecular Physics



gleaned. The notion is that selecting systems for study with reference to a central
theme will draw complementary experiments on many systems, and the collection of
data obtained can be used to test old theories, develop new theories and concepts, etc.
Two models for this category are the Sloan Digital Sky Survey (http://www.sdss.org/),
which has radically altered cosmology and astrophysics by generating a database
that has been used to ask and answer entirely new questions; and the Protein Data
Bank (http://www.rcsb.org/pdb/home/home.do), which has performed a similar function in
advancing understanding of protein folding.

A partial listing of non-Argonne researchers interested in ultrafast x-ray science
spanning many scientific disciplines is shown below.
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Executive Summary

Mankind’s continued inhabitation of planet Earth will depend increasingly on
strategic stewardship of our natural resources. Sustainable use of energy and raw
materials, with minimal environmental damage, is imperative to ensure a viable
quality of life for Earth’s inhabitants. Only with an adequate understanding of the
structure, composition, and function of natural systems, at scales ranging from
atomic to global, can we accurately predict and control the environmental conse-
quences of our actions. The requisite levels of understanding for this have not yet
been achieved in the geological, environmental, and planetary (GEP) sciences.
There are many new opportunities for planetary science driven by direct sampling
missions of other bodies and observational discoveries that include planets far be-
yond our solar system. The use of synchrotron radiation for third-generation
sources such as the Advanced Photon Source (APS) has enabled noteworthy
progress across a wide spectrum of problems in the GEP sciences. Geological, envi-
ronmental, and planetary science at the APS makes up about 15% of the user base,
and has significant growth potential. But it is also highly interdisciplinary, and ex-
periments in physics, chemistry, and materials science (e.g., in extreme conditions)
are often carried out to address problems in GEP science. One key characteristic
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shared by the GEP sciences is the complex nature of the materials involved, which
occur over extremely broad ranges of length scales, time scales, and temperature
and pressure. At the foundation of GEP science are the molecular-scale structure,
composition, and reactivity of the constituent phases. These phases behave differ-
ently, depending on the systems in question, to produce a rich palette of large-scale
properties that are difficult to understand without knowledge of the molecular-
scale fundamentals. Thus, it is crucial to have access to state-of-the-art facilities
such as a renewed APS to be able to continue advancing scientific progress in GEP
science. Some of the factors that limit this progress are as simple as the number of
available beamlines, but in other cases it is a lack of sufficient flux and brilliance at
the available beamlines, and the quality of available x-ray optics and x-ray detec-
tors. Also, full use of the APS by GEP scientists requires more beamline personnel
who could contribute to designing and running experiments, and more ancillary ex-
perimental hardware, including sophisticated sample chambers capable of main-
taining controlled conditions of pressure, temperature, and fluid composition.
Additional laboratory space for staging the increasingly complex experimental
preparations should also be available.

Introduction

Further progress in GEP is limited by the availability of scientific tools capable of
measuring the atomic- to macro-scale properties and behavior of natural materials in
situ, in real time, and under a wide range of conditions. An exceptionally powerful set
of tools for such investigations is provided by high-brilliance synchrotron radiation
facilities such as the APS. Experiments performed at these facilities have led to new
findings and conceptual advances of fundamental importance. Improvements in the
spatial and temporal resolution of synchrotron x-ray measurements, as well as in-
creases in sample throughput, will be enabled by new x-ray optics and detectors.
These improvements will lead to wider use and ever more powerful applications of
synchrotron radiation to make new discoveries and develop new theories in the GEP
sciences.
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Key Science Drivers

The GEP sciences encompass a wide range of multi-
faceted topics that frequently cross conventional dis-
ciplinary boundaries. Much of the forefront research
in these fields has a clear relevance to applications in
energy-related activities, as described in the work-
shop reports produced by U.S. Department of En-
ergy's Office of Basic Energy Sciences (DOE-BES):
Basic Research Needs for Geosciences: Facilitating 21st

Century Energy Systems [1] and Basic Research Needs for

Materials under Extreme Environments [2] . Because of
their strengths in characterizing complex materials
over a range of length scales and x-ray energies, syn-
chrotron radiation techniques have become essential
tools in such research. Classic scientific questions of geology and planetary science
are also being addressed using synchrotron radiation. High-priority science targets
under investigation at the DOE synchrotron radiation facilities include mineral-
water interface complexity and dynamics, nanoparticle reactivity and transport,
trace-element mobility and distribution, biogeochemistry in the subsurface, high-
pressure mineral physics and structure of the Earth’s and other planet’s interiors;
cosmochemistry and planetary geochemistry; and life in extreme environments and
the origin of life. Brief descriptions follow of the driving questions and methods em-
ployed in each of these areas, with reference to the limitations imposed upon such re-
search by the available hardware at the synchrotron radiation facilities.

Mineral-fluid interface complexity and dynamics
The mineral-fluid interface is the principal site of geochemical reactions at or near
the Earth’s surface. Mineral-fluid interface processes exert a powerful influence on
the natural geochemical and biogeochemical cycles in our environment. These
processes are crucial in the diagenesis of sediments and weathering of rocks, in the
formation of ore deposits and petroleum reservoirs, and in soil formation and plant
nutrition. Mineral-fluid interface processes effectively control the compositions of
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groundwaters, surface waters, the oceans, and to a large extent, the Earth’s atmos-
phere. These processes are integral to vital aspects of the dynamic natural world in
which we live; in many practical ways, our lives depend on them. Minerals also have
critical applications in technical fields such as construction, manufacturing, ceramic
synthesis, catalysis, gas and liquid separations, water and wastewater treatment,
waste disposal, agriculture, and horticulture. For these reasons, we must improve
our fundamental understanding of mineral-fluid interface processes to make efficient
and intelligent use of our natural resources and to protect the quality of our environ-
ment. Only by quantifying these processes at the molecular scale will we be able to
predict behaviors in a wide range of geological and environmental systems. Examples
of such complex systems include contaminant transport in groundwater aquifers, in-
teraction of complex crustal fluids with rocks, the consequences of deep injection of
CO2 into depleted oil and gas reservoirs, the extraction of geothermal energy from
hot rock, and the long-term isolation of high-level nuclear waste.

Much of the recent work on mineral-fluid interfaces and mineral surfaces began by
applying experimental and theoretical techniques first used by scientists studying in-
terfaces of other materials such as catalysts and semiconductors. Despite significant
experimental and theoretical efforts in the past decades, our understanding of the ac-
tual molecular-scale geochemical processes (including adsorption, dissolution,
growth, and precipitation) remains, in most cases, poorly constrained by direct obser-
vations. The current state of knowledge is limited by the intrinsicly complex nature
of geochemical interfaces and the great difficulty of probing mineral-water interfaces
in situ at the molecular scale. The advent of the atomic force microscope and the de-
velopment of non-linear optical and synchrotron x-ray techniques have initiated new
classes of in situ nanoscale and atomic-scale studies of mineral-fluid interfaces in the
past two decades [3-9]. Meanwhile, computational advances have enabled more so-
phisticated theoretical understanding of mineral surface properties [10]. Now that
these experimental and computational approaches have matured to a point where
they can be applied to a common and representative system size, they have begun to
be used synergistically to test our understanding of mineral-fluid interfacial systems
(e.g., Cheng et al. [11] vs. Park and Sposito [12]; Geissbühler et al. [13] vs. Kerisit et
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al. [14]; [15]). Quantitative agreement between experimental observations and theo-
retical predictions provides a non-trivial confirmation of our understanding, while
contradictions, in turn, suggest that our understanding is inadequate.

The over-arching goal of future research is to develop a fundamental comprehension
of mineral-fluid interfacial processes through direct observation of interfacial struc-
tures and dynamic processes at the molecular scale. New conceptual understanding
will provide answers to questions such as: What controls the reactivity of a mineral
surface? What is the actual structure of the mineral-fluid interface? How do ions and
organic macromolecules adsorb to charged mineral-water interfaces? How do miner-
als dissolve and grow? Ultimately, the ability to improve the predictive capability of
geochemical transport models, and to relate fundamental molecular-scale processes
to field-scale behavior, relies on the development of appropriate theories that are val-
idated through direct, in situ observations. Improvements in the flux and brilliance of
synchrotron radiation sources, along with improved x-ray optics and detectors, are
essential for making progress in this area.

Nanoparticle reactivity and transport
Natural nanoparticles are ubiquitous at and below the Earth’s surface, and have
specific importance in certain GEP-science processes. Nanoparticles can form in ge-
omicrobiological reactions, at mixing fronts of highly supersaturated contaminant
plumes with ground water, during rock weathering, in the rhizosphere, in smoke-
stacks from coal-burning, in subsurface sedimentary rocks, and in the cosmos. At
the Earth’s surface their formation, disappearance, and mobility affect the quality
of our water, air, and soil, and hence the viability of life. Natural nanoparticles can
be purely inorganic, organic, or a mixture of both. They may be relatively impure in
contrast to engineered nanoparticles and have proteinaceous [16] or dissolved or-
ganic matter coatings. Their suspension in flowing air or in surface and ground
water can rapidly mobilize contaminants that either compose the nanoparticles or
are adsorbed on other nanoparticle substrates, a problem designated as a priority
research direction in the geosciences in the aforementioned DOE-BES report on
basic research needs in geosciences [1]. Deep in the Earth, nanoparticles may form
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at and subsequently control rock motion along faults, which generates earthquakes
at the surface [17,18]. New, engineered nanoparticles synthesized for technology
developments ultimately may contact and interact with Earth surface environ-
ments (water, air, biogeosystems) in unpredictable ways. Given this burgeoning at-
tention to nanoparticles, we must rapidly expand our knowledge of how they form;
their compositions and structures; how their surfaces react chemically in bulk flu-
ids and when coated with thin fluid films; how they move in bulk fluids, in fluids
confined by grain boundaries or pore throats, or gaseous atmospheres; and how
they aggregate and/or grow to larger size. Observations must pertain to the chemi-
cally and structurally complex range of natural environments in which nanoparti-
cles exist.

Recent advances in characterization approaches—e.g., the use of high-energy x-ray
scattering to extract nanoparticle structures at correlation length-scales beyond the
range of x-ray absorption spectroscopy—are providing new insights on the forma-
tion and transformation processes relevant to geoscience questions [19,20]. Such
data will allow development of a thermodynamic description for particles that
bridge the size gap between aqueous complexes and micrometer-scale crystallites
[21]. At this range of molecular scale the lack of a general theory is severely
stalling advances in our understanding of the phase chemistry and kinetic behavior
of natural nanoparticles. Information that is only accessible with the use of high-
energy x-rays is essential for theoretical progress. Synchrotron microprobe analyses
of complex natural materials such as soils and sediments have proven remarkably
valuable in identifying associations between contaminants and particular composi-
tional and structural components that lead to a new understanding of processes in-
volving nanoparticles [22-24] despite the micrometer-scale spatial resolution that is
currently attainable. However, these advances in multicomponent analyses must be
extended to the nanoscale and to trace concentrations in order to have an impact on
our fundamental understanding of how nanoparticles influence the fate and trans-
port of environmental contaminants. Both structural and compositional measure-
ments of experimental and in situ natural nanoparticles must also be accomplished
at other than ambient conditions to reflect the range of geological and planetary en-
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vironments in which they occur. For these purposes, x-rays will have to penetrate
different containment materials.

New knowledge of nanoparticle behavior in the environment is also critical for ad-
dressing the important issue of human sustainability. For example, if we can under-
stand natural nanoparticle formation and stability under stress conditions, we can
make progress in understanding when and where earthquakes occur. If we can char-
acterize nanoparticles and their transport in porous media, we will have a significant
but currently missing component for models of contaminant groundwater flow. If we
could characterize small numbers of target atoms on the surfaces of a few nanoparti-
cles, we would better understand the processes that control the environmental distri-
bution of contaminants at the low concentrations considered toxic to human health.
Greater access to high-energy x-ray scattering facilities, dedicated micro- and
nanoprobes, and improved detectors and optics are essential to make the needed ad-
vances.

Trace element speciation and incorporation
Trace elements are often the targeted concern in environmental studies. They are
commonly risk-drivers at remediation sites or rate-limiting factors in biogeochemical
systems. They can have important health consequences when they enter the food
chain. For example, Fe in seawater is present at trace levels and is considered an im-
portant limiting factor for biological uptake of CO2 by the oceans. Mercury in aquatic
systems can be methylated by bacteria, and then consumed in succession by phyto-
plankton, fish, and mammals including humans. A major barrier to furthering our
understanding of the effects of trace elements is that they are present in concentra-
tions that are difficult to study by most techniques. This is especially true when sam-
ples must be studied under natural conditions, such as in anaerobic or aqueous
environments. Synchrotron radiation analyses are capable of being used to determine
key properties of trace elements such as their chemical form and location in complex
heterogeneous systems, but only at concentrations typically much higher than their
critical levels. Improved capabilities are sorely needed to attain lower detection limits
and for time-resolved studies of mineral-water interface reactions, three-dimensional
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transport in porous media, and biogeochemical processes.

Many of society’s most pressing environmental challenges require detailed knowledge
of trace element behavior. At DOE sites the relevant trace elements are fission prod-
ucts, actinides, and hazardous metals such as Cr and Hg. Elsewhere, hazardous trace
elements range from As and Sb in mine tailings to heavy metals at industrial sites.
Knowledge of trace element speciation and incorporation in field samples is needed to
predict future transport and bioavailability, information critical to making intelligent
remediation choices. Predictions often require detailed measurements in the labora-
tory of surface reactions, biofilms, and inter- and intragranular microenvironments.
Researchers are often faced with the technically challenging requirements of measur-
ing very low concentrations in very small regions.

For example, arsenic can enter the environment through natural processes, mining
activities, and pesticide use. Disastrous consequences ensue once arsenic enters
water supplies or the food chain, as observed in Bangladesh and West Bengal. Ar-
senic’s many chemical forms [organic or inorganic, As(V) or As(III)] have varying de-
grees of toxicity, mobility, and bioavailability. Traditional chemical extractions may
not retrieve all of the As and can change speciation. In situ speciation techniques
using synchrotron radiation have become essential in establishing the human health
risks in many studies.

At the APS, trace elements are analyzed using techniques such as bulk x-ray absorp-
tion fine structure (XAFS), microprobe-based fluorescence mapping and tomography,
micro-XAFS, and surface diffraction on model systems. Diffraction and micro-diffrac-
tion can be used to identify the host materials. The microprobe-based methods are
most widely used because samples are usually heterogeneous and full-field imaging
methods lack the needed sensitivity to parts-per-million levels. With the APS re-
newal, there is the opportunity to improve current microprobes with upgraded optics
and detectors, which will provide smaller, more intense beams. New, large arrays of
spectroscopy-caliber detectors will be needed to take full advantage of these beams.
The net result could be more than an order of magnitude increase in data collection
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efficiency. More dilute trace element concentrations will become measurable, and the
study of larger numbers of samples will be possible. Currently, long data acquisition
times restrict investigations to, at most, a few imaged areas in a few samples. The
critical question is, how representative are these regions of the whole complex envi-
ronmental system?

Biogeochemistry in subsurface environments
Microorganisms can control the redox state of major and minor constituents in soils
and subsurface environments, and biogeochemical reactions can affect the mobility
and bioavailability (i.e., cycling) of most elements in the Periodic Table. Understand-
ing biogeochemical cycling of elements requires information about the relationships
between the metabolic processes and cellular microenvironments of microbial species
and the reactivity of solid and liquid geochemical phases. Biogeochemical cycling af-
fects element sequestration, release, precipitation, and solubility; organic complexa-
tion and degradation; and other chemical modifications of contaminants and mineral
surfaces. A deeper understanding of the complex reactions that control biogeochemi-
cal cycling from atomic to global spatial scales will enable scientists to address areas
of concern as diverse as global warming, production of alternative energy feed stocks
and their conversion to fuels via biological processes, optimization of chemical se-
questration technologies, development of new environmental remediation strategies
based on biostimulation approaches, and even the origin of life.

The microenvironment in the few cubic microns at and adjacent to actively metabo-
lizing cell surfaces can be significantly different from the bulk environment. Micro-
bial polymers (polysaccharides, DNA, RNA, and proteins), whether attached to or
released from the cell, contribute to the development of steep chemical gradients over
very short distances. It is currently difficult to understand the behavior of contami-
nant radionuclides and metals in such microenvironments. Thus, information about
biotransformations and biogeochemical interactions at the microbe-mineral interface
is crucial for predicting the fates of contaminants and for designing effective bioreme-
diation approaches.
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There are numerous examples of the use of hard x-ray synchrotron radiation to inves-
tigate transformations of minerals, contaminant metals, and radionuclides, but only
a small number of synchrotron-based microprobe studies have been performed to di-
rectly probe the microenvironment at or near the mineral-microbe interface. For ex-
ample, x-ray microspectroscopy at the APS was recently used to describe a
mechanism by which diatom-derived polyphosphates play a critical role in the forma-
tion of calcium phosphate minerals in marine sediments (Fig. 1) [25]. These results
show how biogeochemical cycling of phosphorous is tied to that of carbon. Similarly,
microspectroscopy has been applied to delineate the role of biofilms in chemically
transforming carcinogenic heavy metals such as chromium [26].

Submicron x-ray microprobes have also been used to investigate the biological compo-
nents of biogeochemical cycling. For instance, x-ray microprobe studies at the APS
have identified mineral assemblages within microorganisms thought to facilitate res-
piration in the absence of an external oxidant [27], and biochemical mechanisms used
by other microorganisms to scavenge reactive oxygen species [28].

Application of synchrotron technologies will enable the understanding of coupled bi-

Fig. 1. X-ray fluorescence micrograph
and fluorescence spectra of phos-
phorus-rich regions in Effingham Inlet
sediment. Sedimentary phosphorus
(red) appears as distinct, heteroge-
neously distributed submicrometer-
sized particles against a
comparatively uniform background of
sedimentary aluminum (blue) and
magnesium (green). On the basis of
high-resolution x-ray spectroscopic
characterization, about half of the
147 phosphorus-rich regions exam-
ined were found to be polyphosphate,
whereas the other half were classi-
fied as apatite. (© 2008 American As-
sociation for the Advancement of
Science) See: J. Diaz et al., “Marine
Polyphosphate: A Key Player in Geo-
logic Phosphorus Sequestration,”
Science 320, 652 (2 May 2008)
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otic and abiotic processes under ambient and
extreme environmental conditions, and will
provide practical opportunities for scientific
discoveries in environments contaminated
with metals, radionuclides, and organics;
agricultural sites to be used for the sus-
tained production of biofuel feed stocks;
degradation of cellulosic biofuel feedstocks;
and systems affecting atmospheric CO2 con-
centrations.

Mineral physics and Earth and
planetary interiors

Processes occurring within the interiors of
the Earth and other planets are controlled
by the physical and chemical properties of
the materials that compose these bodies.
Most of what geologists and planetary scientists know about planetary interiors is
based on seismic and gravity data, along with inferences from bulk composition and
moment of inertia. Additional constraints on the structure, phase relations, and me-
chanical behavior of planetary interiors can be obtained directly from experimental
studies of appropriate compositions performed at extreme conditions of pressure and
temperature. These experiments can now be performed using pressurized devices
such as the diamond- anvil cell (Fig. 2 and the multi-anvil apparatus, in which sam-
ples can be laser-heated under pressure and measurements can be made in situ using
ultrasonic methods, light scattering, and synchrotron radiation techniques including
x-ray diffraction, x-ray inelastic scattering, and x-ray absorption spectroscopy.

High-pressure experimentation in a laser-heated diamond anvil cell using high-
brilliance, hard x-ray synchrotron radiation for in situ structure determination by
x-ray diffraction resulted in the recent discovery of a post-perovskite phase of
MgSiO3 at conditions approximating those of the Earth’s core-mantle boundary

Fig. 2. Diamonds in a diamond anvil cell. The
sample is confined between the two diamond sin-
gle crystals. See: S. Merkel et al., “Deformation
of (Mg,Fe)SiO3 Post-Perovskite and D″
Anisotropy,” Science 316, 1729 (22 June 2007)
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[29]. This discovery has major implications for the interpretation of the D″ seismic
discontinuity [30], which has been a controversial geophysical topic for decades.
This example illustrates how such experimental data can constrain interpretations
for seismic observations of density stratification in the Earth and other planets.
The composition and properties of the Earth’s core have fundamental implications
for its geochemical evolution and dynamics, including the origin of the Earth’s mag-
netic field. Studies of the melting of candidate materials for the core (e.g., Fe and
Ni, alloyed with light elements such as Si or S), as well as the physical properties of
these molten fluids, are needed to unravel the current composition and history of
the core. Such studies should also be conducted with both static and dynamic com-
pression techniques to achieve the extreme pressures of the extra-solar planets and
provide time-resolved data. Finally, the advanced microanalytical methods devel-
oped for high-pressure techniques can be used to study natural samples [31,32].

Some of the outstanding questions in geological and planetary science that can be ad-
dressed using synchrotron radiation are outlined in the workshop reports Current
and Future Research Directions in High-Pressure Mineral Physics [33] and “Role of
User Facilities in Earth Sciences Research” [34]: How much potassium and other ra-
dioactive elements can be present in the core? What light elements are present in the
core? What is the energy source that drives the geomagnetic dynamo? How does the
core melting temperature vary with composition? What is the nature of the D″ layer
at the base of the mantle? Is the mantle partially molten at the core-mantle bound-
ary? What is the crystal structure of the inner core, and is it partly molten? How do
small amounts of water affect the properties of minerals at mantle conditions? What
is the structure and behavior of hydrogen-rich compositions at temperatures and
pressures characteristic of the outer planets and their icy satellites?

Over the past decade, special facilities have been developed and installed on beam-
lines at the APS to enable next-generation, state-of-the-art experiments in high-pres-
sure Earth and planetary science mineral physics. These include the diamond-anvil
and multi-anvil apparatus at the GSECARS beamlines 13-BM and 13-ID, the high-
pressure diamond-anvil facilities at the High Pressure Collaborative Access Team
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(HP-CAT) sector, and the
nuclear resonant inelastic
x-ray scattering facilities
at the X-ray Operations
and Research 3-ID beam-
line. HPSynC is a consor-
tium that supports the
integration and develop-
ment of high-pressure ac-
tivities of some dozen
beamlines at the APS in-
volved in this area of re-
search, including
high-pressure geoscience
(Fig. 3s). At each of these
beamlines, new techniques
are being added to this ar-
senal of tools to study the structure and behavior of materials at extreme conditions.
Of critical importance is the need to integrate and exploit multiple techniques that
take advantage of the unique features of different beamlines to understand high-
pressure phenomena (e.g., Ding et al. [35]).

Ever-brighter sources from 1 keV to 100 keV are essential for this work because
photons remain the key probe of the crystallographic, electronic, and defect struc-
tures of minerals and mineral assemblages under the most extreme conditions.
There are important opportunities for exploring the nanophase materials described
above to extreme conditions using <10-nm beams. New microfocusing/imaging tech-
niques developed at the APS are opening new fields for imaging complex natural
assemblages, textured materials, and buried interfaces under extreme conditions
[36,37]. Current single-phase diffraction/scattering techniques need to be extended
to tomographic diffraction/spectroscopic (e.g., x-ray Raman; see, for instance, Hem-
ley et al. [38]) imaging of bulk materials under extreme conditions using these
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Fig. 3. The APS sectors served by HPSynC.

106 Argonne National Laboratory

Renewal of the Advanced Photon Source: Geological, Environmental, & Planetary Sciences



nanometer-scale x-ray beams. In addition, there are proposals for dedicated facili-
ties at the APS for direct measurements of materials on dynamic compression,
based on successful shock-wave, single-crystal x-ray measurements carried out at
HP-CAT in 2007 [39]. As mentioned above, this new class of experiments, including
combined static and dynamic compression measurements at synchrotron sources,
hold the promise of accessing and probing entirely new P-T regimes within the
Earth and other planets. The scientific questions listed above, and many others,
can be addressed more effectively by improvements in the flux, brilliance, x-ray op-
tics and detectors at the APS.

Cosmochemistry and planetary geochemistry
Clues to the origin and evolution of our Solar System and other cosmological bodies
are locked within extraterrestrial materials available for laboratory study, including

lunar samples returned by the Apollo program; mete-
orites from the Moon, Mars, and asteroids collected
from Earth’s surface, notably Antarctica; interplane-
tary dust particles collected in the stratosphere;
comet particles collected by the Stardust spacecraft;
and solar wind collected by the Genesis spacecraft.
The science drivers involve fundamental questions:
How did the universe begin and what is its ultimate
fate? How did the Sun’s family of planets and minor
bodies originate and evolve to their present state?
How did life begin on Earth and are conditions right
for life on other celestial bodies? What are the funda-
mental physical and chemical processes at work in
the space environment from the Sun to Earth, to
other planets, and beyond to the interstellar
medium?

Synchrotron-based techniques are playing an important role in defining the states of
these samples and obtaining insight into the properties of their parent bodies and the

A promotional poster for the Stardust
mission. (Courtesy of NASA)
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processes that formed them. Organics derived from individual (~10-µm) stratospheric
interplanetary dust particles, cometary dust, and meteorites are being studied by
scanning transmission x-ray microscopy and Fourier transform infrared spectroscopy
to test formation hypotheses such as catalytic reactions on mineral surfaces and pro-
vide insight into the likelihood of seeding of the Earth by extraterrestrial material at
the onset of terrestrial life [40-43]. New classes of extraterrestrial organic matter can
also be discovered in this way [44]. Evidence for a close relationship between the dust
in comets and carbonaceous meteorites is being provided by x-ray microprobe (XRM)
compositional analyses [45,46]. The evolutionary relationships between primitive
components of carbonaceous meteorites, such as chondrules and refractory inclu-
sions, are being uncovered by microXAFS analyses [47,48]. Formational environ-
ments of presolar SiC grains from meteorites are being revealed by XRM analyses
[49-52], and coupled resonance ionization mass spectrometry analyses will eventually
yield insight into the associated stellar types. Oxidation states of Martian siliceous
melts are being determined by XRM analyses of Martian meteorites [53,54] as well as
the evolution of Martian fluids in its early history [55,56]. Synchrotron-based x-ray
standing-wave methods offer one of the few opportunities to extract compositional
data from the compromised Genesis solar wind collectors [57,58]. Synchrotron x-ray
microdiffraction revealed new minerals and the origin of weathering on airless bodies
such as the moon [59], as well as the effects of shock metamorphism on planetary
surfaces [32]. Instrumentation at the APS is playing a vital role in the high-energy
components of this research.

This cutting edge, synchrotron-based, cosmochemical research is currently limited by
spatial resolution and sensitivity capabilities. Extraterrestrial materials are exceed-
ingly fine-grained (nanometer-scale) and synchrotron instrumentation is just begin-
ning to be able to probe these materials at spatial scales where individual phases
dominate. In addition, high elemental sensitivity in these sub-micrometer regions is
essential. Elements of interest tend to be in trace concentrations, indicating that ana-
lytical capabilities in the attogram range are required. Technical improvements that
will drive these advances include higher brightness sources, improved optics (espe-
cially those capable of high efficiency and sub-micrometer beam production), im-
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proved detectors (primarily in terms of higher throughput, but high-energy resolution
is also essential), and sample manipulation systems with higher spatial resolution
and stability.

Accessibility is also a critical issue. The APS instruments currently used for this re-
search are highly oversubscribed, making it challenging to obtain comprehensive
data sets in reasonable time periods. This accessibility shortfall can be addressed
with the addition of new instruments, an increase in the amount of beam time avail-
able on existing instruments, or a combination of these two approaches. Canted un-
dulator upgrades (as pioneered at the APS) are effective means for dramatically
increasing instrument availability.

These technical advances will maximize our ability to extract information not only
from currently available extraterrestrial materials collections, but also samples from
future return missions, such as those likely to sample the Moon, Mars, asteroids, and
comets. The relatively non-destructive nature of the synchrotron x-ray analyses is ex-
tremely advantageous for characterization of these precious returned extraterrestrial
materials that often are in exceedingly small quantities. The total comet dust collec-
tion returned by the Stardust spacecraft has an estimated mass of ~1 mg. The total
mass of the Genesis solar wind collection is estimated to be ~400 µg. Importantly, x-
ray analyses can be done without sample alteration, often while within the collection
substrates and containers, leaving the materials available for further destructive
analyses that require extraction, such as isotopic composition by mass spectrometry.
Such consortium-style analytical approaches maximize the science return from indi-
vidual samples.
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Executive Summary

Transformative opportunities in interfacial science can be created in the next decade
through advances in instrumentation and software at the Advanced Photon Source
(APS). These advances will enable the observation of interfacial processes in complex
environments, in real time, and with micron-scale fields of view and Angstrom- to
nanometer-scale sensitivity and resolution. These extraordinary capabilities will lead
to a better understanding of relevant molecular-scale processes, control of interfacial
composition and structure, and help create novel materials and devices. More gener-
ally, these capabilities will enable the study of “realistic” interfaces with inherent
heterogeneity at a level previously attainable only for highly homogeneous “model”
systems.

Interfaces are of critical importance for the next generation of energy-related tech-
nologies [1]. For example, the chemical, structural, and electronic nature of new ma-
terials and nanoscale-structured interfaces relates directly to the performance of
multilayer solar cells and other energy harvesting media [2], catalysts [3], energy
storage materials [4], thermoelectrics, and solid-state lighting [5]. Interfacial stabil-
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ity under extreme chemical environments is critical to numerous energy technologies,
including the operation of nuclear reactors [6] and the geological sequestration of en-
ergy by-products (carbon and nuclear material sequestration) [7]. Interfaces are also
critical in the reprocessing of nuclear materials [8].

Central to achieving these scientific goals is our ability to understand the elementary
processes that take place at the interface between distinct media—such as adsorp-
tion, chemical reactions, growth, and processing—within a diverse range of fields,
disciplines, materials, and environments. Areas directly impacted by such processes
range from the efficient use of energy resources to the creation of novel materials and
maintenance of our natural environment. Interfacial science is invigorated by the
many scientific and technological opportunities associated with matter at small di-
mensions—typically Angstroms to nanometers—and is challenged by the need to ac-
cess interfaces through complex environments.

Introduction

Interfaces are the boundaries between media such as solids, liquids, and gases with
distinct physical and chemical properties. The presence of an interface typically leads
to gradients in the chemical potential, perturbs the properties of the two media to a
depth controlled by the properties of the individual medium, and introduces interfa-
cial states, such as structural and electronic, that differ from that of either medium.
Well-known examples include the formation of Schottky barriers at the metal-semi-
conductor interface, the electrical double layer at the interface of a charged solid in
contact with an electrolyte solution, and the spontaneous symmetry breaking associ-
ated with surface reconstructions. Interfaces can also act as kinetic barriers between
reactive media, effectively stabilizing materials that are thermodynamically unsta-
ble, such as passive oxide coatings on aluminum metal that inhibit corrosion.

Interfaces are central to many diverse fields of study (Fig. 1). These include materials
science, where control of the composition and structure of an interface can lead to de-
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sirable materials properties; geochemistry and environmental science, where the
transport and sequestration of nutrients and contaminants is often controlled by
their interactions with mineral surfaces; chemical science, where the heterogeneous
reactivity of interfaces in “supported” catalysts creates facile pathways that promote
chemical reactions; energy science, where robust energy-storage technologies cur-
rently rely on the passivating layers at solid-electrolyte interfaces to prevent cata-
strophic failure; nanoscience, where the nanomaterial properties are modified by
their surfaces due to their large surface to volume ratios; and bioscience, where mem-
brane proteins actively maintain chemical gradients necessary for sustaining life.
Solid-solid, solid-fluid, or fluid-fluid interfaces are all relevant. The solids may be ei-
ther “hard” (metals or semi-conductors) or “soft” (organic, molecular, or model mem-
branes), and the fluid may range from an aqueous solution to liquid metals or
supercritical fluids.

It is apparent from these examples that the understanding and control of interfacial
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Fig. 1. The diversity and commonality of interfacial science.
(Courtesy P. Fenter, Argonne National Laboratory)
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processes are central to modern life. A more robust understanding of these areas can
therefore lead to significant advances in addressing critical societal needs such as re-
newable production of clean energy, greater energy storage capacity to make full use
of renewable energy sources, efficient production of petroleum-based products, main-
taining fresh-water supplies, and continued improvement in memory storage and
other electronic devices. Yet the ability to understand interfaces, especially those in
complex environments, remains both a scientific and technical challenge.

The apparent diversity of disciplines, phenomena, materials, and environments
within this field masks deep underlying commonalities. Interfacial processes can be
understood within the context of a few classes of molecular phenomena. These in-
clude molecular adsorption and bonding, in which the presence of the interface leads
to the organization and concentration of species from the environment; chemical re-
actions and transformation, in which the constituents of the environment and/or sub-
strate react and transform into new species; and growth, dissolution, and processing,
in which materials are either deposited or consumed. It is at this level that the com-
monalities become clear. For example, the concepts of heterogeneous epitaxy—origi-
nally developed to understand the principles behind semiconductor and metal-film
growth—provide the context to understand geochemical processes such as the anom-
alous inhibition of dolomite growth, a mineral that is often highly supersaturated in
natural waters. Epitaxy is also closely related to the concept of wetting, which ex-
plains the morphology of liquid films and is responsible (through interactions be-
tween hydrophobic and hydrophilic regions) for the conformations of biological
molecules such as proteins.

Science Drivers

Given the broad impact and relevance of interfacial science to a wide range of fields
of study, it is not possible to provide a complete description of the many science driv-
ers in this community. However, it is evident that much of the activity in this area
can be illustrated by a few representative examples.

118 Argonne National Laboratory

Renewal of the Advanced Photon Source: Interfacial Science



Interfacial reactivity in complex environments
Differences in the local coordination of interfacial species with respect to that found
within the bulk media can substantially modify interfacial reactivity, either by de-
creasing thermodynamic barriers to enhance the reactions of surface-bound species
(e.g., catalysis of chemical reactions) or through the development of kinetic barriers
associated with compositionally or structurally modified interfacial layers that in-
hibit the transport of material through the layers, such as the formation of protec-
tive coatings. Reactive interfaces are found in a broad spectrum of technical fields
ranging from energy storage (batteries), to electrocatalysis (fuel cells), geochemistry
(transport of contaminants), hydrogen storage, catalysis, materials growth, and cor-
rosion at liquid-solid and gas-solid interfaces.

Intrinsic to each of these areas are the divergent spatial and temporal scales describ-
ing interfacial reactivity. The fundamental step in these reactions involves the forma-
tion and breaking of chemical bonds between reactants and with the substrate.
Insight into these reactions has normally been obtained by static views of the associ-
ated molecular (~Angstrom-scale) structures, before and after reactions. Individual
defects (steps, adatoms, vacancies) typically have intrinsic reactivities that are sub-
stantially modified with respect to that of an ideally flat surface, leading to substan-
tial lateral heterogeneity (from approximately nanometer to greater than micron) in
the reactivity. The idealized concept of a molecularly-sharp interface that is normal
to the interfacial plane is often unrealistic because gradients in the chemical poten-
tial across an interface can lead to extended structures normal to the interfacial
plane ( extended elemental distributions in an “electrical double layer,” or the devel-
opment of compositionally modified layers) tens of nanometers to hundreds of
nanometers thick. The relevant temporal scales at interfaces are similarly broad. Re-
organization times of individual water molecules at an oxide interface vary from ~1
ps to ~1000 ps; the time for catalytic turnover ranges from ~1 µs to ~1 s; and the
growth or removal of individual layers ranges from approximately microseconds to
hours.

The coupling of these disparate spatial and temporal scales can lead to unexpected
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complexities that have been largely unexplored (Fig. 2. A prime example is the obser-
vation of temporal oscillations during the catalytic oxidation of CO to CO2 at plat-
inum surfaces under nominally static conditions, which was a key element in the
Chemistry Nobel Prize awarded to Gerhard Ertl in 2007. Ertl showed that this phe-
nomenon was due to non-linear reaction dynamics associated with the formation of
reaction waves, ultimately associated with the differential reactivity of metal sur-
faces between two distinct surface structures and the associated transport of mate-
rial between these regions. This is part of a general class of Belousov-Zhabotinsky
reactions that are known to exhibit an extremely rich range of behavior ranging
from regular periodic switching to chaotic dynamics. Spatio-temporal reactions
have recently been observed under chemical vapor deposition growth conditions
(Fig. 2, right).

These considerations reveal that a robust and fundamental understanding of inter-
facial reactivity relies on our ability to observe interfacial reactions in real time,
with high spatial resolution, and over large distances so that the complexities of
transport, kinetics, and heterogeneities, etc., can be visualized directly. There re-

Fig. 2. Spatio-temporal oscillations at reacting interfaces. Left: Platinum surfaces imaged
by photoemission electron microscopy during catalytic oxidation of CO where light and
dark regions are associated with CO-covered and oxygen-covered regions of the sur-
face. (From: http://fizz.phys.dal.ca/~hrotermund/) Right: Growth of InN films on GaN
under metal-organic chemical vapor deposition growth conditions in which bright and
dark regions are InN islands and In droplets, respectively. (Jiang et al., Phys. Rev. Lett.
101, 086102 [2008], © 2008 The American Physical Society, all rights reserved)
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mains, in particular, a broad need to project this level of understanding to realistic
systems in complex environments (such as those in contact with liquids, or high-
pressure gases that are opaque to traditional surface-science tools) that are repre-
sentative of the complex and often heterogeneous interfaces central to many
technical and industrial activities. The ability to observe such reactions in real
space (both within and across the interfacial plane) will require the development of
robust “contrast” mechanisms that image individual components of a reaction, such
as elemental specificity, or that differentiate chemically distinct regions like oxida-
tion states, or that can differentiate between the reactivity of idealized terrace sites
and spatially separated defect sites.

Emergent materials properties at interfaces
Interfaces are not simply the place where two materials meet, with each of them re-
taining its own properties. There are abrupt changes in chemical and electrostatic po-
tentials, as well as a lattice-mismatch that exerts significant stress on the material.
Ionic and electronic reconstructions can occur at the heterointerface leading to the
emergence of entirely new physical properties and phenomena.

An essential requirement for the study of heterostructure interfaces is the ability to
image the laterally-averaged, three-dimensional structure of buried interfaces without
sample thinning at atomic-scale resolution. This is a formidable problem because only
the intensity is usually measured in conventional x-ray scattering experiments; the
phase of the scattered x-ray is undetermined. This is the well-known phase problem.
Significant progress has been made in finding a solution to this problem for epitaxial
thin films and buried interfaces. The importance of these developments lies in the fact
that nearly all current electronic and optoelectronic materials applications and de-
vices rely on heteroepitaxial interfaces, including compound semiconductor het-
erostructures and oxides exhibiting correlated-electron behavior.

The LaAlO3-SrTiO3 heteroepitaxial interface is a prime example in that it forms a
quasi-two-dimensional electron gas at the interface between two nominally insu-
lating materials. The class of perovskite oxides to which this system belongs is
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broadly interesting because it exhibits various important emergent correlated elec-
tron phenomena such as novel metal insulator transitions, interface superconduc-
tivity, and colossal magnetoresistance. Surface x-ray scattering experiments (Fig. 3)
have revealed the formation of a metallic LaSrTiO3 layer at the LaAlO3-SrTiO3 in-
terface with an accumulation of trivalent Ti at the interface that is responsible for
the observed lattice dilation (Fig. 3) and for minimizing the electrostatic energy at
the TiO2-terminated SrTiO3 substrate surface. The net result of this combined ionic
and electronic reconstruction is to lower the conduction band minimum below the
Fermi level, as confirmed by density functional band structure calculations. These
findings illustrate the importance of heterointerface structure as the basis for the
emergence of an electrically conducting interface, as well as suggesting interesting
directions for the design of epitaxial oxide multilayers with novel electronic proper-
ties.

Soft-material interfaces
Soft materials include small organic molecules, macromolecules, polymers, polyelec-
trolytes, amphiphiles, block copolymers, colloids, liquid crystals, elastomers, and sur-

Fig. 3. COBRA investigation of a LaAlO3/SrTiO3 interface grown by
pulsed-laser deposition using a YAG laser. (a) Determination, at
each layer across the interface, of the electron density and displace-
ment of each type of atoms from their reference frame of bulk STO;
and (b) electron density maps emerging from COBRA, showing the
plane normal to the surface containing the La, Sr, and OII atoms and
the plane containing the Al, Ti, OI and OII atoms. (Wilmott et al.,
Phys. Rev. Lett. 99, 155502 [2007], © 2007 The American Physical
Society, all rights reserved)
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factants. Novel synthetic strategies, some inspired by biological processes, can be
used to engineer the properties of these materials to be photo or chemical reactive,
conducting or semiconducting, or to have different chemical affinities and localized
interaction sites. This ability to tailor functionality has resulted in a wide range of
applications such as high-resolution displays, organic light-emitting diodes, field-ef-
fect transistors, and photovoltaics. Advantages of soft-materials-based devices in-
clude potentially low-cost production, environmentally friendly solution-processing,
and roll-to-roll production methods on flexible substrates. Organic monolayers can
also be used to modify surfaces for low friction, adhesion, and hydrophobicity, and
may be functionalized to have selective recognition and be used as chemical or biolog-
ical sensors. Soft materials can self-assemble into ordered structures as occurs with
liquid crystals, block copolymers, and membranes. These self-assembled structures
can be oriented by alignment surfaces and edge interactions (Fig. 4). Soft materials
can alternatively be nano-patterned using imprint, dip-pen, electrochemical lithogra-
phy, and ink-jet technology. Hybrid devices in which inorganic nanoparticles or
nanorods are oriented in an organic matrix have potential applications as photo-
voltaic devices.

The use of soft materials in applications often requires a systematic exploration of
their numerous processing parameters and molecular degrees of freedom. High-effi-
ciency devices have yet to be achieved and progress is slowed by gaps in our funda-

Fig. 4. (a) Scanning electron microscopy image of hexagonal wells photolithographically patterned on a sili-
con substrate. (b) Atomic force microscopy image of the in-plane structure of PS-PVP diblock copolymer
spheres adjacent to and aligned by a well edge. (c) I(2θ,φ) data map constructed from GID measurements of
the edge-aligned diblock copolymer sample where 2θ is the in-plane diffraction angle and φ is the in-plane ro-
tation angle. (d) Data from (c) shown as a radial plot. (Stein et al., Phys. Rev. Lett. 98, 86101 [2007], © 2007
by The American Physical Society, all rights reserved)
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mental understanding of the underlying interactions and electronic properties. A
challenge for the next decade will be to understand what controls local and long-
range orientational and positional order in soft materials, and the impact of bulk and
interfacial structure on transport properties. A representative example is illustrated
in Fig. 4, where grazing incidence x-ray diffraction (GID) was used to determine how
the edge of a confining hexagonal well influenced a thin film of a spherical diblock
copolymer as it self-assembled into a two-dimensional hexagonal crystal. Numerous
scientific opportunities in this area include understanding how processing conditions
such as thermal and solvent-annealing affect thin-film order; how the orientation of
organic monolayers affects lubrication or charge mobility; how the local crystalline
order and orientation of polymer films impact performance when fabricated into dif-
ferent devices; how mixtures of p-type and n-type semiconducting polymers phase
separate into nanometer-size domains; and how the morphology of these domains
and the molecular packing within the domains can be optimized. The concept of bio-
mineralization offers additional synthetic approaches to materials design and fabri-
cation inspired by the complex structural control displayed by nature. The use of an
organic framework apparently is central, but the exact role of this framework is
poorly understood. Time-resolved studies of crystallization under Langmuir monolay-
ers will shed light on the fundamental processes at organic/inorganic interfaces.

Soft materials are also models for understanding biological systems, such as cell
membranes. The chemical language of cells conveys information and ultimately has
the potential to exert control over cellular processes. For example, voltage-gated
cation channels (e.g., K, Na, and Ca) are integral membrane proteins that are respon-
sible for the generation and propagation of the potentials that underlie nerve and
cardiac action potentials. But an understanding of the structural changes within
these membranes as a function of the applied transmembrane electrochemical poten-
tial is missing. Millisecond time-resolved studies of supported membranes can pro-
vide this missing information and make the connection with electrophysiological
phenomena. Studies of model membranes at liquid-liquid interfaces offer the addi-
tional potential for understanding the structural and dynamic properties of model
membranes associated with membrane elasticity and membrane-protein interactions.
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Significance of the APS

The development of synchrotron-based sources had a major impact on interfacial sci-
ence. First, the routine (if challenging) application of x-ray-based techniques to inter-
faces was first enabled by the development of second-generation sources, a need
arising from the intrinsically weak x-ray scattering cross-sections. This led to signifi-
cant advances in our understanding of interfacial structures, with some of the first
precise (<0.1-Å precision) determinations of interfacial structures. Second, x-rays
opened the possibility of in situ studies in complex environments such as the liquid-
solid interface. The development of third-generation sources such as the APS has led
to substantial quantitative improvements associated with its higher flux (measure-
ments in hours instead of days), brilliance (high collimation, spatial coherence, and
the ability to probe smaller samples) higher photon energy (greater penetration into
complex environments), tunability (enabling routine application of element-specific
approaches such as resonant anomalous x-ray reflectivity and x-ray standing waves),
and stability (making it possible to obtain the high-quality data necessary for phase-
recovery). These distinct advantages led to the evolution of a large and mature inter-
facial science community at the APS.

Of perhaps even greater significance to this community are the potential benefits of
fully utilizing the current properties of the APS and the anticipated properties of a
renewed APS. New and powerful advances in capabilities are available to this com-
munity by applying approaches that previously could be applied only to bulk materi-
als. Many of these advances involve “imaging” interfaces, through traditional
microscopy, the use of coherent diffraction, or phasing of data. Other advances in-
clude the application of ultra-fast techniques to this area in order to extend the tem-
poral sensitivity to as low as ~1 ps. Some proof-of-principle demonstration
measurements have been performed, but substantial advances in instrumentation, as
well as the development of new sources (for time-resolved measurements) will be
needed to make the application of these capabilities routine. It is expected that these
capabilities will transform this field, extend its reach to ever more complex and rele-
vant interfaces, and allow many scientific and technical challenges to be met.
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Scientific Community

The interfacial-science community was one of the first to capitalize on the benefits of
synchrotron radiation. Consequently, the community is both diverse and highly expe-
rienced. This community has been quite productive, in spite of the fact that these ex-
periments are difficult, labor intensive, require extensive beam time, and often
involve complex instrumentation. Until recently, the community was relatively frag-
mented in that the various technical advances were developed independently through
efforts in individual laboratories. It is apparent that this community stands to benefit
greatly from having a strong institutional connection with the APS, especially as the
community moves forward to make use of advances in optics, sources, and software
whose cost and required expertise extend beyond the reach of individual research
groups. The establishment of XOR/UNI Sector 33 at the APS to emphasize interfacial
science was an important first step that has substantial potential benefits for this
community. The growth and development of this activity, as well as the development
of a new x-ray interfacial science sector, is critical to enabling the various technical
and scientific developments discussed in this document.

Requirements and Capabilities

In the near term, substantial benefits can be obtained for interfacial science by rel-
atively modest investments in instrumentation. The use of area detectors such as
charge-coupled devices and the PILATUS has the ability to substantially improve
the efficiency of measurements as well as the quality of the associated data. Im-
provements in the energy resolution and throughput of fluorescence detectors can
similarly impact measurements. High-energy x-rays (E>40 keV), a strength of the
APS, are generally recognized as being well-suited for in situ atomic-scale struc-
tural studies. Hard x-rays have two key properties: They readily penetrate through
centimeters of material, enabling the study of deeply buried structures or surfaces
in complex environments, and the scattering of high-energy x-rays is characterized
by a very large Ewald sphere, so that the crystal truncation rods (CTRs) from each
of the low-index surfaces of a nanoparticle can be characterized in a single image.
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A fundamental understanding of interfacial structure and dynamics relies on our
ability to observe the processes in real time and real space. Here, we describe a num-
ber of opportunities that, if implemented,will have an enormous impact by substan-
tially expanding the spatial and temporal scales over which interfaces can be probed
(from <1 Å to >>1 µm, and from hours/days down to picoseconds). To be realized, such
capabilities will require substantial investments in infrastructure and staffing.

Interfacial x-ray microscopy
The ability to work in direct space is a broad need in this area. The conversion of
reciprocal-space intensities to real-space structures has a significant limitation,
namely probing those properties (average defect spacing, height-height correlation
functions) that are statistically averaged over the sample; and this makes it diffi-
cult to investigate the behavior of isolated (aperiodic) structures and defects. Imag-
ing elementary topography in real space demonstrates the ability to probe the
behavior of individual structures. This capability has recently been demonstrated
with x-ray reflection interface microscopy (XRIM; Fig. 5). X-ray reflection interface
microscopy is similar to traditional full-field optical and x-ray microscopes, but uses
the weak interface-reflected x-ray beam (with a reflectivity of <10-5) to create an
image. Since the reflectivity signal is interface-specific, this leads to the ability to

Fig. 5. The XRIM images elementary interfacial topography through intensity contrast. Left:
Schematic interface topography. Right: An XRIM image where dark lines are 0.6-nm-high steps.
(Fenter et al., Nat. Phys. 2, 700 [2006], © 2006 Nature Publishing Group, a division of Macmillan
Publishers Limited, all rights reserved)
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image interfacial topography. The differential reactivity of defects vs. ideal terrace
areas can be assessed through direct observations. The primary challenge for this
approach is that it is significantly photon-limited, especially given the weak reflec-
tivity signal, the relatively low efficiency of the x-ray optics (~10%), and the need to
measure statistically significant signals in ~105 pixels. In the first generation, im-
ages can be obtained in a few minutes, but only over a relatively narrow reciprocal
space range, for instance where the signals were strong. The spatial resolution is
ultimately limited by the numerical aperture of the x-ray optics, and was observed
to be ~170 nm (compared to the expected 100 nm). Improvements in optics, instru-
mentation, and ultimately the x-ray source itself will lead to substantial improve-
ments in spatial resolution (~30 nm) and temporal resolution (e.g., video rate
imaging of interfacial processes).

Scanning x-ray probe microscopes are complementary to the full-field XRIM instru-
ment. Such instruments have numerous contrast mechanisms available by probing
various elastic (Bragg peaks) and inelastic (fluorescence) signals as a function of posi-
tion on the sample. Of particular interest is the Argonne Center for Nanoscale Mate-
rials/APS nanoprobe, which is expected to attain a spatial resolution of ~10 nm. This
will result in an instrument with exceptionally high photon density that can be used
to probe fast kinetics such as ferroelectric switching of individual nanoscale domains
in a thin-film material.

Surface-coherent x-ray scattering
The surface-coherent x-ray scattering (SCXS) technique is only now being explored
due to the relatively low coherent flux of third-generation synchrotron light
sources. Unlike phase-contrast microscopy, SCXS does not use an objective lens and
is therefore limited only by the sample and beam characteristics, and the sampling
of the diffraction images. The evolution of diffraction images can be analyzed to re-
veal temporal dynamics (e.g., relaxation times) and evolution using x-ray photon
correlation spectroscopy (XPCS). Alternatively, direct inversion of the diffraction
pattern using phase-retrieval algorithms allows lensless imaging, known as coher-
ent diffractive imaging (CDI). The XPCS technique has been successfully applied to
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probe the dynamics of bulk systems and polymer liquids. Coherent diffractive imag-
ing has imaged the shape and strain field in micron-size lead crystals.

The brilliance of the APS and other third-generation light sources, along with ad-
vances in optics and detectors, are just now enabling interfacial coherent x-ray scat-
tering measurements. The feasibility of coherent interfacial x-ray scattering applied
to the study of high-Z (e.g., gold or platinum) surfaces has been demonstrated re-
cently at the optimized 8-ID beamline at the APS. Platinum and gold surfaces are in-
teresting due to their importance as catalysts and the interplay of reactivity and
structure that is known to exist on these surfaces, as seen in Fig. 2. Interfacial dy-
namics under catalytic conditions will lead to new insights into the factors that con-
trol catalytic activity, as well as becoming a test-bed for interfacial SCXS techniques.

Proof-of-principle interfacial SCXS images of a reconstructed Au(001) surface are
shown in Fig. 6, including (a) the hexagonal peak, and in (b) and (c) the anti-Bragg
reflection. While the hexagonal peak image was taken at room temperature (and is
therefore static), the anti-Bragg reflections were measured at 840° C where both hex
and (1 × 1) surface phases coexist and evolve. Here, the speckle structure varies with

(a) (b) (c)Fig. 6. (a) Coherent x-ray diffraction
pattern of the Au(001) hex-reconstruc-
tion peak (1.2 1.2 0.2) at 25° C. (b)
and (c) time evolution of anti-Bragg
speckles at 840° C; the two frames are
separated by several minutes. (Pierce
et al., unpublished results [2008])
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time providing sensitivity to the temporal evolution of domain distributions. Ulti-
mately these interfacial XPCS and CDI measurements can be combined leading to a
real-time and real-space surface x-ray imaging technique, providing quantitative
measurements of micro- and nano-sized system evolution. Currently, the time scale
over which this can be applied is in the range of >30 s, with the ability to resolve ob-
jects at >500 Å due to the Q-range of the diffraction images. Eventually, the develop-
ment of nearly fully-coherent hard x-ray sources will allow this approach to be
extended to substantially faster time scales (< 1 s), to smaller spatial resolution, and
to the interfaces of low-Z materials.

Imaging with phase recovery and imaging elemental substructures
While the phase problem of crystallography is a substantial impediment for any
structural determination—including traditional CTR measurements as well as sur-
face coherent x-ray scattering—once the phase is recovered, the structural determi-
nation becomes essentially trivial. The seminal work of David Sayre showed that
scattering phase can be retrieved solely from measured intensities under certain cir-
cumstances. Recent advances in phase-retrieval algorithms have made this possible
for isolated nanostructures. Recently, similar algorithms have demonstrated the abil-
ity to recover interfacial structures, as illustrated in Fig. 3. Robust phase recovery
formalisms would substantially benefit this community by transforming x-ray scat-
tering data into real-space images. It is anticipated that such algorithms could be de-
veloped to provide rapid phase recovery, so that interfacial structures can be
observed directly and in real time as the data is acquired.

Complementary to the phase-recovery techniques are approaches that can probe sub-
structures (elemental, magnetic, etc.). Ideally, these measurements are designed to
be explicitly phase sensitive so that one can view the scattering measurement as
sampling the amplitude and phase of the substructure of interest (i.e., its complex
structure factor). To date, this perspective has been applied to a few types of experi-
ments, such as Bragg-x-ray standing wave and resonant anomalous x-ray reflectivity.
It is expected that this general formalism can be applied to essentially any scattering
technique, providing the ability to “image” substructures.
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Time-resolved studies
Our fundamental understanding of interfacial and material structures has been ad-
vanced primarily by direct measurements of time-averaged structures using x-rays.
But matter is not static. The characteristic time for atomic rearrangements is
roughly the period of an optical phonon and is typically on the order of a picosecond.
One can expect fundamentally new insights into the dynamics in chemical reactions,
phase transitions, and in response to external stimuli if such measurements were to
be performed at picosecond time scales. Only optical pulses are short enough to initi-
ate such reactions precisely enough to follow the temporal response in real time.
Thus, pump/probe measurements using ultra-fast laser pump beams and time-de-
layed probe beams have been the standard ultra-fast experimental technique for
many years.

(a )

(b )

(c )(a )

(b )

(c )

Fig. 7. Ultrafast measurement of lattice potentials. (a) Ultrafast x-ray diffraction efficiencies on (111)
bismuth as a function of the time delay between pulses. (b) Experimental (red) and calculated (dot-
ted line) interatomic quasi-equilibrium position as a function of the percentage of photoexcited elec-
trons. (c) Reconstructed potential energy surfaces and phonon frequencies (inset) for different
excitation levels. (Fritz et al., Science 315, 633 [2007], © 2007 American Association for the Ad-
vancement of Science, all rights reserved)
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A substantial opportunity for interfacial sciences at the APS is the plan (spelled out
elsewhere in this proceedings) to build a 2- to 3-ps x-ray source that operates at a
high repetition rate (6.5 MHz) with ~5 × 1012 ph/sec/1% bandpass. This source
would have a time-averaged flux capable of allowing observation of fast (approxi-
mately picosecond) interfacial processes with <1-Å structural sensitivity and would
substantially extend the temporal resolution available to interfacial processes at
the APS. An example of the extraordinary science that can be accomplished by com-
bining femtosecond laser excitation with ultrafast x-ray sources is illustrated in
Fig. 7. Similar measurements could be performed to probe the perturbation of inter-
facial structures.

A major challenge to working at high repetition rates lies in dissipating the energy
(usually in the form of heat) delivered by the pump laser. In solid samples, the time
scale on which heat is dissipated is typically set by thermal diffusion. In principle,
one can shorten the equilibration time by shrinking the volume illuminated by the
pump beam. For example, the equilibration time for 10-µm length scales in GaAs is
on the order of 5 µs, enabling the use of higher repetition rates. In practice, the de-
creasing depth of focus for the optical beam as the beam waist is decreased will set
the practical limit for the minimum pump beam waist to be somewhere in the 1-µm
to 10-µm range. In gas jets and liquid flow cells, the heating and radiation damage is-
sues are handled by continually flowing in new sample.
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Executive Summary

Utilization of synchrotron radiation by the life-science community has been growing
rapidly in recent years, driven by advances in x-ray science and a need for new ap-
proaches to solving the multitude of questions arising from the explosion of biological
information coming out of genomic, proteomic, and metabolomic projects. In many
cases, life scientists have shared synchrotron facilities with materials scientists and
chemists, utilizing multipurpose beamlines that represent, at best, a compromise be-
tween what physical scientists require for their experiments and the needs of the life-
science community. This has limited the efficiency of experiments and the ultimate
impact of the work. The community of biologists with compelling needs for synchro-
tron facilities has now grown to the point where the development of dedicated single-
purpose beamlines at the Advanced Photon Source (APS) will be required for further
progress. As we outline here, the impact of experiments enabled by this development
will be substantial and widespread.

Every organism is the outward physical manifestation (phenotype) of internally-
coded, inheritable information (genotype). An overarching challenge in biology and
biomedicine is understanding the links between genotype and phenotype and predict-
ing phenotypic effects of altered genotype. A major goal of modern biology is to reli-
ably link the avalanche of data on genetic diversity and expression from molecular
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biology to the major conceptual problems in biology. These range from basic research
questions on biological diversity to applied concerns such as why one individual but
not another becomes ill or injured in response to the same stress. Resolving these
genotype-to-phenotype questions requires techniques that bridge the scales of molec-
ular biology and those of organisms. New capabilities spanning length scales from
nanometer to centimeter are essential and will lead to breakthrough results in basic
and applied biology, and in biomedical science. Synchrotron-based imaging tech-
niques provide unmatched and relatively unexplored methods for understanding the
connection of molecular-based information in the phenotype to the hierarchy of struc-
tural scales relevant to organismal function.

The use of synchrotron radiation in life-science research is expanding dramatically as
researchers realize the capabilities of novel scattering and imaging modalities. These
techniques range from solution scattering and fiber diffraction to phase-contrast and
scanning imaging. In many cases, the APS is the only synchrotron facility in the
Western Hemisphere with the capabilities to support this research. Although much
progress has been made in the life sciences using synchrotron radiation, this has
often been done at multipurpose beamlines that require special adaptations to accom-
modate biological materials, slowing some experiments and precluding others.
Progress will be greatest at beamlines dedicated to a single experimental technique
and optimized for use on biological specimens. For example, the high sensitivity to
radiation damage exhibited by many specimens requires cryo-preservation for meas-
urement of relevant data. Studies of many variants under different conditions re-
quire the capability for high throughput of specimens at the beamline.

Many of the newly expanding life-science efforts involve biomedical applications that
take advantage of all available imaging and scattering modes. These include studies
in the development of contrast agents for biomedical imaging; the use of nanoparti-
cles for image-guided therapeutics and diagnostics; fundamental studies of neurologi-
cal diseases such as Alzheimer's disease and amyotrophic lateral sclerosis; and blood
flow in capillaries during exercise, in the heart during infarctions, and in the brain
during strokes. Other investigations being planned include the study of air flow in
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lungs and among alveoli as regulated by chemicals or drugs, and studies to deter-
mine the changes in air flow induced by asthma. Investigators are exploring the use
of x-ray imaging to approach questions about the effect of microbial infection or food
allergies on the morphology and flow of the gastrointestinal tract. Finally, fundamen-
tal questions about osteoporosis and the mechanisms of bone and tooth fracture can
be answered using the advanced imaging facilities currently being discussed. In
many cases, the questions being asked require the penetrability and resolution avail-
able only at the APS.

The special requirements for preservation of molecular structure and handling of
biological samples make the availability of dedicated beamlines a high priority for
all of the relevant techniques. Beamlines for solution and fiber studies, scanning
microscopy, coherent diffraction, phase contrast, and multi-length-scale tomo-
graphic imaging are very high priorities for the life-science community and will
have significant impact on multiple fields in the biological sciences. The APS is one
of the best places on Earth to stage these experiments and is well positioned to
make a substantial impact on the biological sciences through their implementation
and use.

Introduction

The macromolecular crystallography x-ray technique has had a huge impact on the
biological sciences, leading to many significant insights into the function of a myriad
of biological systems. The impact of other x-ray techniques on biology is developing
more slowly due to factors that include the limited availability of appropriate experi-
mental facilities. The U.S. has been slow to develop facilities dedicated to scattering
or imaging techniques for the study of biological specimens. Meanwhile, synchrotrons
in Europe and Asia have a considerable advantage in these areas, placing U.S. basic
scientists and engineers at a decided disadvantage in studying many fundamental bi-
ological questions.
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A variety of factors contribute to
making this an important time for
the development of new x-ray facili-
ties for the study of biological mate-
rials. First, development of novel
x-ray optics is paving the way for
development of the bionanoprobe.
Second, convergence of computa-
tional and experimental techniques
is greatly enhancing the amount of
information that can be extracted
from phase-contrast imaging and
solution-scattering data. Third, de-
velopment of bionanotechnology as
an interface between inorganic and
organic sciences is providing new
tools for probing intracellular
structures. Such technological ad-
vances have increased the sensitivities and temporal resolutions of x-ray imaging of
biological structures by orders of magnitude.

Enhanced capabilities for synchrotron-based imaging, scattering, and nanoprobe
quantification of biological structures and elements will impact virtually every aspect
of biology from biomedicine and pharmacology to evolutionary biology. A number of
imaging tools can probe objects at nanometer spatial resolution, but few can image
the internal structures of three-dimensional objects from nanometer to centimeter
scales. Synchrotron x-ray imaging has become such a tool. It is uniquely suited for in-
vestigations of a broad range of objects in the biological and materials sciences with
complex hierarchical internal or buried structures that cannot be properly preserved
or studied by sectioning, and for carrying out dynamic and real-time studies of biolog-
ical and materials processes intrinsic to physiological and biomechanical function.

Fig. 1. From an x-ray video of flow visualization in the heart
of a grasshopper (Schistocerca americana) obtained at the
X-ray Operations and Research (XOR) beamline 32-ID at the
APS using synchrotron x-ray phase-contrast imaging. This
still image shows a region in the dorsal 3rd abdominal seg-
ment. Round structures are air bubbles used to visualize pat-
terns of heartbeat and hemolymph flow. (Courtesy W.-K. Lee
[Argonne National Laboratory] and J.J. Socha [Virginia Poly-
technic and State University])
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Key Science Drivers

The impact of proposed life-sciences facilities at the APS will span virtually all of bi-
ology, from biochemistry and molecular biology to ecology and evolution.

Evolutionary biology
Understanding the evolution of life’s diversity, and how our planet will respond to
global climate change, requires detailed interrogation of diverse plant and animal
systems. Among the questions that the new x-ray phase-contrast imaging methods
will be essential to addressing are: How did the initial diversification of metazoans
proceed, as represented by fossilized embryos from the late Neoproterozoic Era and
earliest Phanerozoic Era? How did early angiosperms develop from even earlier
forms? How did physiological systems develop their present characters (e.g., insect
vs. mammalian respiration)? How did the two predominating biomineralization sys-
tems (calcium carbonate, calcium phosphate) develop—in particular, the apatite-col-
lagen bio-nanocomposite system in bone? Not only do these (and other similar
questions) have important intrinsic value, they also suggest directions for biomimetic
materials design. For example, the many-spine architectures of the families of diade-
matoid sea urchins represent an evolutionary sampling of the “design space” for func-
tional calcite structures such as cell-controlled, low-temperature ceramic processing
pathways.

Quantitative analysis of energy-supply systems (metabolism)
Many unanswered, fundamental questions exist in these areas that can be ad-
dressed with small animals of major agricultural, medical, and ecological impor-
tance. For example, how do birds and insects achieve one-way flow through their
valveless respiratory systems? High temporal and spatial resolution of the volumes
of the various regions of these systems is required to understand how these high-
capacity respiratory systems function. A second fundamental question involves the
scaling of metabolism. The energetics of cardio-respiratory flow are hypothesized to
drive the well-known but poorly understood scaling of metabolic rate in organisms,
whereby smaller organisms have higher mass-specific metabolic rates, tissue mito-
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chondrial contents, and heart rates. This fundamental scaling pattern drives much
variation in life history ranging from heart rate to fecundity and life span, yet the
mechanisms driving this pattern remain highly controversial. X-ray phase-contrast
imaging of flow-through supply networks of animals (Fig. 1) promises the first tech-
nique for rigorously testing current supply-limitation theories of metabolic scaling.

Environmental stress tolerance
Organisms vary dramatically in their tolerance to extreme environments, with some
being able to survive freezing and others tolerating body temperatures exceeding
50° C. Extreme environmental stresses are always associated with major structural
changes—such as ice crystal formation during freezing, vacuole formation during
drying, and protein and lipid conformational changes during heat damage—that are
extremely challenging to visualize with conventional methods. Synchrotron-based,

Fig. 2. Illustration of diffraction pattern collection for a bone sample. The x-ray beam (from
right to left) shines through the specimen (right), and scattered x-rays produce rings on the
area detector (left), with the higher intensities represented as brighter colors. (From “A
Nanoscopic View of How Bone Handles Stress,” APS Science 2007, ANL-07/25 [Argonne
National Laboratory, May 2008] p. 60. Courtesy J.D. Almer and S.R. Stock. Studies carried
out at XOR beamline 1-ID-C at the APS.)
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wide-field phase-contrast imaging is the only technique with the spatial and tempo-
ral resolution necessary to address these questions. How organismal structures (re-
sistant vs. normal strains) respond to drying or temperature remains poorly
understood, and understanding the role of specific phenotypic characters is key to de-
veloping a mechanistic understanding of environmental tolerance and the production
of new plant, micro-organismal, and animal strains resistant to environmental
stress. The structural hierarchies in soil are also extremely important for plant stress
tolerance and remain poorly understood. A key policy goal for preventing food short-
ages associated with human population growth and global climate change is the de-
velopment of new strains of drought, freeze, and heat-resistant plants; synchrotron-
based imaging can provide critical tools in these efforts.

Tissue mechanics
Nanocomposite-based biological support structures (bone, tendons, teeth, chitin,
xylem, phloem, spider silk) exhibit combined strength and elasticity far exceeding
engineered materials. Many important diseases including osteoporosis and joint in-
jury result from the pathologies of bones and tendons. All of these support struc-
tures are complex nanocomposites possessing a hierarchy of structures of at least
ten spatial scales. For example, bone is a nanocomposite of collagen and the min-
eral apatite. How the two very different phases function together to produce a
tough, fracture-resistant material remains incompletely understood. Why certain
aged patients suffer fractures due to osteoporosis remains incompletely predicted
by current measures (bone mineral density, bone microarchitecture). This is a criti-
cal issue because osteoporosis-related hip replacements are estimated to cost the
U.S. over $16 B yearly. How loading-induced damage accumulates in bone remains
to be quantitatively understood. The three-dimensional (3-D) network of the canali-
culi-osteocyte system, thought to be the mechanical sensors controlling bone remod-
eling, remains largely unquantified. Numerical modeling of real networks of these
submicron-diameter channels may help to explain how they function in this role.
All of these areas require 3-D x-ray imaging beyond that presently available at the
APS. In teeth, the mechanically tough interior dentin (another nanocomposite) and
the hard and chemically resistant exterior enamel (very-high-density apatite) are
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joined by the dentinoenamel junction. New APS imaging capabilities will greatly
improve our understanding of how this natural graded interface functions and how
it might be replicated in clad or coated engineering materials, including those for
biomedical implants. Imaging coupled with in situ loading and x-ray scattering
quantification of internal strain within the tissues is an example of instances of
synergistic increases in understanding (Fig. 2).

In vivo, longitudinal biomedical imaging
In modern medicine, it is important to quantify the development of key microstruc-
tural features in the natural history of a given disease and to understand (and even-
tually control) the molecular mechanisms and quantitative physiological responses of
drugs for effectively treating the disease. Small-animal models are now preeminent
in these studies. The use of each individual animal as its own control through re-
peated imaging over time has been an important advance, helping to minimize the ef-
fect of inter-individual variance. Although the first in vivo microcomputed
tomography (micro-CT) imaging of small-animal models was done in the 1990s with
synchrotron radiation, tube-based dedicated in vivo systems now dominate the field.
However, in vivo synchrotron-based phase-contrast imaging remains very important
for many diseases requiring imaging with higher contrast and higher spatial and
temporal resolution. In particular, local tomographic reconstruction has opened new
doors for studying details that are inaccessible to tube-based systems. For example,
effects of asthma drugs on tracheal pathways and surrounding muscles in mouse
models may be observed quantitatively, leading to better numerical models of these
processes and to more effective treatment for asthma and other airway constrictive
diseases. Study of heart valve and blood vessel calcification also require high-sensi-
tivity imaging. Being able to apply high-resolution, high-speed phase-contrast imag-
ing to the major biomedical models, including mice and rats, requires larger fields of
view and a longer beamline than is currently available at the APS.

Metals in biology
The biology of the past decades has significantly changed scope, and large compendia
of data enabled us to study biological “meta units” such as the genome, proteome,
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metabolome, and transcriptome. At this time, the term “metalome” is still used only
rarely, and yet it is estimated that one-third of all known proteins contain metal co-
factors and function as metalloenzymes. With current developments in genomics and
proteomics, our knowledge of the enormous number of pathways in which metals and
trace elements are necessary for life is ever increasing. However, our knowledge
about the redistribution of metals and trace elements accompanying the development
of different degenerative diseases (such as Alzheimer’s disease, Lou Gehrig’s disease,
and others) is limited even though metals and metal chelators represent an increas-
ingly important class of drugs used to treat a diverse variety of diseases. At present,
synchrotron radiation-based x-ray fluorescence microscopy (XFM) is the only avail-
able technique for quantitative elemental imaging of whole cells with submicrometer
resolution. In the field of pathology, XFM and the bionanoprobe will enable studies of
changes in metal and trace-element-abundance disease development in response to
drugs. In the environment, many nonessential metals are toxic to cells even at ex-
tremely low concentrations (e.g., Cd, As, Pu, Cr, Hg, and Pb). In order to determine
the mechanism of toxicity, it is important to identify the specific cell types and sub-
cellular organelles that are targeted by these contaminants. To do so, an in situ probe
with high spatial resolution and detection sensitivity is required.

Fig. 3. X-ray diffraction patterns of normal
mouse heart muscle (WT, bottom) and
heart muscle from mice lacking cardiac
myosin-binding protein-C (KO, top). Com-
pared with WT muscle, the KO muscle
matter is shifted toward its thin actin fila-
ments (represented by the size of the
outermost black dots in both images), as
opposed to its thick myosin filaments
(inner dots), implying that cardiac
myosin-binding protein-C helps keep
myosin filaments more tightly wound than
they would be otherwise. (From: “Decon-
structing Heart Muscle,” APS Science
2007, ANL-07/25 [Argonne National Lab-
oratory, May 2008] p. 66. Courtesy B. A.
Colson, T. Bekyarova, D.P. Fitzsimons,
T.C. Irving, and R.L. Moss. Imaged at
Bio-CAT beamline 18-ID at the APS.)
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Bionanotechnology
Two areas that will particularly benefit from development of a bionanoprobe are bio-
nanotechnology and pathology. In the field of bionanotechnology, the bionanoprobe
will allow us to ascertain targeting specificity of nanovectors (hybrid organic-inor-
ganic particles usually designed for diagnostics, imaging, or therapeutics), their in-
tracellular stability and oxidation changes, and their capacity to create multi-particle
assemblies in vivo. The penetrance of XFM will allow every aspect of these analyses
to be done inside cells or tissues. Observing nanovectors “in action” at the site of their
activity in cells—made possible by using flash-frozen samples treated with hybrid
nanoparticles—will yield critical data that can be used to streamline and guide
nanovector design. Many of these nanomaterials are being used as contrast agents
for magnetic resonance, computed tomography (CT), and positron emission tomogra-
phy imaging. Testing of these materials and their distribution in cellular systems
prior to use in people is essential, and the XFM technique provides one of the few ap-
proaches for direct detection of these agents in cells. Coupling these studies with
large-scale animal imaging, also proposed here, will provide synergistic links be-
tween subcellular and (organ) systematic scales.

Fibrous biomaterials
A huge proportion of biomass is fibrous, from plant cell walls to connective tissues to
muscle, and detailed analysis of much of this material is beyond the purview of crys-
tallography, nuclear magnetic resonance, or electron microscopy alone. Fiber diffrac-
tion and ancillary techniques are making great strides toward a mechanistic
understanding of the molecular mechanisms of cardiac and skeletal muscle contrac-
tion and regulation, and the construction of connective tissues and their metabolic
processes in health and disease (Fig. 3). Fiber techniques have the potential for pro-
viding a greatly increased understanding of the molecular pathology of diseased ag-
gregates in brain diseases of old age and from infectious particles. These techniques
are finding applications in determining the structural changes that occur in plant
structure designed for new food or fuel sources, and in the design of biomaterials for
future sources of protective clothing and armor as well as food, fuel, and medical
treatments. Because this technique utilizes the native crystallinity of samples, it is
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able to offer molecular-resolution structural information free of artifacts and of direct
relevance to the natural state of the system under study. Significant and focused ef-
forts to develop better dedicated facilities that include the capability for relatively
large-scale cryopreservation will contribute substantially to future progress.

Molecular structure and dynamics
Solution scattering is poised to produce remarkable insight into the structure and dy-
namics of proteins and protein complexes. Although providing lower resolution infor-
mation than crystallography, the ease with which data can be collected on very large
complexes in multiple physiological and functional states makes it an important tool
that is being used by an increasingly large community. The coordination of computa-
tional methods with solution scattering is enhancing the amount of information that
can be extracted from solution-scattering patterns, and these data are increasingly
being used as constraints or tests of the results of molecular dynamics or normal-
mode analyses of protein structure and dynamics. High-impact studies will include
those on membrane proteins, measurement of the amplitudes of normal modes of pro-
teins in solution, the range of motion of enzymes undergoing catalysis, the measure-
ment of domain motions during substrate binding, and the progression of structure
formation during protein folding. Efficient utilization of these methods requires the
development of dedicated beamlines that can readily accommodate high-throughput
exchange of large numbers of specimens.

Significance of the APS

The APS is the only source of high-energy x-rays in the Western Hemisphere where
facilities for x-ray scattering from—and imaging of—biological specimens can be
staged to adequately address these many scientific challenges. The APS provides suf-
ficient flux of coherent x-rays photons to achieve the high sensitivity that the high-
energy x-ray bionanoprobe and high-speed phase-contrast imaging require. The
characteristics of undulator beamlines at the APS are close to ideal for solution scat-
tering and fiber diffraction applications. The need for high-contrast, spatial, and tem-
poral resolution for phase imaging and micro-CT make the APS the best place in the
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hemisphere for most high-energy x-ray imaging techniques. In many cases, with de-
velopment of appropriate instrumentation and facilities, the APS will continue to im-
prove and add to its repertoire of important biological experiments that simply
cannot be performed elsewhere.

Scientific Community

The scientific community impacted will involve two cohorts: those biologists that ac-
tually use the facilities developed at the APS and those that benefit from the results
of these studies. The first community is relatively small in this country, being limited
by the low availability of appropriate x-ray facilities here. The second community is
vast, and includes biological researchers involved in studies of systems with scales
that range from molecules to ecosystems. The second community includes many re-
searchers with little experience in the use of synchrotron radiation and substantial
need to work either in collaboration with synchrotron scientists or with substantial
guidance from these workers.

There is a large and growing community of users that will benefit from the develop-
ment of the new beamlines and instrumentation discussed here. Most of the current
beamlines used in whole or in part for biological research are over-subscribed by
three-fold or more, making it nearly impossible to recruit new users into the pro-
gram. There is clearly a need within those communities for the expansion of existing
facilities and beamlines to accommodate the user base. It should also be noted that
new users in biological areas usually require extensive support during the initial
phases of their research, so extensive support from the APS will be needed to grow
the community in a broader sense. Moreover, many of these new users will utilize
synchrotron experiments as only a small fraction of their research programs, thus re-
quiring continued collaboration with APS staff. In order to be successful, the APS
will need to grow the life-sciences expertise on its staff by recruiting scientists in
these areas. The development of capabilities that can benefit all users, including data
analysis tools, sample preparation methods, animal holding facilities, and others, will
be useful for all beamlines.
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Requirements and Capabilities

The APS is capable of supporting a vibrant life-science community engaged in a
range of synchrotron-based studies with unique potential for study of biological sys-
tems across multiple length scales. The science drivers noted above require develop-
ment of several beamlines in order to achieve the impact described here, including
dedicated beamlines for the bionanoprobe, for coherent diffraction imaging, for phase
imaging, and for small-angle scattering (SAXS)/wide-angle scattering (WAXS).

Bionanoprobe
A hard x-ray bionanoprobe at the APS that will enable A) imaging of trace elements
in samples as thick as 10 µm with a spatial resolution of better than 20 nm, and B)
detecting as few as five metal atoms in thin sections. The bionanoprobe will be ap-
plied in bi-nanotechnology studies and in biomedical research (e.g., studies in devel-
opment and differentiation, neurobiology, molecular imaging, etc.). This instrument
will be capable of microscopy, micro-spectroscopy and spectromicroscopy techniques
(µ-x-ray absorption near edge structure) and nano-CT, with an emphasis on x-ray
fluorescence analysis of trace elemental content in biological samples. With the devel-
opment of a complete toolbox of software utensils for data analysis and interpreta-
tion, the bionanoprobe will be well positioned to create a reference elemental
database of living organisms for the entire scientific community, and will signifi-
cantly increase our understanding of life and disease at an unprecedented level.

Phase imaging capabilities
Advanced imaging capabilities, including wide-field x-ray phase imaging with high-
definition phase sensitivity, can utilize any of a number of beamline configurations:
addition of a long (200-m) beamline or shorter lines using advanced optics. This will
enable fast, high-resolution imaging on the major biomedical research models (ro-
dents). Such a capability will greatly expand the community of biological users of the
APS, as biomedical researchers studying brain, heart, and bone function can use the
APS to address important biomedical questions. X-ray phase (and absorption) imag-
ing is now a standard tool at most synchrotron facilities and its user community is
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among the most diverse, including as it does zoologists, entomologists, evolutionary
biologists, and biomedical researchers. A dedicated bending magnet beamline can be
configured optimally for phase and absorption micro-CT with capabilities for submi-
crometer voxel reconstructions. An insertion device beamline will be required for
real-time phase radiography and micro-CT, with additional capabilities for nano-CT.
Zoom-in capabilities are essential to allow moving from wide field-of-view to magni-
fied observation.

Coherent diffraction imaging
The potential of coherent diffraction methods for the study of biomolecular systems
has been recognized only recently. Although its greatest potential may be realized at
the Linac Coherent Light Source at the SLAC Accelerator Laboratory and hard x-ray
free electron laser projects, the APS represents a source with characteristics ade-
quate for a substantial range of important experiments. Existing capabilities, en-
hanced by advanced detector systems and sample handling hardware are well
positioned to make a substantial impact.

SAXS/WAXS/fiber diffraction
The rapidly growing community using SAXS/WAXS or fiber diffraction can easily
support one or two dedicated beamlines, even if they were outfitted with robotic spec-
imen handling equipment for rapid data collection. Hardware should be capable of a
range of specimen-to-detector distances for measurement of scattering at spacings
from 1000-Å out to 2-Å spacing at the very least. A very-high-speed two-dimensional
detector with a minimum of 2k × 2k elements should be available and configured for
sub-microsecond time-resolved studies.

Cryopreservation
Samples preserved at cryogenic temperatures are substantially more resistant to ra-
diation damage than those at room or physiological temperatures. Cryofreezing has
had a substantial impact on macromolecular crystallography and is now almost uni-
versally used for crystallography at the APS. Non-crystalline samples are often much
larger, requiring more elaborate techniques for freezing and more robust systems for

Argonne National Laboratory 147

Renewal of the Advanced Photon Source: Life Sciences



maintaining cryogenic temperatures during experiments. Routine methods for freez-
ing these larger specimens (e.g., high-pressure freezing) will require access to special-
ized equipment.

Detectors
While many solution or fibrous specimens give rise to diffraction pattern well served
by conventional large-area charge-coupled device (CCD) detectors developed for
macromolecular crystallography, other classes of experiments require specialized de-
tectors optimized for this application. Diffraction patterns characterized by closely
spaced, fine diffraction peaks superimposed on a high background require a detector
with high dynamic range and very good spatial resolution. Detectors built using cur-
rent large-format CCD technology with small demagnification fiber optic tapers and
custom phosphors (providing relatively small point-spread functions and large active
areas) are appropriate but expensive, and readout is slow. Existing detectors, how-
ever, are not yet up to the challenge of time-resolved experiments in which sub-mil-
lisecond readouts are required. Detectors using hybrid technologies with CCDs and
massively parallel complementary metal–oxide–semiconductor readouts can poten-
tially fill this void.

The Advanced Protein Crystallization Facility
The planned Advanced Protein Crystallization Facility (APCF) building will place
over 30,000 sq ft of biological laboratories and offices immediately adjacent to the
APS. This facility has the potential to act as a central focus of biological research at
the APS. Properly implemented and managed, this building can grow to be the cen-
terpiece of greatly expanded life-science research at the APS, providing both staff and
visitors with the shared laboratory space and facilities required for their work. The
concept of a “biology village” is finding broad popularity at synchrotron facilities
around the world. The APCF is poised to embody that concept for life-science re-
searchers at the APS.
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Executive Summary

Structural biology has made a fundamental impact on our understanding of biologi-
cal organization, function, and mechanism at the molecular level. Although tech-
niques such as nuclear magnetic resonance (NMR) spectroscopy and microscopy have
contributed significantly in transforming biology from a descriptive science into a mo-
lecular-based one, it is synchrotron radiation-based x-ray crystallography that has
made by far the largest contributions. Its impact on biology can be traced directly to a
set of technical advances made over the last decade. Notable among these are multi-
wavelength anomalous diffraction phasing techniques, cryocrystallography, enhanced
computing capabilities, and a broad range of new structure refinement techniques.
Additionally, advances in molecular biology and biochemical techniques have been in-
strumental in the structure determination process by providing an ample supply of
highly pure protein samples.

Nevertheless, the impact on structural biology of all these advances in aggregate
pales in comparison to the impact of synchrotron radiation. Put bluntly, structural bi-
ology would still be a cottage industry without synchrotron x-ray sources. Approxi-
mately 50% of those using U.S. synchrotron facilities are life science researchers and
the majority of those are macromolecular crystallographers. More than 80% of all
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macromolecular crystal structures
deposited to the Protein Data Bank
(PDB) during 2007 were determined
from diffraction data collected at a
synchrotron source, a total of more
than 5500 structures during that
year alone (Fig. 1); researchers
using the Advanced Photon Source
(APS) have contributed more struc-
tures than users of any other syn-
chrotron facility (Fig. 2). This is in
part due to the low emittance, high
brilliance, and high energy of the
APS electron beam.

In some sense, the experi-
mental infrastructure
needed to perform high-
level macromolecular x-ray
crystallography at syn-
chrotron sources (and at
the APS in particular) is
mature. Given the success
record of this mature field,
the question that might
arise is, where do we go
from here? Our subgroup
identified two areas of re-
search and development that would have a transformative effect on studies of com-
plex structures and in elucidating relationships between structure dynamics and
function. The first area is micro x-ray crystallography, where the objective is to de-
velop methodologies that enable the study of microcrystalline samples. Because

Fig. 2. Structures deposited in the PDB by APS researchers vs. other
major light sources. (Source: http://biosync.rcsb.org/BiosyncStat.html; as
of 2.24.09)
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Fig. 1. Synchrotron structures deposited in the PDB vs. all
PDB deposited structures. Note: The number of structures
deposited in 2008 is incomplete because there is a lag time
of up to one year between a structure being deposited and
released to the public. (Source: http://biosync.rcsb.org/Bio-
syncStat.html; as of 2.24.09)



large, well-ordered crystals of proteins and macromolecular complexes remain hard
to obtain, this would enormously increase both the number and types of systems that
can be studied. Thus, we concur with the conclusion reached by a subcommittee of
the Biological and Environmental Research Advisory Committee of the Department
of Energy that addressed questions relating to synchrotron structural biology re-
sources (http://www.sc.doe.gov/ober/berac/SMB_Report.pdf): “One area of special note
for macromolecular crystallography is the need for beamlines/instrumentation opti-
mized for microcrystal and microbeam studies.”

A second area of significant opportunity is high-resolution, time-resolved crystallog-
raphy, which involves proteins that can perform chemical reactions in crystals. This
is a very specialized field and requires sophisticated instrumentation and software
that is tailored for time-resolved experiments. Nevertheless, it is uniquely powerful
in its capability to produce high-resolution time slices of structural transitions along
reaction pathways. These data provide a vital connection between structure/dynam-
ics and their effects on function. This represents a major unmet need that has greatly
limited our understanding of structure-function linkages in biological processes in
general. Additionally, high-resolution time-resolved crystallography can provide an
experimental framework to guide computational efforts to model conformational
changes occurring during biological processes. We note that the ability to use micro-
crystals for these time-resolved experiments is also important. Because these experi-
ments are initiated by introducing stimuli such as light, temperature, pH, etc. to
commence the reaction cascade, it is important that as many molecules as possible
undergo reaction in the crystal. The efficiency of reaction initiation is highly depend-
ent on crystal shape and volume; typically, the smaller the crystal, the more rapidly
and uniformly the reaction can be initiated. Thus, the two areas of microcrystals and
time-resolved studies are in part linked.

To realize these objectives it will be essential to develop technologies on two fronts.
First, microbeams on the order of a few micrometers will be needed. However, this is
technically challenging because of the extreme demands on the stability of the
source, x-ray optics, and endstation equipment. Beam stability is not an issue con-
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fined to micro x-ray crystallography. Improving beam stability has important ramifi-
cations for a broad range of experiments; proposals that would improve beam stabil-
ity have been put forth in the APS renewal plan. Second, a new generation of
charge-coupled device (CCD) detectors and pixel-array detectors (PADs) with much
faster readout times must be developed. Overlaid on these two major objectives is a
set of complementary requirements. In order for micro x-ray crystallography to be
practical, significant improvements in automation for crystal mounting and position-
ing must be realized. For time-resolved crystallography, ultra-fast x-ray pulses would
have an impact by enhancing the time resolution that can be achieved.

Micro X-ray Crystallography: Opportunities and Issues

A major misconception is that the principal bottleneck to solving high-profile struc-
tural biology problems is that crystals cannot be obtained. While this is certainly
an on-going issue, the fact is that for many problems, microcrystals can be ob-
tained, but they are not of a size adequate to acquire excellent data using current
technology. The problem of small crystals is especially pronounced for cutting-edge
problems in biology: large proteins, complexes of multiple proteins, complexes of
proteins with nucleic acids and lipids, and partially ordered proteins. There is no
hard data on the percentage of projects that are abandoned due to crystal-size limi-
tations, but based on anecdotal data, it is not insignificant. Thus, it is widely recog-
nized that developing new methodologies to deal with microcrystals would be
transformative for structural biology. The facility that provides researchers with
the effective capability to work in the microcrystal size domain will be the next
Mecca for structural biologists and their research. Facilities for micro x-ray crystal-
lography should be useful in all areas of chemical and geochemical crystallography,
in which only small specimens are available.

From the standpoint of micro x-ray crystallography, “microcrystal” samples fall into
two general categories: very small but highly ordered; and large and nonuniform, but
with small areas of low mosaicity. These situations require different strategies that
overcome particular sets of technical challenges to yield high-quality data. But if the
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technical framework can be put into place to routinely facilitate collection of micro-
crystal data from both cases, the impact would be enormous. Below are described the
issues and opportunities that each of these categories of microcrystals presents.

Highly ordered microcrystals
Clearly, small crystals with typical dimensions in the 1-µm to 5-µm range with low
mosaic spread represent the major class of microcrystal. If practical methods can be
developed for manipulation, mounting, freezing, and taking data from these micro-
crystals, there are several potential attributes that can be utilized. Small crystals
have the advantage of sometimes being better ordered than larger crystals. This
means that structures can, in some cases, be determined to higher resolution using
microcrystalline samples. Additionally, microcrystals may suffer less from radiation
damage because the mean free path of outgoing photoelectrons exceeds the crystal di-
mensions [1,2]; the photoelectrons escape from the crystal before causing the full ex-
tent of radiation damage. Reduced radiation damage will—if confirmed—be
extremely important. Otherwise, each microcrystal would yield only one or two dif-
fraction patterns.

A pertinent example of the power of microcrystallography is the high-resolution
analysis of amyloid-producing peptides by the Eisenberg group [3,4]. This class of
peptides has been the subject of intense investigation because of their relevance to
major classes of amyloid-related disease states such as Huntington’s, Parkinson’s,
Alzheimer’s, and amyotrophic lateral sclerosis among others. It had been known that
these peptides formed β-sheet-like structures, but the atomic detail displayed by
these structures was controversial.

By recording diffraction data from microcrystals on microfocus beamline ID13 at
the European Synchrotron Research Facility (ESRF), Nelson et al. were able to de-
termine structures for two polymorphs of the heptapeptide GNNQQNY (refined at
1.8-Å resolution) and of NNQQNY (refined at 1.3-Å resolution) [5]. These peptides
are extended in conformation and are hydrogen-bonded to each other in standard
Pauling-Corey parallel β-sheets. Because the strands are perpendicular to the long
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axis of the microcrystals, hydrogen-bonded addition of GNNQQNY molecules to
the growing β-sheet accounts for the elongated shape of the crystals as well as the
fibrils. As previously suggested from x-ray powder diffraction of the microcrystals,
the GNNQQNY β-strands within each sheet are parallel and exactly in register. A
parallel, in-register arrangement is also seen for A β molecules in their fibrils.
Each member of a pair of sheets is related to the other by a 21-screw axis: the
strands in one sheet are antiparallel to those in the neighboring sheet, and each
sheet is shifted along the screw axis relative to its neighbor by one-half of the
strand-strand separation of 4.87 Å. Thus, side-chains extending from a strand in
one sheet nestle between side chains extending from two strands of the neighbor-
ing sheet.

More recently, Sawaya et al. have identified some 70 segments of fibril-forming pro-
teins, which themselves form both fibrils and microcrystals [4]. To date, structures of
45 of these microcrystals have been determined, at resolutions between 0.8 Å and
2.0 Å. One result of these studies is that the fibrils associated with numerous disease
states have similar structures at the atomic level.

Large, non-uniform crystals
Although the application of small x-ray beams (1-µm to 10-µm diameter) to very
small, but uniformly highly ordered crystals can bring excellent results, as illustrated
above, the application of small x-ray beams to larger, less-ordered crystals is equally
important. It has been generally observed that complex systems such as large protein
assemblies, membrane proteins, and multidomain proteins are inherently susceptible
to producing crystals with surface heterogeneities that impede crystal growth. A
major frustration is that many times crystals grow preferentially along a single axis
to produce long thin needles, or along two axes to produce very thin plates. In both
cases, the crystals are fragile and prone to mechanical deformation and their volume
is far too small to generate diffraction of sufficient signal-to-background with a con-
ventional beam. In other cases, larger three-dimensional crystals can be grown, but
they have significant non-uniformities. When probed with an x-ray beam that is
matched to the crystal size, such crystals produce split, smeared, broad diffraction
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maxima that extend only to limited
resolution, which in many cases pre-
cludes measurement of useful data.
However, within some of these crys-
tals there exist diffraction “sweet
spots,” small regions of lower mo-
saicity that can be the source of
high-resolution data. But the sweet
spots have to be identifiable and sep-
arable from the rest of the crystal by
using an x-ray microbeam. Improved
strategies for automatically scan-
ning crystals to locate sweet spots
are very important.

Another common practice is to sys-
tematically move the beam along the
long axis of the crystal to access
fresh regions for collecting partial data that can be merged. This practice is made
much more efficient by the use of microbeams. One striking example of a successful
diffraction experiment is the structure determination of human β-2-adrenergic recep-
tor from needle crystals using a beam of 5-µm full width half maximum (FWHM) at
the General Medicine and Cancer Institutes Collaborative Access Team (GM/CA-
CAT) on Sector 23 of the APS [6,7]. The structure determination of this 7-transmem-
brane helix GPCR membrane receptor was one of the most anticipated structures in
the last decade. It could not have been solved without using a very small beam and a
search strategy to target the regions of the crystal that had maximal order. Using a
conventional-size beam with dimensions of 100 × 30 µm (Fig. 3), the crystals did not
diffract to a sufficiently high resolution due to the high background contributed from
the surrounding mother liquor. A 5-µm beam was used to optimize the signal-to-
background, thereby extending the observable diffraction to high resolution. In addi-
tion, the small beam allowed the researchers to “walk” along the long axis of the
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Fig. 3. Thin, needle-like crystals of β-2-adrenergic receptor.
The investigators used a 5-µm-diameter beam to target the
best part of the crystal, maximized the diffraction/back-
ground by only hitting the crystal and not the surrounding
mother liquor, and walked along the crystal collecting partial
data sets, which were merged to solve the structure. Beam
sizes are indicated in the crystal to provide a sense of scale.
(Courtesy B. Kobilka and W. Weis, Stanford University)



crystal, collecting partial data sets that could be merged and thus mitigating the ef-
fects of radiation damage.

Present status of micro x-ray facilities
Today, methods of structure determination from very small crystals (approaching
1 µm in typical dimension) are being developed and implemented at third-generation
synchrotron sources throughout the world, including beamlines at the APS [8,9].
Since the fall of 2007, microbeams of 5-µm and 10-µm diameter have been in routine
use on both undulator beamlines (23-ID-B and 23-ID-D) at GM/CA-CAT. The mi-
crobeam capability was so successful in initial user tests that it was offered in auto-
mated form in February 2008. Users quickly learned the benefits of a 5-µm or 10-µm
beam when it was made rapidly selectable at the click of a button without need for
re-alignment. In the first two months of availability, 75% of GM/CA-CAT users took
advantage of a microbeam for at least some of their crystals. Several reported that
data were collected from crystals that would have been discarded if examined only
with the large beam also available at these beamlines (~30 µm × 100 µm). While 10-
µm microbeams have made an impact, even smaller beams will be needed to attack
the types of cutting-edge problems that we envision in the future.

Detectors for microcrystallography
The size of the diffraction spot on a detector depends on several factors, such as the
beam size and divergence, crystal quality, and detector spatial resolution. For a micro-
crystallography experiment on a high-quality crystal, one might expect the width of
the diffracted beam at the detector to be on the order of 30 µm to 50 µm. The resolu-
tion element of current CCD detectors is ~100 µm, so the diffracted intensity is
spread over several pixels in two dimensions. This reduces the signal-to-noise ratio of
the measured peaks and limits the maximum resolution to which data can be ob-
served. To address this issue, vendors are offering new, thinner x-ray-sensitive phos-
phors to reduce the point-spread function and hence resolution element of their CCD
detectors. However, there is a trade-off between phosphor efficiency and point-spread
function, so the true benefits must be evaluated. The next generation of CCD detec-
tors are currently being developed. In one implementation, only half of each CCD
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chip is exposed to a branch of the fiber-optic taper. This allows the image to be rap-
idly frame-shifted to the other half of the chip, from which read-out occurs. The goal
of this implementation is to achieve 10-Hz frame rates. This will be a significant im-
provement over current detectors with frame rates on the order of 1 Hz.

Another class of detectors has recently come to market. These PADs have very fast
read-out times, allowing a data set to be collected 10 to 15 times faster than with cur-
rent CCD detector technology. However, the only available large-format detector suit-
able for macromolecular crystallography, the PILATUS 6M, has a resolution element
of 172 µm. This is considered to be too large for microcrystallography experiments. It
is anticipated that in the near future, large-format PAD detectors with smaller reso-
lution elements will come to market. These will provide both increased data through-
put and improved signal-to-noise.

Stability requirements for microcrystallography
The APS is uniquely positioned among sources in the U.S.—and possibly the world—
to develop microbeams for macromolecular crystallography. The low emittance and
high brilliance of the source coupled with the large experimental hall have been ex-
ploited to provide beams with small cross sectional dimensions (typically much less
than 100 µm) and low convergence (on the order of a few hundred µrad). These prop-
erties allow diffraction data of high quality to be recorded from crystals of proteins,
protein complexes, cellular machinery such as the ribosome, and viruses with unit
cell dimensions that vary from less than 100 Å to greater that 1000 Å. The high-en-
ergy aspect of the source provides intense x-rays for multiple anomalous dispersion
phasing experiments at the Se and Br K edges, as well as at the higher energies (20
keV) typically used for virus crystallography. These aspects have all contributed to
making the APS the world leader in PDB depositions. To maintain this ranking in
the macromolecular crystallography community, small beams on the order of 1 µm
must be routinely, rapidly, and robustly available. This will require improvements in
the stability of the source, x-ray optics, and endstation hardware so that the intersec-
tion of x-ray beam and sample can be maintained to within 0.1 µm while rotating the
sample.
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Automation for sample changing and alignment
Sample manipulation presents another major technical challenge. Christian Riekel of
ESRF has pioneered the development of several important aspects for microbeams
for x-ray diffraction [10]. He and his collaborators have produced highly-focused x-ray
beams (currently under 1-µm diameter); have built a goniostat with a small sphere of
confusion, suitable for orienting microcrystals; and have begun to develop methods
for mounting and positioning small crystals. This set-up must be investigated to es-
tablish its strengths, weaknesses, and portability to the APS.

The importance of mounting and alignment cannot be over-emphasized. Methods for
manipulation and mounting are still rather crude and need improvement to increase
throughput. An essential future development will be the built-in capability for mas-
sive automatic sample changing. With current methods, a trained crystallographer
can mount and center a microcrystal in 10 to 20 min. Because the small crystals are
delicate, mounting and freezing them will also present numerous challenges. The ex-
perience and expectation is that, generally, many crystals must be screened prior to
data collection to identify the best, from which suitable diffraction data can be col-
lected. In the Eisenberg lab, experience suggests that about 20 to 40 crystals must be
screened to find one that yields high-resolution data. For this reason, the lab rou-
tinely mounts 500 or more crystals before going to the synchrotron. At the beamline,
most of the time goes into crystal screening. The whole process could be vastly
speeded up by an automatic sample changer that would permit each crystal to be
screened in seconds, rather than in tens of minutes. This is essential, because with-
out a highly automated and efficient freezing and positioning capability, micro x-ray
crystallography will never reach its full potential. Even if the unlikely circumstance
holds (all crystals are excellent and no crystal screening is necessary), automation is
essential because no microcrystals will yield more than a few diffraction patterns be-
fore radiation damage becomes too severe and the crystal must be discarded and re-
placed by a fresh crystal.

Looking to the future
The immediate future of structural biology will be the examination of ever larger,
more complicated macromolecules and complexes. Living systems depend on a vari-
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ety of macromolecular machines to perform complex functions. The astonishing detail
that has emerged from structures of a few of these machines—the ribosome, the RNA
polymerase transcription complex, the fatty-acid synthesis complex, the nuclear pore
complex—has whetted the appetite of biologists for greater detail on more systems.
Tremendous effort is now being expended to extract important macromolecular com-
plexes from cells. Both x-ray microcrystallography and electron microscopy will be
critical tools for elucidating the structures of, for example, signaling cascades, tran-
scription regulation complexes, and transport complexes. A second major area of
growing importance is integral membrane proteins, which represent a large fraction
of drug targets. These molecules, whether as individuals or in complexes, remain
among the most challenging structural targets. The crystalline samples produced for
both macromolecular complexes and membrane proteins are nearly always sub-opti-
mal (small and poorly ordered) and present new technical challenges. Therefore, the
most brilliant synchrotron sources, such as the APS, will be essential to obtaining
useful diffraction data from crystals of macromolecular complexes and integral mem-
brane proteins.

Malaria
About 2 million people die each year from malaria. Plasmodium falciparum is the
parasite responsible for the deadliest form of the disease. During one stage of its com-
plex life cycle, the parasite resides in a digestive vacuole inside human erythrocytes
(red blood cells), where it catabolizes hemoglobin from the red cell. However, the par-
asite lacks a heme oxidase, so that the heme groups from hemoglobin cannot be ca-
tabolized. Because an excess of free heme groups is toxic to cells, the parasite
survives by facilitating formation of an insoluble heme polymer, called hemozoin. He-
mozoin accumulates inside the red cell, typically as sub-micron crystals, and it is
thought that traditional anti-malaria drugs such as chloroquine exert their influence
by preventing the formation of hemozoin [11]. An atomic model of hemozoin has been
presented for beta-hematin, which is a synthetic polymer thought to be identical to
hemozoin; the model was determined via powder diffraction, as the crystals were too
small for standard x-ray crystallography (dimensions ranging from sub-micron to a
few microns in the longest dimension) [12]. Resistance to traditional drugs is a major
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problem in the fight against malaria. Efforts are under way to model binding of vari-
ous drugs to hemozoin [13], so it is important to refine the structural model to a
greater degree of accuracy than that provided by the powder-diffraction technique.
The development of microcrystallography capabilities to study such small hemozoin
crystals is fundamental to understanding the mechanism of action of current malaria
fighting drugs and the development of more effective life-saving drugs.

Probing Reaction Dynamics
by Time-Resolved Crystallography

Structure determination by traditional x-ray crystallography or NMR techniques pro-
vides a view of molecules that is time-averaged over the duration of data acquisition.
While this averaged view alone has proven to be remarkably powerful and provides
crucial information, in reality all reactions in chemistry, biochemistry, and biology
are highly dynamic processes involving structural transitions over a very wide time
range from femtoseconds to kiloseconds. Critical information about the interplay be-
tween structure, dynamics, and function is lost when all the structural transitions
are superimposed. Thus, a major area of investigation has been to develop new crys-
tallographic approaches that exploit the high-resolution capabilities of diffraction,
while also exploring the time scales that are relevant for biological phenomena.

Snap-shots defining reaction pathways
In time-resolved crystallographic experiments, sequential snapshots of structural
changes are taken in real time after the reaction is triggered by an appropriate stim-
ulus [14]. (Note: These experiments differ from, and are complementary to, more
widely used trapping strategies such as chemical trapping or freeze-trapping, which
seek to prolong the lifetime of short-lived intermediates by chemical or physical
means [14,15]).Time-resolved techniques could be described as “analytical trapping,”
in which the intermediate structures are isolated and trapped, not during the data
collection, but in the subsequent processes of data analysis. From the time-dependent
electron density maps (or difference electron density maps relative to time zero) that
are obtained, the goal is to identify and refine the time-independent structures of the

160 Argonne National Laboratory

Renewal of the Advanced Photon Source: Macromolecular Crystallography



transient intermediates that comprise the overall chemical kinetic mechanism [14-
19]. In practice, a stepwise reconstruction of the complete structural basis for the
chemical process can be obtained. Unquestionably, this represents a major step for-
ward in understanding the fundamental relationships between structure, function,
and dynamics.

Technical challenges
Triggering the reaction Initiating the reaction in an ultrafast and controlled way
presents its own set of issues, in addition to the challenges of developing experimen-
tal setups for collecting diffraction data that faithfully represent time slices of a reac-
tion pathway. In principle any extensive variable that influences protein structure
can be used for reaction initiation, e.g., temperature jump, pressure jump, electric
field jump, pH jump, or concentration jump via diffusion. The problem is that
changes in almost all these variables can only take place very slowly, typically in the
µs to hundreds of ms range, and such changes are therefore suitable only for explor-
ing slow reactions. Even the more widely used photoactivation of caged compounds
(for which caged adenosine triphosphate, ATP, is the classical example) proceeds
with modest quantum yield and is slow, only liberating the desired ATP in the tens to
hundreds of µs range. Further, photoactivation by rupture of a covalent bond is irre-
versible and proceeds via highly reactive chemical intermediates that often introduce
unwanted side reactions. In contrast, in natural systems photoactivation by isomer-
ization is ultrafast (on the femtosecond to picosecond time scale), devoid of side reac-
tions, usually reversible, and proceeds with high quantum yield. But chemistry
research and development is needed to devise suitable photoisomerizable substrates,
cofactors, or inhibitors for this approach. For example, does a smoothly isomerizable,
biochemically active analog of ATP or guanosine 5'-triphosphate exist?

Another approach offers promise: utilize domain fusion to confer light sensitivity on
otherwise light-inert systems. This approach takes note of the fact that natural pho-
tosensors are modular, in which an input photosensor domain is coupled—usually co-
valently—to an output effector domain whose biological activity is thereby made
light-sensitive. In nature there is a very wide variety of such output domains, e.g.,
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histidine and serine/threonine kinases, phosphotransferases, and DNA binding pro-
teins. We have successfully conferred sensitivity to blue light on the Trp repressor
[20] and on a normally oxygen-sensitive histidine kinase [21], and we know of a suc-
cessful application to a small GTPase [22]. In all three systems, a molecular biology-
based approach was used to covalently link a blue light-sensitive, flavin
mononucleotide-based, light-oxygen voltage sensor domain to the N-terminus of the
desired output domain. It was not necessary to prepare a large library of fusions and
screen them. This observation and the wide diversity of the three successful output
domains suggest that this approach may be quite widely applicable. More research
and development is necessary to establish whether this is indeed so, and whether the
design principles derived from these three systems apply generally. The obvious re-
quirement for time-resolved crystallography is that good crystals be obtained of the
newly light-sensitive proteins, and that they retain both photochemical and light-de-
pendent biochemical activity in the crystal.

Detection of intermediates Because of limitations in current detector technology,
all sub-second, time-resolved crystallographic experiments have been conducted in
pump-probe mode, in which each pump or reaction initiation event is followed after a
suitable, controllable time delay by a probe event [17,23-25]. A structural change in
the molecules in the crystal is triggered by a short laser pulse or other means (e.g.,
temperature jump, pH jump, voltage jump, or diffusion of a key reactant) and probed
by x-ray pulses of appropriate duration. The time resolution is dependent on the du-
ration of the two pulses, pump or probe, and on jitter in the time delay between them.
High-peak-power, femtosecond-pulsed lasers are readily available today for pumping
or triggering reactions in photosensitive systems. The best time resolution is thus
limited by the duration of the probe x-ray pulses: around 100-ps FWHM at all con-
ventional synchrotron sources. Fast time-resolved experiments (100-ps to 100-µs time
resolution) require the Laue diffraction technique, in which a stationary crystal is il-
luminated by polychromatic x-rays. Conventional monochromatic, rotating-crystal
techniques can be used when a time resolution of microseconds or longer will suffice.
Reaction initiation is a critical step for the success of time-resolved experiments and
has to be tailored to the particular biological system under investigation. Synchro-
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nization electronics establish and vary the time delay between the pump and probe
pulses. Individual x-ray probe pulses or longer multi-pulse trains must be selected by
a fast x-ray shutter train from the continuous x-ray pulse sequence emitted by the
synchrotron. The data sets in a time-resolved experiment are large because they span
a four-dimensional space: the intensities over the unique volume in reciprocal space
(hkl) and the time range over which the reaction proceeds (t). Typically, three or four
complete data sets are acquired per decade of time, uniformly spaced in log t; a total
of 30 to 50 time points is not unusual. Data are also acquired with high redundancy
to permit the accurate determination of both the mean structure amplitudes
|F(hkl,t)| and their variance σ2 (hkl,t). The variance is essential to the implementa-
tion of data weighting schemes [18,26,27]. Indeed, because the time-dependent signal
is small in magnitude and error prone, the entire experiment depends on the elimina-
tion of systematic error and the minimization of random error. Finally, analysis
methods such as singular value decomposition [26] are needed that ultimately lead to
the deduction of mechanism(s) that are compatible with the structural data and to
the identification and refinement of structural intermediates.

Current state of the art for producing time-resolved information
BioCARS at Sector 14 of the APS is the only facility in the U.S. equipped for studying
the dynamics of biological macromolecular systems on time scales of 100 ps or longer,
using the techniques of time-resolved crystallography that BioCARS scientists pio-
neered. The recently upgraded BioCARS 14-ID-B beamline surpasses all other such
facilities in the world in both its x-ray and associated laser capabilities. Although the
double, collinear undulator sources and x-ray optics were designed and optimized for
both polychromatic (Laue) and monochromatic experiments on single crystals of bio-
logical interest, very recent data show that excellent small-angle and wide-angle x-
ray scattering data can be obtained on protein solutions [28] and fibers [29].
Likewise, excellent data have been obtained that address problems in time-resolved
chemical crystallography [30], and both static and time-resolved data arising from
thermal diffuse scattering in silicon and gallium arsenide [31]. Thus, the BioCARS
sector is well suited to time-resolved experiments, and the range of science conducted
there may evolve more broadly.
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Technologies needed to reach the next frontier
One would like to be able to explore the structural course of ultrafast biochemical re-
actions such as those that occur in the earliest stages of photosynthesis, or in re-
sponse to absorption of a photon of blue or red/far-red light in a signaling
photoreceptor. Ultrafast spectroscopies suggest that such reactions extend into the
femtosecond time range. There is a limited number of such reactions or systems,
which all originate in the absorption of a photon, but they are critical to understand-
ing photosynthesis and light-dependent signaling. Today’s time resolution is set by
the x-ray pulse duration at around 100 ps, which is in turn set by the radio-frequency
characteristics and the long-term requirements on electron bunch stability in all cir-
cular storage rings. As a result, the structural bases of these ultrafast reactions are
completely inaccessible at present.

Schemes have been advanced to generate much shorter x-ray pulses of a few ps du-
ration via the introduction of “crab cavities” that would employ strong perturbation
of individual electron bunches in the storage ring. These x-ray pulses would be
highly suitable for exploring ultrafast reactions, provided there were sufficient x-
ray photons in the shorter pulse to enable a good diffraction image to be obtained
with one (or at most ~100) x-ray pulse(s). The figure of merit for recording a Laue
diffraction pattern is photons/(pulse. mm2 . 0.1% bandpass), and should comfortably
exceed 108 to generate a good Laue pattern from a quite strongly-scattering crystal.
We support research and development on the installation of crab cavities in the
APS and on the means to achieve this figure of merit. Other schemes, such as laser-
based pulse slicing of the synchrotron pulse, perturb only a small fraction of the
electrons in the bunch and fall short of this figure of merit by orders of magnitude.
But here too, research and development may suggest alternative approaches.

Next-generation detectors
Most APS macromolecular crystallography beamlines currently use CCD detectors
that impose a 1-s to 2-s readout time during which the x-ray shutter must be closed.
We expect that over the next 5–10 years these detectors will be replaced with more
advanced CCD detectors or PADs, as previously discussed, that allow the collection of
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entire data sets without closing the shutter. This technology is currently available in
a form factor well suited for macromolecular crystallography (PILATUS 6M) and will
be evaluated for microcrystallography. When this detector is implemented on a beam-
line, the new bottlenecks will be the sample changer, crystal centering, and the abil-
ity to process data. Such a detector will replace the present “pump once/probe one
time point” with a “pump once/probe many time points” approach.

Pixel-array detectors offer great promise because they are designed to record diffrac-
tion patterns at several time delays after a single reaction initiation event. However,
a serious limitation of existing and proposed PADs is that they have a minimum in-
terframe dead time of ~200 ns, just too long for recording rapid reactions. These re-
quire a minimum interframe time of 153.4 ns, the interbunch time in 24-bunch mode
of operation of the APS storage ring. Another limitation with the current PAD detec-
tors is that the photon-counting front end cannot handle the high instantaneous
rates of a time-resolved experiment. Other so-called “mixed-mode” PADs are being
developed that may overcome this limitation. Much research and development is re-
quired before such ideal, large-area, ultrafast PADs can be in routine use.
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Executive Summary

Developing new materials is both the ultimate practical goal of the research direc-
tions epitomized by the U.S. Department of Energy’s (DOE’s) five Grand Chal-
lenges [1] and a scientific challenge in itself. The x-ray techniques enabled by
synchrotron sources are essential in developing new materials for applications in en-
ergy, information, health, transportation, and defense technologies. The fundamental
challenges in each of these areas are defined by the capabilities of present materials.
The greatest potential for future advances likewise comes from the development of
new materials and new ways to process materials. In energy, for example, the devel-
opment of materials for applications at high temperatures, in solar photovoltaics, and
in light emission is the key to new technologies. Similarly, the potential to process ex-
isting materials with nanometer precision have driven information technology and
will continue to do so. Structural materials with longer fatigue lives, higher
strengths, and better wear characteristics likewise have great promise across a num-
ber of applications.

Advances in the way materials are processed have emerged as greater capabilities in
theory, synthesis, and characterization have been developed. New directions in crys-
tal growth, processing far from equilibrium, nanopatterning, and hierarchical self-as-
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sembly present new opportunities in fabrication, characterization, and in the basic
theoretical description of materials. The science of new materials depends on ad-
vanced characterization techniques at length scales ranging from the positions of sin-
gle atoms, to structures and defects at nanometer scales, to the overall organization
of materials at large scales. In addition, the creation and transformation of materials
is inherently a dynamic process that is greatly influenced by rare events. The proper-
ties and structures of materials evolve during these events, leading to the need for a
fundamentally new approach to studies of random processes.

Techniques using synchrotron radiation have a unique role in materials science and
are rapidly evolving at the Advanced Photon Source (APS) and other light-source fa-
cilities in order to keep pace with developments in the way that materials are de-
signed, studied, and produced. In addition to using these synchrotron radiation-based
tools to characterize the end-products of materials processes, synchrotron light
sources will, in the future, facilitate study of the outcomes of subtle changes in pro-
cessing conditions that can have large effects on the properties of the end product.
Crystal growth and the self-assembly of mesoscopic structures face similar challenges
that will benefit tremendously from in situ instrumentation.

Renewed experimental facilities at the APS will enable a fundamental shift in the
way that synchrotron radiation is used in materials science and technology. There
are opportunities to develop new techniques, to use existing techniques more intelli-
gently, and to combine scattering and imaging techniques with revolutionary ad-
vances in information technology.

Introduction

Among the most important achievements of synchrotron x-ray research are new tech-
niques that provide unparalleled insight into the atomic structure of bulk materials
surface and interfaces, nanoparticles, and nanodomains. Within these structures, x-
rays have unique sensitivity to atomic positions, correlation and order, defects, and
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crystallographic distortion. Characterization techniques now allow the structure of
individual nanostructures to be probed routinely. New facilities at the APS will allow
diffraction, scattering, and spectroscopy techniques to be widely applied to samples
and processes that have been out of the reach of the present generation of tools. Ad-
vances in detectors and sources promise to build on existing techniques by allowing
them to be applied with great advances in speed and sensitivity, and with reduced ra-
diation damage.

Recently developed x-ray scattering techniques are being applied to systems driven
far from equilibrium. This is critical to materials science and technology from a fun-
damental perspective because the dynamic response of materials, the principles un-
derlying the structure of materials and its evolution, and the dynamics of defects and
domains are all driven by non-equilibrium phenomena. In this sense, the structural,
dielectric, and magnetic response to applied fields provides fundamental insight into
the physics of materials. The relevant time scales range from femtoseconds to mi-
croseconds, and there are now opportunities to probe materials dynamics at a re-
newed APS at times as short as 1 ps.

The processing of materials inherently occurs away from equilibrium, and the
emerging capability to probe non-equilibrium systems will be a powerful addition in
systems for which there is presently no detailed in situ characterization. The domi-
nant phenomena in non-equilibrium systems are often irreversible and rare, as in
nucleation, crack initiation, and hysteresis in magnetic or electrical response.
These non-equilibrium phenomena often occur in magnetic, optical, and pressure
conditions for which conventional microscopies and characterization tools are not
available [2].

The transition from large-scale systems to nanoscience involves emergent phenom-
ena that have no parallel in bulk systems. Electronic and magnetic phenomena are
vastly different in confined systems, and emergent and critical phenomena take new
forms at small scales, at surfaces, and at interfaces. Defining the electronic effects
relevant to doping in nanocrystals, for example, involves different statistical assump-
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tions and electronic boundary conditions than in bulk semiconductors [3]. These
changes, and their dependence on size, composition, and how similar effects are man-
ifested in nanoscale semiconductor devices are only beginning to be understood.

Key areas
This report focuses on six specific scientific areas that serve as examples of the areas
where the development of advanced experimental facilities at the APS will have a
huge impact.

Crystal growth. What phases and processes are relevant to crystal growth?

Materials under transient pressure. What are the properties of materials under
transient pressures far higher than those available in static experiments?

Imaging random events. How can we understand the rare stochastic events behind
nucleation, crack initiation, and other seemingly random incidents?

Atomic positions in semiconductor devices, ultimate strain. What are the posi-
tions of atoms in devices with sizes on the order of tens of nanometers? How do the
concepts of strain, composition, and concentration apply at this scale?

Dynamics in applied fields. What is the structural response of materials to ap-
plied electric and magnetic fields?

Interfaces in biomaterials. What types of interfaces can form between engineered
materials and complex biological systems?

Progress in these areas must be accompanied by simultaneous advances in materials
theory and in efforts that link theory to the results of new experiments. Advances in
density functional theory, for example, now allow the prediction of the properties of
insulators and semiconductors in high electric fields [4]. Similar advances in multi-
scale techniques, in electronic properties predictions, and in models of materials
growth are now required.
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Key Science Drivers

Crystal growth
The design, discovery, and growth of new materials underpin the success of future
materials-driven science and technologies. New energy-conversion and storage sys-
tems will require breakthroughs in materials design. The end of the silicon roadmap
demands both new materials and processing paradigms to fuel the engine of informa-
tion technology. The APS, by embracing a paradigm of “bringing the laboratory to the
beamline” can advance the fundamental understanding of complex materials chem-
istry and physics, and in the process significantly advance our options for answering
these and other materials-driven science and technology challenges.

Single crystals are extremely valuable as the gateway to intrinsic physical behaviors
and anisotropies, be they electronic, mechanical, or thermal. The opportunity here is
for the APS to provide a platform for elevating crystal growth from an art form to a
science by harnessing the power of in situ growth characterization in ways not possi-
ble using laboratory-scale instrumentation. A strategic plan will be to energize both
targeted synthesis of known materials and the discovery and exploratory synthesis of
new materials. In keeping with the facility’s mission of providing unique capabilities,
we identify several high-impact in situ approaches that will advance the state of the
art in crystal growth, addressing the needs of a growing materials-chemistry and
physics community.

Floating-zone growth
Many of the highest-quality crystals of oxide superconductors and of heavy Fermion
compounds derive from containerless floating-zone (FZ) crystal growth (Fig. 1). The
quality of FZ crystals would be vastly improved through real-time knowledge of A)
the melt composition in the zone, particularly at the solid-liquid interface where ef-
fects such as segregation, diffusion, and convection presently result in great uncer-
tainty; and B) the microstructure of the growing crystal boule, i.e., how are
crystallites nucleating and growing toward the single-crystal limit? These needs can
be met by application of spatially-resolved element-specific probes using fluorescence,
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resonance scattering, and x-ray radi-
ography techniques. The latter has
been used to map dendritic growth in
two dimensions at synchrotron facili-
ties [5,6]; but a real three-dimen-
sional (3-D) picture of the growing
crystal is actually what is needed.
For doped crystals, knowledge of the
dopant profile (or equivalently, the
effective distribution coefficient)
could be addressed by spatial compo-
sition mapping during growth. How-
ever, the overall goal should be more
than just characterization. A more
powerful outcome will be to couple
such information into a feedback
mechanism for real-time adjustment
of growth parameters, optimizing the
growing crystal in response to the
chemical and physical state during
growth.

High-pressure crystal growth
The frontier of new materials discovery and crystal growth lies at extreme conditions
such as high pressure. New phases, extended solubility limits, metastable composi-
tions, and crystals that cannot be grown at ambient conditions—with concomitant
new properties—have been and will continue to be found at high pressure. Synchro-
trons are not new to this arena, with several important single-crystal growth suc-
cesses (e.g., GaN [7], oxide superconductors [8], low-dimensional magnets [9], and a
number of other materials) depending on understanding solid-liquid phase relations
at high pressure via in situ powder diffraction. A vision for the APS is to advance
high-pressure crystal growth by going beyond phase diagrams toward in situ identifi-

Fig.1. (a) Floating-zone crystal growth. (b) FZ-grown oxide
crystals. (Courtesy of John Mitchell [Argonne National
Laboratory])
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cation of nucleating crystallites. The crystallization pathway is essential information,
particularly for incongruently melting compounds. Simultaneous advances in tech-
niques for obtaining 3-D crystallographic data from samples in the pressure cell are
also essential.

Hydrothermal synthesis
Significant inroads have already been made in the area of crystallization kinetics
using in situ techniques [10]. Rapid screening approaches, presumably by diffraction,
would allow the grower to take either a combinatorial approach or to control products
in real time.

Flux growth
Molten fluxes (e.g., metals and salts) can be used to let equilibrium phase diagrams
“compute” the stability of new phases. As in high-pressure synthesis, interrogation of
the melt composition, knowledge of the stepwise crystallization products, and the
ability to modify process parameters in real time would be distinct advantages for ex-
ploratory and targeted crystal growth. An opportunity for synchrotrons is identifica-
tion of the first nucleating crystals using a highly focused, high-intensity beam
rather than waiting hours or days to collect a specimen suitable for ex situ analysis.

Biological/protein crystal growth and self-assembly
The opportunities and concepts associated with the precision of crystal growth can be
extended to longer length scales using self-assembly techniques [11,12]. The repeat-
ing units of these materials are nanometers to hundreds of nanometers, but they
pose a similar set of fundamental challenges in the control of the resulting structure.
The larger scale of these materials presents a different set of characterization chal-
lenges in small-angle scattering and coherent scattering that should be addressed as
part of a comprehensive effort in characterizing materials synthesis.

Dynamic compression
Dynamic compression experiments (shock wave and shockless compression) subject
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materials to extreme conditions (very large compressions, high temperatures, and
large deformations) on very short time scales (picoseconds to microseconds) result-
ing in a rich array of physical and chemical changes. The most interesting regime
for solid materials extends up to pressures of 500 GPa to 1000 GPa (5 to 10 Mbar)
and temperatures up to 0.5 eV. The extreme conditions encountered under dynamic
compression provide a unique opportunity to explore the delicate balance between
mechanical (P∆V) and thermal (T∆S) energies by examining how this balance gov-
erns a wide variety of physical and chemical phenomena. The short times inherent
in dynamic experiments result in the kinetics playing an important role in deter-
mining the governing mechanisms and the attainment of metastable states, beyond
thermodynamic constraints. Dynamic compression can be used to examine funda-
mental scientific issues and questions related to condensed matter phenomena such
as structural changes including electronic transitions, chemical reactions including
bonding and energetics, and deformation and fracture.

Irrespective of the phenomena being examined, dynamic compression experiments
are ideally suited to probe, in a time-resolved manner, physical and chemical changes
as they occur. Such information is essential to a mechanistic understanding of con-
densed matter phenomena, and to providing knowledge with a broad impact on con-
densed matter sciences, well beyond dynamic loading. Dynamic compression
experiments, because of the potential to probe physical and chemical changes as they
occur on picosecond to microsecond time scales, are ideal for understanding con-
densed matter response at extreme conditions.

In recent years, there have been major experimental advances—mainly at the DOE-
National Nuclear Security Administration (NNSA) laboratories—to vary the loading
conditions of interest (compression, temperature, deformation, and loading times) in
a controlled manner. These advances provide new opportunities for examining and
understanding condensed matter phenomena. However, the experimental measure-
ments to date are almost exclusively at the continuum scale. As such, the ability to
address fundamental scientific issues related to mechanistic understanding at the
microscopic level is limited.
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Simultaneous with the major advances in dynamic compression technology, the ex-
traordinary developments in computational capabilities (starting with the Acceler-
ated Strategic Computing Initiative efforts) over the past 10 to 15 years have added
a new dimension to scientific research. The pace in modeling and simulations will
continue at this or an even higher rate for the foreseeable future. Despite the im-
pressive advances in modeling and simulations of condensed matter phenomena,
the following question continually arises: How valid are the predictions from these
simulations? The third element of dynamic compression research, measurement ca-
pabilities, has lagged significantly behind in comparison to advances in dynamic
loading technologies and computational developments. The principal need at the
present time is for time-resolved, in situ microscopic measurements. Without com-
parable advances in measurement capabilities, the full scientific potential of invest-
ments and advances in dynamic loading and computational capabilities will not be
achieved.

Time-resolved, in situ microscopic measurements constitute the most important need
for achieving a fundamental understanding of condensed matter phenomena and
processes under dynamic loading. Such measurements will lead to revolutionary sci-
entific advances well beyond dynamic compression. Although the need for the above
indicated measurements is clear, obtaining such data in single-event experiments is
a formidable challenge and requires special measurement capabilities.

Imaging random events
A number of problems in materials science and engineering derive from statistical
origins. These include the initiation of fatigue cracks in metals [13]; brittle failure in
ceramics, intermetallics and network polymers [14]; pitting by corrosion [15]; and
grain-boundary environmental corrosion [16]. To gain a fundamental understanding
of these processes, experiments are contrived in such a way as to eliminate their sta-
tistical nature. In fracture experiments, for example, pre-cracks or notches are placed
in specimens to provide focus for the experiment. While affording useful information
in assessing the steady-state phenomena of crack growth, these experiments risk the
loss of crucial information regarding the nucleation or initiation event. Of even
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greater concern, from a technologi-
cal perspective, is that lifetime pre-
dictions-based continuum or
fracture mechanics treatments for
long, artificial cracks are not well
suited for short or just-nucleated
cracks [13]. Hence, in situ experi-
ments with defect-free samples are
particularly promising, not only for
helping to elucidate fundamental
mechanisms of nucleation events,
but also for providing grist for life-
time models that more accurately
simulate reality.

The random nature of these events
poses serious challenges for obser-
vation. First, real-time imaging is

essential. Dendritic growth during the solidification of aluminum alloys has been ob-
served using real-time x-ray imaging [17]. However, the technique relies on a sharp
difference in x-ray attenuation between separate phase domains; for example, a
crack (void space) in a fatiguing metal or a corrosion product surrounded by non-cor-
roded material. Secondly, observation volumes must be of the order of the sample
size to “catch” the nucleation event. Large detector arrays would be required to af-
ford sensing over the entire sampled volume in real time. Analogous screening has
been done in the field of acoustics for seismic and biomedical imaging of random in-
cidents [18] and in structural health monitoring [19], using time-reversal imaging.
The technique affords both spatial and temporal focusing on regions of interest in
inhomogeneous environments, as for the solid oxide fuel cell in Fig. 2. Finally, envi-
ronmental control must be uniform over the entire observation volume. This may re-
quire elevated temperatures, corrosive environments, applied loads, or some
combination of these.

Fig. 2. Transmission x-ray microscope image of Ni grains in
a solid oxide fuel cell [20].
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Once the locations of nucleation events are established, taking advantage of further
capabilities of the synchrotron could enhance mechanistic understanding. For exam-
ple, using near-field grain mapping, the evolution of the dislocation structure in indi-
vidual grains could be followed and related to crack nucleation. Grain orientations
could be monitored to assess corrosion prone orientations. Small-angle x-ray scatter-
ing techniques would be useful in tracking the statistics of void formation during ele-
vated temperature fracture experiments.

Several kinetic processes in materials would benefit from these studies:

• Crack initiation and growth under monotonic loading in brittle materials. These
experiments would be limited to materials that demonstrate stable crack growth,
such as that seen in ceramic-matrix composites.

• Fatigue crack initiation and growth in metals.

• Pitting during aqueous or gas-phase corrosion.

• Environmentally-assisted or embrittlement of grain boundaries. These experi-
ments would highlight which grain boundaries are more susceptible to embrittlement
than others.

• Vortices in superconductors and other nano-to-mesoscale phenomena in condensed
matter systems.

Establishing the intrinsic or extrinsic causes for nucleation events would provide crit-
ical information for mechanistic models and life prediction strategies.

Atomic positions in semiconductor devices, ultimate strain
The presence of strain distributions within semiconductor features influences many
aspects of their behavior. For example, microelectronic technology that incorporates
strained silicon improves device performance by increasing carrier mobility in the
silicon channels. Because current semiconductor fabrication contains multiple lev-
els of metallic and dielectric structures, an understanding of the mechanical re-
sponse of the constituent elements is critical to the prediction of the overall device
performance. In addition, the interaction of strain fields between adjacent struc-
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tures becomes greater as feature
sizes decrease and the correspon-
ding feature density increases.
Therefore, the mechanical response
of the semiconductor and its envi-
ronment is critical to assessing the
true state of strain near these de-
vices. The continuum mechanics
concept of strain may be inapplica-
ble when the linear dimensions of
the semiconducting regions are less
than 10 nm or so. The equilibrium
spacing between the atoms on such
a small length scale cannot be as-
sumed to be constant; there is no
rigorous definition of normalized
displacement at a point. X-ray dif-
fraction from these small structures includes coherent effects that cause dramatic
effects (as in Fig. 3) that cannot be understood with the rules of thumb developed
for larger structures [21]. As such, we need to measure the atomic coordinates of
the atoms within the channel region, since the local symmetry will determine the
effective masses, and hence the mobilities of the charge carriers [22].

While modeling and verification of the electronic properties of regions on the
nanometer length scale (e.g., the effect of size quantization through modified local
density approximations) have been successful, corresponding analysis of the me-
chanical behavior at these dimensions is incomplete. There are significant theoreti-
cal and experimental challenges to be addressed because the extension of
continuum mechanics approaches to nanoscale volumes has not yet been verified.
In addition to the intrinsic complexity associated with measurements at the rele-
vant dimensions, the presence of local discontinuities (edges, free surfaces, inter-
faces, defects) can significantly modify the atomic positions within these domains.

Fig. 3. Simulation of the nanodiffraction topograph arising
from a highly strained silicon structure [21]. (© 2008 Ameri-
can Institute of Physics)
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The presence of a single extended
defect in these systems is already
known to cause large deleterious
electrical effects, and characteriz-
ing the nature of defects remains a
challenge.

Emergent effects, including vastly
different thermal properties, can
appear at the small length scales
being utilized in the latest inte-
grated semiconductor devices.
These emergent effects can be the
key to using semiconductor technol-

ogy in new thermoelectrics and in other applications taking advantage of the large-
scale processing of silicon.

Dynamics in applied fields
The structures and properties of materials can be dramatically changed by applied
electric fields. The effects associated with the response of materials include polariza-
tion, piezoelectric distortion, and—at high fields or strains—the stabilization of crys-
tallographic phases that are structurally or electronically distinct from the ground
state [24]. Transitions to these phases can be driven by piezoelectric strain or by
charge carriers accumulated in the near-surface layer screening the applied field
[25]. The problem of describing long-range polarization in first-principles calculations
has recently been solved, making available a range of predictions of materials proper-
ties that have yet to be tested.

The time scales associated with the structural responses to applied electric fields
range from seconds (as in the case of domain wall motion in ferroelectrics), to less
than a picosecond (for the development of the ionic contribution to dielectric polariza-
tion). X-ray scattering is unique in providing structural information with essentially

Fig. 4. Transient strain of 2.7% in a 40-nm-thick PZT film in
response to an 8-ns electric-field pulse [26]. (© 2008 The
American Physical Society)
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the same precision at these time scales as at any other. The transient strain devel-
oped in response to a short applied electric field pulse can be evaluated using diffrac-
tion and can reach several percent (Fig. 4) [26]. The opportunity to extend this
approach to other, more subtle properties is exciting.

Strain and other properties result from modification of the interatomic potential in
the applied electric field. Phonon dispersion provides a direct measure of the inter-
atomic potentials and can be determined quantitatively using thermal diffuse scat-
tering [27]. With specific technical advances, thermal diffuse scattering can be
adapted to provide the equilibrium and non-equilibrium elastic properties of nanos-
tructures.

In multiferroic materials that are both ferroelectric and magnetic, applied electric
fields can influence the magnetism of the material. X-rays are unique in providing a
quantitative probe of magnetism that, unlike neutrons, can be focused to small sizes
and used to study individual isolated devices and domains [28]. Magnetic scattering
will provide a unique window into the coupling of the magnetic and electrical degrees
of freedom in multiferroics. At interfaces, absorption spectroscopy and dichroism
studies in applied fields will provide insight into the spin injection process in ferro-
magnetic semiconductor contacts.

More generally, the influence of applied fields on structural order has a wide influ-
ence in materials that are purely magnetic. Magnetic shape memory alloys such as
Ni2MnGa have a large structural response to applied magnetic fields. This response
is influenced by structural, magnetic, and composition effects that are only beginning
to be understood [29]. The physical fundamentals underlying the dynamics of this re-
sponse are largely unknown, because there have been no structural probes available.
It is now possible to rapidly traverse the thermal phase transitions relevant to simi-
lar materials using ultrafast laser techniques, and to create intense pulsed magnetic
fields and spin polarized currents on a small scale [30,31]. Applying these approaches
to understanding how structural phases coexist as a function of applied magnetic
field and strain would be an important advance.
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The time scales associated with the response to applied field can extend far below the
times that can be resolved using the APS in its current form. Developing an ultrafast
capability extending to the few-picosecond scale, and the capability to induce phase
transitions and drive samples electrically and magnetically, would open a new range
of possible experiments.

Significance of the APS

The APS is uniquely suited to studies of materials using scattering and spectroscopy.
Among U.S. light sources, only the APS has a large diameter and high electron en-
ergy. The large diameter of the APS allows it to be run in a mode in which the dis-
crete electron bunches are widely spaced in time, which greatly simplifies
time-resolved experiments. This bunch spacing is an excellent match for the capabili-
ties of new detectors suited to single-bunch time resolution .

The high electron energy of the APS allows insertion devices to produce intense beams
at high photon energy. High photon energies with brilliant stable sources are essential
for in situ scattering and imaging experiments in which the beam must penetrate into
the environments of high pressure, high temperature, or high fields. High photon ener-
gies also allow x-rays to be used to study the liquid-solid interface in crystal growth,
where absorption lengths at lower photon energies would penetrate only a few microns.

The APS has an inherently low emittance and an experiment hall floor layout that
favors microscopy and imaging. Further developments in electron optics, insertion
devices, and x-ray optics will solidify this advantage.

The APS is home to emerging technologies on which advances in the synchrotron ra-
diation study of materials will be based. These include multilayer Laue lens optics for
x-ray focusing [32], high-resolution primary beam monochromators and analyzers for
inelastic scattering [33], high-pressure research [34], and a myriad of other areas.
These efforts provide the APS with an important foundation for future developments.
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Scientific Community

There is a large community of researchers, scientists, and technologists who will find
new ways of connecting to synchrotron radiation experiments using the develop-
ments described here. This scientific community will be strengthened by these devel-
opments through new opportunities for one-of-a-kind experiments at the cutting edge
of synchrotron radiation technology. Such studies are the basis for future work with
broad impact in the community. The challenges in these areas span all of the disci-
plines of materials science and involve communities of researchers in academia, in-
dustry, and government laboratories.

Requirements and Capabilities

Full-field microscopy and tomography
The development of full-field imaging and diffraction-enhanced imaging capabilities
is essential to advancing areas of research that depend on surveying large areas of
materials, including crystal growth and imaging random events. In studying 3-D phe-
nomena, including crystal growth, real-time or near real-time tomographic recon-
structions with high rates of data acquisition and analysis are essential. The
proposed long beamline for imaging will provide for larger fields of view.

Nanodiffraction
To address the questions associated with atomic positions in semiconductor devices,
a state-of-the-art beamline with a beam size ~10 nm or better and with energy reso-
lution below 1 eV over the 5-keV to 30-keV range is needed. Large gradients in the
strain distributions near the feature edges are convoluted by larger x-ray mi-
crobeam sizes. In order to capture the strain distributions in these critical regions,
a smaller beam size is required. X-ray nanoprobes with improved spatial resolution
in diffraction, imaging, and spectroscopy will allow us to measure these strain dis-
tributions at a much finer length scale that is commensurate with current silicon
device sizes (<65 nm). Data analysis software that can be used to interpret the x-
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ray scattering from such small domains will be required for effective use of these
new x-ray probes.

Short-pulse sources
The Short-Pulse X-ray Source (SPX) will extend time-resolved capabilities to the im-
portant 1-ps time scale for the study of dynamic compression, dynamics in applied
fields, and imaging random events while retaining the user-controlled continuous
tunability of energy, polarization, and bandwidth combined with x-ray intensity and
pulse-length stability over a wide energy range. The very high average flux (~1013/s)
of the proposed SPX, combined with high repetition rate excitation methods and
year-round operation, will enable time-resolved studies with unprecedented preci-
sion, yielding joint resolution of picoseconds and picometers for a variety of atomic,
molecular, chemical, and material systems.

Environments
For dynamic compression experiments, the challenge is to combine the dynamic load-
ing capabilities developed by groups at the DOE’s NNSA laboratories with the micro-
scopic measurement capabilities at the APS. The development in this sense could
parallel the precedent of the High Pressure Collaborative Access Team at the APS,
and result in the establishment of a first-of-a-kind user facility dedicated for dynamic
compression experiments. For imaging random events, both elevated temperatures to
1500˚ C and controlled gaseous environments (e.g., water vapor or other corrosive
species) coupled with dynamic loading are essential. Crystal growth requires a simi-
lar commitment to sample environments that can be integrated with imaging, scat-
tering, and spectroscopy experiments.

Facility-wide improvements and infrastructure
There are four facility-wide improvements that must accompany the critical upgrades
in scientific capability.

Information technology Software to process the stream of data arising from these
scattering and imaging tools. Advances in beamline control software are necessary to
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allow these experiments to take place routinely. This improvement in the informa-
tion infrastructure will simplify use of the APS and allow its capabilities to reach
wider groups of materials researchers.

Beamlines Better stability in beamline software and hardware must be achieved to
allow experiments with in situ components. The accelerator side of the APS has de-
veloped metrics for the availability of the beam that enable the progress being made
in optimizing the facility to be quantified, and a similar push needs to be made for
the beamlines.

Detectors Improved point and area detectors for scattering and fluorescence will be
required to allow the diffraction and imaging experiments to proceed.

Infrastructure Facility additions that enable the safe and usable installation of a
variety of sample processing and synthesis environments will be needed, together
with access modes that permit long-term installation of both complex user-designed
environments optimized for a particular material system, and general environmental
chambers. Infrastructure needs include adequate ventilation and exhaust systems,
and capability for gas and chemical handling, cleaning, and sensing.
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Executive Summary

The Advanced Photon Source (APS) has made a major impact on our understanding
of polymers and soft materials. The high-energy x-rays available at the APS are ide-
ally suited for soft materials applications where radiation damage must be mini-
mized and penetration depths maximized. The APS has expanded the research
forefront in these areas, with scientific impacts in a range of fields that include en-
ergy research, environmental science, and biomaterials development. For example,
work at the APS has led to advances in our understanding of the next-generation
surface patterning technologies needed by the microelectronics industry, interfacial
interactions in liquid systems, and advanced materials processing methods. Progress
in these fields has been enabled by the availability of state-of the- art x-ray tech-
niques, combined with an infrastructure that is particularly well suited to meet the
specific needs of outside users. We believe that the APS will continue to be an indis-
pensable tool in the future. For instance, a problem of vital importance is a funda-
mental understanding of combustion. With a renewed facility, we envision work on
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bitumen-based fuels to fully understand the fuel extraction and combustion
processes. This report concludes with specific recommendations for facility enhance-
ments that enhance the scientific impact of the APS in the field of polymers and soft
materials.

Introduction

Applications of synchrotron-based x-ray probes to soft materials include investiga-
tions of traditional synthetic polymers, biological materials, and a wide range of hy-
brid materials. Uses include traditional reciprocal-space scattering techniques that
probe length scales down to the Angstrom level, in addition to imaging modes able to
probe length scales from tens of nanometers to millimeters. The spectrum of materi-
als that fall into the soft materials class discussed in this report is illustrated in
Fig. 1, which also includes a number of imaging techniques. Although nearly all

Fig. 1. Scheme of the relevant length scales in synthetic, biological, and hybrid soft-matter samples and
available instrumentation for imaging at these different length scales. (Courtesy of Derk Joester, North-
western University)
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types of x-ray probes have been used for the suite of synchrotron-based x-ray tech-
niques, those that are most relevant to soft materials are:

Small-angle x-ray scattering (SAXS) Traditional x-ray Bragg diffraction is not
included in this class of methods, since the materials of interest are often (but not al-
ways) non-crystalline, and are characterized by longer length scales (nanometers or
greater as opposed to Angstroms).

Grazing incidence x-ray scattering (GIXS) This version of x-ray scattering is
particularly well suited for investigations of molecular assemblies at surfaces. Both
wide-angle and small-angle versions are utilized, depending on the length scale of the
surface features being investigated.

X-ray standing waves (XSW) This technique is sensitive to the distributions of
heavy atoms near interfaces.

X-ray photon correlation spectroscopy (XPCS) This technique is able to probe
the dynamics of electron density fluctuations at the wavelengths typically probed by
scattering techniques, on time scales from ~10-3 s to ~10 s [1].

Synchrotron x-ray fluorescence (SXRF) microscopy Recent developments in this
field enable the spectrocopic identification and localization of regions containing only
tens of atoms [2].

Transmission x-ray microscopy (TXM) This imaging technique has a resolution
limit between those of light microscopy and electron microscopy, but is better suited
than electron microscopy for the investigation of hydrated samples [3].

Key Science Drivers

While a wide variety of examples can be included in order to demonstrate the appli-
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cation of advanced x-ray techniques to problems of interest to the soft materials com-
munity, we have divided our examples into four general categories, each of which is
discussed below in more detail.

Surface patterning
Molecular self-assembly at interfaces The structure of organic thin films is of in-
terest to multiple scientific communities, including those working in soft-matter
physics, applied microelectronics, and energy research. Traditional x-ray scattering
methods reveal the structure at molecular and bulk length scales, providing essential
information to help establish the origins of macroscopic function, but probing organic
thin films is challenging due to weak contrast. As a result, the demand for GIXS at
synchrotron sources has greatly expanded in recent years. By operating near the con-
dition for total external reflection, the grazing-incidence geometry is sensitive only to
the near-surface region of the sample. Grazing incidence x-ray scattering is perfectly
suited to evaluation of silicon-supported samples and permits depth profiling (by
varying the penetration depth of the x-rays) to distinguish between the structure at
the interfaces and the bulk.

Block copolymer films are ideal model systems for studying interfacial self-assembly
because the bulk phase behavior is very well understood, and the molecular parame-
ters controlling structural and dynamic aspects of self-assembly can be exquisitely
tuned. Thin block copolymer films self-assemble into periodic domains with size and
periodicity on the order of 10 nm, offering a simple and inexpensive route for generat-
ing templates for nanolithography templates. X-ray scattering has been integral to
advancing our understanding in this field. Some of the most demanding applications
for block copolymer lithography require control over the positioning of domains with
respect to features on or in the substrate, which is achieved with topographic or
chemical registration features. An example of combined “top-down” and “bottom-up”
self-assembly with topographic features is the lateral confinement of a single layer of
block copolymer spheres in arrays of ~10-µm-wide wells. Grazing incidence small-
angle x-ray scattering (GISAXS) measurements have demonstrated that a single
crystal can be assembled in every well, but that the positional correlation function of
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the domains decays algebraically, which is unacceptable for patterning addressable
media [3]. These experiments offer general insight into the fundamental physics of
ordering in low dimensions, as well as specific guidelines for the design of better sys-
tems for patterning.

Structure-property correlations in organic electronics Conjugated polymers
that are solution processable are being investigated for use in fabrication of low-cost,
large-area devices such as thin-film transistors and photovoltaic devices. The effi-
ciency of charge transport is determined by both the molecular and macroscopic
structure, such as the packing modes of adjacent polymer chains, the structure of the
interface between active components, and the orientation of the conductive pathways
with respect to the device. Out-of-plane x-ray diffraction measurements, rocking
curve measurements, and in-plane grazing incidence x-ray diffraction experiments
have demonstrated the importance of regioregularity, molecular weight, and anneal-
ing conditions to achieve well-ordered crystallites of the conjugated polymers, which
impacts the power conversion efficiency in photovoltaic materials and charge carrier
mobility in thin-film transistors [4,5]. It has also been demonstrated that the sub-
strate surface energy can be tuned to promote the desired crystal orientation, result-
ing in ten-fold performance enhancements [6].

Critical dimensions of resist structures Resolution of lithographic processes that
define integrated circuits is rapidly approaching sub-100-nm dimensions, so new
metrology techniques are required to quantify the critical dimensions of these nanos-
tructures. Transmission SAXS with high-energy x-rays has recently been proposed as
a solution. The pitch, line width, height, and sidewall angle of resist lines are ob-
tained with nanometer resolution by modeling the form factor oscillations [7], and
the potential to measure line-edge/line-width roughness has been demonstrated [8].
Measuring the three-dimensional shape of nanostructures with transmission SAXS
requires rotation of the sample with respect to the incident beam over a range of ap-
proximately 50°, which is time consuming in terms of executing the experiment and
the analysis. Grazing incidence small-angle x-ray scattering is better suited to meas-
uring depth-dependent structures, but the large beam footprint is not appropriate for
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patterns that only span small areas (~100 µm2). Constructing a GISAXS beamline
with a micrometer-size beam is an attractive alternative, particularly if it were inte-
grated with an atomic-force microscopy or optical microscope to facilitate alignment
of the beam to the desired patterns on a chip. Resist relief structures scatter strongly
and would not require additional flux to compensate for the reduced spot size.

Liquid systems
Assembly at liquid/liquid and liquid/vapor interfaces Self-assembly and order-
ing of ions and molecules at interfaces in soft materials underlies many processes of
industrial and scientific importance. For example, biological membranes exist at
aqueous-aqueous interfaces and provide a structural and dynamical platform for im-
portant cell processes. Phase transfer catalysis, pharmaceutical drug delivery, many
electrochemical processes, nanoparticle synthesis, and numerous chemical reactions
take place at the interface between two immiscible liquids. Important environmental
processes that rely upon interactions at interfaces include tertiary oil recovery, sol-
vent extraction of radionuclides from nuclear waste, and liquid membranes used for
the cleanup of heavy metals in the environment. Industrial applications include the
use of self-assembled surfactants in many domestic products, ion selective electrodes,
and paints and coatings among many others.

Recent x-ray scattering studies of buried liquid/liquid interfaces have probed the dis-
tribution of ions at soft interfaces. These distributions underlie processes as diverse
as electron and ion transfer at biomembranes and redox processes at mineral-solu-
tion interfaces, and also influence many practical applications in analytical chemistry
and electrochemistry. The classic Gouy-Chapman theory of ion distributions ignores
the liquid structure, i.e., it ignores the sizes and shapes of solvents and ions, as well
as any correlations between them. Studies performed at the APS have addressed the
limitations in the Gouy-Chapman theory by demonstrating that x-ray reflectivity
data from the interface between two immiscible electrolyte solutions can be described
by a Poisson-Boltzmann theory that includes a potential of mean force for the indi-
vidual ions, as well as an electrostatic term [9]. Such studies lay the groundwork for
the investigation of electrostatically controlled interfacial processes.



Renewal of the Advanced Photon Source: Polymers & Soft Materials

194 Argonne National Laboratory

One important application that can take advantage of knowledge recently gained
from x-ray scattering from liquid interfaces is extractant-mediated transfer of metal
ions from an aqueous to an immiscible organic phase [10]. This process is complex
and dynamic, depending on the diffusion of the ionic species in the two phases, the
interfacial transport, and the chemical reactions taking place in the system. In spite
of a large body of research on this solvent extraction process, no consensus exists on
the fundamental mechanism that controls the kinetics. The most important compo-
nent of any solvent extraction process is the extractant, i.e., a surfactant with a func-
tional group capable of chemical interactions with the target ion. Permeation liquid
membranes that contain long-chain azacrown ethers and fatty acid surfactants selec-
tively extract transition metal ions such as Cu(II), Pb(II), and Cd(II), which are com-
mon environmental toxins [11]. Understanding these extraction processes requires
further investigations of ionic distributions and surfactant ordering at liquid inter-
faces. X-ray interface scattering provides critical information about these processes
that is unavailable from other techniques.

Biological processes Many biochemical processes and reactions occur at surfaces
and interfaces. These include interactions between cells and the extracellular matrix,
protein interactions at cell and organelle membranes, gas transfer at the lung tissue-
air interface, and drug intake by cell membranes. Synchrotron x-ray surface scatter-
ing techniques are used to determine structure on the sub-nanometer length scale at
soft, hydrated interfaces of biological interest. These studies are complementary to
macromolecular crystallography because many biointerfacial processes rely upon the
interaction of biomolecules within disordered interfacial structures that cannot be
crystallized. Recent studies of lipid-protein and lipid-peptide interactions illustrate
the power of these techniques. For example, studies of cytosolic phospholipase A2-C2
domain binding to a 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine monolayer sup-
ported on water showed that analysis of x-ray reflectivity yields detailed information
on the bound structure of this protein [12]. This structure indicated that the binding
mechanism depends upon non-specific electrostatic calculations, hydrophobic interac-
tions, and entropic effects due to water molecules that hydrate the lipid head groups.
Future studies of bio-interfacial processes will explore the role of chemical hetero-
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geneity in membrane processes and the
structural basis for the kinetics of im-
portant cell processes such as cell sig-
naling and trafficking.

Structure and dynamics of emulsi-
fied heterogeneous fuels One of the
current grand challenges faced by the
world is the depletion of nonrenewable
fossil energy resources, including coal,
oil, and natural gas. Efficient, environ-
mentally friendly extraction of the re-
maining resources is of increasing
importance. Bitumen-based fuels are
an example where enhanced under-
standing of interfacial issues is needed.
Bitumin is a stable, liquid, multiphase
fuel made of very fine oil droplets dis-
persed in water, originating from heavy
hydrocarbon feedstock such as refinery
residue. Bitumen-based fuels represent
a potentially important source of se-
cured energy for the U.S. Extraction
and utilization of these fuels in an eco-
nomically viable way is very challeng-
ing. X-ray techniques can provide a better understanding of the extraction process
and the structural and combustion properties of the fuel. Fundamental research on
combustion of bitumen-based fuels to fully understand the fuel extraction and com-
bustion processes is of vital importance.

Behavior of high-speed liquid jets High-speed liquid jets, with Weber number ex-
ceeding 103 and Reynolds number above 105, are important in a range of applications

Fig. 2. Diesel jet and shockwave interaction: Microsec-
ond synchrotron-based x-radiography (top) and multi-
phase computation fluid dynamics simulation (bottom)
reveal the unique dynamical structure shock waves em-
anating from a high-pressure diesel jet. The diesel fuel
was injected at 135 MPa into high-density sulfur hexa-
fluoride. The color bar indicates the transmission of 6-
keV x-rays, demonstrating the quantitative agreement
between the ultrafast radiography and the time-resolved
multiphase simulation. This combined approach should
be effective for understanding fuel injection and com-
bustion in modern diesel engines. (Im et al., Phys. Rev.
Lett., in press [2009]. © 2009 by The American Physical
Society)
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in agriculture, energy, medicine, materials processing, and combustion. These jets
are poorly understood, largely because scattering prevents visualization of the inter-
nal structure by visible light. Techniques recently developed at the APS have enabled
imaging of ultrafast phenomena with a time resolution of 100 ps, making it possible
to image moving liquid jets traveling at velocities of 10,000 m/s with a motion blur of
only 1 µm (Figs. 2 and 3). With this capability we can now address long-standing and
fundamental issues of droplet stability in high-speed liquid jets. Related processes of
interest include droplet nucleation from a rapidly expanding supercritical fluid mix-
ture.

X-ray photon correlation spectroscopy studies of dynamics In XPCS, charac-
terization of the time correlations in the coherent scattering intensity is used to ob-
tain dynamical information about the sample under investigation. Access to
dynamics at small length scales and long time scales makes XPCS valuable for stud-
ies of model glassy materials, such as colloidal gels and glasses, where microscopic
dynamics become exceedingly slow as the materials approach structural arrest. The
approach to glassy states is typically associated not only with a slowing of dynamics
but more precisely with a growing separation of microscopic time scales. Certain lo-
calized motions, known as “beta” relaxations, remain relatively fast while the termi-
nal structural relaxation becomes exceedingly slow. These beta processes, whose

Fig. 3. Ultrafast x-ray images of biodiesel and diesel jets injected at 50 MPa with a common rail injector typically
used for passenger car applications. The slight physical property difference between the two types of fuels intro-
duced the great disparity of morphology and breakup properties between them. (Z. Liu et al., unpublished)
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nature is intimately associated with the approach to the glassy states, have eluded
XPCS studies so far. However, the faster time scales accessible with a renewed APS
will enable XPCS studies that capture this dynamic.

A wide variety of complex fluids show structures with characteristic length scales
that are in the few-tens-of-nanometers range and characteristic dynamics in the
microsecond to millisecond range. An enhanced capability to probe dynamics in this
range of length and times will enable new opportunities to investigate such materi-
als. Significant examples of such nanostructured complex fluids include nanocolloidal
suspensions, mesophases of block copolymers, and membrane-based phases of oil and
water mixtures that are stabilized by amphiphilic surfactants, such as the sponge
and bicontinuous microemulsion phases. In recent years, these phases have been the
subject of intense interest, including detailed theoretical work focusing on their dy-
namics. However, this dynamical behavior has largely eluded experimental investi-
gation because the key length scales are too small for light scattering and the time
scales are too long for neutron spin echo.

Materials processing
The continual drive for faster integrated-circuit interconnects requires the develop-
ment of new interlayer dielectric materials with dielectric constants less than 2.2.
Porous, polymer-based semiconductor dielectric resins have been developed to
achieve this low dielectric constant by introducing nanometer-sized pores into the
polymer matrix. The development of metrology to characterize the pores in porous
films was critical for the successful adoption of the material by industry, both to en-
sure that the film attains the desired dielectric properties and to monitor pore char-
acteristics that may impact the integration process. Due to the complex nature of the
porous structure, on-wafer characterization methods needed to be developed in order
to quantify the porosity in porous films of SiLK™, a silicon-based, low-dielectric-con-
stant material produced by The Dow Chemical Company. The use of SAXS to meas-
ure void fraction, pore size and size distribution, pore morphology, and their
uniformity across porous dielectric films was made possible by technology developed
at the APS and enabled a successful adoption of the material by the semiconductor
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industry. In addition, the SAXS methodology developed at the APS was used as the
basis for commercial metrology technology demanded by that same industry.

Nanomaterials
The impact of nanotechnology on materials research is hard to overestimate. As ap-
plications, especially in imaging and bionanotechnology, are starting to be commer-
cialized, fundamental research into making “smart” nanomaterials by sophisticated
design strategies is becoming increasingly important. Very frequently, the resulting
materials are hybrids of inorganic, organic, and/or biological molecules. Examples for
such hybrids are oligonucleotide-functionalized TiO2 nanoparticles [12], peptide am-
phiphile carbon nanotube assemblies, and inorganic or Au/Si/Au multilayered
nanoshells [13]. Nanoparticles are usually characterized by light-scattering tech-
niques, by spectroscopy in case of fluorescent particles, by dry transmission electron
microscopy/scanning electron microscopy, or dry/wet scanning probe microscopy
(SPM). Especially in the case of complex assemblies, liposomes, and hybrid materials
it is crucial that the particles remain pristine in their aqueous environment away
from the distorting influence of overpowering interfacial forces that they are exposed
to in conventional SPM imaging. APS instrumentation, specifically synchrotron x-ray
fluorescence and transmission electron microscopy are ideally positioned to aid in the
development of high-resolution imaging applications utilizing next-generation hybrid
and transiently stabilized amorphous nanoparticles.

Significance of the APS

The APS has already played a leading role in the development and use of many of
the techniques described above. Notable examples include the imaging capabilities
utilized for liquid jets and for heavy-metal atom distributions.

An additional factor of significance is the nature of the partnership between the
users and staff scientists at the APS. The development of the nanoporous dielectric
materials is a good example of this type of partnership. The scattering intensity
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from these relatively thin, nanoporous films is quite low, and the background from
parasitic scattering needed to be reduced considerably in order for these experi-
ments to be successful. The resulting design, development, and application of
ultra-low-background on-wafer transmission SAXS represented a true break-
through technology and provided the semiconductor industry with a fast, quantita-
tive screening tool for commercial-scale processes. This development was made
possible only by the ability of the APS to optimize both a beamline and an experi-
mental configuration for a specific application. Once a successful experimental
protocol was fully defined, the key attributes were transferred for development on
both laboratory-and commercial-scale devices. These advances led to development
of commercial technology by equipment vendors for use in both laboratory and pro-
duction environments. As a result, it is now possible to rapidly and accurately
quantify the average pore size and pore size distributions for nanoporous SiLK™
coatings. This approach has been adopted by a variety of industrial partners, cus-
tomers, and instrument vendors as the primary tool for porous media characteriza-
tion. The technology has provided significant understanding of the effects of
chemistry, formulation, and process on the development and retention of porous
structures in SiLK™ films. In addition, this technology is now ready to provide in-
formation on the effects of the previously listed variables on both incipient pore
formation and on the kinetics of pore development during cure. Future develop-
ment is focusing on high-throughput methods for both data acquisition and data
reduction/analysis.

Scientific Community

The examples given in the previous sections illustrate ways in which the soft-materi-
als community benefits from APS capabilities. Some of the broad thematic areas that
the APS is able to address are further delineated below.

Environmental research Metals, radionuclides, and (potentially) metal and
semiconductor nanoparticles are major anthropogenic contaminants in a wide
range of environmental settings. War and terror activities are increasingly adding
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to already significant industrial pollution of this kind. In order to better under-
stand the fate of these elements in natural systems, we must gather more informa-
tion on the occurrence of these metals in amorphous and crystalline mineral
phases, on colloidal particles, and on the mechanisms that control their release and
migration in the surface environment (e.g., the sequestration of nanoparticles by
agarose fibers). In order to probe their (radio)toxicity, we must understand how
they interact with microbes on a cellular and organismic level. APS imaging capa-
bilities play an important role in this work.

Biomaterials research Examples include biologists who are interested in studying
physiological processes, biophysicists interested in the underlying mechanisms of
such processes, and materials scientists who are interested in using these processes
to synthesize new materials. Imaging applications based on the use of functional
nanoparticles as contrast agents are an additional area of relevance.

Energy research Examples include processing issues related to polymer-based, af-
fordable solar cells; fuel extraction from bitumen; and jet stability and droplet nucle-
ation in fuel sprays.

Requirements and Capabilities

The following capabilities are needed in order to build on existing work, and to ac-
complish some of the broader goals mentioned in previous sections.

Extended energy range
Development of a liquid-interface instrument that is optimized for use at high ener-
gies (30 keV to 80 keV, or possibly higher) would be useful for the study of buried in-
terfaces, including liquid-liquid, liquid-solid, and solid-solid interfaces. Use of higher
energies would minimize absorption effects and valence changes in ions, and allow
access to certain resonances in heavy metals.
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Detector resolution
As top-down/bottom-up assembly techniques move closer to perfection, the resolution
limits of two-dimensional detectors will prevent analysis of the diffraction line shape.
This is just one area where enhanced detector resolution would be helpful.

Beam focusing, time resolution
The development of x-ray scattering from liquid interfaces has been closely tied to
advances in synchrotron sources and instrumentation. These experiments usually
require a very brilliant x-ray beam. Flat, buried interfaces, such as liquid/liquid in-
terfaces or bilayer lipid membranes supported at the solid/water interface, can be
studied with the high-energy x-rays currently available. Needed advances include
focusing techniques that are optimized for the study of liquid interfaces that are
heterogeneous, small in lateral extent, or highly curved. Also, new time-resolved in-
struments are required to meet the need for studying kinetic and dynamic interfa-
cial processes at interfaces. Development of a time-resolved dispersive
reflectometer will address the need for studying kinetic and dynamic interfacial
processes, as well as the need for fast measurements of fragile biological materials.

Cryogenic capabilities
With much-enhanced resolution in imaging, the demands on sample preparation
have increased dramatically. Previously practiced “gold standard” procedures are
now rapidly becoming obsolete: Random crosslinking by chemical fixation, structural
distortions by drying, elemental contamination, and relocation and removal of mo-
bile/soluble species by staining and washing can no longer be tolerated. Even more
important is the realization that many soft-matter samples contain structural water
or maintain their structure only in the presence of a solvent. This has led to a renais-
sance of cryogenic imaging in electron microscopy, and similar developments are
needed in the x-ray community. It is thus imperative that synchrotron-based x-ray
imaging instrumentation be adapted so that routine work at cryogenic temperatures
becomes possible in the next five years.
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Scope of the Advanced Photon Source
Renewal Proposal

Introduction

The designs of the Advanced Photon Source (APS) storage ring (which began opera-
tions in 1996) and the associated beamlines date back to roughly 1990. In the inter-
vening years, there have been significant advances (many developed at the APS) in
accelerator technology, beamline optics, x-ray detectors, and scientific computing
that enable entirely new x-ray capabilities. To address the future, and even cur-
rent, needs of users and provide the best hard x-ray capabilities to the United
States, the APS is in need of a major renewal that will systematically and compre-
hensively incorporate these advances into the fabric of the APS scientific infra-
structure.

The focus of the APS renewal will be achieving this goal through enhancements of
the x-ray beamlines (including the insertion devices and front ends). Major im-
provements are also being considered for the accelerator complex, including in-
creasing the beam current to 200 mA, introducing a lattice with long straight
sections, and improving beam stability. Beamline enhancements can range from
the replacement of a few components for improved performance to the construction
of an entirely new beamline from insertion device to station instrumentation.
Equally important to new beamline hardware on the experiment hall floor are im-
provements to technical support capabilities. These include ancillary instrumenta-
tion for sample handling and preparation, state-of-the art x-ray optics fabrication
and metrology capabilities, upgrades to the computing infrastructure, and new or
improved software for data acquisition and analysis. In addition to these enhance-
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ments, we will develop a plan to deal with obsolescence issues at the APS, which
are becoming severe. This will be complementary to the renewal proposal and we
hope to support it through use of our normal capital and Accelerator Improvement
Project funds freed up for this purpose during the renewal period.

We estimate that the renewal will take from 6 to 7 years and cost between $300 M
and $400 M. Because there is not a large civil construction component to this pro-
posal, and the renewal involves many aspects that can be developed concurrently, the
renewal funding profile can be front loaded to accelerate the time scale.

New and Upgraded Beamlines

At this point in time, the full scope of the beamline renewals has not been finalized.
However, two things are already clear: (1) the three remaining straight sections will
be completed and (2) several long beamlines (extending outside of the existing experi-
ment hall) will be required. Unfortunately, the open straight sections are not all in
the correct location for extending beamlines and so some beamlines will have to be
“moved” (or more likely rebuilt) to free up sectors where extended beamlines will be
compatible with existing buildings, real estate for the extended beamlines and sta-
tions, roads, wetlands, etc. In addition, some beamlines may need to be relocated to
take advantage of long straight sections in a new lattice, which cannot be arbitrarily
located in the storage ring.

We envision future beamlines as not just places to use x-rays to study a sample, but
as laboratories where many experimental techniques can be applied to solve the
problem at hand. As summarized in the report by the APS renewal Condensed Mat-
ter and Materials Physics (CMMP) science team, which appears elsewhere in this
proceedings:

“This proposal encompasses a transformational change in the way experiments are
undertaken at major synchrotron facilities. Rather than having the x-ray studies con-
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ducted separately, a complete suite of experiments will be performed in situ on the
beamline in real time by combining a variety of probes and processing tools. End-sta-
tions on rolling platforms may be moved in place or x-ray beams may be brought to
semi-permanent installations, through collaborations from contiguous institutes
where the hot questions are pursued 24/7.”

Technical Support

Included under the heading “Technical Support” are a variety of items not necessar-
ily associated with a particular beamline. These include improved detectors, detector
fabrication capabilities and associated support, upgraded optical fabrication and
metrology facilities, support labs, and ancillary equipment for the development of
state-of-the-art sample environments that allow for multiple fields (pressure, temper-
ature, electric fields, and magnetic fields) to be applied simultaneously.

Again from the CMMP 2010 report: “This means that the APS will have to reorganize
to act as a single organic entity to address a hierarchy of scientific questions in a co-
herent manner. The APS will need to make room for new twenty-first century sci-
ence, expanding some of its lab modules into full-service laboratories, of which the
Center for Nanoscale Materials can be considered as a first model.”

Detector development and procurement
Based on the proposals for beamline enhancements that we have received to date,
many of the requests for improved detectors can be satisfied by detector systems that
are commercially available today (or are expected to be on the market in the next five
years or so). Nonetheless, not all requests can be met by simple procurements of off-
the-shelf items and so other avenues will have to be pursued in order to meet these
needs such as collaboration with groups that develop novel sensors and application-
specific integrated circuits (ASICs), contracts with companies to build custom detec-
tors based in existing technology, utilizing the Small Business Innovation Research
Program/Small Business Technology Transfer Program process to develop new tech-
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nologies, and getting increasingly involved with detector component R&D (i.e., re-
search at the sensor and ASIC level).

Optics
Although the APS has had a strong optics fabrication and metrology track record,
much of our equipment is now showing its age and is no longer state-of-the-art. As
part of the renewal, we are proposing an upgraded deposition system (new sputter-
ing chamber) for multilayer Laue lens fabrication, and differential deposition for
figuring Kirkpatrick-Baez mirrors. Our metrology instruments will be in need of
upgrades as well, as it is “hard to make it when you can’t measure it.” We propose
to procure a new Fizeau interferometer with a sample stage capable of measuring
large mirrors, and a new atomic-force microscope. Finally, the Optics Fabrication
and Metrology Group has proposed the development of a metrology and detector
bending magnet beamline for at-wavelength metrology of mirrors. Such a beamline
will also provide a stable set-up for tests of nanofocusing optics and detector testing
and calibration, and can also be used to beta-test new software before it is installed
on operating beamlines. Higher storage ring beam current will necessitate new
front-end optics for many beamlines,so state-of-the-art high-power-load stable
beam delivery optics will be developed and implemented as part of the renewal, to
the benefit of all sectors.

Sample environments
A more centralized support for specialized sample environments at the APS (expand-
ing the HPSynC concept [http://www.aps.anl.gov/Users/Scientific_Interest_Groups/HP-
SynC/index.html]) will be an important future step. A coherent and coordinated
development of sample environments that support multiple fields (pressure, tempera-
ture, electrical, magnetic, etc.) will keep the facility on the cutting edge of science.
Additionally, a key focus must be portable environmental systems because a single
beamline does not have all the techniques required to solve complex scientific prob-
lems. Portable environment systems under consideration include sample levitation
apparatus, in situ catalysis cells, and extreme chemical environments.

Argonne National Laboratory 207

Scope of the Advanced Photon Source Renewal Proposal



Software
A common theme throughout many of the beamline renewal proposals was the need
for better and more user-friendly data collection and data analysis packages. Data
handling and analysis are increasingly a bottleneck for producing science from syn-
chrotron experiments and are often a serious potential barrier to new and/or inex-
perienced users. Stated simply, we need to invest in this effort to both reduce the
learning curve needed to use the facility and to improve the efficiency of the facil-
ity.

The capabilities offered by high-performance computing for near real-time optimiza-
tion of experiments and for off-line data reduction are now attracting great interest
in numerous areas of the community. This is an area that is ripe for investment.

Other areas that need attention are improved visualization of data and portable con-
trols that can easily move between beamlines. We need to prepare for extensive re-
mote access in the future, which implies fail-safe hardware, increased use of robotics,
and secure methods of remote connection.

Support laboratory instrumentation
Various support laboratories to be instrumented either near or adjacent to research
stations in the experiment hall will dramatically enhance users’ ability to prepare
and characterize samples. Depending on the scientific area of a particular x-ray
beamline, we envision laboratories equipped with specialized instruments, such as
microscopes and lasers, to provide researchers with additional tools to better under-
stand the system of interest. For example, laboratories with the capability to synthe-
size materials close to the x-ray facility will offer flexibility for the study of transient
process. Support laboratories will clearly broaden many areas of research.

Accelerator Systems

Portions of the science-based renewal strategy for the APS involve improvements to
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the accelerator and facility infrastructure. In March 2008, APS management solicited
proposals that addressed these areas. Over 80 proposals were received and were pre-
sented in an open forum in October 2008.

Increased current capabilities
The existing stored beam current is 100 mA. By increasing the beam current to
200 mA, we can double the brilliance and flux, offering immediate improvements to
many experiments such as inelastic scattering. At the same time, most beamlines
will need improved optics, which can deliver potentially higher performance both in
throughput and stability. The accelerator is designed to be ready for up to 300-mA
operation, but some improvements will be needed to accommodate higher current.
For example, improved higher-order mode damping systems will allow us to sustain
the standard 24-bunch operating mode with higher current, and several older front
ends will need replacement.

Long straights
We have demonstrated that straight sections up to 8 m in length (compared with the
existing 5 m) can be relatively easily incorporated into a new lattice provided they
are introduced in a symmetrical pattern. Longer straights permit the use of longer
undulators, which directly improve the x-ray source.

Improved electron and photon beam stability
A program to improve photon beam stability from source to detector will be an inte-
gral part of the renewal. This program includes potential improvements in the stor-
age ring tunnel temperature for better mechanical stability of the magnets and
vacuum chambers, improvements in radio-frequency (rf) beam position monitoring
and feedback for a more stable electron beam, and enhanced x-ray beam position and
flux monitoring capabilities to pin down instabilities in beamline optical components.
Early prototype work on the electron and photon beam position monitoring technol-
ogy has demonstrated that substantial improvements will be achieved with a full de-
ployment.
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Facility Infrastructure

The infrastructure category includes projects directed at both civil and computing in-
frastructure.

Civil construction
Enhancements in this area include build-out of lab/office module (LOM) 437, expand-
ing some existing LOMs to accommodate the increased staff that will be required to
operate multiple beamlines from canted insertion devices, and satellite buildings for
extended beamlines. A building adjacent to the storage ring that will serve as a stag-
ing and assembly area during project construction—and will later be used as an APS
storage building—is also being evaluated. We will examine the need for any utility
system expansion in order to support additional beamlines and buildings.

Computing/networking
Computing infrastructure is the electronic backbone on which both beamlines and ac-
celerator are totally dependent. Upgrades will be required to support the huge de-
mands caused by the combination of additional beamlines and the amount of data
generated by faster and larger detectors. These factors, coupled with the ever-ad-
vancing speed of computing hardware, will require investment in order to provide
sufficient capacity for analysis, storage, and transfer of data.

Short-Pulse Project

The science needs of the APS renewal anticipate the provision of very short x-ray
pulses, on the order of 1 ps. In order to provide this to the user community, the APS
staff is carrying out R&D toward implementation of a scheme developed by A. Zho-
lents of Lawrence Berkeley National Laboratory. The scheme uses an rf deflecting
cavity to impose a correlation (chirp) between the longitudinal position of the electron
within the bunch and the vertical position/angle. A downstream cavity is needed to
remove this chirp. Either bunch slicing or x-ray optics can then be used to produce a
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short x-ray pulse. The project will include development of continuous-operation su-
perconducting rf cavities, front ends, and beamline components. It is anticipated that
the Short-Pulse X-ray Project will provide ultrafast x-ray pulses to several beamlines.

Insertion Devices

As part of the APS renewal, users are considering ways in which insertion device(s)
can be more precisely suited to their experimental programs. In some cases, the cus-
tomization is as simple as a planar undulator with a new period length. Even seem-
ingly small changes in period can result in a 2- or perhaps 3-fold increases in
brilliance, depending on the photon energy and the tunability required. A few users
are seeking increased brilliance at higher (>20-keV) photon energy, with a greater
range of tunability than can be achieved with permanent magnets. An R&D project is
under way to develop a short-period superconducting undulator to meet these re-
quests. Short sections of superconducting magnetic structure have been successfully
built and tested. The project is now extending into longer structures; cooling schemes
are being developed for a full-size undulator that can be installed in the storage ring.

Users are also interested in photons with circular or variable polarization. An addi-
tional advantage of a circularly-polarizing undulator is that the on-axis radiation
only includes the first harmonic, with no higher harmonic contamination. Also, most
of the heat load in the beam from such a device is off-axis and can be masked off so
that it never reaches sensitive beamline components further downstream.

An electromagnetic undulator with both horizontal and vertical field coils for produc-
ing linear polarization (either vertical or horizontal, or left- or right-handed circular
polarization) is under development. In addition, users want to have the option of re-
ducing higher-harmonic contamination even in linear polarization mode, so addi-
tional coils for introducing quasiperiodicity into the magnetic field are being
incorporated.
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Table 1. Estimate of APS renewal budget allocations.

Project Cost ($M)
New and upgraded beamlines 152.0
Technical support 67.0

Detector development and procurement
Optics
Sample environments
Software
Support laboratory instrumentation

Accelerator systems 39.2
Increased current capabilities
Long straights
Improved electron and photon beam stability

Facility infrastructure 20.0
Civil construction
Computing/networking

Short-Pulse Project 23.5
Insertion devices 12.8
Total 314.5
Contingency (25%) 78.6
GRAND TOTAL 393.1
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Still other users are requesting an APPLE-style undulator that uses permanent-mag-
net arrays to produce variable (linear, circular, or elliptical) polarization. A project to
bring such a device to the APS is in the early stages.

Estimated Cost and Schedule

Table 1 provides an estimate of the budget allocations to various broad categories of
the renewal.
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Appendix A.
Advanced Photon Source Renewal Workshop Agenda

Monday, October 20, 2008

7:30 a.m. Registration

8:15 a.m. Welcome Dennis Mills (Argonne National Lab.)

8:30 a.m. Charge J. Murray Gibson (Argonne National Lab.)

9:00 a.m. Macromolecular Crystallography K. Moffat for T. Kossiakoff (both Univ. of Chicago)

9:30 a.m. Polymers and Soft Materials K. Shull (Northwestern Univ.)

10:00 a.m. Chemical Science & Engineering J. Miller (Argonne National Lab.)

11:00 a.m. Condensed Matter and Materials J. Freeland for S. Bader (Argonne National Lab.)

11:30 a.m. Engineering Applications /
Applied Science G. Ice (Oak Ridge National Lab.)

12:00 p.m. Discussion of Presentations All

12:30 p.m. Working Lunch:
Infrastructure Upgrades J. Maclean (Argonne National Lab.)

1:30 p.m. APS Upgrade Options M. Borland (Argonne National Lab.)

2-5:00 p.m. Breakout Sessions:

Macromolecular Crystallography

Polymers/Soft Materials

Condensed Matter and Materials

Engineering Applications / Applied Science

Chemical Science & Engineering

5:00 p.m. Summaries and Discussion Team Chair or Designee
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Tuesday, October 21, 2008

8:30 a.m. Materials Science & Technology P. Evans (Univ. of Wisconsin)

9:00 a.m. Life Sciences L. Makowski (Argonne National Lab.)

9:30 a.m. Fundamental Interactions in Chemical,
Atomic, and Molecular Physics L. Young (Argonne National Lab.) for

S. Rice (Univ. of Chicago)

10:00 a.m. Geological, Environmental,
and Planetary Science N. Sturchio (Univ. of Illinois at Urbana-Champaign)

11:00 a.m. Surfaces, Interfaces, and Thin Films P. Fenter (Argonne National Lab.)

11:30 a.m. Accelerator Opportunities R. Gerig (Argonne National Lab.)

12:00 p.m. Working Lunch:
Medium Term Upgrade Proposal Dennis Mills (Argonne National Lab.)

1-4:00 p.m. Breakout Sessions:

Materials Science & Technology

Life Sciences

Fundamental Interactions in Chemical, Atomic, & Molecular Physics

Geological, Environmental, & Planetary Science

Surfaces, Interfaces, and Thin Films

4:00 p.m. Summaries and Discussion Team Chair or Designee

5:00 p.m. Scientific Advisory Committee Perspective Scientific Advisory Committee

5:30 p.m. Wrap-Up APS Renewal Committee
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Beamline/Sector Title
1-ID A Dedicated High-Energy X-ray Beamline for Studying the Mechanical Behavior of Materials

1-ID Medium-Term (5-Year) Plan for the Development of High-Energy Diffraction Microscopy (HEDM)

1-BM & 11-BM High-Resolution Powder Diffraction at the APS

2-BM Mid-Term Plan for 2-BM Upgrade: Integration of Microtomography & Nanotomography Capabilities at 2-BM

2-ID 2-ID Mid-Term Upgrade Plan

3-ID µeV-resolution X-ray Spectroscopy

4-ID-C Optics & Instrumentation Upgrades for Electronic & Magnetic Materials Research at Beamline 4-ID-C

4-ID-D Optics & Instrumentation Upgrades for Hard X-ray Magnetic Spectroscopy Research at Beamline 4-ID-D

5 DND-CAT Medium-Term Upgrade Proposal

6-ID Optics & Instrumentation Upgrades for Resonant Scattering & Diffraction Research at Beamline 6-ID

7-ID Beamline 7-ID Mid-Term Upgrade Plan

8-ID Extraordinary New Time-Resolved Capabilities for XPCS & GISAXS

9-BM Catalyst Center at 9-BM

9-ID Enhancement of Scientific Facilities for Medium-Energy-Resolution Inelastic Scattering
& Liquid Surface Scattering at Beamline 9-ID

10-ID Study of Complex Materials & Nanostructures Using Hard X-ray Photoemission Spectroscopy

11-ID-B The Next-Generation Pair-Distribution-Function Beamline (NG-11IDB)

11-ID-D Upgrade of Laser-Initiated Time-Resolved X-ray Facility for Photochemical Research

12-ID Development of Dedicated SAXS Beamlines at 12-ID with Canted Undulators

13 Canted Undulator Upgrade for GeoSoilEnviroCARS Sector 13

14 Medium-Term Upgrades Enabling New Science at BioCARS

16-ID Directing & Controlling Matter under Extreme Pressures & Temperatures: An integrated approach
with at least one order of magnitude improvement in spatial, temporal, diffraction,
& energy resolution at HP-CAT 16-ID

18-ID Proposal to Upgrade the Bio-CAT Beamline 18-ID to a Dual-Inline Undulator A Configuration

20 Canted Undulator Upgrade at Sector 20 Providing a High-Throughput Dedicated Micro XAFS Station

26-ID Nanoscale Phenomena Near Phase Transitions via Temperature-dependent Nanodiffraction

26-ID Multilayer Laue Lens Microscope: Nanometer Imaging with Hard X-rays

30 Mid-Term Upgrade Proposal for 30-ID XOR/IXS Beamline

32-ID Mid-Term Plan for 32-ID Upgrade

33 Surface & Interfacial Science at the APS

34-ID Science Opportunities for 3-D X-ray Diffraction Microscopy - Sector 34

34-ID Medium-Term Upgrade Proposal for Dedicated Coherent X-ray Diffraction Facility at 34-ID

Frontier Science by Adding Pressure as a New Dimension at APS Beamlines: HPSynC Upgrade

A High-Energy Bending Magnet Beamline

High-Field Magnet Development for X-ray Scattering & Spectroscopy Studies

A Microfocused, Multiprobe, High-Energy X-ray Beamline for Measurements at Extreme Conditions

Microminiature XBPM & Flux Monitor for High-Flux Microfocused Hard X-ray Beams

A New Ultra-High-Sensitivity Intermediate-Energy X-ray Magnetic Circular Dichroism Facility

Strengthening X-ray Detector Development & Support Efforts at the APS

Structural Science Using Tunable High-Energy Synchrotron X-ray Source

Support Structure for Pixel Array Detectors

Test-Bed for Nanopositioning Technique Enhancement

Ultrafast-Detector Upgrades

Understanding the Experiments of the Future

X-ray BPM System Enhancement
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