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Thank you for reading our annual report of research
highlights from the Advanced Photon Source (APS).
Although these highlights represent less than 10% of the
published work from the APS in 2007, they give a flavor of the
diversity and impact of user research at our facility. In our
strategic planning we aim to foster the growth of existing user
communities and foresee new areas of research. This com-
ing year we are engaged in putting together, with our users,
a blueprint for the next five years at the APS, and making the
case for a set of prioritized investments in beamlines, the
accelerator, and infrastructure, each of which will be trans-
formational in terms of our scientific impact. As this is written
we are formulating plans for an important user workshop on
October 20-21, 2008, to prioritize our strategic plans. 

The fruit from past investments can be seen in this
report. Examples include the creation of a dedicated beam-
line for x-ray photon correlation spectroscopy at Sector 8
(e.g., page 10), the evolution of dedicated high-energy x-ray
scattering beamlines at sectors 1 and 11 (pages 30 and 124),
a dedicated imaging beamline at Sector 32 (page 140), and
new beamlines for inelastic scattering and powder diffraction
(page 145). A single-pulse facility has been built in collabora-
tion with Sector 14 (BioCARS) and Phil Anfinrud at the
National Institutes of Health, which will offer exceptionally
high flux for single-pulse diffraction. The nanoprobe at Sector
26, built and operated jointly by the Argonne Center for
Nanoscale Materials and the X-ray Operations and Research
(XOR) section of the APS X-ray Science Division, has come
on line to define the state of the art in nanoscience (page
142).

This year, the commitment to fund a new beam-
line for intermediate energy x-ray scattering means
that only three sectors remain uncommitted. There
are strong proposals for all of these sectors. 

In the arena of accelerator R&D, we continue to
pursue long-term upgrades to the APS, favoring an
energy-recovery linac (ERL), and we are engaged
in R&D on the key technical issues (page 160). We
are also thinking about radically new approaches for
future sources made possible by parallel develop-
ments, for example, an x-ray laser oscillator (page
163). We continue the development of picosecond
short-pulse slicing capability at the APS using crab
cavities (page 158).

The accelerator is operating at an unprece-
dentedly high level of reliability. But I know that this
magic comes from the hard work of our engineering
support staff. Because of a limited budget, we are
challenged to prudently invest our resources in the
preventive maintenance—especially of increasingly
obsolete systems—that we need in order to main-
tain a high level of reliability and keep the machine
performance at the state of the art. The image on
this page shows a component that recently failed,
having never failed before, and caused a very
unusual downtime of more than 24 hours. We are
updating our plans to avoid long down times in the

future. But properly executing our plans will require
increased resources.

Sir Winston Churchill said that “A pessimist sees the dif-
ficulty in every opportunity; an optimist sees the opportunity
in every difficulty.” This year, we have suffered budget set-
backs that challenge us. The APS is struggling to grow and
flourish in a very tough fiscal climate. Even more disappoint-
ing is that the early news was good: both houses of
Congress, and the Administration, supported increases for
the physical sciences and, in particular, for light-source oper-
ations. But we need to hang in there. Our review committees
have endorsed our current successes and the need for
resources to facilitate our future successes. In order to
ensure future success, we need the help of our users in
advocating to the public the importance of scientific research
in general, and the APS in particular. it is imperative that we
listen closely to our user needs, and work together to make
the case for new investment.

The chairman of our Scientific Advisory Committee,
Miles Klein, states, “The high productivity of the APS—a
result of the hard work of the staff and management—must
be maintained, even with budget problems.” No matter what
the budget situation, we must continue to focus on doing
things very well, even if that means doing fewer things: oper-
ating fewer beamlines for fewer hours, and serving fewer
users. We must be ready to do this, but of course it is not the
strategy that we are fighting for. We want to expand, not
shrink. Our hope is that through the advocacy of our user
community we will be able to see the budgets that we need
to function properly and serve the broadest community.

Advanced Photon Source Director Murray Gibson (left) and Ali Nassiri (Ac-
celerator Systems Division RF Group Leader) discuss a failed booster rf cavity
coupler. The failed component demonstrates our need to anticipate obso-
lescence, as such a failure had never before occurred in more than 10 years
of operations.

WELCOME



In 2007 we were reviewed
by The University of Chicago.
The committee recognized that
the APS is growing in scientific
impact, and is now at the world-
class level in several areas. In
particular, our protein crystallog-
raphy output exceeds that of any
facility in the world, and there are
many other high-impact areas,
including high-pressure research
and high-energy scattering. The
integration of former collabora-
tive access teams (CATs) into
XOR sectors has been viewed as
a success, although finding the
resources required to properly
staff these sectors and maintain
the engagement of previous col-
laborative access team members
remains a challenge.

We have learned some hard
lessons this year. A user’s near-
miss electrical incident has led
us to reinforce our user training
(page 171). In the short-pulse x-
ray project, we experienced set-
backs with our plans for room
temperature cavities as a short-
term solution. We are now focus-
ing on the ultimate solution:
superconducting radio-frequency
cavities.

At Argonne, we have many
positive developments that will favor APS research, such as
the new Argonne Leadership Computation Facility, which will
bring petaflop-scale computation to the Laboratory. On the
other hand, Department of Energy (DOE) funding shortfalls
led to the premature closure of the historic Intense Pulsed
Neutron Source, the first DOE-Basic Energy Sciences user
facility. We hope to maintain our expertise in neutron scatter-
ing at Argonne through collaboration with the Spallation
Neutron Source and a proposal for a new Argonne Scattering
Imaging and Spectroscopy Institute for tackling grand-chal-
lenge problems through innovative software.

The APS has been a key partner in construction of the
world’s first x-ray laser, the Linac Coherent Light Source
(LCLS) at the Stanford Linear Accelerator Center. We have
delivered the undulator system on time, and the LCLS antic-
ipates first light in 2008 (see page 165 for “A New Beam
Position Monitor System for the LCLS”). We are also involved
in other innovative accelerator projects such as the
International Linear Collider.

We at the APS are immensely proud of the societal
impact of our research. Following are comments from the
chairs of our advisory committees.

J. Murray Gibson (jmgibson@aps.anl.gov)

APS USER ORGANIZATION
The year 2007 was an active one for the Advanced

Photon Source User Organization (APSUO) Steering
Committee. It began on a high note with the organization of
Users’ Week, a jointly held ANL facilities meeting with partic-
ipants from the APS, the Center for Nanoscale Materials, the
Electron Microscopy Center, and the Intense Pulsed Neutron
Source. Each facility individually highlighted their most com-
pelling work, held independent science sessions, and collec-
tively participated in a joint science session followed by 11
cross-disciplinary workshops. In anticipation of the proposed
APS upgrade, several workshops emphasized science that
would benefit from the improved properties of a fourth-gener-
ation source such as an ERL. In recognition of their signifi-
cant contributions to synchrotron science, Andrzej
Joachimiak (Argonne) and Gerold “Gerd” Rosenbaum
(Argonne and the University of Georgia) received the biennial
Arthur H. Compton Award given by the APS and the APSUO
(see page 150).

The APSUO invests considerable effort—and places a
high priority on—advocacy for the facility. This was especially
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The 2007 APSUO Steering Committee. Left to right: Tim Graber (Chair, The University of Chicago),
Gene Ice (Oak Ridge National Laboratory), Linda Young (Argonne National Laboratory), David
Reis (University of Michigan), Anne Mulichak (The University of Chicago), Paul Evans (University of
Wisconsin-Madison), Nadia Leyarovska (Argonne National Laboratory), Paul Fuoss (Argonne
National Laboratory), J. Murray Gibson (Argonne National Laboratory), Nino Campobasso
(Glaxo SmithKline, Inc.), Simon Mochrie (Yale University), Barbara Golden (Purdue University). Not
pictured: Simon Billinge (Columbia University), Millie Firestone (Argonne National Laboratory),
Laurence Lurio (Northern Illinois University).

Continued on page 4
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The APS Scientific Advisory Committee as of January 3, 2008. Back row (standing) from left: Richard
Leapman (National Institutes of Health), Glenn Waychunas (Lawrence Berkeley National Laboratory),
Piero Pianetta (Stanford Synchrotron Radiation Laboratory), John Helliwell (University of Manchester),
Howard Einspahr (Bristol-Myers Squibb, retired), G. Slade Cargill (Lehigh University), Michael
Wasielewski (Northwestern University), Denis Keane (ex officio, Northwestern University), Jens Als-
Nielsen (Copenhagen University). Middle row (seated) from left: Soichi Wakatsuki (High Energy
Accelerator Research Organization [KEK]), Timothy Graber (ex officio, The University of Chicago), Dan
Neumann (Center for Neutron Research, National Institute of Standards and Technology [NIST],
replacing Patrick Gallagher, NIST), Wei Yang (National Institutes of Health). Front row (seated) from
left: J. Murray Gibson (Argonne National Laboratory), Miles Klein (Chair, University of Illinois at Urbana-
Champaign), Michelle Buchanan (Oak Ridge National Laboratory). Not pictured: Donald Weidner
(State University of New York, Stony Brook) 

“Welcome” continued from page 3
critical given the continuing budget resolution during the 2007
fiscal year and the omnibus budget bill passed by Congress
in December of 2007. The APSUO partnered with the
American Physical Society and National User Facilities
Organization to provide effective advocacy.

It was suggested during the joint APSUO/Partner User
Council (PUC) meeting in August that beamline-specific user
advisory committees (UACs) be formed for XOR sectors. An
ad hoc subcommittee of the APSUO and PUC was convened
to define the role of the UAC and draft a charter, which was
approved by both the APSUO and PUC at their October 2007
meetings. These committees will work closely with the APS
group leaders and beamline scientists at each sector by
offering advice on a range of issues from instrumentation to
a scientific vision for the sector. Committee membership will
be posted appropriately and approved on an ongoing basis
by the APSUO Steering Committee. As the APS moves
toward a future upgrade of the facility, these committees will
play a crucial role by communicating the particular needs of
various segments of the community to APS management.

Timothy J. Graber (The University of Chicago), Chair
(graber@cars.uchicago.edu)

SCIENTIFIC ADVISORY COMMITTEE
The Science Advisory Committee (SAC) meeting for

2007 took place on January 23-25. The SAC members
and representatives from the APS were joined by two
invited reviewers: Sine Larsen (European Synchrotron
Radiation Facility) and Doug Ohlendorf (University of
Minnesota). In addition to two days of updates, discus-
sions, and planning, the SAC reviewed and made recom-
mendations to the APS concerning reports of reviews of
the ten sectors and beamlines carried out during 2006,
eight ongoing partner user programs, two collaborative
development team (CDT) proposals, and other issues car-
ried over from the 2006 meeting. The SAC also partici-
pated in the Cross-cut Review of Research in Structural
Biology, chaired by John Helliwell, which was held in con-
junction with the SAC meeting. SAC members chaired
and participated in the following additional cross-cut and
sector reviews in 2007: SGX-CAT, Sector 31 (Howard
Einspahr, chair); Bio-CAT, Sector 18 (Richard Leapman,
chair); Biology, Polymers, and Soft Materials Cross-cut
(Michael Wasielewski, chair); Time-resolved Science
Cross-cut (Glenn Waychunas, chair); Materials Physics,
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Materials Science, and Engineering Materials Cross-cut
(Slade Cargill, chair); Condensed Matter and Theory
Cross-cut (Miles Klein, chair); Geoscience and Magnetism
Cross-cut (Miles Klein, chair).                     Miles V. Klein

(University of Illinois at Urbana-Champaign),
Chair (mvklein@uiuc.edu)

PARTNER USER COUNCIL
During 2007, the APS Partner User Council (PUC) con-

tinued to fulfill its role as both an advisory group to the
Director of the APS, Murray Gibson, and as an advocacy
group for its members. The PUC Executive Board meets
quarterly with APS management and in executive session,
and consists of the Directors of all CATs and CDTs and the
chairs of all XOR advisory boards. The PUC meets at least
annually, and is made up of the executive board and repre-
sentatives of all partner users, including the spokesperson of
each partner user proposal, the chair of each special interest
group, the InterCAT Technical Workgroup chair, and an “at-
large” representative from each sector. Two continuing topics
of interest to the PUC in 2007 were APS upgrade plans, both
mid-term and long-term—especially the proposed ERL, and

changes to proprietary charges for work at APS in the wake
of recommendations from the DOE Inspector General audit. 

Several issues were worked on in concert with the
APSUO (sometimes in joint sessions), including a broad-
ranging discussion of beam time set-asides on multi-tech-
nique beamlines and a proposal for the formation of new
XOR user advisory committees. A sub-group of the PUC
Executive Board, consisting of the CAT Directors of the struc-
tural biology sectors, met several times during the year to
produce a document responding to the recommendations
from the cross-cut review of structural biology at the APS
held in January 2007. Partner User Council representatives
met during the year with many of the review committees, in
particular at a round-table discussion with The University of
Chicago review committee in September and at a luncheon
with the DOE review committee in December. In all of these
efforts, and in the weekly and monthly interactions between
PUC members and APS management, clear lines of com-
munication remain open, and the PUC and the APS work
creatively together to improve the APS technically and sci-
entifically.   Denis T. Keane (Northwestern University), Chair

(dtkeane@northwestern.edu)

The APS Partner User Council as of January 18, 2008. Back row from left: Jörg M. Maser (Argonne National
Laboratory), John J. Chrzas (University of Georgia), Malcom Capel (Cornell University), Stephen R. Sutton (The
University of Chicago), Guoyin Shen (Carnegie Institution of Washington; High Pressure-CAT), Robert A. Gordon
(Simon Fraser University), Bruce A. Bunker (University of Notre Dame), Keith Brister (Northwestern University). Front row
from left: Lisa J. Keefe (The University of Chicago), Robert F. Fischetti (Argonne National Laboratory), Denis T. Keane
(Northwestern University), J. Murray Gibson (Argonne National Laboratory), Vukica Srajer (The University of Chicago).
Not pictured: Douglas S. Robinson (Iowa State University), P. James Viccaro (The University of Chicago), Thomas C
Irving (Illinois Institute of Technology), Andrzej Joachimiak (Argonne National Laboratory), John P. Hill (Brookhaven
National Laboratory), Stephen R. Wasserman (SGX Pharmaceuticals, Inc.), Chris J. Benmore (Argonne National
Laboratory), Paul Fenter (Argonne National Laboratory), J. Kent Blasie (University of Pennsylvania).
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THE ADVANCED PHOTON SOURCE FACILITY AT ARGONNE NATIONAL LABORATORY
The APS occupies an 80-acre site on the Argonne campus, about 25 miles from downtown Chicago, Illinois. 

For directions to Argonne, see www.anl.gov/Visiting/anlil.html.

ACCESS TO BEAM TIME AT THE APS
Beam time at the APS can be obtained either as a general user (a researcher not associated with a particular beamline) or as a
partner user (e.g., a member of a collaborative access team [CAT], a partner user proposer, or a member of a collaborative devel-
opment team [CDT]). If you are a CAT or CDT member, contact your CAT or CDT for instructions on applying for CAT/CDT beam
time. At minimum, 25% of the time at all operating beamlines is available to general users, but many offer considerably more gen-
eral user time—up to 80% on X-ray Operations and Research beamlines, for example.

How general users can apply for beam time at the APS:
1) First-time users should read the information for new users found on our Web site at http://www.aps.anl.gov/user/ new_users.html
before applying for beam time. Also, certain administrative requirements must be completed. In particular, a user agreement
between the APS and each research-sponsoring institution must be in place.

2) To choose the appropriate technique(s) and beamline(s), see the beamlines directory in the “Data” section of this volume or at 
http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.beamline_dir.

3) Submit a proposal via the Web-based system. Proposals are evaluated before each user run. For more information see the pro-
posal system overview at:
http://www.aps.anl.gov/Users/Scientific_Access/General_User/General_User_Proposal/Instructions/Proposer/.

CONTACT US
For more information about the Advanced Photon Source or to order additional copies of this, or previous, issues of APS

Science, send an e-mail to apsinfo@aps.anl.gov, or write to APS info, Bldg. 401, Rm. A4115, Argonne National Laboratory, 9700
S. Cass Ave., Argonne, IL 60439.

Center for
Nanoscale Materials

Central Lab/Office Bldg.
APS Conference Center

Argonne Central Campus

Argonne Guest House

Linac

Experiment Hall

Lab/Office Module

Storage Ring

Booster/
Injector



7

TABLE OF CONTENTS
WELCOME 2
RESEARCH HIGHLIGHTS 10

ELECTRONIC & MAGNETIC MATERIALS 10
ENGINEERING MATERIALS & APPLICATIONS 22
SOFT MATERIALS & LIQUIDS 36
CHEMICAL SCIENCE 46
LIFE SCIENCE 56
STRUCTURAL BIOLOGY 70
ENVIRONMENTAL & GEOLOGICAL SCIENCE 106
NANOSCIENCE 114
STRUCTURAL STUDIES 126
NOVEL X-RAY TECHNIQUES & INSTRUMENTATION 132

THE NANOPROBE AT SECTOR 26 142
MAIL- IN MX FOR GENERAL USERS AT SGX-CAT 144
MAIL- IN POWDER DIFFRACTION FOR GENERAL USERS AT XOR 11-BM 145
HIGH-PRESSURE SYNERGY AT THE APS 146
A YEAR OF NEW OPPORTUNIT IES FOR APS USERS 148
USERS WEEK 2007 DRAWS RECORD CROWD 150
SESS 2007: TRAIN ING THE NEXT GENERATION

OF SYNCHROTRON ENVIRONMENTAL SCIENTISTS 152
FAST CHARACTERIZATION OF IDS 153
XSD BEAMLINE TECHNICAL SUPPORT 154
APS LIGHT SOURCE OPERATIONS, CY 2007 155
TESTING THE APS STORAGE RING RF CAVITY DUAL-COUPLER 157
THE APS SHORT-PULSE X-RAY PROJECT 158
STATUS OF ENERGY-RECOVERY LINAC R&D 160
AN X-RAY FEL OSCILLATOR 163
A NEW BEAM POSIT ION MONITOR SYSTEM FOR THE LCLS 165
IN PURSUIT OF BUNCH PURITY 166
IMPEDANCE AND COLLECTIVE EFFECTS 167
HEAT TRANSFER OPTIMIZAT ION FOR HIGH-HEAT-LOAD/FLUX COMPONENTS 169
DELIVERING POWER 170
LESSONS LEARNED FROM “NEAR-MISS” EVENTS 171
MACHINE AND SOURCE PARAMETERS 172
APS BEAMLINE DIRECTORY 174
ACTIVE PARTNER USER PROPOSALS APPROVED FOR BEAM TIME 178
APS ORGANIZATION CHART, STAFFING, AND FUNDING 179
ACKNOWLEDGMENTS 180
APS PUBLICATIONS - CALENDAR YEAR 2007 181
APS Science is also available on line in PDF format at http://www.aps.anl.gov/Science/Reports/

For news from, and information about, light sources worldwide, visit www.lightsources.org



APS sectors:
Sectors 1-4: XOR 1-4
X-ray Operations and Research (XOR) 

Sector 5: DND-CAT 
DuPont-Northwestern-Dow Collaborative Access Team (CAT)

Sector 6: MU/XOR 
Midwest Universities/XOR

Sector 7: XOR 7

Sector 8: XOR 8 

Sector 9: XOR/CMC 
XOR/Complex Materials Consortium 

Sector 10: MR-CAT 
Materials Research CAT

Sectors 11 and 12: XOR/BESSRC 
XOR/Basic Energy Sciences Synchrotron Radiation Center 

Sectors 13 through 15: CARS 
Center for Advanced Radiation Sources:
GeoSoilEnviroCARS—sector 13
BioCARS—sector 14
ChemMatCARS—sector 15 

Sector 16: HP-CAT 
High Pressure CAT 

Sector 17: IMCA-CAT
Industrial Macromolecular Crystallography Association CAT

Sector 18: Bio-CAT
Biophysics CAT 

Sector 19: SBC-CAT
Structural Biology Center CAT 

Sector 20: XOR/PNC
XOR/Pacific Northwest Consortium 

Sector 21: LS-CAT
Life Sciences CAT 

Sector 22: SER-CAT
Southeast Regional CAT

Sector 23: GM/CA-CAT
General Medicine and Cancer Institutes CAT

Sector 24: NE-CAT
Northeastern CAT

Sector 26: CNM/XOR
Center for Nanoscale Materials/XOR

Sector 30: XOR/IXS
XOR/Inelastic X-ray Scattering

Sector 31: SGX-CAT 
SGX SGX Pharmaceuticals, Inc.

Sector 32: XOR 32

Sectors 33 and 34: XOR/UNI
XOR/University-National Laboratory-Industry

The Advanced Photon Source (APS), a national
synchrotron radiation research facility at the U.S.
Department of Energy’s (DOE’s) Argonne National
Laboratory in Illinois, provides this nation’s most bril-
liant x-ray beams for science. Research by APS users
extends from the center of the Earth to outer space,
from new information on combustion engines and
microcircuits to new drugs and nanotechnologies
whose scale is measured in billionths of a meter. The
APS, which is funded by the DOE Office of Science,
Office of Basic Energy Sciences, enhances America’s
competitiveness in such areas as superconductors,
semiconductors, pharmaceuticals, polymers, and cat-
alysts, and promises to have far-reaching impact on
our technology, economy, health, and fundamental
knowledge of the materials that make up our world. 

At the APS, a “sector” comprises the radiation
sources (potentially one of the two bending magnets,
and one insertion device, although the number of
insertion devices in the straight sections of the storage
ring can vary), and the beamlines, enclosures, and
instrumentation that are associated with a particular
storage ring sector. The APS has 35 sectors, 34 of
which are dedicated to user science and experimental
apparatus. The 35th has limited space for instrumen-
tation and is used primarily for accelerator-related
studies.

X-ray Operations and Research sectors com-
prise those beamlines operated by the APS. Some
XOR  sectors have historic CAT  origins,  e.g.  XOR/
PNC.

Collaborative access team (CAT) sectors com-
prise beamlines operated by independent groups
made up of scientists from universities, industry,
and/or research laboratories.

To access the APS as general users (GUs),
researchers submit proposals that can be active for up
to two years. These proposals are reviewed and rated
by one of nine proposal review panels comprising sci-
entific peers, generally not affiliated with the APS.
Beam time is then allocated by either of two APS
Beam Time Allocation Committees.

Those users who propose to carry out research
programs beyond the scope of the GU program may
apply to become partner users on any beamline
operated by the APS. Prospective Partner User
Proposals are peer reviewed by a subset of the APS
Scientific Advisory Committee. Final decisions on the
appointment of partner users are made by APS man-
agement. 
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Beamlines, sector designations, disciplines, techniques,
radiation source, and general-user status for particular
beamlines are displayed with the science highlights that fol-
low. This information can be viewed in whole at :
http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.beamline_dir

NOTE: In this PDF version, information in these
boxes will link you to the beamline page in the
Beamline Directory.
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SURPRISING LOW-TEMPERATURE DOMAIN WALL
FLUCTUATIONS IN ANTIFERROMAGNETS
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33-ID-D,E • XOR/UNI • Materials science, physics,
chemistry • Anomalous and resonant scattering (hard
x-ray), diffuse x-ray scattering, x-ray reflectivity, surface
diffraction, x-ray standing waves, general Diffraction •
3.3-cm Undulator  A • Accepting general users

8-ID-E • XOR • Materials science, polymer science,
physics • Intensity fluctuation spectroscopy, x-ray
reflectivity, x-ray photon correlation spectroscopy, graz-
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the antiferromagnetic domains over distances as small as 1
µm. These results cannot be attributed to drift of the x-ray
beam, motion of crystalline defects, or other similar experi-
mental artifacts not related to magnetic domain dynamics
because the reference speckle sensitive to these motions is
stable over at least ~20,000 s, while the speckles related to
domain wall structure are completely uncorrelated after 100
s to 3,000 s.

In addition, the group observed that domain fluctuations
continued, even at temperatures as low as 4K. This result is
quite surprising because domain walls are relatively large
structures that require a significant amount of thermal energy
to move. To account for this unexpected result, the group
used measured relaxation times to construct a simple model
of electrons hopping across the domain walls, which sug-
gests that at very low temperatures the walls are moving
because of quantum tunneling instead of thermal activation.

Antiferromagnetic materials are currently used in read
heads for magnetic storage devices, and they show promise
for use in spintronic devices, which could make use of both
the spin and charge of the electron to process information.
However, any future technologies that rely on the precise
location of antiferromagnetic domains would be affected by
the instability of the antiferromagnetism. The current findings
light the way toward engineering stability in these materials;
for example, the introduction of defects or impurities in the
antiferromagnetic materials would tend to fix the domain
locations. 

The researchers are now turning their attention to the
study of other magnetic materials, including those that can
contain both ferromagnetic and antiferromagnetic domains.
They also believe that the XPCS technique could be used to
study quantum phase transitions in antiferromagnets and to
gain insight into ways in which antiferromagnetic nanoparti-
cles might be engineered into a valuable new class of mate-
rial, one in which magnetization can be switched quickly and
with negligible energy loss, ideal for use in high-frequency
electronic devices.   — Luis Nasser

See: O.G. Shpyrko1*, E.D. Isaacs1,3, J.M. Logan3, Yejun
Feng3, G. Aeppli4, R. Jaramillo3, H.C. Kim3, T.F. Rosenbaum3,
P. Zschack2, M. Sprung2, S. Narayanan2, and A.R. Sandy2,
“Direct measurement of antiferromagnetic domain fluctua-
tions,” Nature 447, 68 (3 May 2007). DOI:
0.1038/nature05776
Author affiliations: 1Center for Nanoscale Materials,
Argonne National Laboratory; 2Advanced Photon Source,
Argonne National Laboratory; 3James Franck Institute and
Department of Physics, The University of Chicago; 4London
Centre for Nanotechnology and Department of Physics and
Astronomy, University College London
Correspondence: *oshpyrko@anl.gov

Use of the Center for Nanoscale Materials and Advanced Photon
Source was supported by the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences. Work at the University of
Chicago was supported by the National Science Foundation, while
that in London was funded by a Royal Society Wolfson Research
Merit Award and the Basic Technologies program of RCUK. 

D omain formation is inherent in most types
of magnetic materials because of their
crystal symmetry. In each domain, all of
the electron spins are coupled together in

a preferential direction, and thermal fluctuations can
cause random movement of the boundary walls
between domains. In the case of a ferromagnetic
material such as iron, this “thermal noise” can be
measured by detecting small jumps in the magnetiza-
tion by using only a tiny coil of wire placed near a
sample of the material. But measuring similar fluctua-
tions in antiferromagnetic materials such as
chromium (Cr) had not been possible because the
magnetic moments of neighboring atoms point in
opposite directions, preventing bulk magnetization
and making it impossible to detect fluctuations in the
domain walls of an antiferromagnet via the use of
conventional magnetization probes. Researchers
using a beam of coherent x-rays from XOR beamlines
33-ID-D,E and 8-ID-E discovered a way to eavesdrop
on the antiferromagnetic domain walls in chromium.
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Researchers from Argonne, The University of Chicago,
and University College London, employed x-ray photon cor-
relation spectroscopy (XPCS) to exploit the fact that when a
disordered material is illuminated by coherent incident radia-
tion, an interference pattern called a “speckle” pattern is
observed. This speckle pattern is uniquely determined by the
instantaneous spatial distribution of the disorder in the mate-
rial; if the spatial distribution changes in time, the correspon-
ding speckle pattern will also change, so it is possible to
extract information about the dynamics of a disordered sys-
tem by analyzing the time correlation of one speckle.

It is known that the antiferromagnetism in Cr arises from
its conduction electrons, rather than the localized electrons
themselves. The electrons surrounding each Cr atom have a
magnetization opposite to those of the nearest Cr neighbors.
This results in a sinusoidal magnetic structure called a spin
density wave (SDW) of wavelength λ = 6 to 8 nm. Although
the x-rays could not probe the SDWs directly, each SDW is
accompanied by a commensurate electron charge density
wave (CDW). The team scattered a coherent beam of x-rays
from a Cr sample, and the resulting speckle pattern (Fig. 1)
was captured by using a charge-coupled device camera over
a period of several hours. The precise appearance of the
speckle pattern is related to the arrangement of CDWs in a
tiny portion of the sample. By watching how the speckle
changed over time, the group was able to observe changes in

< Fig. 1. By observing changes in the coherent x-ray speckle
pattern, researchers can investigate nanoscale dynamics of
antiferromagnetic domain walls and observe a crossover from
classical to quantum behavior. 
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The single-crystal x-ray diffraction measurements were
carried out at room temperature by using 30-keV x-rays at
the XOR/BESSRC 11-ID-D beamline at the APS. It was
found that as-grown nonsuperconducting (ag-NSC) crystals
had only Bragg peaks arising from the ideal crystalline struc-
ture, while both reduced superconducting (r-SC) and re-
reduced superconducting (r2-SC) crystals both showed
peaks at the exact predicted locations for the impurity layer
(Fig. 1). The reversibility of the impurity phase was tested by
means of x-ray powder diffraction measurements on the
XOR 32-ID-B,C beamline at APS. Both r-SC and oxygenated
nonsuperconducting (o-NSC) were used, and the reflection
peak coming from the impurity phase present in the SC sam-
ple was found to be conspicuously absent from the NSC
powder. This study provides conclusive evidence of two
important points: First, that the impurity phase grows epitax-
ially, parallel to the cuprate plane of the T′ structure,
reversibly created by oxygen reduction to the SC state and
destroyed by oxidation to the NSC state. Second, that the
creation of this impurity phase is intimately linked to the
appearance of superconductivity in PLCCO. 

A way to understand this result is by noting that the
observed R2O3 impurity phase has a C-type sesquixoidal
structure of the kind normally seen when a slightly Cu-defi-
cient T′ material phase separates into a Cu-perfect T′ major-
ity phase and a Cu-free minority phase. This is relevant
because, as a result of Cu evaporation during the high-tem-
perature synthesis process, a small amount of Cu deficiency
was found to be present in the as-grown PLCCO crystals. In
this sense, removing oxygen also removes copper deficien-
cies and creates oxygen vacancies in the materials. The
annealing process then serves the dual role of repairing dis-
order in the copper oxide plane and providing itinerant carri-
ers for superconductivity. By putting to rest this long-standing
materials question, these results suggest that the fundamen-
tal mechanism for superconductivity in hole- and electron-
doped copper oxides is the same.  — Luis Nasser

See: Hye Jung Kang1,2,3*, Pengcheng Dai1,4**, Branton J.
Campbell5, Peter J. Chupas6, Stephan Rosenkranz6, Peter
L. Lee7, Qingzhen Huang2, Shiliang Li1, SeikiI Komiya8, and
Yoichi Ando8, “Microscopic annealing process and its impact
on superconductivity in T′-structure electron-doped copper
oxides,” Nat. Mater. 6, 224 (March 2007). 
DOI: 10.1038/nmat1847

H igh-temperature superconductors are
typically antiferromagnetic cuprate insu-
lators made up of stacks of conducting
CuO2 planes separated by block layers

of charge reservoir. The superconductivity arises
when electrons or holes—electron vacancies that
behave like positively charged electrons—are doped
into the CuO2 planes. Holes doped into a sample of
the cuprate material effectively destroy the antiferro-
magnetic order in the planes and cause the material
to transition into a metallic superconducting state. On
the other hand, it is known that in materials such as
T′-structured R2CuO4 (R is Nd, Pr, La, Ce, and so on),
electron doping is not enough, and superconductivity
is only observed after the sample is annealed in a
low-oxygen environment to remove some oxygen
from the CuO2 planes. The exact role played by this
annealing process in achieving superconductivity has
been a long-standing unsolved question. Now, a
group of researchers using two APS beamlines has
elucidated the microscopic details of the role played
by the annealing process.

OXYGEN REDUCTION
AND SUPERCONDUCTIVITY
IN T´-STRUCTURE CUPRATES

Researchers from the University of Tennessee, the
National Institute of Standards and Technology, the
University of Maryland, Oak Ridge National Laboratory,
Brigham Young University, Argonne, and the Central
Research Institute of Electric Power Industry employed x-ray
and neutron scattering data in tandem with chemical and
thermogravimetric analysis (TGA) in single crystals and pow-
ders of Pr0.88LaCe0.12CuO4 (PLCCO). The group noted that
the appearance of superconductivity after annealing was
accompanied by the creation of an epitaxially grown impurity
phase of R2O3, which is not observed in the as-grown mate-
rials. This impurity phase has a cubic structure whose lattice
parameter matches the in-plane lattice parameter of the T´
phase but is about 10% less than the out-of-plane lattice
parameter of the T´ phase; it is therefore easy to predict the
location of Bragg reflections from the impurity phase, and to
distinguish them clearly from Bragg peaks due to thermal dif-
fuse scattering in the pure as-grown samples. 

Electronic & Magnetic Materials
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Fig. 1. The crystal structures of an as-grown sample (left), which is non-superconducting, and a super-
conducting sample after oxygen reduction (right). The as-grown sample has Cu deficiency in the
CuO2 plane, whereas the oxygen-reduced superconducting sample has Cu perfect structure in the
CuO2 plane.

As-grown non-SC                 Oxygen-reduced SC

11-ID-D • XOR/BESSRC • Chemistry, geoscience,
materials science • X-ray absorption fine structure
(XAFS), general diffraction, time-resolved XAFS • 3.3-
cm Undulator A • Accepting general users

32-ID-B,C • XOR • Materials science, life science •
Phase-contrast imaging, ultra-small-angle x-ray scat-
tering, radiography • 3.3-cm Undulator A • Accepting
general users

These results suggest that the fundamental mechanisms
for superconductivity in hole- and electron-doped
copper oxidesis are the same
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7Advanced Photon Source, Argonne National Laboratory;
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M any physical phenomena in transition metal oxides, including colossal magnetoresis-
tance and high-temperature superconductivity, are related to charge order (CO), which
involves the patterning of charge carriers across a crystal. Using resistivity and differ-
ential scanning calorimetry (DSC) measurements, 57Fe Mössbauer spectroscopy, gen-

eralized gradient approximation (GGA+U) electronic structure calculations, and x-ray diffraction
experiments, a team of researchers used two MU/XOR beamlines at the APS as part of their inves-
tigation of the temperature dependence of charge order in Fe2OBO3, revealing an unanticipated
intermediate phase between room temperature and 340K. Since similar incommensurate phases
may occur in other frustrated systems with binary order, the results of the research not only provide
the first example of incommensurate phases with ionic (and therefore binary) CO, but have implica-
tions for the broader study of geometrical frustration.

Fig. 1. Incommensurate superstructure reflections from synchrotron x-ray scattering. (a)
Scattered intensity at (3/2,3,ℓ) as a function of temperature, measured with a photon
energy of 7.05 keV. The phase boundaries of the intermediate temperature phase are
indicated by dashed lines. (b) Temperature dependence of intensity at (3/2,0,ℓ), meas-
ured with 98-keV photons and a temperature resolution of 1K, showing a continuous
change of the propagation vector as a function of temperature.
©2008 by The American Physical Society. All rights reserved. 

INCOMMENSURATE PHASES DUE TO
GEOMETRICAL FRUSTRATION

Dynamic
short-range
order

Commensurate
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phase) of one sublattice does not change the energy. This
twofold degeneracy is lifted by a monoclinic distortion (rib-
bon tilting); however, the GGA+U calculations showed that
the energy gain associated with this distortion is insufficient
to prevent the facile formation of domains.

Because of the near degeneracy of configurations with
different phase relationships, resulting from a hierarchy of
geometrical frustration, the energy cost of creating antiphase
boundaries between various CO domains is small. In the
intermediate phase, the coherent arrangement of these
antiphase boundaries leads to the observed incommensura-
tion. The strong and continuous temperature dependence of
the propagation vector then implies that the boundaries
move easily in the intermediate phase, and thermal excita-
tions should cause them to fluctuate. Fluctuating boundaries
reduce the monoclinic distortion and imply that the Fe ions
near the boundaries change their valences by electron hop-
ping. The coexistence of mobile and immobile electrons that
are coherently ordered in Fe2OBO3 further stabilizes the
intermediate phase and enhances the delocalizing influence
of the geometrical frustration.   — Vic Comello

See: M. Angst1*, R.P. Hermann2,3, W. Schweika2, J.-W. Kim4,
P. Khalifah5,6, H.J. Xiang7, M.-H. Whangbo7, D.-H. Kim1, B.C.
Sales1, and D. Mandrus1, “Incommensurate Charge Order
Phase in Fe2OBO3 Due to Geometrical Frustration,” Phys.
Rev. Lett. 99, 256402 (2007). 
DOI: 10.1103/PhysRevLett.99.256402
Author affiliations: 1Oak Ridge National Laboratory,
2Forschungszentrum Jülich GmbH, 3Université de Liège,
4Ames Laboratory, 5University of Massachusetts, 6State
University of New York at Stony Brook, 7North Carolina State
University
Correspondence: *angst@ornl.gov
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The discovered intermediate phase was characterized by
coexisting mobile and immobile carriers and by incommensu-
rate superstructure modulations that propagate in a tempera-
ture-dependent fashion. The researchers from Oak Ridge
National Laboratory, Forschungszentrum Jülich GmbH,
Université de Liège, Ames Laboratory, the University of
Massachusetts, the State University of New York at Stony
Brook, and North Carolina State University showed how the
incommensuration arises from geometrical charge frustration
via the proliferation of low-energy antiphase boundaries. That
the superstructure is incommensurate in the intermediate
phase was established by x-ray diffraction studies carried out
at the MU/XOR 6-ID-B,C, and 6-ID-D beamlines at the APS.

Geometrical charge frustration refers to the inability of
Coulomb interactions to be simultaneously satisfied due to
the geometry of the underlying crystal lattice. Between 250K
and 400K, resistivity and DSC data showed two separate,
well-defined phase transitions on cooling (and warming) at
340K and 280 (308)K, the former corresponding to the mon-
oclinic-orthorhombic structural transition. The transitions
delineate low-, intermediate-, and high-temperature (T)
phases. 

Mössbauer spectra indicated that divalent and trivalent
Fe ions were distributed over two structural sites. While there
was no discernible hopping of electrons between Fe ions at
low T, electron hopping was observed at high T with a T-
dependent frequency that remained quite low even above
400K. In the intermediate-T phase between the two transi-
tions (e.g., at 325K), contributions with and without electron
hopping coexist.

Superstructure reflections observed using x-ray diffrac-
tion suggested differently ordered domains in the low-T
phase. These microdomains corresponded to an imperfect
overall CO. In the intermediate phase, superstructure reflec-
tions correspond to an incommensurate modulation (Fig.
1a). Above 340K, a long-range ordered superstructure no
longer exists, but very weak and broad reflections indicate
persistent short-range correlated fluctuations. The correla-
tions are dynamic but relatively slow. To test the incommen-
surability of the modulations in the intermediate-temperature
phase, data were collected in 1K intervals with high-energy
x-rays (Fig. 1b). No indications of any ‘‘lock in’’ to commen-
surate values were visible, showing that the modulations are
truly incommensurate with a continuous change of the prop-
agation as a function of temperature.

To understand the microdomain formation at low T and
the incommensurate CO at intermediate T, the researchers
considered the relative energies of various CO configura-
tions using GGA+U electronic structure calculations.
Electrostatic energy is minimized by having as few same-
valence nearest neighbors as possible. This requirement
establishes “ordered chains” as the basic CO unit and
requires strictly alternating valences within each chain.
Geometrically, the two-dimensional lattice of chains consists
of two sublattices offset from each other by 1.6 Å. The elec-
trostatic interactions between any two chains not belonging
to the same sublattice are geometrically frustrated.
Therefore, flipping all valences in all chains (changing their
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Anomalous and resonant scattering (hard x-ray), liquid
scattering, magnetic x-ray scattering, powder diffrac-
tion, general diffraction, grazing incidence diffraction,
surface diffraction (UHV) • 3.3-cm Undulator A •
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A clear understanding of the dynamics of nanoscale magnetic structures is of crucial
importance for the development of new, high-speed magneto-electronic devices.
Magnetic random access memory (MRAM), for example, could enable "instant-on"
computers that would not require booting with every power cycle. However, there

are many unresolved questions concerning the effect that the shape of a nanostructure has on
the magnetization reversal process. Understanding this reversal mechanism is essential; this is
the process by which information bits are written on the magnetic materials used in computer
data storage. In particular, details about the mechanism and the time scale over which magne-
tization reverses in micron-size circuit lithographs are two of the biggest questions awaiting an
answer. Researchers working at XOR beamline 4-ID-C at the APS, have produced new insights
into the properties that affect the magnetization reversal process.
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The experimental and theoretical results
clearly show that subtle variations in shape
can be used to tailor the properties of
magnetic nanostructures

THE EFFECT OF SAMPLE GEOMETRY ON
MAGNETIZATION REVERSAL DYNAMICS
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In these small, patterned structures, long-range mag-
netostatic interactions introduce strong effects that depend
on the shape of the sample. These effects, in turn, lead to the
formation of magnetic vortices and local regions of magnetic
instability that have significant impact upon the sample’s
switching and dynamics. Rectangular dots have been amply
studied in this connection because their shape anisotropy
has the effect of producing a stable ground state. The sharp
edges of the dots, on the other hand, produce strong demag-
netizing fields that are problematic in a magnetic storage
device. To overcome this difficulty, tapered edges have been
suggested to “soften” this effect, and magnetic force
microscopy (MFM) studies on the influence of end tapering
on the static magnetization domains have been amply
reported in the literature. However, the intermediate domain
patterns during reversal have not been studied, which means
the dynamical effect of shape-dependent variations of the
magnetic stability has not been established. To this end, time-
resolved magnetic domain imaging of the intermediate states
formed during reversal is key to obtaining a clear picture of
how the competition between demagnetizing, anisotropy, and
exchange energies affects the magnetization reversal
process.

Researchers from Argonne, Katholieke Universiteit
Leuven, and Universitat Autònoma de Barcelona, working at
the XOR beamline 4-ID-C at the APS, used time-resolved
photoemission electron microscopy (PEEM) to image mag-
netic reversal in a series of tapered, permalloy (Ni80Fe20),
needle-like dots with different end shapes. The permalloy
shapes were lithographically patterned on a Au coplanar
waveguide driven by high-speed bipolar current pulses syn-
chronized to the APS storage ring with an adjustable delay
time ∆t. The images were obtained by taking the difference
between left and right circularly polarized light at the Ni L3
resonance (852.7 eV); the intensity in the difference images
is proportional to the projection of the magnetization vector
along the direction of light propagation. These images were

taken with a spatial resolution of 300 nm, approximately
every 100 ps. The team established that the shape of the
permalloy dot has a strong impact on the magnetic fields
needed and the time required for switching; it controls the
location of the initial reversal, the subsequent motion of the
domain wall, and therefore the total time needed to complete
the reversal. 

They also found that reversal in needles with rectangu-
lar ends occurred due to nucleation and subsequent growth
of multiple magnetized domains throughout the structure, as
shown in the Figure. On the other hand, in needles with
tapered ends, the reversal began from a single domain at the
center of the structure and later moved toward the ends. In
addition, the group proposed a theoretical model that can be
used to predict the location of the onset of the magnetization
reversal in structures with different end geometries. The
experimental and theoretical results clearly show that subtle
variations in shape can be used to tailor the properties of
magnetic nanostructures.   — Luis Nasser

See: X.F. Han1, M. Grimsditch2, J. Meersschaut2,3, A.
Hoffmann2, Y. Ji2,4, J. Sort5, J. Nogués5, R. Divan4, J.E.
Pearson2, and D.J. Keavney1*, “Magnetic Instability
Regions in Patterned Structures: Influence of Element Shape
on Magnetization Reversal Dynamics,” Phys. Rev. Lett. 98,
147202 (2007). DOI: 10.1103/PhysRevLett.98.147202
Author affiliations: 1Advanced Photon Source, Argonne
National Laboratory; 2Materials Science Division, Argonne
National Laboratory; 3Instituut voor Kern- en Stralingsfysica
and INPAC, Katholieke Universiteit Leuven; 4Center for
Nanoscale Materials, Argonne National Laboratory;
5Institució Catalana de Recerca i Estudis Avançats (ICREA)
and Departament de Física, Universitat Autònoma de
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< Fig. 1. Scanning electron microscopy (SEM) and selected
time-resolved PEEM images of five permalloy needles with
varying taper angles. A 2.5-mT field is applied by the wave-
guide in the horizontal direction and reverses sign in between
t = 0 and 400 ps. The PEEM images are sensitive to the horizon-
tal component of the local magnetization, such that dark
areas indicate magnetization to the left, and light areas are to
the right. In the needle with rectangular ends (bottom struc-
ture), reversal of magnetization occurs at multiple points within
the structure. With highly tapered ends (top structure), the
reversal only initiates in the structure’s interior. A crossover
between these two behaviors is observed as the taper angle
increases.
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T he number of studies that focus on antiferromagnetic domain imaging has been grow-
ing in recent years, in large part due to the increased importance of hybrid magnetic
structures for advanced electronics. Notable examples include magnetic bilayers, in
which an antiferromagnetic thin film causes a shift in the soft magnetization curve of

a ferromagnetic film. This is known as the exchange-bias effect, and it is of great importance in
magnetic recording. However, as more hybrid applications of this type are developed, detailed
knowledge of the effects on transport of antiferromagnetic domain structure, both at the micro
and macro scales, becomes increasingly important. Recently an international group of
researchers have performed a combined electrical transport and x-ray imaging study of single
chromium (Cr) crystals to address this issue. By comparing the thermal hysteresis observed in
the longitudinal and Hall resistivities with that observed with real-space domain imagery, the
researchers were able to isolate the transport signatures of the antiferromagnetic domain walls
themselves. In particular, they were able to deduce the electrical resistance of a single antifer-
romagnetic domain wall. This work is an important contribution to the nascent science of anti-
ferromagnetic domain walls and suggests new directions of inquiry into their potential applica-
tions in electronic devices.

TRANSPORT ACROSS DOMAIN WALLS
IN ANTI-FERROMAGNETIC MATERIALS

Electronic & Magnetic Materials
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ID-D, where direct images of the domain structure at various
points around the thermal hysteresis loop could be obtained
(Fig. 1). Combining macroscopic and mesoscopic experi-
mental probes in this way made it possible to pinpoint the
effect of the antiferromagnetic domain walls on electron
transport, as well as to begin to understand their thermody-
namics. By contrasting transport results taken on samples
with different domain orientations, the group was able to
deduce that a single antiferromagnetic domain wall has an
interface resistance of about 5 × 10-5 µΩ cm2. This large
value indeed corresponds to the R/l ~1 limit and confirms the
notion of transport across domain walls in Cr as the scatter-
ing of electrons between volumes with mismatched gaps on
their Fermi surfaces. In addition to making an important con-
tribution to the nascent science of antiferromagnetic domain
walls, this work points toward new directions of inquiry into
their potential applications in electronic devices. What
remains is to obtain a first-principles theoretical calculation
for electron scattering from antiferromagnetic domain walls,
exploring their full potential to modulate charge and spin
transport.  — Luis Nasser

See: R. Jaramillo1, T.F. Rosenbaum1*, E.D. Isaacs2, O.G.
Shpyrko2, P.G. Evans3, G. Aeppli4, and Z. Cai5, “Microscopic
and Macroscopic Signatures of Antiferromagnetic Domain
Walls,” Phys. Rev. Lett. 98, 117206 (16 March 2007).
DOI: 10.1103/PhysRevLett.98.117206
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Magnetic domains are volumes where the magnetic
fields of a large number of atoms are grouped together and
aligned, giving rise in a ferromagnet to a net local magneti-
zation. These domains are separated by domain walls,
whose thickness depends on the type of magnetic material
used; across these walls, the orientation of the magnetiza-
tion changes from one domain to its neighbor. In a ferro-
magnet, each domain is characterized by a single magneti-
zation vector. The formation, motion, and electron scattering
properties of these domain structures are exploited in the
design of devices ranging from transformers to magnetic
memory storage. On the other hand, antiferromagnetic
materials are described by a pair of vectors that specify the
orientation of the local magnetic moments as well as how
those moments are modulated in space within a given
domain. While this richness of structure is tantalizing, the
lack of a net magnetic moment has complicated the study of
antiferromagnetic domains, which in turn has held back the
development of possible applications. 

The electronic properties of the domain walls are gov-
erned by how readily electrons can scatter between the dif-
ferent Fermi surfaces of neighboring domains. The ease with
which electrons perform this trick depends strongly on the
ratio of the domain wall width R to the electron mean-free
path l. For conventional ferromagnetic materials this ratio is
large. The transport across domain walls is therefore diffu-
sive, and the resistivity of an individual wall is very small. By
contrast, for antiferromagnetic Cr the ratio R/l is of order
unity. In this case quantum scattering effects are expected to
dominate the transport of spin and charge across the domain
wall, and the resistance of a single wall should be large. In
order to isolate the transport signatures of this interesting
domain structure the researchers in this study—from The
University of Chicago, Argonne, the University of Wisconsin-
Madison, and University College London—prepared crystals
that were small enough to allow only a finite number of
domains, yet large enough to be fully in the bulk regime.
These crystals exhibited a pronounced thermal hysteresis in
their electrical transport properties that was attributed to evo-
lution of the antiferromagnetic domains with temperature. 

The actual behavior of the domains themselves was
then elucidated via the x-ray microprobe at XOR beamline 2-

< Fig. 1. Anisotropic resistivity ρxx – ρyy measured on the imaged
sample around a thermal hysteresis loop, showing clear evi-
dence for magnetic domain reconfiguration and hysteresis
with thermal cycling. The inset color map shows the popula-
tion of one domain type as measured at the x-ray microprobe
beamline 2-ID-D. The sample micrograph and x-ray image are
to scale (but do not represent the same sample), allowing
comparison of the current path lengths to the typical domain
dimensions.
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The researchers from the University of Illinois at
Urbana-Champaign and Argonne grew 120-nm to 250-nm
layers of GaAs doped with indium to form the alloy
(GaAs)1-x(InAs)x on a GaAs substrate. Indium doping gives
the buried layer a lattice strain. Magnetron sputtering was
used to apply a 100-nm-thin film of aluminum on the alloy
layer. Three samples were prepared at thicknesses of 126
nm, 161 nm, and 246 nm. The thickest sample lies at the
threshold of thickness that would induce partial relaxation of
strain, thus eliminating the possible contribution of phonon
scattering to heat exchange.

In the first experiment, TDTR was used to measure
thermal decay of the Al film at a time resolution of picosec-
onds. A radio-frequency lock-in amplifier (phase-sensitive
detector) was used to measure small changes in the reflec-
tivity produced by changes in temperature of the Al film;
these data allow the researchers to determine the thermal
conductivity (Λ) of the buried layers and thermal conduc-
tance (G) of the interface between layers. In the second
suite of experiments, time-resolved x-ray diffraction
(TRXRD) was used to measure thermal expansion of the lat-
tice in the buried layer. This expansion is an indication of
temperature change (Fig. 1). 
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Fig. 1. Thermal expansion of the indium-doped buried
layer (1.4% InAs in GaAs) provides a time-resolved ther-
mometer.

T hermal properties of microelectronic and
optoelectronic materials are crucial in the
operation of current technologies, such as
solid-state lighting and high-power radio-

frequency devices, and gallium arsenide (GaAs) is
considered a model system for studying the physics
of heat transport in crystals. Phonons are the primary
contributor to thermal conductivity of a solid material.
A major challenge to understanding thermal transport
of nanoscale materials has been the difficulty of prob-
ing beneath the surface layer to determine the contri-
bution of phonons to heat transport in the buried lay-
ers. Measurements at the picosecond scale using
time-domain thermoreflectance (TDTR) can accu-
rately detect thermal changes at the surface of nano-
materials, but not in deeper structures. To fill in this
information gap, researchers using the XOR 7-ID-
B,C,D beamline at APS explored the contribution of
ballistic phonons to heat conduction in the buried lay-
ers of an alloy of GaAs coated with a thin aluminum
film. By comparing temperatures of the Al layer with
and without a ballistic channel, they determined that
ballistic phonons account for 20% of heat flow to the
buried layer. This new technique represents a major
breakthrough in the quest to understand thermal
transport in nanoscale materials.

This new technique represents
a major breakthrough in the quest
to understand thermal transport in
nanoscale materials

PHONONS GO BALLISTIC: EXPLAINING
THERMAL TRANSPORT ON THE NANOSCALE
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Scientists at the APS are collaborating with colleagues from the
Art Institute of Chicago and Northwestern University to investigate the
casting technology and inner structure of ancient bronzes from early
Chinese dynasties (1700-221 BCE). Argonne researchers Dean
Haeffner and Jon Almer (both with the Argonne X-ray Science
Division) are working with Professor David Dunand and post-doctoral
researcher Marcus Young from Northwestern University, and
Francesca Casadio and Suzanne Schnepp from the Art Institute of
Chicago, to understand the creation and corrosion of ancient
Chinese bronzes.

X-ray beams from the APS are being used for diffraction studies,
as well as for phase-enhanced imaging for higher contrast than tra-
ditional x-ray absorption methods, at XOR beamline 1-ID-C. One of
the things this technique permits is imaging the texture of the grains in
the material. If the bronze was cast in ingots, there should be very lit-
tle texture in the grains; metals usually get texture from mechanical
processing, such as rolling. So the group gets clues as to how the
object was made, what sort of technology was used, and what tools
were available. Being able to sample a number of small spots all over
the vessel at one time provides comprehensive results, which helps
lead to a more thorough understanding of how the bronze was
worked and shaped.

The researchers found that the vessel's outer corrosion layer,
which is visible optically, is very thin and consists of cuprite and cassi-
terite. The bulk of the vessel remains uncorroded and is composed of
a lead phase and a copper-tin intermetallic phase, which was

The high-energy x-ray diffraction measurements of a
Chinese wine vessel (Shang Dynasty 14-13 century
BCE) are explained to members of the Northwest-
ern/Art Institute/Argonne collaboration.

observed as large, untextured grains, indicating that
the vessel was produced by casting, rather than by
cold- or hot-working. Results from an earlier study on an
ancient Chinese bronze fragment can be found in
Applied Physics A 83, 163 (2006). DOI: 10.1007/s00339-
006-3504-5. Use of the APS was supported by the U.S.
Department of Energy, Office of Science, Office of
Basic Energy Sciences, under Contract No. DE-AC02-
06CH11357.

When the distance that phonons travel between scatter-
ing events—the mean free path—is greater than the thick-
ness of the alloy layer, the phonons are considered ballistic.
In large-scale materials, it is possible to apply the diffusion
equation to determine the thermal transport because the
mean free path is small relative to the scale of the material.
At the nanoscale and at very short time scales, however, the
diffusion equation does not yield accurate information about
heat transport because of the very short length and time
scales being probed. 

As the researchers tried to fit the data from TDTR using
a single-channel thermal model with data obtained with
TRXRD, they found discrepancies in the thermal conduc-
tance of the interface and the thermal conductivity of the
buried layers. The single-channel model assumes that the
thermal transport through the buried layer is diffusive. By
applying a new, two-channel model they were able to deter-
mine that there are actually two channels for heat propaga-
tion: diffusive and ballistic.  — Elise LeQuire
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D.A. Walko3, and E.C. Landahl3, “Ballistic-phonon heat con-

duction at the nanoscale as revealed by time-resolved x-ray
diffraction and time-domain thermoreflectance,” Phys. Rev. B
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S olids such as ice, carbon, silicon, and silicon dioxide are not always shin-
ing examples of regular, crystalline substances. Under particular condi-
tions of temperature and pressure they can form highly irregular, amor-
phous forms. However, there are several more complex materials, as

opposed to these elemental or simple molecular materials, that can also form
amorphous solids. One of these is a novel class of materials known as bulk metal-
lic glasses (BMGs), which could be the basis for new engineering applications not
possible with conventional metals, alloys, or ceramics. Now, an international team
of researchers working on HP-CAT beamline 16-ID-B at the APS is revealing the
shifting structures of BMGs, which could help materials scientists create designer
structures with specific physical, electrical, and magnetic properties for products
including recording heads, sensors and transducers, motors, sports equipment,
and power transformer cores. Above: Amorphous state; a three-dimensional
atomic configuration for a BMG. Background: in situ x-ray diffraction patterns of
[La0.5Ce0.5]64Al16Ni5Cu15 BMG under pressure at room temperature.
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Researchers are discovering that BMGs have properties
unlike any of their component metallic elements. Bulk metal-
lic glasses are, for instance, usually much stronger than met-
als, are tougher than ceramics, and can be stretched to great
lengths without snapping. Some amorphous solids also have
hidden talents and can, if squeezed, undergo a transition in
which their internal amorphous structure rearranges into an
entirely different amorphous form. Such a transition can
cause a change in the physical, electrical, magnetic, and
optical properties of the material.

The existence of such amorphous polymorphs has led
scientists to imagine that novel BMGs may also exist that
can be switched between two amorphous states. Such a
property might lead to switchable engineered materials.

The researchers in this study, from Zhejiang University,
the Chinese Academy of Sciences, and the Carnegie
Institution of Washington, have carried out high-pressure x-
ray diffraction experiments—as well as low-temperature
resistivity and magnetization experiments—on one such
BMG, a complex solid containing the heavy metals lan-
thanum and cerium, having the chemical formula
La32Ce32Al16Ni5Cu15. Materials scientists have known for
decades that the metal cerium, the first element in the lan-
thanide series in the Periodic Table, has some unique prop-
erties. For instance, it has a single 4f electron, which makes
it behave as a paramagnet, an antiferromagnet, or a super-
conductor depending on its temperature and pressure. The
team suspected that locking cerium's uniqueness into a
BMG might reveal yet other strange properties. The results
did not disappoint.

The team applied pressure to the material using a dia-
mond anvil cell held in the x-ray diffraction instrument so that
they could take direct in situ measurements. Their results
revealed that this particular BMG, as anticipated, can
undergo a sudden change in its compressibility at 14 GPa—
approximately 140,000 times atmospheric pressure. The
sudden change in compressibility may indicate the occur-
rence of an “amorphous-to-amorphous” phase transition in
these types of materials (Fig. 1). Amorphous solids, of which
metallic glasses constitute one example, have long con-
founded scientists who seek to characterize them. Unlike
crystalline solids, which possess a regular long-range atomic
order, amorphous materials consist of atoms arranged ran-
domly, making their behavior much harder to predict.

The material also undergoes an incredible leap in its
resistivity at 12K. The diffraction patterns also suggest that
there is an unusual change in the electronic structure of the
cerium atoms that occurs at 14 GPa. Changes in how the
electrons interact as the material switches from one amor-
phous form to the other are thought to underlie both this and
the leap in resistivity. 

In general, the superior fracture strength and toughness,
the excellent corrosion and wear resistance, and improved
plasticity of bulk metallic glasses may lead to more applica-
tions in the future.  — David Bradley
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Fig. 1. A distinct break in bulk modulus occurs at 14 GPa,
suggesting that the material undergoes an amorphous-
to-amorphous transition at this pressure.
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Fig. 1. Crystal and magnetic structure at
the interface between a superconducting
and ferromagnetic oxide.
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exact-diagonalization calculations on a MnCuO10 atomic clus-
ter, showing that a charge of about –0.2 electron is transferred
across the interface from Mn to Cu ions with the formation of a
strong covalent chemical bond. 

This modification of the CuO2 layer by orbital reconstruc-
tion with covalent bonding explains some of the unusual mag-
netic properties observed at these oxide heterostructure inter-
faces in previous experimental work. Even more important,
the ability to closely examine the detailed behavior of elec-
trons at complex oxide interfaces will eventually make it pos-
sible to design correlated nanomaterials that will allow highly
controlled interactions to more exacting specifications and
precise functions than previously possible. The potential for
ever more sophisticated and versatile electronic devices is
practically limitless. — Mark Wolverton
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The researchers, from the University of Arkansas,
Argonne, the Max Planck Institute, and Northern Illinois
University probed the interface between two particular complex
oxides: (Y,Ca)Ba2Cu3O7 (YBCO), which is a high-temperature
superconductor, and La0.67Ca0.33MnO3 (LCMO), a ferromag-
netic manganese oxide. Through soft x-ray absorption spec-
troscopy (XAS) and x-ray linear dichroism (XLD) techniques at
the 4-ID-C beamline, the team studied the orbital occupation
and electronic structures at the YBCO-LCMO interface (Fig. 1). 

Resonant XAS and XLD methods allow precise tuning of
the synchrotron x-ray beam to study particular atoms, so that
the interference of bulk electrons is kept to a minimum. Here,
the beam was tuned to investigate specific electronic properties
of copper and manganese atoms at the interfaces in the total
electron yield (TEY) mode. Fluorescence-yield (FY) bulk-sensi-
tive data were also obtained. Studies of x-ray absorption and
with x-ray polarization parallel and perpendicular to the inter-
face provided information about the symmetry (shape) of
orbitals of the atoms.

When the bulk-sensitive data are compared with the inter-
face-sensitive data, the interfacial absorption peak is found to
be shifted to a lower energy level by ~0.4 eV, indicating a
change in valence of copper atoms in the interface and a trans-
fer of charge across the interface, forming a charged double
layer. This is accompanied by a reduction in the YBCO hole
density at the interface, which along with the absorption peak
shift indicates a change in structure of the CuO2 layer next to
the interface. This shows an orbital reconstruction where some
of the YBCO holes now occupy the 3d3

z
2
-r

2 orbitals in the inter-
face, an orbital which in the bulk material is normally fully occu-
pied and inactive. Examination at different temperatures shows
that peak position and polarization remain unaffected. 

The team considered several possible mechanisms to
account for this orbital reconstruction. One involved a change
in the energy level of the 3d3

z
2
-r orbital due to the arrangement

of atoms, but this was considered unlikely. Instead, the
researchers suggested that a more plausible scenario would
involve hybridization between Mn and Cu orbitals that would
create a covalent bond capable of bridging the YBCO-LCMO
interface. They confirmed this model by performing numerical

4-ID-C • XOR • Physics, materials science • X-ray pho-
toemission electron microscopy, x-ray photoemission
spectroscopy, magnetic circular dichroism (soft x-ray), x-
ray magnetic linear dichroism, magnetic x-ray scattering,
anomalous and resonant scattering (soft x-ray) • Circularly
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I n the semiconducting devices that serve as the heart of our modern microelectronic gadgets, most of the
action takes place at the interfaces, the region where one type of semiconductor bumps up against another.
At this junction, the differences in the electronic properties of each separate material can be used to control
and alter the flow of electrons in one direction or another. Because the composition of semiconductors (i.e.,

their precise materials and structure) directly affects their electronic behavior, the close study of different sorts of
semiconductor interfaces provides key information on how to improve and tailor them for various uses. One prom-
ising recent development is the creation of abrupt atomic-scale interfaces between some complex oxide structures,
which feature a wide variety of exotic electronic and magnetic qualities not attainable in semiconductors and con-
ventional metals. Now, researchers using the XOR 4-ID-C beamline at the APS have uncovered a reconstruction of
electronic orbitals confined at an interface between ferromagnetic and superconducting oxides. This insight has
important implications for the behavior at interfaces between materials with strongly correlated electrons, and the
work was selected as one of the breakthroughs of the year for 2007 by Science magazine.
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revealed the chemical bonding of the SAM structure, while
electron density measurements obtained with x-ray reflectiv-
ity revealed the molecular packing density and thickness of
the SAM. These two latter x-ray studies were carried out at
Northwestern University. Density functional theory modeling
was applied to the data gathered from these various modali-
ties. Because Br is a fluorescent x-ray tag, it readily lends
itself to analysis by a range of complementary x-ray tech-
niques. This array of techniques allowed the experimenters
to characterize the SAMs with submolecular resolution.

The studies revealed a densely packed 4-bromostyrene
SAM on the Si(111) substrate with a thickness of 8.5 Å. The
4-bromostyrene molecules are tilted at 17° around the [111]
axis in the direction of the Si T4 site, with the Br atoms
directly above these sites, and a packing density of about 0.5
ML. Most significantly, the team’s detailed characterization of
the 4-bromostyrene SAMs demonstrates that the Br atoms
retain their functionality at the adlayer, so that further substi-
tutional chemistry can be performed with them. This proven
effectiveness of 4-bromostyrene SAMs, as well as the close
definition of the SAM’s molecular structure demonstrated in
this work, holds great importance for the further development
of useful and versatile organosilicon devices. 

— Mark Wolverton
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Bedzyk, and Mark C. Hersam*, “Structural Characterization
of 4-Bromostyrene Self-Assembled Monolayers on Si(111),”
Langmuir 23, 1905 (2007). DOI: 10.1021/la062759f
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O rganosilicon technology—combining car-
bon and silicon atoms in unique ways to
create devices for use in applications as
varied as biosensors, implantable batter-

ies, and molecular electronics—has been the subject
of intense research, accelerated by the ever-increas-
ing capability to design and create materials on the
molecular scale. Much of this research has focused
on the characterization of self-assembled monolayers
(SAMs) on silicon and how to tailor their terminal
reactive groups (moieties). Because of the reactive
nature of these terminal moieties, they can compli-
cate matters by attaching themselves to the SAM’s
silicon substrate, interfering with the SAM’s intended
functionality. While the moiety can be protected and
subsequently deprotected during SAM formation to
avoid this, hindrances created by the spatial arrange-
ment of atoms in the SAM can limit this process. How,
then, to create a handy Si SAM with useful functional
terminal moieties without such complications? Aided
by the DND-CAT 5-ID-B,C,D beamline at the APS,
researchers from Northwestern University have dis-
covered a way around this dilemma by finding a
molecular SAM structure with a terminal moiety that
does not need chemical protection during the forma-
tion process. 

5-ID-B,C,D • DND-CAT • Materials science, polymer
science • Powder diffraction, x-ray reflectivity, small-
angle x-ray scattering, surface diffraction, wide-angle x-
ray scattering, x-ray standing waves, x-ray optics devel-
opment/techniques • 3.3-cm Undulator A • Accepting
general users

Employing 4-bromostyrene molecules provides a “han-
dle” for the useful attachment of other molecules onto the
SAM monolayer without the troublesome attachment of the
terminal moiety to the substrate. But facilitating the practical
development and design of such SAMs requires the ability to
fully understand and control their molecular structure. 

The Northwestern team first hydrogen-passivated
Si(111) substrates, upon which 4-bromostyrene SAMs were
grown photochemically. The researchers then set out to
extensively characterize the structure of a terminally func-
tionalized 4-bromostyrene SAM through a variety of comple-
mentary techniques, including atomic force microscopy along
with several x-ray methods. At the DND-CAT 5-ID-B,C,D
undulator station, the experimenters performed x-ray stand-
ing wave (XSW) measurements to examine the distribution of
bromine (Br) atoms relative to the underlying Si lattice, and
x-ray fluorescence studies to examine the coverage of the Br
layers upon the SAM. X-ray photoelectron spectroscopy

BUILDING A BETTER SAM
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Fig. 1. Calculated structure (foreground) and x-ray stand-
ing wave image (background) for a 4-bromostyrene
monolayer on the Si(111) surface.
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A new insulating material with the lowest thermal con-
ductivity ever measured for a fully dense solid has
been created and evaluated by researchers from the
University of Oregon, the University of Illinois at

Urbana-Champaign, the Rensselaer Polytechnic Institute, and
Argonne, and studied with x-ray diffraction measurements taken at
the XOR/UNI 33-BM-C beamline at the APS. While far from hav-
ing immediate application, the principles involved, once under-
stood, could lead to improved insulation for a wide variety of uses,
including improved insulation materials for conserving energy, and
in converting between different forms of energy, such as in ther-
moelectric energy conversion.

A MORE-PERFECT THERMAL INSULATOR
FROM DENSE, SOLID TUNGSTEN DISELENIDE

Fig. 1. X-ray diffraction data for a 32.5-nm-thick tungsten-dis-
elenide film using 18.5-keV photons. After deposition, the film
was annealed for 1 h at 650° C in a nitrogen gas atmos-
phere. The false-color depiction of the x-ray diffraction inten-
sities was collected by the area detector in the vicinity of the
(1 0 3) and (1 0 5) reflections. The horizontal direction is in the
plane of the sample, and the vertical direction is normal to
the sample surface.
© 2007 American Association for the Advancement of
Science. All Rights Reserved.
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Thermally insulating materials such as amorphous
solids and glasses with disordered structures are usually the
poorest conductors of heat, with a specific value for their
minimum lattice thermal conductivity. However, the
researchers in this study have found a way to evade this min-
imum and produce a new thermal insulating material with a
cross-plane thermal conductivity six times smaller than the
minimum lattice thermal conductivity, sometimes called its
theoretically computed minimum amount. 

The University of Oregon scientists synthesized thin
films of crystalline tungsten diselenide (WSe2) structures
from several different thicknesses of alternating layers of
tungsten (W) and selenium (Se). They attained ultralow ther-
mal conductivity by using a new synthetic method called
modulated elemental reactant (MER), which the collaborators
have been developing. The MER preparatory method gener-
ally involves chemical deposition of several layers of ele-
ments, followed by annealing at relatively high temperatures.
Within their experiment, the special method controls the ther-
mal pathways—specifically, the ordering and disordering—of
the WSe2 thin films. This was found to be the best way to pro-
duce the desired ultralow thermal conductivity. The
researchers contend that the extremely low thermal conduc-
tivity of this nanocrystalline material is due to localization of
lattice vibrations brought about by the random stacking of
two-dimensional sheets of crystalline tungsten diselenide.
The researchers believe that the final material prepared in
the University of Oregon laboratory is the closest thing to a
dense solid made into a perfect thermal insulator. While this
material would not be practical for insulating a refrigerator,
the wall of a house, or parts inside a turbine engine, the new
physical properties displayed might some day point the way
toward methods of creating more effective practical insula-
tions.

The researchers deposited sequential layers of tungsten
and selenium onto unheated silicon (100) [Si (100)] wafers
within an ultrahigh vacuum chamber. Various thicknesses of
the resulting thin films were then annealed for 1 h at high
temperatures—at various points between 200° and 650° C
(392° and 1,202° F)—in a nitrogen (N2) gas atmosphere in
order to form the desired tungsten diselenide (Fig. 1). The
WSe2 is a sheet-like hexagonal structure with normally
strong covalent bonds within the structure’s a-b planes but
with characteristically weak bonds in the cross-plane (c-axis
surface between the layers, perpendicular to the a-b planes).
The properties of the material were measured in a University
of Illinois laboratory. Then, synchrotron x-ray diffraction data
were collected from the microstructure of the WSe2 thin films
at the XOR/UNI 33-BM-C beamline at the APS, employing
photons with an energy of 18.5 keV. Computational simula-
tions and molecular modeling of the layered crystals were
carried out by researchers at Rensselaer Polytechnic
Institute.

Under standard laboratory conditions, the resulting tex-
tured nanocrystalline material—from a thin film with thick-
ness of 62 nm measured at 300K—had a cross-plane ther-

33-BM-C • XOR/UNI • Materials science, physics,
chemistry • Anomalous and resonant scattering (hard x-
ray), diffuse x-ray scattering, powder diffraction, x-ray
reflectivity, general diffraction, grazing incidence diffrac-
tion • Bending magnet • Accepting general users

mal conductivity of 0.048 (Wm-1K-1)—the lowest thermal con-
ductivity found within the experiment. This result for the
WSe2 thin film was about 30 times smaller than that for a sin-
gle crystal of WSe2.

The researchers found that the conductivity of the 62-
nm-thick film was smaller than the conductivity of both the
thinner 24-nm film and the thicker 343-nm film. Why this dif-
ference occurs is not yet fully understood by the group. They
speculate that the physical processes behind the difference
involve certain variations in the degree of crystallographic
ordering along the thickness of the thin films, which provides
for a large degree of localization of the lattice vibrations.

Unexpectedly, the researchers found that when creating
a fully disordered structure—by irradiating the films with ion
beams to disrupt the order in the two-dimensional planes—
the action actually increased thermal conductivity.

Further research and computational studies by the sci-
entists are ongoing in order to better understand the disorder
in the stacking of the WSe2 sheets. Experimentation with
other disordered layered crystals is also planned. Once the
physical principles behind the discovery are better under-
stood, the technique used by the researchers could lead to
improved insulation materials for conserving energy and for
converting between different forms of energy, such as in ther-
moelectric energy conversion.  —  William Arthur Atkins &

Jim Barlow

See: Catalin Chiritescu1, David G. Cahill1*, Ngoc Nguyen2,
David Johnson2, Arun Bodapati3, Pawel Keblinski3, and Paul
Zschack4, “Ultralow Thermal Conductivity in Disordered,
Layered WSe2 Crystals,” Science 315, 351 (January 19,
2007). DOI: 10.1126/science.1136494
Author affiliations: 1Department of Materials Science and
Engineering, Frederick Seitz Materials Research Laboratory,
University of Illinois at Urbana-Champaign; 2Department of
Chemistry, University of Oregon; 3Department of Materials
Science and Engineering, Rensselaer Polytechnic Institute;
5Advanced Photon Source, Argonne National Laboratory
Correspondence: *d-cahill@uiuc.edu
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BULK PHASE STRAINS DURING
ULTRA-HIGH CARBON STEEL DEFORMATION

Fig. 1. Finite-element model showing the von
Mises stress distribution (a) before Lüders band
propagation at 700 MPa and (b) at a maxi-
mum load of 1100 MPa. The lower left quarter
of a sphere represents the spheroidized Fe3C
reinforcement embedded in a cube of α-Fe
matrix. Darker colors indicate higher stress. in
(a), the load is born equally between both
phases. In (b), the load  is transferred from the
matrix to the reinforcement.

U ltrahigh-carbon steel (UHCS) is a family of super-strong and yet ductile steels with very high
carbon content. After the application of heat treatment, UHCS forms an in situ composite
consisting of a matrix of soft, ductile ferrite (iron, α-Fe) containing strong particles of brittle
cementite (iron carbide, Fe3C) reinforcement. The composite possesses a wide range of

desirable physical properties, such as being extremely strong, very hard, and highly resistant to wear,
while at the same time being quite flexible, ductile, and superplastic (at elevated temperatures).
Researchers using XOR beamline 1-ID-C at the APS carried out the first high-energy synchrotron x-ray
diffraction (SXRD) study of the progression of lattice strain during uniaxial tensile loading of UHCS and
measured the bulk phase strains (instead of near-surface strains) during deformation of UHCS, thus
determining how load is partitioned between the ferrite and cementite phases and pointing toward future
UHCS optimized for strength and ductility.
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The bulk strains were measured at beamline 1-ID-C as
a function of applied stress, crystallographic orientation, and
rolling direction, then compared to finite-element model com-
putations (Fig. 1). The reinforcement cementite phase pre-
cipitated within the ferrite matrix consisted of micron-sized,
spheroidized particles, 34% by volume, which is almost twice
the volume fraction of previous neutron studies. Lattice elas-
tic strains, which were volume-averaged for various crystallo-
graphic planes of the ferrite and cementite, were measured
for a range of uniaxial tensile stresses up to the point of steel
fracture.

The researchers from Northwestern University, Queen’s
University, and Argonne studied a UHCS with a carbon con-
tent of 1.8% by weight. Before sample loading, synchrotron x-
ray diffraction measurements were carried out to characterize
the preloading composite texture. The group observed that,
unlike results seen in prior ex situ composite experiments,
residual stresses (which occur after cooling from the pro-
cessing temperatures) are not present in the UHCS because
strain differences resulting from thermal expansion (which
produce compressive strains) and allotropic transformation
(which produce tensile stresses) nearly cancel each other
out.

In situ uniaxial tensile testing was performed with the
load maintained at a constant level at regular intervals, while
phase strains were measured by SXRD. The steel was elas-
tic up to a stress of 720 MPa, followed by plastic deformation
with strain hardening up to a failure stress failure at 1060
MPa and a strain of 6.1%.

The researchers found that in the steel elastic range of
deformation, the lattice strains are almost the same for both
phases; therefore, load transfer did not occur to any appre-
ciable degree between the ferrite matrix and cementite rein-
forcement because both phases had nearly the same elastic
constants [Fig.1(a) and Fig. 2]. This result is in contrast to
prior studies on other metal matrix composites, which typi-
cally exhibit load transfer in their elastic range.

In the steel plastic deformation range, the researchers
found strong load transfer from the matrix to the reinforce-
ment, with the increase in load-carrying capacity of the steel
being almost exclusively accounted for by the cementite
phase [Fig. 1(b) and Fig. 2]. In addition, matrix load transfer
is observed more in the normal direction than in the trans-
verse direction. This observation may be attributed to a defor-
mation difference between the core and the surface of the
steel sample resulting from rolling, which was observed in the
preloading texture.

The predictions made by finite-element modeling for
phase lattice strains of both matrix and reinforcement phases
agree with the experimental SXRD data over the range of

steel elastic and plastic deformations (Fig. 2). This agree-
ment may allow for the rational design of future UHCS opti-
mized for strength and ductility.  — William Arthur Atkins

See: M.L. Young1,2, J.D. Almer2, M.R. Daymond3, D.R.
Haeffner2, and D.C. Dunand1*, “Load partitioning between
ferrite and cementite during elasto-plastic deformation of an
ultrahigh-carbon steel,” Acta Mater. 55, 1999 (2007).
DOI: 10.1016/j.actamat.2006.11.004
Author affiliations: 1Department of Materials Science and
Engineering, Northwestern University; 2Advanced Photon
Source, Argonne National Laboratory; 3Department of
Mechanical and Materials Engineering, Queen’s University
Correspondence: *dunand@northwestern.edu
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No. DE-AC02-06CH11357.

Fig. 2. Applied stress vs. lattice strain (e22 perpendicular
and e11 parallel to the applied stress) for the α-Fe (220)
and Fe3C (220) reflections for sample oriented with rolling
normal direction (ND) parallel to beam. The values of the
slopes for the α-Fe (220) and Fe3C (220) reflections are
based on best fit of the experimental data. Average
finite-element modeling is shown as solid lines.
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The researchers, from Johns Hopkins University, the
Carnegie Institution of Washington, Harbin Institute of
Technology, the Chinese Academy of Sciences, and
Argonne, used the single-roller melt spinning technique to
prepare a sample of Ce55Al45 metallic glass. The melt spin-
ning technique is used to rapidly cool liquids via the use of a
rotating wheel, which causes rapid solidification. The sample
is about 30 µm in thickness and approximately 5 mm in width.

Three of four sets of in situ high-pressure XRD experi-
ments were done at beamline 16-ID-B; the fourth took place
at beamline 1-ID-C.

The XRD patterns of the Ce55Al45 metallic glass show
different intensity peaks with varying pressure (Fig. 1). The
patterns obtained in situ during compression describe grad-
ual movement from 2.0 GPa to 13.5 GPa, with the first sharp
diffraction peak shifting to higher momentum transfer at a rel-
atively fast rate. The patterns at 30 GPa are distinctly differ-

ent from those at lower pressures, which shows that a differ-
ent amorphous phase has resulted without any crystalliza-
tion taking place.

However, during decompression an abrupt change in
pressure is observed at around 2 GPa. The gradual shift to
lower momentum transfer is slow over a wide pressure
range, and only speeds up in the first stage of decompres-
sion. Thus, by comparing the XRD patterns during compres-
sion and decompression, the researchers found that decom-
pression did not duplicate compression over this observed
range of pressures.

The researchers also compared the specific volume ver-
sus pressure of the Ce55Al45. With increasing pressure—
greater than 2 GPa—a rapid decrease of volume occurred,
with a distinct deviation from equation of state predictions. At
13.5 GPa and above, however, the volume coincides with
that expected for the same glass, assuming the f-electrons
are delocalized. Electronic bond shortening, rather than
coordinate or directional changes (resulting from externally
applied pressure), is the most likely cause of the large vol-
ume decreases.

The results suggest that the researchers observed a
polyamorphic transition of the Ce55Al45 from a low-density to
a high-density state. On decompression, the volume closely
followed the prediction for the high-density phase, suggest-
ing that the f-electrons remained largely delocalized, until the
pressure approached 2 GPa, which caused a rapid return to
the low-density phase. The return to original density after
decompression suggests the absence of crystallization.

The researchers also analyzed Ce55Al45 metallic glass
to show that the two amorphous phases—with their large
density differences—are structurally different and corre-
spond to the low-density/high-density states modeled upon
the f-electrons. The large density difference found by the
researchers is attributed to different atomic and electronic
structures found in the two polyamorphs (in particular, to the
bond shortening revealed by ab initio modeling of the effects
of f-electron delocalization).

They compared the compressed low-density state (at
2.6 GPa) with the decompressed high-density state (at 2.9
GPa, just before the abrupt density drop). The researchers
found that XRD first-peak positions, along with other fea-
tures, are distinctly different. The experimental structure fac-
tors agree well with those calculated for the low-density and
high-density glasses that have different atomic and elec-
tronic structures.

M etallic glasses—metallic materials con-
taining non-directional metallic bonds,
unlike most metals that are crystalline
with a highly ordered atomic struc-

ture—are a new group of substances with a highly
disordered atomic structure. Atoms in metallic
glasses are randomly but tightly packed.
Polyamorphic phase transitions have been reported
only in non-metallic glasses, involving directional
changes in bonding. Until recently, it was unknown
whether pressure-induced polyamorphic phase tran-
sitions could occur in metallic glasses. Researchers
using HP-CAT beamline 16-ID-B and XOR beamline
1-ID-C at the APS obtained the first in situ x-ray dif-
fraction (XRD) patterns as a function of hydrostatic
pressure with respect to abrupt transitions between
two distinct polyamorphs in the metallic glass
Ce55Al45. This work provides information that is
important for future research into the state of matter
in metallic materials. Further studies could lead to
metallic glasses with enhanced properties, fostering
new commercial development and applications.
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POLYAMORPHISM IN CE55AL45
METALLIC GLASSES
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This work provides a unique analysis of the amorphous
state of metals, which helps to foster a better understanding
of the structure, evolution, and general properties of metallic
glasses and related liquids. This information is especially
important for research into the prevention of corrosion and
cracking of materials, as well as for materials related to elec-
tronic applications. Further research could lead to metallic
glasses with enhanced properties and, thus, new commercial
development and applications.  — William Arthur Atkins

See: H.W. Sheng1*, H.Z. Liu2,3, Y.Q. Cheng1, J. Wen4, P.L.
Lee5, W.K. Luo1, S.D. Shastri5, and E. Ma1**,
“Polyamorphism in a metallic glass,” Nat. Mater. 6, 192
(March 2007). DOI: 10.1038/nmat1839
Author affiliations: 1Department of Materials Science and
Engineering, Johns Hopkins University; 2HP-CAT and
Geophysical Laboratory, Carnegie Institution of Washington;
3Center for the Condensed Matter Science and Technology,

Harbin Institute of Technology; 4Institute of Metal Research,
Chinese Academy of Sciences; 5XOR, Advanced Photon
Source, Argonne National Laboratory
Correspondence: *hwsheng@jhu.edu; **ema@jhu.edu
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03ER46056. The HP-CAT facilities are supported by DOE-BES,
DOE-NNSA (CDAC), NSF, DOD-TACOM and the W.M. Keck
Foundation. Use of the APS was supported by the U.S. Department
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Fig. 1. X-ray diffraction patterns of the Ce55Al45 metallic glass in a diamond anvil cell. The
display of the XRD patterns—as seen in (a) and (b)—is obtained in situ during the compres-
sion and decompression experiments, respectively. The bottom panels—as seen in (c) and
(d)—highlight and contrast the different behaviors of the XRD intensity peak shift with pres-
sure. The arrow in (c) illustrates a gradual movement during compression in the pressure
range from 2.0 to 13.5 GPa (marked with dashed lines), whereas the arrow in (d) marks the
abrupt shift toward lower q, at around 2 GPa, during decompression.
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among different domains, while the oscillation period is gov-
erned by the average film thickness, with the oscillation
amplitude approaching zero as roughness increases.

If the model is made to fit a Gaussian curve for the
roughness, the beating effect diminishes, indicating that the
pattern is extremely sensitive to subtle differences in film
roughness. But because the self-organizing and diffuse
nature of the increasing roughness buildup is not stochastic,
it tends to deviate from a Gaussian distribution. The team’s
work shows that measuring x-ray diffraction at anti-Bragg
points is a sensitive enough technique to detect these pat-
terns, which would normally remain undetected and unex-
pected because of the stochastic effects that are generally
assumed to govern the deposition of atoms on thin films.
The technique can detect different growth domains sepa-
rated by only one atomic layer of thickness, allowing them to
be reliably counted. 

S ometimes unexpected patterns can show up
in the oddest places. When a thin film is
being grown atom by atom on a surface, one
expects a certain degree of stochastic phe-

nomena. There’s always some randomness in just
how the film layer grows and where it begins to
thicken first. A few atoms or molecules more or less
spread at random over a particular area might not
matter much on the macro scale, but devices that rely
on these thin-layer structures increasingly function on
the nanoscale, where a few molecules or atoms can
indeed make a huge difference. So, understanding
how “roughness” develops during film growth is criti-
cal in designing and building these tiny but vital struc-
tures. Now a research team working at the XOR/UNI
33-ID-D,E beamline at the APS has found that the
buildup of roughness in thin-film deposition might not
be quite as random as generally thought. The experi-
menters have found that examining x-ray diffraction
from a thin film at the anti-Bragg points shows a curi-
ous beating pattern. The beating modulates diffraction
oscillations so that separate growth domains in the
“rough” areas of film growth can be identified.

The team, comprising researchers from the University of
Illinois at Urbana-Champaign, National Tsing Hua University,
Oak Ridge National Laboratory, and Seagate Technology,
used pulsed laser deposition to create TiN films on commer-
cial sapphire substrates. Atomic force microscopy (AFM)
was used to image the film step structure, but the experi-
menters found that the growth domains were too large and
few in number for AFM to provide reliable statistical data of
the roughness qualities. Examining film deposition in real
time via x-ray reflectivity at the anti-Bragg point of the TiN lat-
tice shows rapid oscillations in intensity, corresponding to
changes in film thickness. 

As the film layer grows, roughness appears when a
minor domain with a different atomic layer thickness from the
major domain develops and the x-ray oscillation amplitudes
from each become out of phase, partially canceling each
other out. As the minor domain area becomes equal to the
major domain area with further deposition, the net oscillation
amplitude becomes zero. This can be seen as a node in the
x-ray intensity envelope (Fig. 1). As more domains form
under continuing film deposition, the process repeats and
another node is formed when two more domains are added
that are equal in area. The period of the beating pattern
depends on the film roughness, or difference in thickness

FINDING THE BEATS IN FILM GROWTH

Fig. 1. X-ray intensity at the anti-Bragg position (0, 0, ½)
as a function of the average film thickness of TiN
deposited on a sapphire substrate. (a) The circles are
data, and the curve is a fit. The vertical bars, with a
bilayer period, show the oscillation phase reversal in
crossing the first node. (b) Calculated intensity pattern
assuming a Gaussian roughness with the same standard
deviation as the fitting results. It shows no beating. 
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Apart from its academic interest, the research team’s
work demonstrates that roughness buildup is not an entirely
random continuum stochastic phenomenon, but can be char-
acterized and modulated. This opens the intriguing possibility
that roughness in thin films can be minimized and controlled.

— Mark Wolverton

See: Y.-R. Lee1,2,3, A. Gray1,2, J. Tischler4, P. Czoschke5, H.
Hong1, S.-L. Chang3, and T.-C. Chiang1,2*, “Quantum
Oscillations and Beats in X-Ray Diffraction during Film
Growth,” Phys. Rev. Lett. 99, 156103 (12 October 2007).
DOI: 10.1103/PhysRevLett.99.156103
Author affiliations: 1Department of Physics, University of
Illinois at Urbana-Champaign; 2Frederick Seitz Materials
Research Laboratory, University of Illinois at Urbana-
Champaign; 3National Tsing Hua University; 4Division of
Materials Science and Technology, Oak Ridge National

Laboratory; 5Seagate Technology
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The Hispanic Engineer National Achievement Awards Conference, or HENAAC, recog-
nized an APS user and an APS employee for their professional contributions and accomplish-
ments.

Juan Carlos Campuzano, an Argonne Distinguished Fellow and APS user, was the recipi-
ent of a 2007 Outstanding Technical Achievement Award from HENAAC.

The HENAAC Awards, presented annually for the past 18 years, recognize some of the
nation's top engineers, scientists, and technologists of Hispanic heritage. The winners are
selected, in part, based on their professional accomplishments and potential as a role model
for young people in the Hispanic community. HENAAC (www.henaac.org) was established in
1989 as a means of identifying, honoring, and documenting the contributions of outstanding
Hispanic American science, engineering, technology, and math professionals. Campuzano
and other 2007 award winners were be honored at the 19th annual HENAAC conference, held
on October 11-13 in San Diego, California.

Campuzano, who works in the Synchrotron Radiation Studies Group in Argonne’s Materials
Science Division, is credited with landmark advances in the field of high-temperature super-
conductivity. Together with Peter Abbamonte (University of Illinois at Urbana-Champaign) and
James Allen (University of Michigan), Campuzano is leading the development of a new sector
at the APS, the intermediate energy x-ray scattering (IEX) beamline. The IEX beamline, which will
occupy one of the last four open sectors at the APS, will bring to the APS user community a bril-
liant source of polarized soft x-rays that will be useful for studies of buried electronic structures. 

Mariana Varotto, of the Controls Group in the APS Engineering and Support Division, was
recognized as a role model for technology professionals by HENAAC. According to the
HENAAC Web site, “The Role Model of the Week highlights world-class Hispanic engineers, sci-
entists, and technology professionals from across the employment spectrum. Role Models are
selected from the hundreds of nominees submitted for the HENAAC awards.”

Varotto was nominated by Ned Arnold, Controls Group leader, who said “Mariana is
responsible for dozens of applications related to the APS control systems and is frequently
sought out for her expeditious and accurate response to customer requests. The attribute
which most compelled me to nominate Mariana for this award was her ability to learn about
a new technology or system independently and quickly. She has made significant contribu-
tions to our system software, our relational database applications, and numerous on-line sys-
tems that are operational 24/7. In addition to her technical capabilities, Mariana has demon-
strated a keen interest in promoting engineering and science careers to young women
through her involvement in laboratory outreach programs.”

AARROOUUNNDD TTHHEE AAPPSS
HENAAC Honors Two at APS

Juan Carlos Campuzano

Mariana Varotto
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Fig. 1. Compression of arachidic-acid (see box) to collapse (i.e., beyond the
molecular cross section) results in the formation of a trilayer structure when the
monolayer is manipulated on pure water and to the formation of an inverted
bilayer when spread on Ca2+ solution. The collapsed films possess a high degree
of in-plane ordering in both cases.

Soft Materials & Liquids
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lapse from studies of transferred films on a solid support, this
is the first known in situ detailed experimental evidence of the
trilayer structure. This study allows a very precise determina-
tion of the ordered crystalline structure.

For arachidic-acid monolayers spread on Ca2+ solutions,
the collapsed film forms structures consisting of an inverted
bilayer (shown schematically in Fig. 1) and trilayer mixtures
with a final composition ratio that depends on the collapse
protocol. The collapse of arachidic-acid monolayers spread
on Ca2+ solutions is suggestive of a broad range of very slow
relaxation times; monolayer collapse is generally a non-equi-
librium process. Quite remarkably, under a specific compres-
sion protocol, a pure inverted bilayer can be produced with
no measurable trilayer structure present. The inverted bilayer
consists of stretched di-arachidate, such that its hydrophobic
tails are in contact with aqueous solution (Fig.1). The
inverted bilayer is well-ordered, with a crystalline slab of cal-
cium oxalate monohydrate situated between two acyl chains.

Unknown variables still remain regarding collapsed
monolayer structures, such as the dependence of collapsed
structures on ion specificity, the variables that determine the
structures depending on the monolayer collapse protocol,
and how collapse regimes may change for molecules with
longer molecular chains. The authors are confident that fur-
ther experimental and theoretical work will help resolve these
important issues, which are relevant for the understanding of
biological, chemical, and physical processes in living cell
membranes.  — William Arthur Atkins

See: David Vaknin1*, Wei Bu1, Sushil K. Satija1,2, and Alex
Travesseet1, “Ordering by Collapse: Formation of Bilayer and
Trilayer Crystals by Folding Laugmuir Monolayers,” Langmuir
23, 1888 (2007). DOI: 10.1021/la062672u
Author affiliations: 1Ames Laboratory and Department of
Physics and Astronomy, Iowa State University; 2NIST Center
for Neutron Research, National Institute of Standards and
Technology
Correspondence: *vaknin@ameslab.gov
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W hen insoluble monolayers at the gas/
water interface (known as Langmuir
monolayers) are subjected to con-
trolled pressure and temperature,

they can exhibit several phases, from gaseous
through liquid to solid. As the pressure on a mono-
layer increases, causing it to compress, the mono-
layer becomes a multilayer owing to the fracturing
and/or folding that occurs as the pressure passes a
critical point. This process is called “collapse,” and it
is the primary source of monolayer surface-pressure
relaxation. The study of collapsed monolayers and its
causes (and whether or not that process is reversible)
has grown in recent years as science seeks a better
understanding of surface tension regulation in the
lungs and biological processes, such as the response
of membranes to stress, membrane fusion and fis-
sion, and other cell membrane processes.
Researchers using the MU/XOR 6-ID-B,C beamline
at the APS have studied the structure of calcium
(Ca2+) Langmuir monolayers, revealing new insights
about their genesis and structure.
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The researchers, from Iowa State University and the
National Institute of Standards and Technology, employed
neutron reflectivity, synchrotron x-ray reflectivity, and grazing
incidence x-ray diffraction techniques to determine the struc-
ture of Langmuir monolayers, which are 1-molecule-thick lay-
ers spread at the aqueous/vapor interface. Their experiments
show that collapsed films form distinct structures depending
on whether the monolayers are compressed on pure water or
on solutions containing calcium ions. The researchers also
theorize that collapsed structures have lower thermodynamic
free energies when compared with other potential structures,
and they speculate that these collapsed structures may form
spontaneously under specific conditions.

The x-ray measurements at gas/water interfaces were
performed on the  Ames Labora tory  l iqu id  sur face
d i f f rac tometer  a t  beaml ine  6- ID-B,C. Arachidic-acid
monolayers (shown in the box of Fig. 1) were spread at
gas/water interfaces in a thermostatic, solid Teflon Langmuir
trough. The monolayers and the films undergoing induced
collapse were kept under a water-saturated helium environ-
ment and under controlled surface-tension and temperature
conditions. When the monolayers were manipulated on pure
water, the collapsed film was found to consist primarily of a
stable crystalline trilayer structure (shown schematically in
Fig. 1), with an in-plane ordering closely resembling the
three-dimensional crystal structure of fatty acids. Although
other experimenters inferred the trilayer structure after col-
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The films were 70 nm in thickness. X-ray reflectivity studies
were done to obtain electron density profiles and thereby the
electric field intensity (EFI) distribution inside the film, along
with XPCS and GISAXS experiments (Fig. 1). All work was
done at the 8-ID beamlines at an x-ray energy of 7.35 keV. 

By performing the measurements at an incident angle
just below the PS/nanoparticle critical angle, the penetra-
tion of the x-ray beam was limited, giving a four-fold gain in
the EFI. This, along with resonance enhancement resulting
from the diffusely scattered beam due to wave guiding
effect, allows XPCS measurements at wave vectors larger
than previously possible. In all the as-prepared samples,
the Au nanoparticles are distributed over a 5-nm depth with
an average diameter of 3 nm.

Non-equilibrium kinetics was studied by using GISAXS
at a temperature of 180° C (glass transition temperature of
PS is 100° C), showing a very slow structural evolution of the
in-plane nanoparticle distribution over time in all three sam-
ples. No out-of-plane changes were observed in the entan-
gled 120-kg/mol and 65-kg/mol films, but in the 30-kg/mol
sample, the vertical distribution of Au nanoparticles doubled
from 5 to 10 nm over 60 min, attributed to lower viscosity and
fewer polymer chain entanglements. 

Dynamics studies probing the relaxation time τ vs. the
lateral wave vector qR show a 1/qR dependence (ballistic
motion of the nanoparticles) in the entangled samples, while
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O ne of the challenges in studying physics on the nanoscale—not to mention
applying physics to the development of useful nano-technological applica-
tions—is the fact that, in the nanoworld, things don’t always work in quite
the same way as at larger scales. One example is the dispersion, behavior,

and kinetics of metal particles dispersed in thin polymer matrices. The behavior of
such metal nanoparticles in thin polymer films not only provides insight into molecular
dynamics at nanometer length scales, but is of prime importance in nanotechnology,
particularly in designing and controlling the formation of nanocomposite thin polymer
films for various applications. But, how to peer into the dynamics of particles at such
small scales? Researchers from Argonne and Northwestern University came up with a
novel solution that combines x-ray photon correlation spectroscopy (XPCS) and reso-
nance-enhanced grazing-incidence small-angle x-ray scattering (GISAXS). Using XOR
beamlines 8-ID-E and and 8-ID-I at the APS, they measured the intermediate structure
factor f(q,t) and probed the slow molecular dynamics and kinetics of nanoparticles in
thin nanocomposite films in situ for the first time, overcoming the limitations of XPCS
at nanometer-length scales.

When dispersed particles are larger than the length
scale of the matrix, colloidal theory can describe their char-
acteristics. But when particles are smaller than the radius of
gyration (Rg), at the nanometer scale or smaller, the descrip-
tions no longer suffice. Such small disordered systems dis-
play only very weak scattering intensity, and this, coupled
with a relatively low coherent x-ray flux, has restricted the
amount of useful data obtainable in previous studies. 

Polymer thin films are spun-cast onto silicon substrates
coated with a high-electron density material (like palladium)
to generate x-ray standing waves under total external reflec-
tion from the palladium interface. At certain discrete inci-
dence angles, the electric field intensity inside the film rela-
tive to the incident beam intensity is enhanced by a factor of
20 or more due to wave guiding effect. Three samples of
gold/polystyrene (PS) nanocomposite thin films were pre-
pared on Si(100) substrates coated with 50 nm of palladium,
each film of a different molecular weight and, hence, a dif-
ferent Rg: 120 kg/mol (Rg~ 10 nm), 65 kg/mol (Rg ~ 7 nm),
and 30 kg/mol (Rg ~ 5 nm). The critical molecular weight
(MC) for PS above which the effects of polymer chain entan-
glements are seen is ca. 36 kg/mol. Thereby, for MW < MC
(30 kg/mol sample), the polymer film behaves like a viscous
fluid whereas for MW > MC (65 and 120 kg/mol), the polymer
chains face entanglements and thereby has additional elas-
tic properties emanating due to the polymer chain network.

DO NANOPARTICLES DANCE
IN POLYMER THIN FILMS?
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Fig. 1. (a) Two-dimensional (2-D) EFI as a function of
depth from the air-polymer interface (Z = 0) and out-of-
plane wave vector qZ, showing enhancement of the EFI
at a certain qZs due to the waveguiding effect. (b) 2-D
GISAXS reciprocal space map (qZ-qR) measured at an
incidence angle below the critical angle of the PS thin
film, showing enhanced diffuse scattering at the qZs
where EFI enhancement takes place. (c) Snapshot of
a speckled scattering pattern from a 120-kg/mol sam-
ple shown as a 2-D qZ-qR map. (d) Measured autocorre-
lation functions (g2) (open circles) at three in-plane
wave vectors at 180˚ C for the 70-nm-thick PS thin film
of Mw = 120 kg/mol. Solid lines are best fits to a
stretched/compressed exponential form for the inter-
mediate scattering function. (e) Relaxation time (τ) for
Mws of 120, 65, and 30 kg/mol for a PS film with a thick-
ness of 70 nm with a 0.4-nm dispersion of Au, plotted vs
qR on a log-log scale. Solid lines are best fits to a power
law form.
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the dynamics of the unentangled sample are more similar to
those of a viscous fluid. 

The viscoelastic effects observed in entangled polymer
melts by the experimenters are quite different from those in
colloidal systems that can be explained in terms of Stokes-
Einstein-Brownian theories. Without entanglements, there
are no elastic effects arising from the polymer matrix, and
thus the nanoparticle dynamics are more similar to hydrody-
namic interactions in viscous fluid, with van der Waals inter-
actions playing a dominant role. 

This research demonstrates that XPCS can be used to
examine nanoscale dynamics even in low-electron-density
polymer matrices. Further work along these lines will provide
more data to allow more accurate molecular dynamics
nanoscale simulations, which will lead to the development of
better quality nanocomposite materials.  

— Mark Wolverton & Suresh Narayanan

See: Suresh Narayanan1*, Dong Ryeol Lee1, Aleta
Hagman1,2, Xuefa Li1, and Jin Wang1, “Particle Dynamics in
Polymer-Metal Nanocomposite Thin Films on Nanometer-
Length Scales,” Phys. Rev. Lett. 98, 185506 (2007). 
DOI: 10.1103/PhysRevLett.98.185506
Author affiliations: 1Advanced Photon Source, Argonne
National Laboratory; 2Department of Materials Science and
Engineering, Northwestern University
Correspondence: *sureshn@aps.anl.gov
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This study probed the slow
molecular dynamics and kinetics
of nanoparticles in thin
nanocomposite films in situ,
overcoming the limitations of
XPCS at nanometer-length scales
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Fig. 1. Bottleneck-shaped pores give
the polymer membranes superior
selectivity and permeability. (Image
courtesy of CSIRO, Australia)



matic polymers interconnected with heterocyclic rings were
used because the phenylene-heterocyclic ring units in such
materials have a flat, rigid-rod structure with high torsional
energy barriers to rotation between two rings. The stiff, rigid
ring units in such flat topologies pack efficiently, leaving very
small penetrant-accessible cavities. These materials meet
the demand for polymers that are thermally and chemically
stable, but their lack of solubility in common solvents pre-
vented them from being prepared as thin membranes by sol-
vent casting, which is the most widely practiced method for
membrane preparation. The researchers circumvented this
problem through post-fabrication polymer-modifying reac-
tions. The greatest benefit of these polymers is the ability to
tune cavity size and distribution for specific gas applications
with one starting material, by using various templating mole-
cules and heat treatments.  — Vic Comello

See: Ho Bum Park1,2, Chul Ho Jung1, Young Moo Lee1*,
Anita J. Hill3, Steven J. Pas3, Stephen T. Mudie3, Elizabeth
Van Wagner2, Benny D. Freeman2, and David J. Cookson4,
“Polymers with Cavities Tuned for Fast Selective Transport
of Small Molecules and Ions,” Science 318, 254 (12 October
2007). DOI: 10.1126/science.1143719
Author affiliations: 1School of Chemical Engineering,
Hanyang University; 2Center for Energy and Environmental
Resources and Department of Chemical Engineering, The
University of Texas, Austin; 3The Commonwealth Scientific
and Industrial Research Organization, Materials Science
and Engineering; 4Australian Synchrotron Research
Program at Argonne
Correspondence: *ymlee@hanyang.ac.kr

Work supported by the Carbon Dioxide Reduction and
Sequestration Center funded by the Ministry of Science and
Technology in Korea, the Australian Research Council (ARC)
Centers of Excellence program through the ARC Center for
Electromaterials Science, and CSIRO’s Water for a Healthy Country
Flagship and the Division of Materials Science and Engineering in
CSIRO. H.B.P. and B.D.F. acknowledge support of the U.S.
Department of Energy (DE-FG03-02ER15362) and the National
Science Foundation (CTS-0515425). Use of the Advanced Photon
Source was supported by the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences, under Contract No. DE-
AC02-06CH11357.

41

W ith the aid of small-angle x-ray scat-
tering (SAXS) measurements made
at the ChemMatCARS 15-ID-B,C,D
beamline at the APS, researchers

demonstrated that cavities in dense vitreous poly-
mers can be tailored to give the polymers outstanding
molecular and ionic transport and separation charac-
teristics that surpass those of conventional polymers.
This rational tailoring of cavity architecture provides
an approach for preparing high-performance poly-
mers that is suitable for molecular-scale membrane
separation processes in chemicals production, as
well as energy conversion and storage. Potential
applications for these “super” polymers run the gamut
from gas separation membranes and pharmaceuti-
cals to organic batteries and fuel cells.

NEW POLYMERS FOR FAST SELECTIVE
TRANSPORT OF SMALL MOLECULES AND IONS

Small gas molecules and ions diffuse through polymers
by traveling inside cavities formed by random, thermally
stimulated motion of the flexible organic chains. The mean
cavity radius (r) of the most selective polymers, such as
polyimides, polysulfones, and polycarbonates, is 0.3 nm or
less, with each polymer exhibiting a broad range of cavity
radii, as measured by positron annihilation lifetime spec-
troscopy (PALS). The small cavity size and relatively low
connectivity among the cavities make for low gas permeabil-
ity. Conversely, the most permeable polymer, poly(1-
trimethylsilyl-1-propyne), exhibits an approximately bimodal
cavity size distribution centered at around r = 0.3 nm and r =
0.6 to 0.7 nm. In this case, the high concentration of large
cavities and the high degree of connectivity among the cav-
ities make the polymer highly permeable but unable to sep-
arate small molecules. Generally speaking, most polymers
have cavities that vary greatly in size, which prevents them
from providing both high permeability and high selectivity.

Using PALS, SAXS, and other techniques, the
researchers from Hanyang University, the University of
Texas at Austin, the Commonwealth Scientific and Industrial
Research Organization (CSIRO), and the Australian
Synchrotron Research Program at Argonne demonstrated
an ability to fabricate polymers yielding both high permeabil-
ity and high selectivity. These polymers were characterized
as having an intermediate cavity size, a narrow cavity size
distribution, and bottleneck-type cavities connecting adja-
cent larger chambers (Fig. 1). Central to their approach in
preparing these intermediate-sized cavities is controlled cav-
ity formation through spatial rearrangement of rigid polymer
chain segments in the glassy phase. For this purpose, aro-
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ray), liquid scattering, microdiffraction, single-crystal
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HOW PERFECT ARE TWO-DIMENSIONAL
BLOCK COPOLYMER SINGLE CRYSTALS?

K eeping things in order is important, particularly on the nanoscale. Even a sin-
gle atom out of place can make the difference between a molecular structure
being useful in a practical application or being only a molecular curiosity. Block
copolymers self-assemble into nanoscale domains. In the semiconductor

industry, two-dimensional (2-D) layers are being considered as an inexpensive method for
patterning nanoscale features. Diminished translational order in block copolymer crystals is
a serious problem if these systems are used to template devices such as high-density data
disks, because proper data storage is impossible without precise domain positioning on the
disk. A better understanding of the domain positioning in a 2-D block copolymer crystal is
crucial for engineers and scientists attempting to design and build such devices.
Researchers used XOR beamline 8-ID-E at the APS to examine how 2-D block copolymer
single crystals achieve order.

Fig. 1. (Left) A scattered intensity data map, in a radial plot
to resemble a conventional powder diffraction pattern,
showing excellent long-range sixfold orientation of the 2-D
single crystals. (Right) SFM micrograph of the PS-PVP block
copolymer spheres. 
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By using grazing-incidence small-angle x-ray diffrac-
tion (GISAXD), the team of researchers from the
University of California, Santa Barbara, and Argonne
studied the structure of 2-D single crystals of poly-
styrene-b-2vinyl pyridine (PS-PVP) block copolymer
spheres. The single crystals were templated by lateral
confinement in 12-µm-wide hexagonal wells; this width is
more than 400 times larger than the periodicity of the
crystal itself. While a previous study attempted to char-
acterize such structures via scanning force microscopy
(SFM), the present experimenters chose the GISAXD
technique because it promised a much more accurate
look than does SFM, which is limited by distortions
caused by thermal drift and also suffers from poor statis-
tics due to the small sampling area it provides for analy-
sis. By analyzing the shape of the Bragg diffraction peaks
with the KTNHY (Kosterlitz-Thouless-Halperin-Nelson-
Young) theory, which provides the best current descrip-
tion of two-dimensional phase behavior, the experi-
menters were able to calculate the decay exponent η. 

At the 8-ID-E beamline, the PS-PVP copolymer sam-
ple was measured with a 7.5-keV x-ray beam at a wave-
length of 0.1675 nm. The samples were rotated in-plane
and data collected at each rotation angle to demonstrate
that single crystals were successfully templated. The
data were then compiled to build scattered intensity data
maps Ι(2Θ,φ): translational order was determined by
analyzing the intensity as a function of the in-plane scat-
tering angle 2Θ, and the orientation of the crystal was
determined from the in-plane rotation angle φ. The orien-
tation of the crystal was perfect to within 1º, demonstrat-
ing excellent long-range orientation of the 12-µm-wide
2-D single crystals (Fig. 1). The translational order was
found to decay algebraically with a decay exponent η =
0.2. (A “perfect” crystal has η = 0.) 

The KTNHY decay exponent η depends on the 2-D
lattice’s elastic constants, decreasing inversely as the
shear modulus. Simulations using self-consistent field
theory provide a way to estimate the elastic properties of
the lattice and are in reasonable agreement with experi-
ment [1]. The researchers also note that the decay expo-
nent is temperature dependent, meaning that by control-
ling the temperature during growth of the block copoly-
mer crystal, it should be possible to manipulate and

improve the 2-D positional order despite the disruption
caused by phonons. 

The team’s examination of 2-D block copolymer sin-
gle crystals with GISAXD shows long-range orientational
order. Their interpretation of the data using KTNHY the-
ory shows that this long-range order decays alge-
braically, with a translational decay exponent of 0.2, and
also confirms scaling predictions while providing an esti-
mate of shear modulus. The work demonstrates the use-
fulness of GISAXD as a tool to probe the single-crystal
structure of 2-D block copolymers, an important capacity
that will allow such structures to be better and more effi-
ciently designed for use in practical applications and
devices. — Mark Wolverton
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GISAXD as a probe of single-crystal 2-D block copolymers
allows such structures to be better designed
for use in practical applications and devices
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SHAKING AND STICKING
IN MOLTEN POLYMER THIN FILMS

M uch work has been done in recent years on the dynamics of entangled
chains of polymer melts that can have properties superior to those of the
individual polymer components. Entangled polymer chains are used in a
wide range of applications, from polyester and polypropylene films

employed in the wrapping and hermetic sealing of foodstuffs and the production of audio
and computer tapes, to man-made fibers and industrial resins. But relatively little
research has been conducted on the surface dynamics of polymer melts adsorbed on
thin films, such as the factors that affect viscosity, elasticity, and other characteristics. An
understanding of such phenomena is necessary for further development of these films
for new applications, but examining and explaining surface dynamics on thin-film poly-
mer melts are not easy tasks. Researchers have taken on this challenge by using x-ray
photon correlation spectroscopy (XPCS) at the XOR beamlines 8-ID-E and 8-ID-I at the
APS. Their research shows, for the first time, that the conventional model of capillary
waves on a viscous liquid needs modification in order to account for scattering data
obtained from ultrathin polymer films.
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In this technique, the coherent portion of an undulator
beam is utilized, resulting in a speckle pattern that fluctuates
as the scattering atoms move. The autocorrelation function of
the resulting speckle intensities as a function of time allows
one to obtain the relaxation times for fluctuations of different
wavelengths propagating across the surface of the film. The
team’s work studies viscoelastic and shear modulus effects in
molten polymer films of varying thicknesses. 

The experimenters, from the University of California, San
Diego; Sogang University; Northern Illinois University; SUNY
at Stony Brook; and Los Alamos National Laboratory looked
at spun cast polystyrene (PS) films of several different molec-
ular weights (Mw): 65k, 123k, 400k, and 650k g/mol, at film
thicknesses h at the radius of gyration (Rg), 2Rg, 4Rg, and
beyond. Because the XPCS technique does not allow a pre-
cise measurement of the shear modulus, the samples were
first examined with transverse diffuse scanning, which fea-
tures a much broader in-plane scattering (q||) window. This
work was done at the 8-ID-E beamline by using various tem-
peratures for each sample. These observations showed that
the shear modulus did not fit the models for a simple viscous
liquid (Fig. 1).

The XPCS work was performed at the 8-ID-I beamline.
The researchers found that although in their previous work
with films at thicknesses greater than 8Rg normal hydrody-
namic theory had explained the capillary wave fluctuations
very well, this was no longer the case when thicknesses
decreased to 2Rg and less. In the current experiment, the
surface dynamics of the 4Rg film can be explained with a sim-
ple viscous model, but at lesser thicknesses, the shear mod-
ulus comes into play. In principle, a normal liquid shows no
resistance to shear; however, it appears that for thin molten
polymer films, the adsorption to the substrate and entangle-
ments between the polymer chains give rise to a shear mod-
ulus. Viscoelastic effects are seen that increase the surface
wave relaxation time. This was seen in 2Rg films even of dif-
ferent molecular weights, but not at all in 4Rg films, indicating
that the ratio of the film thickness to the Rg is the important
factor determining whether the shear modulus will affect cap-
illary wave relaxation times. 

< Fig. 1. Surface fluctuation relaxation time vs. in-plane wave
vector measured by using XPCS on molten PS films of molecu-
lar weight 123 kg/mol at 195° C with two different relative
thicknesses, 2Rg and 4Rg. The red dashed lines and blue solid
lines are best fits to the viscous model and the viscoelastic
model, respectively. It is clear that for the 2Rg, the conven-
tional viscous model for simple liquids, failed, and it is neces-
sary to add the effects of a shear modulus, while for the 4Rg
film, it is sufficient to describe the experiment data. The inset
shows the experiment setup.
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The experimenters found that the XPCS scattering data
from the various samples examined are best explained by
modifying the usual models of capillary wave behavior in vis-
cous liquids to take into account the viscoelastic effects
caused by elastic shear modulus in molten polymer films less
than 4Rg in thickness. These thinner films show suppressed
surface dynamics down to 1Rg, where no such dynamics are
observed. Above film thicknesses of 4Rg, or greater, normal
viscous phenomena are seen. 

The team’s use of XPCS on molten polymer thin films
has provided the first evidence of these effects, showing that
the typical models are not universally applicable in all cases.
The work also demonstrates how viscoelastic effects are
dependent on various film characteristics, such as thickness
and molecular weight. Such research is essential to perfect-
ing the capacity to create and tailor polymer films for specific
jobs and purposes.  — Mark Wolverton
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Fig. 1. The photoexcitation pathway and conversion
rates for NiTMP. The upper right panel shows Ni-N dis-
tance elongation from the XAFS spectra, while the
lower right panel shows the XANES spectra where
the molecular orbital energy levels are mapped for
the unexcited, or ground, state and the vibrational
relaxed excited state. The "S1" excited state can be
studied only by laser transient absorption spec-
troscopy, but its structure could be captured when
shorter x-ray pulses become available in the future.
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states so they can control them in the design of tailored met-
alloporphyrins with specific photochemical properties.

Researchers from Argonne and North Carolina State
University investigated the excited-state properties of a
nickel porphyrin molecule—nickeltetramesitylporphyrin
(NiTMP)—which exists only fleetingly, for less than 0.2 bil-
lionths of a second. The researchers used beamline 11-ID-D
to employ x-ray transient absorption spectroscopy (XTA) in
tracking the whereabouts of the electrons and atoms in the
photoexcited metalloporphyrin. The XTA technique, also
known as laser-initiated time-resolved x-ray absorption
spectroscopy, allowed the researchers to tease out details of
NiTMP on a time scale lasting just 100 ps. In contrast to
laser photon techniques, XTA can probe deep into the heart
of the nickel center, exciting electrons from the core to the
valence levels and higher. 

Laser transient absorption spectroscopy demonstrated
its prowess as a powerful tool in obtaining the energetics
and kinetics of the reaction. Similarly, x-ray transient absorp-
tion spectroscopy can provide more accurate information on
electron occupations and molecular geometry during a pho-
tochemical reaction than is possible with other techniques.
As such, XTA combined with ultrafast laser transient absorp-
tion spectroscopy allowed the team to obtain detailed and
accurate structural and kinetic information for metallopor-
phyrin in various states of excitation or relaxed excitation. 

The nickel-porphyrin system rushes down an energy
cascade, spitting out excess energy from different excited
states that make the molecule vibrate in previously unseen
“vibrationally hot states.” These hot states shake the molec-
ular structure, leading to the molecular equivalent of shape-
shifting with resulting geometric changes. The distances
between the nickel ion and the carbon and nitrogen atoms
lengthen, consistent with an overall expansion of the por-
phyrin ring in the excited state.  — David Bradley
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N ew x-ray studies of the photochemical
behavior of molecules found in the cores
of several biological systems could shed
light on how photosynthesis in plants

works and one day lead to synthetic units for convert-
ing sunlight. Porphyrin molecules are analogs of
chlorophylls at the core of several molecular biologi-
cal systems. Most notably, the general structure forms
the light-trapping units in green plants. Other mole-
cules with the general porphyrin structure at their
heart include the iron-bearing heme groups found in
hemoglobin and the cobalt-centered vitamin B12, as
well as the nickel-based Factor F430 found in certain
kinds of methane-producing bacteria. The detailed
structure of the organic porphyrin component may dif-
fer, but these biological systems have one thing in
common: a metal ion at the core. Until the advent of
facilities such as the APS, where researchers can run
powerful x-ray and related experiments, the metal
ions at the core of porphyrins remained a “dark” mys-
tery, their optical characteristics invisible or masked
by stronger signals from the rest of the photoreaction
system. The work of researchers using the
XOR/BESSRC 11-ID-D beamline at the APS sheds
new light on the metal centers, bolstering earlier the-
oretical studies with experimental results.

Metalloporphyrins are chemically versatile compounds
that can be used to drive photochemical reactions. They can
also allow electrons to be shuffled and energy exchanged
between different reactants, triggering useful chemical
processes. Chemists have spent many years making and
testing metalloporphyrins as photocatalysts and seeking to
emulate in the laboratory the incredible efficiency of photo-
synthesis for making sugars, or fuel, with light, water, and
carbon dioxide. However, understanding the way metallo-
porphyrins function has been incomplete without direct
experimental observations of their structures during photo-
chemical reactions. Previous researchers have used ultra-
fast laser spectroscopy to gain insights into the energetics
and kinetics of metalloporphyrin-excited states.

Until now, the information obtained has been limited
because the optical signals from the metal center are over-
shadowed by other stronger signals. The many metal cen-
ters are also optically silent or lack optical signatures. Finally,
no direct geometric information can be extracted using opti-
cal spectroscopy because the wavelengths used are much
longer than the atomic scale. Chemists would like to under-
stand what specific structural factors affect these excited
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MOLECULAR SQUARES IN A FLAP

Fig. 1. Rhenium metal atoms (shown in
red-purple) with organic chemical
groups form hollow molecular cavities;
such materials have potential sensor
and catalytic applications.

T he shape of a given molecule determines how it fits into a reaction and what the end prod-
ucts might be. So it follows that controlling shape is central to controlling reactions. In the
area of coordination chemistry, where metal atoms link up with organic ligands and other
small molecules, chemists have spent much of the past decade constructing supramole-

cules that take the shapes of squares, rectangles, triangles, and polyhedra. These building blocks
can be linked together to form supramolecules in the form of hollow molecular cavities. While over-
all shape is important, it is the edges of small molecular units that dictate how they might be linked
together. Forming a cavity large enough for another small molecule to fit within forms the basis of
concepts in catalysis such as nanoscopic reaction vessels akin to biological enzymes.
Understanding the exact structure of such molecules is crucial to understanding and fine-tuning their
reactivity and tailoring them to particular applications. Researchers using two beamlines at the APS
have obtained new, highly detailed information about supramolecular structures that could have
important implications for advancing the art of supramolecule assembly.
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Synthetic skills have recently reached the point where it
is possible to construct almost any given polyhedral shape
from 0.5 nm to 3.5 nm in size, with defined chemical func-
tionality along the edges, and then assemble these blocks to
form useful hollow molecules (Fig. 1). Sensor molecules that
can trap only molecules of a specific size and shape are also
possible based on hollow supramolecular assemblies. In
studying the structures of supramolecules, chemists face
several obstacles. First, solid-state crystallographic studies
are often precluded because these assemblies are loath to
crystallize. Second, standard analytical techniques, including
nuclear magnetic resonance, infrared, ultraviolet-visible
spectroscopy, and elemental analysis, are limited because
they cannot generally differentiate between aggregates of
individual molecules that might form ring-shaped trimers or
tetramers, for instance. Finally, mass spectrometry and chro-
matography provide some relief in terms of obtaining pure
samples and absolute mass information, but none of these
techniques provides the fine detail of an x-ray study.

Employing 20-keV, 0.62-Å radiation, a MAR™ charge-
coupled device area detector, and wide-angle x-ray scatter-
ing at the XOR 12-BM-B and 12-ID-B,C,D beamlines, the
researchers from Northwestern University and Argonne
obtained detailed characterizations of a range of rhenium-
centered compounds built as pyrazine- and bipyridine-edged
squares. Their study reveals these molecules to be relatively
rigid, even in solution. However, the fine detail made possible
by APS x-rays showed what might be described as discrep-
ancies in the bond distances between the rhenium atoms,
compared with those obtained for similar compounds using
solid-state diffraction techniques. This result, the team sug-
gests, implies that these molecular squares oscillate between
two states, much like a butterfly's wings flapping. The team
carried out preliminary molecular dynamics calculations on
the structure to confirm successfully that such movement
was theoretically possible rather than a result of experimen-
tal error.

The finding could have important implications for the use
of these and related molecules in the construction of
supramolecular assemblies. Indeed, these molecular
squares are the archetypes of a broad group of related
supramolecular structures, the researchers explain. The
structures are based on metal coordination chemistry and are
more rigid even than conventionally bonded structures.
Moreover, the metal atoms, with their high electron density,

sit at the corners, connected via relatively simple chemical
groups, and so offer a very well-defined framework not only
for structural studies but for creating novel molecular cap-
sules and other nanoscopic entities.

The next step is to investigate further the initial strong
evidence the team also obtained for ordering of solvent mol-
ecules by these supramolecular materials. It seems that a
quantitative understanding of this particular phenomenon
may arise from studies of host-guest interactions between
the host-like cavities and the smaller, guest molecules. The
researchers also plan to carry out more sophisticated real-
time molecular dynamics studies; these will help shed light on
photoinitiated processes that occur in these supramolecules.

— David Bradley

See: Jodi L. O’Donnell1, Xiaobing Zuo3, Andrew J. Goshe3,
Lev Sarkisov2, Randall Q. Snurr2, Joseph T. Hupp1, and
David M. Tiede3*, “Solution-Phase Structural Characteri-
zation of Supramolecular Assemblies by Molecular
Diffraction,” J. Am. Chem. Soc. 129, 1578 (2007). DOI:
10.1021/ja0659065
Author affiliations: 1Department of Chemistry, Northwestern
University; 2Department of Chemical and Biological Engine-
ering, Northwestern University; 2Argonne National Laboratory
Correspondence: *tiede@anl.gov

This work was supported by the Office of Science, U.S. Department
of Energy (Grant DE-FG02-01ER15244 to Northwestern and
Contract DE-AC02-06CH11357 to Argonne National Laboratory).
J.L.O. gratefully acknowledges a fellowship from the Argonne Lab-
Grad Program. Use of the APS was supported by the U.S.
Department of Energy, Office of Science, Office of Basic Energy
Sciences, under Contract No. DE-AC02-06CH11357.
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C arbon exists in various forms. In one form, it is the hardest material known: diamond. In
another, it is soccer-ball-shaped molecules—the fullerenes—and nanoscopic tubes. It also
exists in a layered form as graphite, sheets of carbon atoms arranged like so many molecular
panels making up hexagonal-shaped layers stacked one on top of another. This elegant lay-

ered structure makes it very slippery, leading to its application in lubricants, and the fact that the layers
can be sloughed from a piece of graphite make it useful in pencil lead. Graphite also displays some
unique properties when metal atoms are inserted—or intercalated—between the graphite layers. In fact,
lithium-intercalated graphite (LIG) has been widely exploited for commercial high-power and high-energy
rechargeable Li-ion batteries, and lithiated graphite is much safer than metallic lithium in batteries.
However, these batteries could be made even better with a greater understanding of LIG’s electronic
structure and the intercalant-host charge transfer. Researchers used XOR/PNC beamline 20-ID-B,C at
the APS to probe lithium atoms trapped between layers of graphitic carbon and observe the charge-
transfer interaction between lithium and carbon.
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UNDERSTANDING LI INTERCALATION
INTO GRAPHITIC CARBON

Fig. 1. Lithium (blue) insertion between the graphitic car-
bon (red) layers. 
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The researchers, from Argonne, the University of
Washington, Washington State University, and the Niels Bohr
Institute, prepared test materials of LIG packed with the the-
oretical amount (at ambient pressure) of lithium atoms
between graphite layers (Fig. 1). They used both chemical
and electrochemical methods to determine whether or not the
preparative technique would influence the final structure. By
using hard inelastic x-ray scattering (IXS) with the multiele-
ment LERIX spectrometer at 20-ID-B,C, they obtained spec-
tra from the lithium and carbon atoms. One of the contentious
issues the researchers hoped to settle with their IXS studies
is how charge is transferred between the intercalated Li
atoms and the graphite host. This issue is essential to the fur-
ther development of novel and safe rechargeable lithium bat-
teries. Graphite is almost the ideal candidate for such batter-
ies because it has a very large theoretical capacity for inter-
calated lithium compared with other materials, it is durable
even under repeated discharge and recharge, it is less
expensive, and it could make new lithium batteries safer than
those containing free-lithium metal as the anode.

Part of the reason for the contention is that LIG is highly
sensitive to oxygen and other potential contaminants blight-
ing studies of charge transfer. This type of IXS is unique
among the relevant core-shell spectroscopies in having intrin-
sic bulk-sensitivity and easy compatibility with a wide range
of sample environments. The penetration length of about 10-
keV x-rays in LIG is well over 2 mm, ensuring a truly bulk-
sensitive measurement. Also, this penetrative property of
hard x-rays will enable future studies of operating batteries.

The IXS results obtained at Sector 20 have provided
strong evidence that in the bulk material substantial charge
transfer occurs from the intercalated lithium to the graphite
(Fig. 2). More specifically, the evidence points to a positive
energy shift of the Li IXS with respect to the lithium metal in
both kinds of LIG, whether produced by chemical or electro-
chemical means. The change in the signal from the carbon
IXS is modest but is consistent with an increase in the car-
bon-carbon bond distance on intercalation. Overall, these
behaviors are due to charge transfer from the lithium to the
bonds of the graphite sheets. This, explain the researchers,
establishes an important baseline from which further studies
on “real” operating batteries can be carried out.  

— David Bradley

See: M. Balasubramanian1*, C.S. Johnson1, J.O. Cross1,
G.T. Seidler2, T.T. Fister2, E.A. Stern2, C. Hamner3, and
S.O. Mariager4, “Fine structure and chemical shifts in non-
resonant inelastic x-ray scattering from Li-intercalated
graphite,” Appl. Phys. Lett. 91, 031904 (2007).
Author affiliations: 1Argonne National Laboratory;
2University of Washington; 3Washington State University;
4Niels Bohr Institute, University of Copenhagen

Fig. 2. Comparison of carbon 1s IXS spectra for (a)
highly oriented pyrolytic graphite and (b) lithium-inter-
calated graphite. Shifts in position of electronic states
probed in these spectra shed light on the changes in
bonding and charge-transfer on lithium intercalation
of graphite.
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MAKING A MOLECULAR BLACKBERRY
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S cientists have been making incredibly large molecules from the elements
molybdenum and oxygen for nearly 200 years. Initially, it was not known that
these large molecules were responsible for the unique color of molybdenum
blue solutions, first made in the late 1700s, or indeed the “blue water” of

Native American legend. In recent years, however, powerful techniques such as
small-angle x-ray scattering (SAXS) have revealed the intricate details of these ions,
known as polyoxomolybdates (POMs). Colleagues from Lehigh University and
Argonne recently carried out SAXS experiments on the XOR/CMC 9-ID-B,C beam-
line at the APS to investigate more closely the solution behavior of one of the biggest
known POMs: the 2.9-nm-size, soccer-ball-shaped molecule {Mo132} (Fig. 1) Their
results could help explain how these large POM macroanions form large, uniform,
self-assembled structures in solution; could elucidate the fine control over their size,
which is important for fundamental physical chemistry; and could eventually lead to
technological applications such as novel inorganic membranes and nanocontainers.
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be soluble in both acetone and water. The researchers point
out that their blackberries show other unusual properties not
commonly seen in inorganic, as opposed to organic, carbon
chemistry: They are soft, and they take months to reach an
equilibrium state in solution, in stark contrast to other inor-
ganic salts, which can take just seconds to equilibrate.

The key discovery is that the authors proved that the
electrostatic van der Waals attractions, which are responsi-
ble for many types of aggregation behaviors, are not the
dominant attractive force for the blackberry formation. This
distinguishes blackberry formation from other types of aggre-
gation/self-assembly processes (surfactant micelles, colloid
crystals, etc.). The authors believe that the large {Mo132}
anions attract each other because of their small counter-ions
(mainly ammonium cations). Another key feature revealed is
that the size of a molybdenum blackberry can be adjusted
simply by tweaking the ratio of acetone to the water in which
the anions are dissolved. More acetone means bigger black-
berries, with a 3% solution of acetone to water producing 45-
nm clusters and a 70% solution leading to 100-nm clusters.

— David Bradley

See: Melissa L. Kistler1, Anish Bhatt1, Guang Liu1, Diego
Casa2, and Tianbo Liu1*, “A Complete Macroion—
‘Blackberry’ Assembly—Macroion Transition with
Continuously Adjustable Assembly Sizes in {Mo132}
Water/Acetone Systems,” J. Am. Chem. Soc. 129, 6453
(2007).  DOI: 10.1021/ja0685809
Author affiliations: 1Lehigh University, 2Argonne National
Laboratory
Correspondence: *til204@lehigh.edu

T.L. gratefully acknowledges support from the National Science
Foundation (NSF-CHE0545983) and Lehigh University (startup fund
and FRG). Use of the APS was supported by the U.S. Department
of Energy, Office of Science, Office of Basic Energy Sciences, under
Contract No. DE-AC02-06CH11357.

Polyoxomolybdates are very different from the ions
present in simple salts, such as common table salt (sodium
chloride). In water, individual positively charged sodium and
negatively charged chloride ions float freely, surrounded by
a constantly changing entourage of water molecules.
Polyoxomolybdates, on the other hand, do not exist as sin-
gle ions in water. Instead, they clump together to form hollow
aggregates with individual bead-like POM capsules aggre-
gated like the individual capsules in a blackberry fruit that
make up the berry as a whole.

One almost paradoxical property of these blackberry
clusters is that they are stable and remain dissolved in solu-
tion despite their size. Scientists understand how simple
ions of sodium chloride and many other salts stay in solution.
The ions' small size and electrical charge means polar water
molecules can surround them, the essence of being dis-
solved. Much larger chemical entities, such as colloidal par-
ticles, on the other hand, are simply too big to be efficiently
subsumed by solvent molecules. Above a certain aggregate
mass, they begin to form solid particles in the liquid, and they
precipitate out of solution.

The researchers in this study suggest that blackberry
structures represent a thermodynamically stable state for
soluble POM macroanions. The large POM ions have water-
loving, hydrophilic surfaces and multiple charges, making
them highly soluble in polar solvents. However, the nega-
tively charged POMs tend to attract each other and form
very stable, conservative blackberry structures even in dilute
solutions. It is important to identify the mysterious attractive
forces among the POM macroanions. In its latest study, the
team shed new light on this apparently unique behavior, as
well as explaining how the blackberries alter with changing
solvent quality (in a water/acetone mixed solvent).

The researchers used SAXS to observe the transition
from discrete ions to the aggregated blackberry structures in
water and acetone, as well as the reverse process. Laser-
light scattering studies showed that self-assembled struc-
tures based on the {Mo132} unit—in which 132 linked molyb-
denum-oxygen polyhedral units exist in one molecule—can

< Fig. 1. Nanoscopic clusters containing 132 molybdenum
atoms linked together by organic chemical groups—{Mo132}—
can form aggregates dubbed "blackberries."
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the electrostatic van der Waals attractions

are not the dominant attractive force
for the blackberry formation
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M olecular sieves are those materials that selectively sort molecules based on a size-
exclusion process. This is due to their highly regular pore structure; the maximum
size of the molecular or ionic species that can enter the pores of a molecular sieve
is controlled by the diameters of the tunnels. The most common form of molecular

sieve has so far been a class of microporous materials, known as zeolites, that are widely used
as ion-exchange beds in domestic and commercial water purification, water softening, and other
applications. Researchers from Northwestern University, Michigan State University, and Argonne
have devised a way to synthesize (and have characterized) broad classes of a new type of inor-
ganic porous material that could potentially offer very different practical applications from those
of zeolite molecular sieves. 

SYNTHESIZING A BROAD CLASS
OF POROUS, CHALCOGENIDE MATERIALS
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group applied the atomic pair distribution function technique
to analyze both diffuse and Bragg scattering by recovering
atom-atom correlations in real space in the form of a radial
distribution function.

These studies show that the aerogels have a very high
capacity for removing heavy metals from contaminated
water. Mercury ion levels in water were reduced from
645 ppm to approximately 0.04 ppm by using 10 mg of the
chalcogenide aerogel. What’s more, unlike mesoporous sili-
cates, these chalcogels did not need to be functionalized
with surface-modified thiolate ligands before being applied
to the task of Hg2+ adsorption. The chalcogels were also
shown to be highly effective in absorption of organic
hydrophobic aromatic molecules from solution, because the
chalcogels present hydrophobic surfaces lined with chalco-
gen atoms that make them impervious to high humidity, in
contrast to unmodified silica aerogels, which tend to have
hydrophilic surfaces and are thus unstable under conditions
of high humidity.

Spectroscopy measurements revealed that the chalco-
gels absorbed light in the visible and infrared regions
depending on the chalcegonide building blocks used, and
they displayed sharp bandgaps from 2 to 8 eV. These tun-
able bandgaps could potentially make the chalcogels useful
as photocatalysts, adding further interest in continued
research on these new materials.  — Louis Nasser

See: Santanu Bag1,2, Pantelis N. Trikalitis2*, Peter J.
Chupas3, Gerasimos S. Armatas1,2, and Mercouri G.
Kanatzidis1,2,4, “Porous Semiconducting Gels and Aerogels
from Chalcogenide Clusters,” Science 317, 490 (27 July
2007). DOI: 10.1126/science.1142535
Author affiliations: 1Department of Chemistry, Northwest-
ern University; 2Department of Chemistry, Michigan State
University; 3Advanced Photon Source, Argonne National
Laboratory; 4Materials Science Division, Argonne National
Laboratory
Correspondence: *m-kanatzidis@northwestern.edu

Use of the Advanced Photon Source was supported by the U.S.
Department of Energy, Office of Science, Office of Basic Energy
Sciences, under Contract No. DE-AC02-06CH11357.

In chemistry, zeolites are used as filters to separate or
trap molecules so they can be analyzed. Of particular inter-
est is that zeolites have the potential for providing precise
and specific separation of gases, including the removal of
H2O, CO2, and SO2 from low-grade natural gas streams.
Other separations include the noble gases N2, O2, freon,
and formaldehyde. At present, the true potential for improv-
ing the handling of such gases in this manner remains
unknown. Furthermore, porous inorganic materials are
mostly oxides, which can severely limit their range of practi-
cal applications.

What sets the new, non-zeolite materials apart from tra-
ditional molecular sieves is that they contain heavier sulfides
or selenides in place of the oxides; collectively, these mate-
rials are known as chalcogenides, or “copper generators.”
Such materials could in principle combine the electronic
properties of chalcogenides with great internal porosity, and
the group has recently reported a method that can be used
to successfully create highly porous aerogels derived from
chalcogenide clusters: a metathesis reaction in aqueous
solution capable of linking sulfide or selenide clusters via
platinum ions as the metal “glue” to form expanded, polymer-
like frameworks. The solvent in the reaction was then
removed by supercritical drying using CO2 to yield a highly
porous aerogel. 

These aerogels were analyzed using transmission elec-
tron microscopy, which revealed empty cylindrical and slit-
shaped mesospores with no long-range order that are mor-
phologically similar to the continuous amorphous networks
found in silica gels (Fig. 1, a and c). The surface areas of
these aerogels were found to range from 108 to 327 m2/g,
depending on the chalcogenide cluster used. Given that their
molecular weights are quite high, these surface-area values
are considerably higher on a per-mole basis than the corre-
sponding silica values, indicating the possibility of applica-
tion as efficient catalytic materials or supports for catalytic
materials. 

Diffraction experiments carried out at the XOR 11-ID-B
beamline at the APS yielded data that were the basis for
probing the local structure of the amorphous aerogels. The

< Fig. 1. (a) and (b) are TEM images of two different chalco-
gels, clearly showing the disordered pores between the parti-
cles; (c) shows a chalcogel without large macropores; (d) is
the powder x-ray diffraction profile for the sample in (a),
demonstrating the amorphous nature of the chalcogel.
© 2008 American Association for the Advancement of
Science. All Rights Reserved.
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WHAT KEEPS BUGS FROM BEING BIGGER?

Left: The image shown above found its way to a
“PR Newswire” display on the side of a building in
New York’s Times Square.

Above: Fig. 1. Tracheal tubes are visible in this
synchrotron x-ray phase contrast image (right) of
a tenebrionid beetle (left).



Life Science

57

In tenebrionid beetles, oxygen travels from thoracic or
abdominal spiracles into the legs and head by crossing
through exoskeletal orifices. The phase-contrast images
(Fig. 1) show that tracheal-tube cross-sectional area through
the orifice increases with insect body size. But, whereas in
mammals, lung dimensions are proportional to body size, in
these beetles the tracheal tube cross-sectional area
increase relative to the cross-sectional area of the orifice is
disproportionate: 18% in large insects versus 2% in small
ones. If this pattern continued, the increasing cross-sec-
tional area of the tracheae would limit the beetles’ body size,
because eventually there would not be enough space for
other needed tissues. This relationship was not observed in
the head orifice. 

With the current tracheal tube system and at least 10%
of the coxal orifice available for other tissues, the research
team calculated the largest possible beetle at about 16 cm.
Since the largest living beetle, Titanus giganteus, is approx-
imately 17 cm long, the scientists suggest that it is the coxal
orifice that limits beetle body size. Paleozoic insects could
become giants because of the high atmospheric PO2. With
more oxygen, diffusion would be more efficient at greater
distances down the tracheae, and the tracheae could evolve
to be narrower and longer, permitting insects to reach
greater sizes. Unfortunately, it is difficult to test this hypoth-
esis on Late Paleozoic insects, because fossilized tracheae
are rare and techniques for measuring them have not yet
been developed. — Dana Desonie

See: Alexander Kaiser1*, C. Jaco Klok2, John J. Socha3,
Wah-Keat Lee3, Michael C. Quinlan1, and Jon F. Harrison2,
“Increase in tracheal investment with beetle size supports
hypothesis of oxygen limitation on insect gigantism,” Proc.
Natl. Acad. Sci. USA 104(32), 13198 (August 7, 2007). DOI:
10.1073pnas.0611544104
Author affiliations: 1Department of Basic Sciences,
Midwestern University; 2Section of Organismal, Integrative
and Systems Biology, School of Life Sciences, Arizona State
University; 3X-ray Science Division, Advanced Photon
Source, Argonne National Laboratory
Correspondence: *akaise@midwestern.edu

This work was supported by National Science Foundation Grants
0419704 (to J.F.H.) and IBN-0344963 (to M.C.Q.). Use of the
Advanced Photon Source was supported by the U.S. Department of
Energy, Office of Science, Office of Basic Energy Sciences, under
Contract No. DE-AC02-06CH11357.

I nsects are now much smaller than verte-
brates, but they were not always so diminu-
tive. In the Late Paleozoic Era (the earliest of
three geologic eras of the Phanerozoic Eon,

some 542 to 251 million years ago), millipedes longer
than a human leg, cockroaches the size of house
cats, and dragonflies with two-foot wingspans
roamed our planet. Perhaps fortunately, these giants
died out in the Triassic Period (the first period of the
Mesozoic Era that extends from about 251 to 199 mil-
lion years ago). The idea that the partial pressure of
atmospheric oxygen (PO2) limits the size of some
types of animals is an important hypothesis. Using
XOR beamline 1-ID-C at the APS, scientists have
shown that in some insects, body size may be limited
by the size of the tracheae. This evidence supports
the hypothesis that the high oxygen content of the
Late Paleozoic Era allowed giant insects to rule the
Earth and skies.

Although the data are still sketchy, insect gigantism
appears to correlate with high PO2. Atmospheric oxygen is
now steady at 21%, but for about 100 million years in the
Late Paleozoic Era, oxygen levels rose as high as 35%, then
plummeted to around 15% in the Triassic Period. The
researchers in this study, from Arizona State University,
Midwestern University, and Argonne, using the XOR 1-ID-C
beamline, have gathered evidence that atmospheric PO2
fostered the gigantic insects’ success as well as their subse-
quent demise.

Insects deliver oxygen to their tissues differently from
vertebrates, in which oxygen travels through the respiratory
and circulatory systems. In insects, air enters through a line
of tiny openings, called “spiracles,” on the abdomen and tho-
rax, then diffuses through the body through blind-ended
tubes—the tracheae. Diffusion effectiveness is inversely
related to the cross-sectional area of the tracheae and
decreases with increasing distance down the tubes. Insects
are sensitive to atmospheric oxygen levels: Small insects do
better at hopping and flying in low-oxygen environments than
do large insects, which fact may be related to the limitations
of their respiratory system. 

The researchers tested whether it is the tracheal tube
system that limits insect size. They employed the phase-con-
trast-imaging technique developed at the APS, which uses
synchrotron x-rays to produce highly detailed images (and
even films) of live animals. The researchers analyzed tra-
cheal volumes from 44 individual insects representing four
species of darkling beetles (family Tenebrionidae), varying in
body mass by a factor of 1,000. 

Note: This work is now on-going at beamline 32-ID-
B,C • XOR • Materials science, life science • Phase-
contrast imaging, ultra-small-angle x-ray scattering,
radiography • 3.3-cm Undulator A • Accepting general
users
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Fig. 1. Various metals such as phosphorus (P), sulfur (S), cal-
cium (Ca), iron (Fe), copper (Cu), and zinc (Zn) light up in a
growing endothelial cell's extension (top), but combine all
the metals and only copper appears at the very tip of the
growth (bottom, overlay, in green).
Copyright © 2007 by the National Academy of Sciences

It appears that copper is important for
cooperation among cells—disrupting
that cooperation could prevent tumors
from growing new blood conduits,
thereby halting the disease
in its tracks
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over the cell. In a cross section of a mature blood vessel,
copper was equally distributed between endothelial cells in
the vessel wall and the surrounding tissue in which the ves-
sel sat, as expected from the cultured cells. In a vessel
under construction, however, dots of copper appeared at
the edges of cells involved in fabricating the walls. Zooming
in at high resolution on these dots, it appeared that copper
(and some zinc) might have been transported to the outside
of the cells, suggesting that proteins involved in forming the
vessel wall were at work. In a next round of experiments,
the research team hopes to determine which proteins use
the copper, establishing a roadmap to eventual develop-
ment of new anti-cancer therapies. — Mary Beckman

See: Lydia Finney1, Suneeta Mandava1, Lyann Ursos1, Wen
Zhang1, Diane Rodi1, Stefan Vogt2, Daniel Legnini2, Jorg
Maser2, Francis Ikpatt3, Olufunmilayo I. Olopade3, and David
Glesne1*, “X-ray fluorescence microscopy reveals large-
scale relocalization and extracellular translocation of cellular
copper during angiogenesis,” Proc. Natl.. Acad. Sci. USA
104, 2247 (February 13, 2007). 
DOI: 10.1073pnas.0607238104
Author affiliations: 1Biosciences Division, Argonne National
Laboratory; 2X-ray Science Division, Argonne National
Laboratory; 3Department of Medicine, Section of
Hematology/ Oncology, The University of Chicago
Correspondence: *dglesne@anl.gov

This study, including use of the Advanced Photon Source, was sup-
ported by U.S. Department of Energy, Office of Science, Office of
Basic Energy Sciences under Contract No. DE-AC-02-06CH11357.
O.I.O. is a Doris Duke Distinguished Clinical Scientist.

To form a pipe through which blood can flow, tumors
subvert endothelial cells, which normally become blood ves-
sel walls. The cells protrude finger-like projections of them-
selves, reaching for other cells with which to interact. Fingers
from multiple cells touch, forming a network. Additional cellu-
lar remodeling eventually morphs the endothelial cells into a
seamless tube, the beginnings of a blood vessel. To find out
which metals participate in vessel development, the team
used cultured cells that mimic the early stages of vessel con-
struction. After stimulating the cells to grow in culture dishes,
the cells take about 8 h to form a tube-like network. 

The research team, from The University of Chicago and
Argonne, stimulated the cells to start forming their network,
and then exposed them to the high-intensity x-ray beams at
different time points. The rays caused metals such as phos-
phorus, calcium, zinc, and iron to luminesce at different
wavelengths (Fig. 1). Before stimulation, the team found
copper in the cells’ middle; one hour later, the copper had
traveled to the edges of the cells. A second hour passed
and fingers extended, grabbing onto the surface matrix—
here the copper was found in the tips. More copper filled up
the fingers after 4 hours of vessel maturation. After the net-
work had formed (at about 8 hours), the copper redistrib-
uted itself to its beginning positions. The team measured
the amount of copper moving about and found 80% to 90%
of the metal wandered to the tips at the height of its move-
ment, at two hours. But the team didn't know whether the
cell was using copper to generate the fingers, to grab onto
the surface, or to make contact with other cells. To find out,
the researchers added compounds that isolate copper. The
compounds only interfered with cell-to-cell contact, sug-
gesting that whatever proteins copper might work with are
important in joining cells together.

The next question was, What happens in real cancer-
ous tissue? The scientists took samples of breast cancer
tissue and subjected the samples to APS x-rays. They
found that in normal breast tissue, copper was spread all

CANCER'S COPPER WANDERLUST

C ancer kills when it causes cells to propagate out of control. While growing, tumors build new
blood vessels to keep their burgeoning masses fed. Cancer researchers try to strangle grow-
ing tumors by cutting off their blood supply, and many take aim at the cancer proteins that
do this. One way to trip up such proteins is to sequester the metals that the proteins require

for functioning. Growing cancers are especially susceptible to having their copper removed, so
researchers used XOR beamline 2-ID-E to “light up” copper and the other metals in young blood ves-
sel cells. The team found that copper moved to the parts of the cells involved in the earliest stages of
blood vessel formation. It appears that this copper is important for cooperation among the cells.
Disrupting that cooperation could prevent tumors from growing new blood conduits, thereby halting the
disease in its tracks.
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Fig. 1. 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.

A NANOSCOPIC VIEW
OF HOW BONE HANDLES STRESS
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These results confirm some models for bone elasticity,
reveal some new information about bone composition,
and raise some new questions
while providing a tool for finding the answers
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elasticity), which is a measurement of stiffness expressed as
gigapascals (GPa). The material studied was an intact 10-
mm cross section of canine fibula fitted with a microstrain
gauge to determine the overall Young’s modulus of the spec-
imen. The researchers in this study, from Northwestern
University and Argonne, used the 1-ID-C beamline to collect
data at five parallel positions along the cross section in order
to detect any confounding effects of bending under load. 

The overall Young’s modulus was 25 GPa, which is con-
sistent with the literature, in which the reported values for
non-primate mammalian hind limb bones range from 18 to
32 GPa. For the collagen phase, Young’s modulus was 18
GPa, six times the reported value of 3 GPa for the collagen
of bovine tendon. For the carbonated apatite, Young’s mod-
uli were 38 GPa (00.4 WAXS reflection) and 44 GPa (22.2
WAXS reflection). By comparison, sintered hydroxyapatite
(a purer form of apatite used for bone prostheses) has a
much higher Young’s modulus of 114 GPa. 

These results are concordant with a model in which
bone is not a simple, discontinuously reinforced composite
but one organized as stiff rods of tightly bundled mineralized
collagen fibrils glued together by surrounding non-collagen
proteins. In this model, the tightly integrated mineral and col-
lagen phases would not be expected to behave as they do
in bulk. 

As is often the case with well-designed research, this
study raises new questions regarding the micromechanics of
the matrix and reinforcing phases of normal versus osteo-
porotic or irradiated bone, while providing a methodology for
exploring them.  — Carol Hart

See: J.D. Almer1, S.R. Stock2*, “Micromechanical Response
of Mineral and Collagen Phases in Bone,” J. Struct. Biol.
157, 365 (2007). DOI: 10.1016/j.jsb.2006.09.001
Author affiliations: 1Advanced Photon Source, Argonne
National Laboratory, 2Department of Molecular
Pharmacology and Biological Chemistry, Northwestern
University
Correspondence: *s-stock@northwestern.edu

Use of the Northwestern University MicroCT Facility’s Scanco
MicroCT-40 is acknowledged. Use of the Advanced Photon Source
was supported by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, under Contract No. DE-AC02-
06CH11357.

Bone is a nanoparticle-reinforced composite: a soft,
yielding protein (primarily collagen) matrix reinforced by
crystallites of carbonated apatite. The collagen matrix con-
tributes a high degree of toughness, while the mineral
phase provides stiffness. Bone has a complex hierarchical
structure in which mineralized collagen fibrils form parallel,
woven or lamellar arrays, depending on the type of bone.
On the nanoscopic level, collagen molecules self-assemble
into fibrils having a plied rope-like structure with a charac-
teristic banding pattern that repeats about every 67 nm.
This pattern, known as the D-period, produces peaks on
small-angle x-ray scattering (SAXS). In wide-angle x-ray
scattering (WAXS), the mineral crystallites embedded in
and on the fibrils diffract the monochromatic x-rays and pro-
duce cones of increased intensity and concentric rings on
area detectors (Fig. 1).

Force applied to the bone produces interpretable shifts
in the x-ray scattering patterns for both phases (collagen and
apatite), and these shifts can be converted into the longitudi-
nal strain in each phase. The ratio of the longitudinal strain
to the incrementally applied stress can then be used to cal-
culate Young’s modulus (sometimes called the modulus of

B one is a remarkably “smart” material that
actively remodels itself in response to pat-
terns of use. However, bone resilience is
compromised in some disease states and

in normal aging, particularly in postmenopausal
women. Bone mineral density, measured by dual-
energy x-ray absorptiometry, is the standard in the
clinical assessment of fracture risk. But some older
women with high bone mineral density experience
pathologic fractures, whereas others with low bone
density do not. Moreover, decreasing density is only
one of several changes seen in osteoporotic bone. It
is generally recognized that bone quality as well as
bone quantity is important in determining an individ-
ual’s risk of fracture, but bone quality is notoriously
difficult to define, much less measure. Using the
XOR 1-D-C beamline at APS, researchers explored
nanoscale parameters of bone quality by measuring
response to applied stress at the micromechanical
level. Their results confirm some models for bone
elasticity, reveal some new information about bone
composition, and raise some new questions while
providing a tool for finding the answers. 

1-ID-C • XOR • Materials science, physics, chemistry •
High-energy x-ray diffraction • 3.3-cm Undulator A •
Accepting general users

Life Science

http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.display_beamline?p_beamline_num_c=30


62

Inside healthy stereocilia, long, filamentous rods of the
protein actin are linked together by espin, a protein that
grabs two actin filaments like a person holding a broomstick
in each hand. To find out how espin mutations affect this
structure, the team of researchers from the University of
Illinois at Urbana-Champaign and Northwestern University
examined the ability of two espin mutants, which normally
cause deafness in people, to reconstruct the actin-espin
framework. They compared the mutants with a healthy
human espin and a healthy rat espin. The mutants were pro-
gressively more damaged; the least-damaged mutant could
grab one actin rod with normal strength and another filament
weakly. The most-damaged mutant was essentially one-
handed and could hold onto one actin rod at a time. Using
the high-energy APS and Stanford Synchrotron Radiation
Laboratory light sources, the team examined how well the
mutants and normal espin built up the actin frameworks.

The normal espin packed the actin filaments (which
were slightly helical) into tight hexagonal bundles (Fig. 1). In
addition, the bundled rods were twisted slightly more than
unbundled filaments, indicating that the filaments in the
hexagon are under constant strain, adding to the stiffness of
the overall structure. With the espin mutant, the hexagonal
structure lost its definition. As the espin mutants were less
able to grab onto the actin, the actin rods acquired more
space between them and more easily slipped past each
other. The more damaged the espin, the more espin was
required to make a stable structure.

At concentrations approximating those found in people,
the mutant bundles behaved like loose liquid crystals rather
than tight hexagonal crystals. (In the liquid crystalline state,
the bundles maintain their orientation order – that is, they
point roughly along the same direction – but lose their posi-
tional order. These nematic liquid crystals are commonly
used in watch displays and laptop displays.) Because the
rods in a liquid crystal can slide past each other, the hairs
bend and bounce. One of the mutants resulted in stereocilia
that were a thousand times more floppy than the normal
stereocilia. The lack of definition and stiffness affects the fre-
quency at which the stereocilia resonate, preventing the hair
cells from triggering the nerve cells. In addition, as the team
added more espin to the actin, the switch from floppy to stiff
occurred quite suddenly, suggesting that the mutant bundles
could be fixed—along with hearing—if researchers could
deliver healthy espin to damaged stereocilia. Although ther-
apies that would allow such delivery are still in development,
the results provide hope that one day people who are deaf
due to a genetic mutation might be able to hear. 

— Mary Beckman

See: Kirstin R. Purdy1*, James R. Bartles2, and Gerard C.L.
Wong1, “Structural Polymorphism of the Actin-Espin System:
A Prototypical System of Filaments and Linkers in
Stereocilia,” Phys. Rev. Lett. 98, 058105 (February 2, 2007).
Author affiliations: 1Department of Materials Science and
Engineering, University of Illinois at Urbana-Champaign;
2Department of Cell and Molecular Biology, Northwestern
University, Feinberg School of Medicine
Correspondence: *krpurdy@gmail.com

This work was supported in part by the DOE DEFG02-91ER45439
through the Frederick Seitz Materials Research Laboratory, the NSF
RPI-UIUC NSEC, and the NIH (No. DC004314 to J. R. B.). J. R. B.
received support from the Hugh Knowles Center. Use of the APS
was supported by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, under Contract No. DE-AC02-
06CH11357.

W hen sounds reach our ears, a mem-
brane, a hair cell, and long projec-
tions called stereocilia work together
to transmit a sound wave of a partic-

ular frequency to nerve cells. When the membrane
vibrates at just the right frequency, the vibration trav-
els through the hair cell to the sterocilia, which then
cause the nerves to send a message to the brain.
Mutations in one of the stereocilia proteins called
espin cause deafness in people. Researchers used
the XOR 12-ID-B,C,D beamline at the APS and beam-
line BL4-2 at the Stanford Synchrotron Radiation
Laboratory to take a close look at how espin muta-
tions affect the structure of the projections. The
researchers found that healthy espin stiffens the
architecture within the stereocilia, which allows the
stereocilia to resonate at the right frequency and
tickle the nerve cell. But mutations turned the archi-
tecture to various states of mush, which caused the
stereocilia to flop and become unable to transmit the
membrane vibrations correctly. The results suggest
that stiffening up the stereocilia's internal architecture
could help some deaf people hear. This research
posits a conceptual connection between deafness
and the organization of liquid crystals that are used in
various types of video displays.

SEEING WHAT WE CAN'T HEAR
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Fig. 1. Healthy espin forms tight, straight bundles (a) while mutant espin
causes actin to form a liquid crystal-like structure (b).
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A “COPPER BULLET” TO KILL CANCER

CQCQ

CuCu

CQCQ −− CuCu

ClCl

OHOH

II NN

Fig. 1. Top: Chemical structure of clioquinol.Bottom: Color change when a solution of clio−quinol is mixed with copper (Cu). 

A drug normally used to treat Alzheimer's disease may act as a “copper bul-
let,” killing tumor cells by coating itself in copper ions, according to research
derived in part from studies at the APS. Researchers from Wayne State
University, the Henry Ford Hospital, the Illinois Institute of Technology, and

Shandong University using Bio-CAT beamline 18-ID-D at the APS found that the drug
clioquinol, when mixed with copper (Fig. 1), killed two types of prostate cancer cell in
Petri dishes. The drug without copper also slowed the growth of prostate tumors
implanted in mice by up to two-thirds, apparently by soaking up copper ions (charged
atoms) present in the implanted tumor cells.
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Prostate cancer struck approximately
219,000 U.S. men in 2007 and killed some
27,000 of them, according to National
Cancer Institute estimates.

Many types of cancer typically show
high levels of copper, including tumors of
the prostate, breast, colon, lung, and
brain. Traditional chemotherapy works by
poisoning any rapidly growing cell, which
includes healthy gut, blood, and hair folli-
cles, resulting in hair loss, nausea, and
other unpleasant side effects.

If only high concentrations of copper
trigger clioquinol's harmful effects, these
researchers noted, then the drug might
selectively kill tumor cells, causing fewer
side effects than other chemo-therapies.
The researchers further noted that two
clinical trials of the molecule as a treat-
ment for Alzheimer's disease did not
reveal any significant side effects.

Intrigued by a study reporting that clioquinol shrank lym-
phoma tumors in rodents, the researchers suspected that
copper could be the key, on the basis of previous work in
which they observed that copper-containing compounds
inhibited a protein “garbage disposal,” called the protea-
some, that keeps all cells running properly.

The first task was to confirm that clioquinol reacts with
copper and forms a new complex. This was accomplished by
x-ray absorption studies performed on the Bio-CAT beam-
line (Fig. 2). Compounds in hand, the group discovered that
in two human prostate cell lines exposed to the clioquinol-
copper “bullets,” proteasome activity fell by up to 69%, which
was followed by a loss of cell surface proteins that recog-
nized the male hormone androgen, a known stimulator of
prostate tumors. In effect, the molecule seemed to rob the
deadly cells of a key signal that told them to go forth and mul-
tiply, all by way of the proteasome. As a result, the cells then
began to self-destruct.

The compound by itself had similar effects on copper-
rich human prostate cancer cells growing either in a Petri
dish or in rodents. Researchers believe that copper ions pro-
mote the growth of new blood vessels that feed tumors, and
the team observed that this growth (called angiogenesis)
was reduced in the transplanted tumors exposed to clio-
quinol compared with untreated tumor transplants, suggest-
ing that the molecule inhibited angiogenesis as well as the
proteasome by soaking up the available copper. 

— JR Minkel

See: Di Chen1,2, Qiuzhi Cindy Cui1,2, Huanjie Yang1,2, Raul A.
Barrea4, Fazlul H. Sarkar1,2, Shijie Sheng1,2, Bing Yan5, G.
Prem Veer Reddy1,2,3, and Q. Ping Dou1,2*, “Clioquinol, a
Therapeutic Agent for Alzheimer's Disease, Has
Proteasome-Inhibitory, Androgen Receptor-Suppressing,

Apoptosis-Inducing, and Antitumor Activities in Human
Prostate Cancer Cells and Xenografts,” Cancer Res. 67(4),
1636 (February 15, 2007).
DOI: 10.1158/0008-5472.CAN-06-354
Author affiliations: 1Barbara Ann Karmanos Cancer
Institute and 2Department of Pathology, School of Medicine,
Wayne State University; 3Vattikuti Urology Institute, Henry
Ford Hospital; 4Biophysics Collaborative Access Team &
Department of Biological, Chemical, and Physical Sciences,
Illinois Institute of Technology; 5School of Pharaceutical
Sciences and Institute of Environmental Sciences, Shandong
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Fig. 2. The Alzheimer's drug clioquinol kills cancer cells in the
presence of copper by inactivating a key cellular enzyme
complex. Shown here are differences in x-ray absorption
between copper foil (black line), copper chloride (purple),
and copper complexed with clioquinol (green). 
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ordered than in normal muscle. The research team interprets
the findings as evidence that more cross bridges than nor-
mal are projecting farther from the myosin filaments. This
would explain earlier physiological studies, because such a
change would allow more cross bridges to take part in con-
traction, resulting in quicker contractions and heightened
resting tension in the muscles.  — JR Minkel

See: Brett A. Colson1*, Tanya Bekyarova2, Daniel P.
Fitzsimons1, Thomas C. Irving2, and Richard L. Moss1,
“Radial Displacement of Myosin Cross-bridges in Mouse
Myocardium due to Ablation of Myosin Binding Protein-C,” J.
Mol. Biol. 367, 36 (2007). DOI: 0.1016/j.jmb.2006.12.063
Author affiliations: 1Department of Physiology, University
of Wisconsin Medical School; 2CSRRI and Department of
BCPS, Illinois Institute of Technology
Correspondence: *bacolson@wisc.edu

This work was supported by funding from the National Institutes of
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was supported by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, under Contract No. DE-AC02-
06CH11357.

Heart muscle fibers, like those of skeletal muscle, con-
sist of alternating sets of parallel filaments. Thick filaments,
which are bundles of myosin molecules, overlap at each end
with thin filaments composed of small actin molecules.
Connecting the filaments and driving muscle contraction are
“cross bridges” that project from myosin. When the muscle is
activated, the cross bridges repeatedly grasp, pull, and
release adjacent actin, meshing the two sets of fibers
together. The effect is akin to a person creeping up a chim-
ney by pushing down with their arms and legs.

Cardiac myosin-binding protein-C (cMyBP-C) accounts
for only 1-2% of heart muscle protein, but it plays a notice-
able role. In mice bred to lack the protein, cardiac muscle
contracts much more easily than that of normal mice, sug-
gesting that the protein somehow acts as a brake on con-
traction. To figure out how this works, the researchers first
extracted pieces of muscle from inside the hearts of the mice
lacking cMyBP-C and soaked the muscle in solution to com-
pletely relax it. Next, they probed the muscle's molecular
structure by measuring its x-ray diffraction pattern on beam-
line 18-ID-D. The diffraction pattern encoded two main prop-
erties: the spacing between actin and myosin filaments and
the concentration of material along that spacing (Fig. 1). The
researchers hypothesized that cMyBP-C works as a tether
on cross bridges that happen to be tucked closer than oth-
ers to their myosin filament at any given moment, preventing
them from aiding contraction. In keeping with that idea, they
discovered that the molecular mass in the heart muscle with-
out cMyBP-C was less concentrated around myosin.
Instead, the molecular mass was approximately 30% more
spread out between filaments than in normal mouse heart
muscle. The molecular mass was also about 40% more dis-

T he stars of muscle contraction—be it the flex of a bicep
or the throb of the heart—are microscopic fibers spun
from the proteins actin and myosin. To play their parts
properly, these proteins need help from an additional,

less well-understood molecule known as myosin-binding pro-
tein-C. Thanks to data collected at Bio-CAT beamline 18-ID-D
at the APS, researchers from the University of Wisconsin
Medical School and the Illinois Institute of Technology have
gleaned insights into this protein's contribution to a smoothly
beating heart.
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Fig. 1. X-ray diffraction patterns of normal mouse
heart muscle (WT, bottom) and heart muscle from
mice lacking cardiac myosin-binding protein-C
(KO, top). Compared with WT muscle, the KO mus-
cle matter is shifted toward its thin actin filaments
(represented by the size of the outermost black dots
in both images), as opposed to its thick myosin fila-
ments (inner dots), implying that cardiac myosin-
binding protein-C helps keep myosin filaments more
tightly wound than they would be otherwise.
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cle. Electrodes were used to deliver pulses of electric current
to the muscle fibers that simulated what would take place in
a real-life setting. In this way, the researchers were able to
record the fiber contractions under various conditions. X-ray
diffraction data were then collected from the fibers, which
enabled the researchers to visualize and quantify the move-
ment of attached myosin motors as load increased (Fig. 1). 

Simultaneous mechanical measurements enabled the
researchers to determine that the number of the attached
myosin motors increased in proportion to the increase in
load, while the force exerted by each of the myosin motors
remained constant regardless of the load. This was in con-
trast to what had been previously thought—that the force of
each myosin motor was higher when the load was higher.
These researchers found that it was the increased number
of connecting myosin motors that allows the muscle fiber to
bear greater weight, not an increase in force within each
myosin motor. 

The researchers also found that detachment of a
myosin motor from actin depended heavily on the motor’s
shape or conformation as a muscle progressed through a
contraction. The change in shape allowed myosin motors to
detach more quickly from actin while bearing lighter loads
and remain attached while bearing heavier loads, a finding
that gives a molecular explanation for the high efficiency of
this motor.  — Emma Hitt
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I t has been known that muscle fibers shorten
slowly under heavier loads and faster under
lighter loads. Now, researchers from the
Università degli Studi di Firenze, Università di

Roma, Dexela Ltd., the Illinois institute of Technology,
and King’s College London, using the Bio-CAT 18-ID-
D beamline at the APS have discovered the molecu-
lar basis of this fundamental property of muscle func-
tion. Their work was the cover article for the issue of
Cell magazine in which it was published.
Understanding exactly how muscle fibers work helps
lay the groundwork for the development of new treat-
ments for muscle disorders as well as enhancing the
understanding of athletic performance. 

The researchers gleaned these insights into muscle
function by using the Bio-CAT beamline to study a key mus-
cle protein called myosin. The group characterized the
interaction of myosin with actin, another protein found in
muscle. Actin and myosin are arranged within muscle fibers
in alternating layers of filaments. The actin and myosin lay-
ers are connected by “myosin motors,” which, during a
muscle contraction, cause the layers to slide over each
other in opposing directions, similar to the way oars dipped
into water propel a row boat forward. The shortening of a
muscle fiber is thought to correlate with the myosin and
actin sliding over each other in this manner. When several
fibers contract together, a muscle contraction takes place. 

These researchers showed, for the first time, that mus-
cle fibers not only shorten more slowly with a heavier load,
but that the number of myosin motors attached to actin
increases directly with increased load, while the size of their
movement remains almost unchanged. This explanation
more accurately depicts muscle performance than the previ-
ously accepted explanation.

The researchers conducted their experiments on single
intact fibers, about 5 mm in length, dissected from frog mus-

< Fig. 1. The upper panel (a) shows the M3 x-ray reflection from
an active single muscle fiber at constant length (L0) recorded
at APS. The reflection is split into two peaks of roughly equal
intensity by interference between the two arrays of myosin
motors shown in red in the cartoon representation of the mus-
cle sarcomere (b). When the load on the muscle fiber is
decreased (c) it shortens, reaching a steady speed (at L4)
that depends on the load. The M3 reflection recorded at L4
(d) has interference peaks of markedly different intensities
(middle panel), and this signals motion of actin-attached
myosin motors towards the midpoint of the sarcomere com-
bined with some motor detachment (e). 
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Fig. 1. Model of a full-length colicin Ia bound to Cir recep-
tor at the cell surface. Buchanan et al. determined a crys-
tal structure of the complex between Cir (red and green)
and the R-domain of colicin Ia (dark blue) and superim-
posed the full-length colicin Ia structure (light blue) from
Wiener et al. [1]. The model suggests that colicin Ia binds to
Cir with an angle of approximately 45° to the membrane,
positioning the translocation (T) and channel-forming (C)
domains of colicin Ia about 150 Å above the cell surface
and translated by about 80 Å from Cir. Both T and C
domains are believed to enter the periplasm by an active
transport mechanism involving Cir. 
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The bacterial equivalent of the medieval portcullis is a
family of barrel-shaped proteins embedded in the outer
membrane that have a plug domain to limit entry to desirable
molecules, such as vitamin B12 and chelated iron com-
plexes. Colicins (E. coli-specific bacteriocins) are potent tox-
ins secreted by E. coli to attack rival strains. A single colicin
molecule, once it has breached the double walls, can destroy
a sensitive E. coli cell, either by cleaving its DNA or (the strat-
egy of colicin Ia) forming a voltage-gated ion channel that
effectively blasts a hole through the cell. One such, colicin Ia,
is decidedly undesirable. Colicin Ia is a large molecule (626
amino acids, 69 kilodaltons in mass) with three distinct
domains that correspond to its one-two-three assault on its
target. The receptor-binding (R) domain binds the target
receptor, the N-terminal translocation (T) domain is required
for penetrating the cell envelope, and the C-terminal chan-
nel-forming (C) domain delivers the death blow. 

The work of the researchers from the National Institute
of Diabetes & Digestive & Kidney Disorders and the National
Cancer Institute, in collaboration with colleagues at the Albert
Einstein College of Medicine, reveals the initial deployment

of this sophisticated molecular weaponry (Fig. 1).
Remarkably, the binding of colicin Ia to its target receptor,
Cir, causes the receptor to undergo large conformational
changes, stabilizing the receptor in a wide-open position,
with the colicin Ia molecule positioned directly above it,
poised to strike. This is the largest conformational change
yet observed in a bacterial membrane receptor-protein inter-
action in this receptor family. Equally striking, the T and C
domains are positioned far above the membrane at this first
stage in their assault, and presumably must unfold at least
partially to pass through the open receptor. How the colicin
Ia molecule completes its penetration of the cell is not yet
known, but further studies by the researchers suggests that
both the Cir receptor and the TonB transport system are
involved.  — Carol Hart
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B acteria have many enemies—each other
as well as their reluctant hosts—and many
well-evolved offensive and defensive
strategies. The gram-negative bacteria,

which include Escherichia coli (E. coli), among many
others of medical significance, protect themselves
with a castle-keep structure: two membranes and an
intervening moat (the periplasm) enclose the bacterial
cell in citadel-like isolation. As with stone-and-mortar
castles, the increased fortifications create a dilemma
for the bacterium as well as for its besiegers: obtain-
ing necessary supplies becomes more difficult, requir-
ing an active transport system across the outer mem-
brane and periplasm into the cell. Modeling how pro-
teins and other large molecules obtain entry to the
gram-negative cell has relevance both for bioremedi-
ation applications and for the development of new and
badly needed antibiotics and vaccines. By using the
SER-CAT 22-ID-D beamline at the APS, researchers
have solved crystal structures to successfully model
the interactions of the colicin Ia protein with its target
receptor on the outer membrane of E. coli cells. 
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Fig. 1. Structure of the interferon-β enhanceosome:
side view showing how the two DNA strands (gray)
bend around enhanceosome domains (ribbons).

The result of this research is an elegantly complex
molecular model, which makes it much easier to
understand how synthesis of interferon-β is regulated 
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surface presented by this array of proteins appears to con-
tact every DNA nucleotide pair on the enhancer. This last
piece of information helps explain why the DNA sequence of
the mammalian interferon-β enhancer has remained invari-
ant over evolutionary time while the sequence of the gene
itself has varied considerably. 

Viral infection leads to synthesis of the proteins that
bind to the enhancer and start the ball rolling for synthesis of
interferon-β. The research team was able to show that all
components of the enhanceosome system have to be pres-
ent for interferon-β production to proceed. This all-or-none
requirement is typical of many genetic switches; the princi-
ples embodied in the structure of interferon-β are likely to
apply to many other gene-regulatory circuits.  — Mona Mort
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S o much DNA, so little time to find and read the section of the genetic code that will keep cells
functioning properly. The time factor is especially critical when a cell is faced with an intruder
such as a virus ready to launch an assault. Virus reproductive cycles operate on the scale of
minutes and hours, so there is no time to lose in marshalling a cell’s defenses. In human cells,

one response to viral entry involves synthesis of the protein interferon. How is the right DNA activated
so that interferon production occurs at the right time and place? Researchers studied the complicated
and intricate phenomenon and, utilizing the BioCARS beamline 14-BM-C at the APS and beamline 8.2.1
at the Advanced Light Source, produced a structure of half of the protein involved in the process.
Combined with previous work on the other half of the assembly, the entire structure is now known in
detail. The result is an elegantly complex molecular model, knowledge of which makes it much easier
to understand how synthesis of interferon-β is regulated. 

The activation of the interferon-β gene has been partic-
ularly well studied with respect to answering the “right time
and place” question. The actual reading of the correct sec-
tion of DNA depends on the presence of an enhancer
sequence, which must be occupied by the appropriate pro-
tein factors for gene activation to be maintained. Some
enhancers are “modular”: their elements are spread out from
each other at some distance from the gene that is to be acti-
vated. Other enhancers, such as the one that controls the
interferon-β gene, are compact and located close to the
beginning of the gene itself. The compact interferon-β
enhancer is a stretch of DNA that binds protein to form an
assemblage called an enhanceosome. 

The research team from the Harvard Medical School
and Harvard University  focused on the interferon-β
enhancer because it is known to be viral-induced and there-
fore important to the cell’s immune response. Building the
enhanceosome requires binding six different protein factors
(two of them in multiple copies) to the enhancer DNA. The
factors then recruit coactivators and chromatin remodeling
proteins to the interferon-β promoter region. In the present
study, the scientists were able to advance knowledge of how
this all occurs by producing a crystal structure of the DNA-
binding domains for four of the enhanceosome components
(IRF-3, IRF-7, and NFKB p50 and p65) that were bound to
one half of the enhancer DNA. They then combined this
information with previous data collected for the other half of
the enhancer and, by doing so, constructed a complete
model for all the DNA-interacting parts of the enhanceosome
(Fig. 1). 

Several leaps in understanding can be gleaned from the
details of the structure described by the research team. In
total, eight protein subunits are needed to create a continu-
ous binding surface for recognizing 50 base pairs of DNA.
Although there is little direct interaction between the eight
proteins, their association with the enhancer appears to be
coordinated by binding-induced changes in DNA conforma-
tion and also by interaction of these eight protein subunits
with additional components of the system. And the binding
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Fig. 1. Antibody binding to sections of amyloid-β: a, stereo view showing electron density for
binding to PFA1; b, stereo view of overlay showing similarity in binding of PFA1 (blue) and
PFA2 (green). © 2007 by The National Academy of Sciences of the USA 

FINDING WAYS TO FIGHT ALZHEIMER’S
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antibodies react with amyloid-β. First, the group isolated two
different types of antibody, called PFA1 and PFA2, which
recognize the amyloid-β molecule in various stages of its
assembly: monomers, protofibrils, and fibrils (Fig. 1).
Knowing how the intermediate and final stages of the amy-
loid molecule will react with the antibody arms therapy
designers with several ways to attack the problem. Second,
the scientists produced a detailed structure of the antigen-
binding area on the antibody when it is attached to a section
of the amyloid-β molecule, thus allowing a very clear under-
standing of how the binding occurs. It is now possible to
understand in fine detail the process that allows binding of
amyloid-β to the antibody, thereby opening the door to find-
ing ways to enhance that binding. Third, the team was also
able to home in on sections of the amyloid molecule that
appear to be particularly important in binding to the antibody
and, therefore, important to the body’s immune response.
Focusing on these areas of the amyloid molecule will allow
more efficient use of resources that are dedicated to devel-
oping passive immunization for treatment of Alzheimer’s dis-
ease. Fourth, and perhaps most important for therapy devel-
opment, the team showed that there was cross-reactivity of
parts of the newly described antibodies with sections of
other human proteins. This information will greatly aid pre-
dictions of side effects of the immunotherapy and allow fine-
tuning of the specificity and affinity of the antibodies used to
disable amyloid-β.

Thanks to the work done by these researchers in unveil-
ing the details of binding antibodies to amyloid-β, using pas-
sive immunization to treat patients with Alzheimer’s disease
is now much easier to envision and further develop. 

— Mona Mort 
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H ow and why do the brain and other parts
of the nervous system lose function in
patients afflicted with Alzheimer’s dis-
ease? Searching for the answer to that

question has been a top priority for biomedical
researchers. The good news is that the biochemical
mechanisms regulating progression of the disease
are increasingly well understood. One well-known
process is formation of soluble aggregates, or
plaques, of a molecule called amyloid-β, which have
been found in brain tissue samples of Alzheimer’s
patients. Slowing, or even preventing, aggregate for-
mation is a major focus of therapeutic strategies.
Recent efforts to treat and cure Alzheimer’s disease
have involved both active immunity—use of a vaccine
to stimulate the body’s own antibody production—and
passive immunity, in which antibodies are produced in
the laboratory and then administered directly to the
patient. The advantages of passive immunity include
greater control over the antibody response and a
shorter time period to develop the therapy than would
be involved in vaccine development, in which side
effects are more difficult to anticipate. Important
breakthroughs in using passive immunity have
recently been made by a research team using the
BioCARS 14-BM-C beamline at the APS. The team’s
work greatly advances knowledge about the use of
passive immunization in treating Alzheimer’s disease.

The scientists from Case Western Reserve University,
the University of Tennessee, the University of Pittsburgh, the
California Institute of Technology, and the University of Utah
isolated and analyzed the structure of antibodies that bind
amyloid molecules and thereby prevent them from forming
plaques. The study built on previous work that had shown
anti-amyloid-β monoclonal antibodies to be effective in bind-
ing amyloid-β aggregates, called the antigen because they
are the molecule that the antibody will bind and disable. The
anti-amyloid-β antibodies could bind amyloid-β both in the
test tube and in non-human animal studies, showing prom-
ise for use in passive immunization. In fact, use of the anti-
bodies is now well along in clinical trials in patients with
Alzheimer’s disease. Because of this, the detailed knowl-
edge of the antibody-antigen binding system reported in the
present study comes at a critical time.

The research team produced a wealth of new data that
can be quickly and efficiently put to use in designing thera-
pies to treat Alzheimer’s disease. The most important results
of the work lie in enhancing our understanding of how the
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Fig. 1. Schematic illustration of two tightly bound cell
signaling proteins, p38α (in cyan and blue) and MK2 (in
yellow, green, red, and orange), which together initi-
ate the inflammatory response of the immune system
that contributes to arthritis. The proteins' backbones
are shown with their secondary structure elements,
arrows and bundles, and are overlaid on the mole-
cules' overall shapes. 
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A high-resolution look at a pair of proteins locked in a tight embrace is giving
researchers new leads in designing drugs to treat chronic inflammatory diseases
such as rheumatoid arthritis. Scientists using the SGX-CAT 31-ID-D beamline at the
APS determined the crystalline structure of two proteins that come together to play

a key role in the cellular events that trigger the body's inflammatory response. Based on pre-
existing biochemical data, they identified several locations where small-molecule drugs might be
able to inhibit the function of these proteins, perhaps offering a way to ease the pain of arthritis
and related ills.

Before a cell of the immune system can trigger the kind
of inflammation that over time results in joint swelling and
pain, it must undergo a series of internal biochemical reac-
tions, referred to as signal transduction. Upon receiving
some chemical cue from its surroundings, the cell kick starts
a cascade of protein enzymes, each of which activates the
next in the chain, culminating in the release of inflammation-
promoting chemicals called cytokines. One of the first
enzymes in this pathway is called p38α, which latches tightly
onto its target, the enzyme MK2 (for MAPK-associated
kinase 2), and activates it.

Cultured human cells lacking p38α are unable to secrete
inflammatory cytokines. The Boehringer Ingelheim re-
searchers wanted to zero in on the interaction between the
pair, reasoning that if they could either disrupt the tight
embrace or inhibit the function of either one of these
enzymes, it would offer an effective, specific way of shutting
down the pathway that leads to arthritis. To aid them in
designing drugs for that purpose, they crystallized a mixture
of the two proteins and solved the crystal's three-dimensional
shape from x-ray diffraction measurements obtained on the
SGX-CAT beamline (Fig. 1).

Consistent with the protein pair's known affinity for each
other, the enzymes molded their surfaces together over a
much larger area than is seen in most other protein-protein
structures solved to date. Included in MK2's contact surface
with p38α was a stretch of 31 amino acids (protein subunits)
known to be crucial for the pair to bind to each other.
Learning the shape of this so-called docking region gave the
team new insight into the key features holding the proteins
together and may help devise means of better inhibiting the
biological function of the assembly.

Both enzymes are kinases, meaning they work by
chemically affixing to their targets a cluster of phosphorus
and oxygen atoms (a phosphoryl group). That is also how
they themselves are activated. The researchers noted that

A PROTEIN EMBRACE COULD SPUR
NEW ARTHRITIS DRUGS
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the phosphorylation site of p38α was buried between the
two proteins, suggesting that when a phosphoryl group is
affixed to p38α, it wedges the proteins apart, but not enough
to separate them completely.

Separation may come instead when MK2 is phosphory-
lated (by p38α). They noted that one of MK2's sites for
accepting phosphoryl groups was likewise buried between
the proteins, offering another avenue to wedge between the
two proteins. Such sites offer targets for researchers to
short-circuit signal transduction by designing small mole-
cules that prevent phosphorylation.  — JR Minkel
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Fig. 1. Global view of the ribosome and the two
binding sites for aminoglycosides. Gold and green,
aminoglycosides bound to the small and large ribo-
somal subunits, respectively; light blue, 16S rRNA;
gray, 23S rRNA; purple, 5S rRNA; dark blue and
magenta, proteins of small and large subunits,
respectively; CP, central protuberance.

ANOTHER STEP IN THE ONGOING
EFFORT TO OUTSMART BACTERIA
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Aminoglycosides are known to interact with ribosomes
and interfere with several aspects of ribosome function,
including ribosome recycling. Ribosome recycling is the
process of splitting the ribosome into its subunits (small and
large) once the ribosome has stopped making proteins.
Recycling is necessary for ongoing, healthy, fully functional
protein manufacture. In bacteria, recycling is assisted by a
protein called ribosome recycling factor (RRF). Until now, it
was unclear how aminoglycosides interfere with RRF-
assisted ribosome recycling.

To clarify the effects of aminoglycosides on the ribo-
some function in general and on RRF function in particular,
the researchers from Lawrence Berkeley National
Laboratory; the University of California, Berkeley; the
University of California, San Francisco; the University of
Pennsylvania School of Medicine; and Thomas Jefferson
University crystallized ribosomes from Escherichia coli in
complexes with the aminoglycoside antibiotics neomycin,
paromomycin, and gentamicin, then obtained x-ray diffrac-
tion images of the ribosomes in complexes with the ligands
by using diffraction at the APS and ALS beamlines (Fig. 1).
The antibiotics were found to bind to RNA helix h44 in the
small ribosomal subunit, which had previously been identi-
fied in other studies. The research team also found that the
antibiotics bind to the RNA helix H69 in the large ribosomal
subunit, which was previously unknown. The H69 region of
the ribosome is located at the center of several key
processes in the ribosome, including translocation and recy-
cling, and is adjacent to the site of RRF binding to the ribo-
some.

Through additional x-ray crystallography studies of the
structures of ribosomes from the bacterium E. coli in complex
with RRF, the researchers found that RRF binding to the
large ribosomal subunit caused helix H69 of the large subunit

to swing away from the small subunit, thereby disrupting key
intersubunit contacts and assisting ribosome recycling.
However, when the antibiotics were added, the action of
RRF was completely suppressed. Aminoglycosides would
bind to the ribosome and prevent the conformational change
in H69 caused by RRF. The researchers were able to see
that aminoglycosides restored the contacts between the
ribosomal subunits by binding to H69, thereby preventing
RRF from proper separation of the subunits. These results
provide a structural explanation for the ability of aminoglyco-
sides to prevent ribosome recycling.

The researchers speculate that a mechanism of resist-
ance to aminoglycoside antibiotics may involve destabiliza-
tion of interactions of the H69 region in the large subunit with
h44 in the small subunit, which would weaken the ability of
aminoglycosides to bind to these regions. They also suggest
that binding of aminoglycosides to H69 might affect other
processes important in protein synthesis in addition to pre-
venting proper ribosome recycling. By understanding more
about the way in which aminoglycosides interact with bacte-
rial ribosomes, researchers may be able to design more
effective antibiotics and improve the antibiotics that are cur-
rently available.  — Emma Hitt

See: Maria A. Borovinskaya1, Raj D. Pai2, Wen Zhang3,
Barbara S. Schuwirth3, James M. Holton1,4, Go Hirokawa5,
Hideko Kaji6, Akira Kaji5, and Jamie H. Doudna Cate1–3*,
“Structural basis for aminoglycoside inhibition of bacterial
ribosome recycling,” Nat. Struct. Mol. Biol. 14(8), 727
(August 2007). DOI: 10.1038/nsmb1271
Author affiliations: 1Physical Biosciences Division,
Lawrence Berkeley National Laboratory; 2Department of
Molecular and Cell Biology and 3Department of Chemistry,
University of California, Berkeley; 4Department of
Biochemistry and Biophysics, University of California, San
Francisco; 5Department of Microbiology, University of
Pennsylvania School of Medicine; 6Department of
Biochemistry and Molecular Biology, Thomas Jefferson
University
Correspondence: *jcate@lbl.gov

This work was supported by U.S. National Institutes of Health (NIH)
grants GM65050 (J.H.D.C.) and GM60429 (A.K.), the Nippon Paint
Fund (H.K.), NIH National Cancer Institute grant CA92584 (for the
SIBYLS and 8.3.1 beamlines), NIH National Center for Research
Resources grant RR-15301 (for beamline 24-IDC) and U.S.
Department of Energy grants DE-AC03-76SF00098, KP110201,
and LBNL LDRD 366851 (J.H.D.C.), DE-AC03 76SF00098 (for the
SIBYLS and 8.3.1 beamlines) and DE-AC02-06CH11357 (for the
Advanced Photon Source). Use of the APS was supported by the
U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences, under Contract No. DE-AC02-06CH11357.

U nderstanding the way in which antibiotics
work aids in the development of new,
powerful drugs needed to combat resist-
ant strains of bacteria. A widely used

class of antibiotics, called aminoglycosides, works by
interfering with the translation of a bacterial cell’s
genetic code into proteins. Specifically, aminoglyco-
side antibiotics disrupt ribosomal function within bac-
teria. Ribosomes are essential cellular machines that
serve as protein production factories within bacteria,
and without their proper functioning, the bacteria die.
Researchers set out to find out more about how
antibiotics of this class disrupt ribosomal activity by
employing the NE-CAT beamline 24-ID-C at the APS
and the SIBYLS (12.3.1) and 8.3.1 beamlines at the
Advanced Light Source (ALS) to derive structure-
based information about ribsosomal function.
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Fig. 1. The NKT TCR (blue and
red) sits on top of the CD1d
molecule (green) and con-
tacts the glycolipid, α-GalCer.

PROBING THE WORKINGS OF
NATURAL KILLER T CELLS

N atural killer T (NKT) cells are a sub-
set of T lymphocytes, white blood
cells that play a central role in cell-
mediated immunity. NKT cells recog-

nize only glycolipid antigens (carbohydrate-
attached lipids that provide energy and serve as
markers for cellular recognition), rather than
peptide antigens that are bound to a CD1 anti-
gen-presenting molecule. NKT cells are less well
understood than conventional T lymphocytes.
But because they combine features of adaptive
and innate immunity, they may prove to be an
important target for clinical interventions in a
wide range of disorders. Using the IMCA-CAT
17-ID-B beamline at the APS, a team of
researchers from Monash University and the
University of Melbourne succeeded in demon-
strating at an atomic level how the CD1d-antigen
complex is recognized by the T cell receptor
(TCR) of the NKT cell, providing new information
that may further the development of
immunotherapies for cancer, infection, allergy,
and chronic inflammatory conditions.
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The CD1-restricted NKT cells represent a little-under-
stood but nonetheless important component of the
immune system; its highly conserved, semi-invariant TCR
affords greater possibilities for designing immunothera-
peutic interventions than is possible with the polymorphic
TCRs of conventional T lymphocytes. Understanding its
binding conformation is an important guide to developing
immunotherapies that might turn up its immunostimulatory
activity in cancer and infection or turn down its activity in
allergy and chronic inflammatory conditions.  — Carol Hart
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The highly variable TCRs of conventional T cells are
key to the adaptive immune response. They are specific to
the individual: they will only recognize self (syngeneic)
MHC molecules, which bind and present peptide antigens.
NKT cells, in contrast, possess a semi-invariant TCR that
is cross-reactive with CD1–antigen complexes from differ-
ent individuals. In fact, if a sufficiently potent antigen is
introduced, human NKT cells will react with murine CD1d-
antigen complex, and murine NKT cells with human CD1d-
antigen. NKT cells have immunoregulatory effects that can
be either stimulatory or suppressive. Studies in mice sug-
gest that NKT cells may mediate tolerance to organ trans-
plants following immunosuppressive therapy. NKT cells
are known to enhance the immune response to some
types of cancer and many forms of infection, although they
may also promote allergic and inflammatory responses in
some settings. Given their limited degree of intraspecies
variability, NKT cells represent a clinical target of great
potential. 

The antigen-binding cleft in the CD1 family contains
two large hydrophobic pockets (A' and F') well suited to
presenting lipid antigens to TCRs. Antigens capable of
inducing a response in NKT cells include glycolipids
derived from the cell walls of Mycobacterium species, a
genus that comprises such age-old scourges as the
pathogens responsible for leprosy and tuberculosis. In
both mice and humans, the most potent known activator of
the CD1d antigen-presenting molecule is a synthetic gly-
colipid called α-galactosylceramide (α-GalCer). Although
this particular CD1d-antigen combination has been much
studied, and α-GalCer has been investigated as a poten-
tial cancer therapy, the binding mechanisms of the com-
plex formed by CD1d-α-GalCer-NKT TCR were previously
unknown. 

Structurally, CD1 molecules show substantial similar-
ity to class I MHC molecules, which have a well-charac-
terized mode of interacting with the TCRs of conventional
T lymphocytes. In conventional T lymphocytes, the TCR
assumes a roughly diagonal position relative to the long
axis of the MHC-peptide-antigen complex, and it was
therefore assumed that the NKT TCR would adopt a simi-
lar attitude in binding to the CD1d-lipid-antigen complex.
Instead, the NKT TCR takes a position parallel to the long
axis of the antigen-binding cleft at the extreme end of the
complex, directly above the F' antigen-binding pocket of
the CD1d (Fig. 1). This conformation has not been seen
with any MHC–antigen–TCR complex.
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A ll living organisms consist of cells—sometimes one, but usually millions of them—each
encased in a cell membrane. The cell membrane, in addition to simply enclosing the con-
tents of the cell, is actually a dynamic, functional organelle that empowers the cell to carry
out various functions. The cell membrane, for example, enables the movement, or motility,

of the cell. The membrane also participates in a process called cytokinesis, whereby the cell splits in two
during cell division. Another process is endocytosis, in which the cell membrane—in a manner reminis-
cent of the archaic video game Pac-Man—engulfs particles and draws them into the cell. One type of
endocytosis is clathrin-mediated endocytosis (or CME), the process that all eukaryotic cells (from the
Greek, freely translated as “truly nuclear”: cells that are organized into complex structures by internal
membranes and that have a membrane-bound nucleus) use to internalize nutrients, antigens, growth
factors, pathogens, and recycling receptors. In CME, the cell can ingest relatively large particles by
engulfing them with clathrin-coated pits that form in the membrane. Understanding how this process
works is an important step toward a better understanding of intracellular transport, or how a particular
protein is sent to the correct intracellular location.

HOW A CELL ENGULFS PARTICLES

Fig. 1. (a) Ribbon and surface representations of the EFC-
domain dimer with each monomer colored in cyan and
magenta, respectively. (b) A model for membrane tubulation
by the EFC domain. The EFC-domain dimers join end to end into
a spiral filament, which wraps around the tubular membrane.
EFC-domain dimers are highlighted in different colors.
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To better understand the CME process, researchers
from The Harima Institute; The University of Tokyo;
PRESTO, JST; the National Institutes of Natural Sciences;
and the University of Georgia focused on two proteins:
FBP17 and CIP4. Specifically, the researchers resolved the
structure of an area common to both proteins, called EFC. To
do so, they enlisted the help of the SER-CAT 22-ID-D beam-
line at the APS. They also collected a high-resolution data
set at the RIKEN Structural Genomics Beamline I (BL26B1)
at SPring-8.

During endocytosis, the cell engulfs its particulate prey,
and the membrane and its contents are drawn into the cell
and then cut loose with a “scission” step once inside the cell.
Several molecules are needed to assist with clathrin-medi-
ated endocytosis, including a family of proteins referred to as
the PCH proteins, which include FBP17 and CIP4. The PCH
proteins allow the formation of a tubular shape, or tubulation,
of the membrane, which sets off the process of endocytosis.
The PCH proteins FBP17 and CIP4 both include an area
called EFC, which has remained unchanged throughout evo-
lution, highlighting the importance of its function in the long-
term survival of the cell. 

The researchers solved the structure of the EFC domain
and were able to piece together a novel explanation for the
way in which the EFC domain on FBP17 and CIP4 con-
tributes to endocytosis: the EFC domain appeared to act as
a point of contact between two FBP17 molecules, allowing
them to pair together and form dimers. The same was true
for CIP4 proteins. These protein dimers then assembled
together to form strands or filaments by interacting end-to-
end, a process that the researchers theorized actually drives
the process of endocytosis. The spiral-like filaments
appeared to wrap around the tubular membrane (Fig. 1).
Thus, the filament formation allowed two key steps of endo-
cytosis to take place—membrane tubulation and invagina-
tion, the formation of cavities that engulf particles. 

Additional evidence for the role of the EFC domain in
endocytosis was found when the researchers purposely dis-
rupted filament formation and observed that neither tubula-
tion nor invagination of the membrane took place. They also
reported for the first time that FBP17 was present inside the
clathrin-coated pits and may be involved late in the endocy-
tosis process in the invagination and scission steps. 

— Emma Hitt
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HOW ALGAE MANUFACTURE A POISON PILL

Fig. 1. Structure of the curacin A GNATL domain.
Computer modeling shows the configuration of
carbon atoms (black) in acetyl-CoA (wheat) and
the phosphopantetheine arm of ACPL (maize),
along with important catalytic amino acids (blue).
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N ew research reveals how blue-green algae
from the Caribbean manufacture a curi-
ously potent anticancer compound. A team
of investigators using the GM/CA-CAT

beamline 23-ID-D at the APS recently solved the
three-dimensional crystal structure of one part of a
sprawling cellular machine responsible for synthesiz-
ing curacin A, known for its ability to poison many
common cancer cell types in the lab. The finding
reveals a new and unexpected level of diversity in a
well-known class of proteins.

First extracted from the marine cyanobacterium
Lyngbya majuscula in the late 1990s, curacin A has proven
too unstable and hard to process to be turned into a drug.
But it opened new doors to biologists wishing to study the
way that single-celled organisms assemble exotic com-
pounds from common biochemical building blocks. The reac-
tor that synthesizes curacin A is a conglomerate of different
proteins, each of which catalyzes a different chemical reac-
tion. Called a polyketide synthase (PKS), this protein-pow-
ered assembly line fuses together small building blocks one
at a time into the larger curacin A molecule.

In the first step of the process, one of the protein mod-
ules attaches (or loads) the first building block to the larger
PKS assembly line. The exact mechanism used by the load-
ing module was unclear, however. To figure it out, a group of
researchers from the University of Michigan at Ann Arbor;
Purdue University; and the University of California, San
Diego, crystallized the module and solved its structure using
x-ray diffraction measurements collected on the GM/CA-CAT
beamline. 

The key piece of the loading module—a compact, dual-
purpose enzyme called GNATL—has two openings on either
side leading into tunnels that meet at a crooked junction in
the middle of the enzyme (Fig. 1). The two tunnels seem to
play distinct roles. The researchers found that a carrier mol-
ecule called malonyl-CoA was capable of threading into the
tunnel facing away from the rest of the loading module,
which latched onto the twisted malonyl segment. The first
function of the GNATL enzyme is to sever a molecule of car-
bon dioxide from malonyl-CoA, yielding acetyl-CoA. The
researchers identified a pair of amino acids (protein building
blocks) in the far tunnel near the site of the malonyl attach-
ment that seemed likely to catalyze the removal of CO2.
When they chemically obstructed the amino acids, the
enzyme produced far less carbon dioxide in the presence of
malonyl-CoA, as predicted.

The enzyme's second task is to transfer the acetyl
group to the rest of the PKS to be elongated into the larger
curacin A chain. The researchers propose that after CO2
removal, the second tunnel permits entry to a sort of protein
dipstick (a “phosphopantetheine arm”) projecting from a flex-
ible part of the loading module called the acyl carrier protein
(ACPL) (Fig. 1). The tunnel catalyzes a reaction that swaps
the acetyl group from CoA to the dipstick, allowing CoA to
float off and the acetyl to be moved to an adjacent protein
module.

For the researchers, the most unusual aspect of the
process was GNATL's ability to catalyze two very different
reactions. The module is part of a large group of related
GNAT enzymes, which play roles in everything from antibi-
otic resistance to hormone synthesis to gene activation, all
through transfer of an acetyl group. The unprecedented
dual-purpose enzyme that also removes CO2 substantially
broadens the chemical reaction inventory of this well-known
protein superfamily.  — JR Minkel
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THE FATE OF VITAMIN B12

Fig. 1. Worms/tubes diagram of the IF-Cbl complex with α and β domains
shown in blue and red, respectively. The cobalamin and sugar (N-acetyl-
glucosamine; NAG) molecules are shown in ball and stick and in green and
black colors, respectively. The cobalt atom is shown as a pink sphere.
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also reveals a major sugar binding site at Asparagine 395,
which can accommodate at least two sugar molecules
that may be important for IF function (Fig. 1).

Comparison of the overall structure of IF to the structure
of TC revealed differences in the length and orientation of
various helices in the α-domain. Another important differ-
ence is that the β-side of the corrin ring of IF is empty
even without any ordered water molecules with respect to
TC. In IF the binding site and channel formation between
the α and β domains are dominated by negatively
charged residues that may play a role in the binding of
Cbl at low pH. In addition, the binding site for cobalamin
in IF is broad and open on both sides compared to that for
TC; this may have important implications for binding and
dissociation of the cobalamin to these two transport pro-
teins.

This study also investigated the observation that rat
IF cannot substitute for human IF in binding to its cellular
receptor, though they share 80% sequence identity. The
predicted receptor binding site of 37 amino acids varies at
only six of these locations between the two proteins. In
this study, using a homology model, substitution of these
six amino acids from the rat sequence into the human IF
did not change the predicted structure of the binding
region at all but did change the charged nature of the site.
This change in charge environment may interfere with
proper binding of the rat IF to the human IF receptor and
thus inhibit its ability to leave the digestive tract with its
cargo. — Sandy Field
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V itamin B12 (also known as cobalamin, or
Cbl) is an essential vitamin for all mam-
mals. But, unlike other water-soluble vita-
mins, cobalamin is stored in body tissues

rather than being dispersed in urine. This can mask
the effects of vitamin B12 deficiency in the diet for
many years. Understanding the molecular processes
that are involved in the delivery of Cbl to tissues in
order to understand vitamin B12 deficiency clearly,
and hopefully provide a target for new curative phar-
maceuticals, was the goal of researchers using the
NE-CAT 8-BM-B beamline at the APS. Their study
provides important structural information that will facil-
itate those efforts.

Cobalamin delivery from food to tissues involves
three successive transport proteins and their cellular
receptors. The process begins when the food enters the
digestive tract, where cobalamin is bound by a glycopro-
tein called haptocorrin (HC). After proteolysis of HC-Cbl
complex in the small intestine, cobalamin is picked up by
another glycoprotein called intrinsic factor (IF) that medi-
ates the translocation of cobalamin into cells lining the
ileum, the final section of the small intestine. Once IF has
released cobalamin inside these cells, it is picked up by a
protein called transcobalamin II (TC) that manages the
final delivery into the circulation. The researchers using
the NE-CAT facility at the APS determined the structure of
the intrinsic factor-cobalamin complex at 2.6-Å resolution.
The work reveals detailed information about the cobal-
amin binding site in IF. The identification of several impor-
tant water molecules indicates their roles in Cbl binding,
as well as the receptor binding site interactions at the N-
terminal end of the protein. Comparison of the IF structure
to that of TC reveals significant differences between them,
though they perform a similar function. Determination of
the IF structure enabled the team to investigate why rat IF
and human IF are not interchangeable despite similarity at
the amino acid sequence level. Recently, IF has gener-
ated interest as a possible drug discovery target that
would allow uptake of small molecules linked either to Cbl
or to a small peptide that would bind to the IF receptor. 

The three-dimensional structure of IF is organized
into two domains, an α-domain that is arranged as an
α6/α6 helical barrel, and a β-domain that is made up of
mostly β-sheet structures. The cobalamin binding site lies
between these two domains (Fig. 1). The crystal structure
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MECHANISMS OF A
MOLECULAR TRASH DISPOSAL

Fig. 1. X-ray and SAXS data reveal that the dimerization domain of Cdc4 (red) confers a coplanar configuration of the E3
ligase, which could accommodate a variety of substrates to E2 catalytic geometries. Distances from the substrate bind-
ing sites (white) to the catalytic site on the E2 enzyme (UB (ubiquitin) in light blue) are 64 Å and 102 Å for the intraprotomer
and interprotomer distances, respectively.  Proteins used in this study are displayed as space filling models: Cdc4 (dark
blue), D-domain of Cdc4 (red), and Skp1 (yellow). Ribbon representations are models derived from previous crystal struc-
tures determined by Zheng et al. (Nature 416, 703 (2002): Cdc53/Cul1 (green), Rbx1 (magenta), and Cdc34 (an E2
enzyme, gray).
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Cdc4 protein and showed that two residues were critical for
dimer formation. However, although Cdc4 proteins that con-
tained mutated D-domains did not dimerize, they were still
able to bind substrates. Analysis of the catalytic activity of
the ubiquitination reaction, however, revealed that the cat-
alytic attachment of ubiquitin was impaired in these mutants.
Therefore, it appears that dimerization of Cdc4 mediated
through the D-domain is important for catalytic efficiency but
not for substrate recognition. 

SAXS analysis provided further insight into the impor-
tance of D-domain dimerization and its involvement in the
catalytic efficiency of the ubiquitination reaction. Catalytic
attachment of multiple ubiquitin molecules to lysine residues
in a protein that may be spaced at different distances along
the protein presents a situation that would be facilitated by
an accommodating catalytic site. SAXS analysis of D-
domain plus F-box domain constructs revealed that,
although the distance between these domains is quite con-
strained, the configuration created by dimerization brings the
substrate binding domain of the F-box into coplanar contact
with the E2 catalytic enzyme. This allows for a wide variety
of geometric configurations to fit within the catalytic domain,
increasing catalytic efficiency. Together, this analysis of D-
domain dimerization suggests that the flexibility of the sys-
tem comes from dimerization imposed by the D-domain as
shown in the crystal structure and the coplanar configuration
created by dimerization that allows substrates of varying
sizes and configurations to be available for polyubiquitination
and subsequent disposal by the proteasome.  

— Sandy Field
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T he ubiquitin proteasome system (UPS) is
part of the waste management system of a
cell. Proteins that are destined to have lim-
ited life spans in the cell are identified and

sorted for destruction. This is accomplished by label-
ing the proteins with the molecule ubiquitin, which is
present in all eukaryotes. Once tagged, the proteins
are degraded by a complex machine known as the
proteasome. The UPS is not just a molecular wood
chipper; it performs its function with specificity that is
provided by the class of ubiquitination enzymes called
E3 ligases. The E3 ligases identify proteins to be
degraded through domains called F-boxes, but the
mechanism of enzymatic transfer of ubiquitin to the
doomed protein is still not completely understood and
may be facilitated by the dimerization of another
domain, known as the D-domain. In studies carried
out at the NE-CAT 8-BM-B, BioCars 14-BM-C, Bio-
CAT 18-ID-D, and SBC-CAT 19-BM-D beamlines, all
at the APS, researchers solved the structures of two
of these D-domains: one from the yeast protein Cdc4
(2.5 Å) and another from human β-TrCP (2.4 Å). This
work provides new insights into the mechanism of the
E3 ligases by revealing that D-domain dimerization
plays a role in positioning different substrates for ubiq-
uitination.

Using a combination of x-ray crystallography, mutational
analysis, and small-angle x-ray scattering (SAXS) measure-
ments, the researchers from the Samuel Lunenfeld
Research Institute, the Cellgene Corporation, the University
of Western Ontario, and the University of Toronto were able
to reveal important new information regarding the role of the
D-domain in the E3 ligase. Solution of the structures of the
Cdc4 (Fig. 1) and β-TrCP D-domains reveals a common fold.
Each fold is composed of three α helices that associate in a
right-handed superhelical manner to form a parallel dimer. Of
interest to the function of these proteins is that the
sequences of the D-domains for Cdc4 and β-TrCP share
only two conserved residues among the 16 amino acids
involved in the dimerization interface. However, in both struc-
tures the dimerization interface is hydrophobic in nature, with
variability between the two proteins imparting specificity of
binding between different D-domains. 

In order to learn more about how D-domain dimerization
affects E3 ligase functions such as substrate recognition and
ubiquitin conjugation, the team performed mutational analy-
ses on the Cdc4 molecule. They found that dimerization of
the D-domain is essential for the function of the full-length
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When a cell has sustained too much damage to its DNA
to function properly, signalling proteins within the cell begin a
cascade of reactions that tell that cell to self-destruct.
Activation of an enzyme called caspase-2 by the death
domain complex PIDDosome is essential to this process. In
their experimentation at 24-ID-C at the APS and the X4A
beamline of the National Synchrotron Light Source,
researchers from Cornell University, the University of
Lausanne, and the Harvard Medical School elucidated the
crystal structure of the core of the PIDDosome complex at
resolutions of 3.2 Å and 4.0 Å, respectively, using single-
wavelength anomalous diffraction of a mercury derivative.
Their findings suggest that the complex, which is made up of
seven molecules of one type of death domain protein, RAIDD
DD (RIP-associated ICH-1 homologous protein with a death
domain), and five molecules of another, PIDD DD (p53-
induced protein with a death domain) may be a prototype for
other complexes containing different stoichiometric combina-
tions of DD proteins. 

Orchestration of cellular signals involving activation of
various enzymes involved in programmed cell death is

Fig. 1. The PIDDosome complex. A) Negative stain images of
representative class averages, 50-170 particles per class.
Scale bar = 10 nm. B) Side view of complex: 7 molecules of
RAIDD DD (green and yellow, top; and red, purple, orange,
magenta, pink, middle), 5 molecules of PIDD DD (different
shades of blue, bottom). C) Model of PIDDosome activation
of caspase-2. The death domain complex in the PIDDosome
is in the red-dotted box; caspase-2 molecules are represented
in proximity-induced dimer form. D) Mutational analysis of
PIDDosome activation of caspase-2. Mutation of the PIDD
death domains abolishes caspase-2 activation. Activated
caspase-2 (p20 arrow) is only seen with non-mutated form
(PIDD, lane 2). 

SOLUTION OF THE FIRST
DEATH DOMAIN COMPLEX STRUCTURE

D eath is an important part of life for all organisms. This also turns out to be true for
cells. For example, programmed cell death of particular cells in the embryo during
development allows for the proper formation of body organs and structures. Cell
death is also an important feature of the immune system, where cells that recognize

autoimmune antigens or become infected with a virus are directed to self-destruct. One impor-
tant biological function that involves programmed cell death is the cellular response to DNA dam-
age. When DNA is damaged by harmful environmental factors, the cell can detect this and acti-
vate death domain (DD) proteins to mediate cellular destruction to prevent spread of the dam-
age. In a recent study performed at the NE-CAT 24-ID-C beamline at the APS, researchers elu-
cidated the crystal structure of the core of a particular DD complex. This new information about
the complex could serve as a model for a common assembly mechanism of the DD protein
superfamily, deepening our understanding of the molecular details of programmed cell death.
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thought to occur through the creation of intracellular com-
plexes that recruit and bind factors to bring them into proxim-
ity with each other to carry out their functions. A large super-
family of proteins, called death domain (DD) proteins, is criti-
cal to the formation of these complexes. Certain amino acid
sequences have been identified that mediate the interactions
of these proteins. They define subfamilies known as the DD
subfamily, the death effector domain (DED) subfamily, the
caspase recruitment domain (CARD) subfamily, and the pyrin
domain (PYD) subfamily. 

The structure of the PIDDosome core complex (Fig. 1)
involves interactions between the DD domains of seven
RAIDD and five PIDD molecules. This creates seven activa-
tion sites for the caspase-2 molecule, which binds to the
CARD domain on the RAIDD protein. The recruited caspases
are thought to be activated by their proximity to each other,
and the PIDDosome complex brings them into the right ori-
entation for this activation. RAIDD and PIDD also contain
additional amino acid domains that can recruit other media-
tors of this process. An important finding of this work was that
the DD domains involved in the formation of the complex are
all required for proper caspase-2 activation. Mutations that
disrupted any of the RAIDD DD and PIDD DD interactions
also disrupted caspase-2 activation. Mapping of the interac-
tions between the DD domains in the complex showed that
although the structure was asymmetric, all of the DD domains
were in similar biochemical environments, and their interac-
tions could be grouped into three different types.

24-ID-C • NE-CAT • Life science • Macromolecular
crystallography, anomalous diffraction (MAD/SAD) •
3.3-cm Undulator A • Accepting general users

AARROOUUNNDD TTHHEE EEXXPPEERRIIMMEENNTT HHAALLLL
An Israeli structural biologist who is a frequent user of the Structural Biology Center

beamlines at the APS (as well as beamlines at other light sources) shared the $100,000 Wolf
Prize in Chemistry for discoveries leading to a unified picture of basic biological mechanisms.

Ada Yonath, of the Weizmann Institute of Science in Rehovot, Israel, and George Feher,
of the University of California, San Diego, received the chemistry prize in the Israeli Knesset on
May 13, 2007. The prizes were bestowed by the Wolf Foundation Council, which chooses
what are considered to be Israel's equivalent to the Nobel Prize. Yonath is coauthor on 38
papers (to date) based on research carried out at the APS. 

Yonath was awarded the prize for her work in understanding the production of proteins.
"Her work paves the way to dealing with the crucial issue of drug activity and resistance
mechanisms," the committee said. A member of the Israel Academy of Sciences and
Humanities and the U.S. National Academy of Sciences, Yonath "was the first to discover the
unified ribosomal mechanism leading to the production of proteins. She is the first and only
person to determine, in an incredibly short period of time, the structures of over a dozen dif-
ferent complexes of antibiotics, to reveal the ribosome-antibiotics binding sites on the molec-
ular level and to provide insight into antibiotics selectivity. Her work paves the way to deal-
ing with the crucial issue of drug activity and resistance mechanisms, thus touching on a cen-
tral problem in medicine," the international jury stated.

APS User Shares the “Israeli Nobel” for Chemistry

Ada Yonath

The authors hypothesize that the three DD interaction
types may be sufficient to describe the interactions of all of
the DD subfamily members and can account for the many dif-
ferent stoichiometries of similar complexes that have been
observed in various organisms and biological systems. 

— Sandy Field

See: Hyun Ho Park1, Emmanuelle Logette2, Stefan
Raunser3, Solange Cuenin2, Thomas Walz3, Jurg Tschopp2,
and Hao Wu1*, “Death Domain Assembly Mechanism
Revealed by Crystal Structure of the Oligomeric PIDDosome
Core Complex,” Cell 128, 533 (February 9, 2007). 
DOI: 10.1016/j.cell.2007.01.019
Author affiliations: 1Weill Medical College and Graduate
School of Medical Sciences of Cornell University;
2Department of Biochemistry, University of Lausanne;
3Department of Cell Biology, Harvard Medical School
Correspondence: *haowu@med.cornell.edu

Use of the APS was supported by the U.S. Department of Energy,
Office of Science, Office of Basic Energy Sciences, under Contract
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Structural Biology

http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.display_beamline?p_beamline_num_c=54


92

HOW A POWERFUL MOLECULAR MOTOR
ASSEMBLES VIRUSES

Fig. 1. The pentameric distribution of the gp17 ATPase in the T4 phage DNA packaging motor. The N-termi-
nal ATPase domain of gp17 is shown distributed around a central hole through which the genomic DNA to
phage T4 passes on its way into the phage capsid. The structure is shown as a ribbon presentation. The cen-
tral six-stranded beta-sheet is in green, and the surrounding helices are in blue. The bound ATP molecule in
the active center is shown as space-filling atoms with oxygen in red. This arrangement has in part been con-
firmed by recent three-dimensional electron microscopy studies that were not available at the time of the
publication.
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T4 is a large bacteriophage with an elongated icosahe-
dral head, or capsid, enclosing its genes (coded as double-
stranded DNA) and a helical contractile tail that attaches to
the bacterial cell membrane using six leg-like tail fibers, then
punches a hole in it. When the T4 phage injects its DNA into
a host cell, it immediately hijacks the bacterial gene and pro-
tein synthesis machinery. In less than a half hour, the bacte-
rial cell produces hundreds of copies of the viral genome,
concatenated into a continuous chain of nucleotide pairs.
Following the instructions of the viral genome, the enslaved
cell also synthesizes the structural proteins that form the
capsid and tail. The T4 genome is relatively large, with
roughly 171,000 nucleotide base pairs. How that long, tan-
gled skein of DNA gets properly trimmed and packaged into
the empty capsids has long intrigued researchers. 

Three proteins are involved in packing the viral DNA into
the newly synthesized capsids: gene product (gp) 20, a 12-
sided portal protein that connects to the empty capsid and
holds the free end of the DNA molecule in place as packag-
ing begins; and two proteins (gp16 and gp17) that form a ter-
minase complex to power the DNA packaging via hydrolysis
of adenosine triphosphate (ATP). Previous studies had
established that the smaller protein, gp16, had no independ-
ent enzymatic activity but rather served to boost the effi-
ciency of gp17. The focus of the research at the APS was,
therefore, on visualizing the structure of gp17.

The wild-type protein resisted crystallization; however,
the researchers, from Purdue University and The Catholic
University of America, were able to crystallize a mutant vari-
ant. The structure of the ATP-binding and hydrolyzing N-
domain (the ATPase motor) was mapped to a resolution of
1.8 Å, and the other structures in the protein were deter-

mined by molecular replacement. The ATPase domain has
two spatially separated subdomains: one has a nucleotide-
binding fold composed of six adjacent, parallel β strands
(where the ATPase activity presumably resides); the other,
smaller subdomain appears to be part of the nuclease com-
ponent that cuts the concatenated DNA molecule when
genome packaging is complete.

The researchers found that the structure of the ATPase
subdomain is comparable to that of other ATPase motors in
a range of organisms and tissues, from bacteria to bovine
heart muscle mitochondria. It most closely resembles
monomeric helicases, a class of motor proteins capable of
binding to and moving along DNA strands. This similarity
suggests the terminase complex pushes the DNA forward
with an inchworm mechanism, in which two nucleotide bind-
ing folds alternately bind and release the DNA while ATP
hydrolysis works a molecular hinge that pushes the DNA for-
ward into the capsid. The number of gp17 proteins partici-
pating in the mechanism is unknown, but gp17 presumably
forms a ring around the DNA, which has ten base pairs in
each complete turn of the helix. Given that hydrolysis of a
single ATP molecule provides sufficient energy to translo-
cate two base pairs, the researchers proposed that a ring
consisting of five gp17 monomers would provide optimal effi-
ciency (see Fig. 1).  — Carol Hart

See: Siyang Sun1, Kiran Kondabagil2, Petra M. Gentz1,
Michael G. Rossmann1*, and Venigalla B. Rao2**, “The
Structure of the ATPase that Powers DNA Packaging into
Bacteriophage T4 Procapsids,” Mol. Cell 25, 943 (23 March
2007). DOI: 10.1 016/j.molceI.2007.02.013
Author affiliations: 1Department of Biological Sciences,
Purdue University; 2Department of Biology, The Catholic
University of America
Correspondence: *mr@purdue.edu, **rao@cua.edu

This work was supported by National Science Foundation grants to
M.G.R. (MCB-443899) and V.B.R. (MCB-423528). Use of the APS
was supported by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, under Contract No. DE-AC02-
06CH11357.

T he T4 bacteriophage is a virus that targets
Escherichia coli bacteria. T4 is also the lab-
oratory rat of molecular biology, serving as
a model system for studying gene tran-

scription and protein synthesis. Importantly, some
viruses infecting higher organisms (such as the her-
pes simplex virus in humans) are known to use a
comparable nucleic acid packaging mechanism that
has not yet been detailed. Understanding the struc-
tures of these highly efficient molecular motors may
ultimately lead to applications in both antiviral drug
design and nanotechnology. Now, the structure of the
molecular motor that drives genome packaging in
replicating T4 bacteriophages has been determined
by a team of researchers using the BioCARS 14-BM-
C and GM/CA-CAT 23-ID-B beamlines at the APS.

14-BM-C • BioCARS • Life science • Macromolecular
crystallography, fiber diffraction, biohazards at the
BSL2/3 level, subatomic (<0.85 Å) resolution • Bending
magnet • Accepting general users

23-ID-B • GM/CA-CAT • Life science • Macromolecular
crystallography, microdiffraction, anomalous diffraction
(MAD/SAD), subatomic (<0.85 Å) resolution • 3.3-cm
Undulator A • Accepting general users
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Fig. 1. Representation of the structure of the RecF
dimer bound to DNA. Two RecF monomers are
shown in the dimer predicted from the structural
data and from modeling based on all known ABC
ATPases known, including Rad50. One RecF
monomer is shown in cyan only and one is shown
with structural elements represented; α-helices are
shown in red, β-strands in yellow, and loops are
shown in green. DNA is shown in pink as it is pre-
dicted to lie in the “pocket” created by the RecF
dimer (looking down the helix).

A CONSERVED MECHANISM
FOR IDENTIFYING BREAKS IN DNA
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RecF belongs to a family of proteins that serve as
recombination mediators (RMs), which are important for
repair of single-stranded DNA (ssDNA) gaps. These proteins
recognize the gap and recruit other repair enzymes to the
site to fix the problem. Analysis of the amino acid sequence
of RecF has revealed the presence of conserved motifs that
identify a possible region responsible for DNA-dependent
ATP binding. The first step in this study was to test the func-
tion of these regions. By using techniques of molecular biol-
ogy to mutate these conserved amino acids, investigators
from the St. Louis University School of Medicine and
Portland State University were able to show that ATP binding
is essential to RecF dimerization and DNA binding, providing
important clues about the mechanism of action of this pro-
tein. 

The next step was to solve the protein’s three-dimen-
sional structure, which revealed that the bacterial RecF pro-
tein contains two domains, both of which look like domains
in the eukaryotic Rad50 protein. The first section of RecF is
structurally similar to the ATPase domain of Rad50, and the
second section is similar to the subdomain that is important
for DNA recognition. This suggests that even though Rad50
binds double-stranded DNA (dsDNA) ends and RecF binds

ssDNA breaks, they probably recognize and bind DNA in the
same way. 

Once they had solved the structure of RecF, the
researchers were able to put their mutational analysis
together with information from the structure to form a hypoth-
esis about how DNA repair gets started. Here’s how they
think it might work. First, a DNA break occurs and is recog-
nized by RecF. RecF bound to ATP can form a dimer with
another ATP-bound RecF molecule, and the dimer binds to
the DNA break (Fig. 1). This creates pockets for the two
sides of the damaged DNA replication fork. Interestingly, the
structure revealed that the inside of the RecF dimer pocket
is positively charged, favoring binding of the negatively
charged DNA molecule. The model predicts that one side of
the dimer binds dsDNA, and the other side binds ssDNA. In
Rad50, which recognizes blunt-ended dsDNA breaks, one
side binds dsDNA, and the other side is free. Once the break
is recognized, the RecF dimer recruits another protein,
RecR, which binds RecF or DNA only when they are pre-
sented together. This suggests that RecF binding to the DNA
break may change its conformation to create a binding site
that can be recognized by RecR. In fact, it is predicted that
four copies of RecR can bind to the RecF-DNA break com-
plex to make what is called a tetrameric clamp. The resulting
complex is a sort of molecular vice grip that holds the DNA
break in place for enzymes to make the fix.  — Sandy Field

See: Olga Koroleva1, Nodar Makharashvili1, Charmain T.
Courcelle2, Justin Courcelle2, and Sergey Korolev1*,
“Structural conservation of RecF and Rad50: implications for
DNA recognition and RecF function,” EMBO J. 26, 867
(2007). DOI: 10.1038/sj.emboj.7601537
Author affiliations: 1Edward A. Doisy Department of
Biochemistry and Molecular Biology, Saint Louis University
School of Medicine; 2Department of Biology, Portland State
University
Correspondence: *korolevs@slu.edu

These works were supported by the E.A. Doisy Trust Fund and SLU
Medical School Start Up Fund and by NIH grant GM073837. J.C.
and C.T.C. are supported by National Science Foundation Career
Award MCB0551798. Use of the Argonne National Laboratory
Structural Biology Center beamlines at the APS was supported by
the US Department of Energy, Office of Biological and
Environmental Research, under Contract No. W-31-109-ENG-38.
Use of the APS was supported by the U.S. Department of Energy,
Office of Science, Office of Basic Energy Sciences, under Contract
No. DE-AC02-06CH11357.

O ne of the most fundamental steps in the
progression of any species is the replica-
tion of DNA that creates a copy of the
genome for the new daughter cell. If DNA

replication fails, the whole process can go awry. For
this reason, the mechanisms that repair mistakes and
breaks in DNA that are integral to the replication
process have been evolutionarily conserved from
bacteria to higher eukaryotic organisms. This conser-
vation is reflected in genes that are conserved among
species and can sometimes be seen in conserved
protein structural elements. An elegant example of a
conserved structure involved in DNA repair was
solved by researchers using data collected at the
SBC-CAT 19-ID-D beamline at the APS, who eluci-
dated the structure of a bacterial DNA repair enzyme,
RecF, at a resolution of 1.62 Å. The work revealed
important structural conservation between the bacter-
ial repair enzyme, RecF, and one from eukaryotic
organisms called Rad50. Structural conservation of
this type clearly indicates evolutionary preservation of
RecF function. In addition, their study makes impor-
tant findings regarding ATP-dependent dimerization of
RecF and its mechanism of binding to DNA at the site
of repair.

19-ID-D • SBC-CAT • Life science • Anomalous diffrac-
tion (MAD/SAD), subatomic (<0.85 Å) resolution, ultra-
low-temperature (15K) • 3.3-cm Undulator A • Accepting
general users
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Fig. 1. Representation of the three-dimensional protein
structure of the b12 neutralizing antibody in complex with
gp120 from HIV-1. A ribbon diagram of the structure of b12
is shown in green with the amino acid side chains for b12
overlaid in blue. The gp120 structure is shown in red with
amino acid side chains and glycans for gp120 overlaid,
also in red.

OPENING A WINDOW
OF VULNERABILITY IN HIV-1
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In an attempt to identify a conserved feature of gp120
that might be used to generate a vaccine-stimulated immune
response, the researchers from the National Institute of
Allergy and Infectious Diseases, Scripps Research Institute,
the Dana Farber Cancer Institute, and the National Cancer
Institute used a clue from HIV-1-infected individuals who had
shown some resistance to the virus. Scientists had found
that some of these individuals were generating what were
termed “broadly neutralizing” antibodies that presumably
recognize an invariant part of the virus. One of these broadly
neutralizing antibodies, called b12, appears to recognize an
area of gp120 that is involved in the contact the virus makes
with CD4. By using the 22-ID-D beamline, this research
team achieved an important advance by solving the structure
of the b12 antibody binding site to gp120 to a resolution of
2.3 Å. The structure reveals a vulnerable area where b12
can gain access to gp120 and prevent its interaction with
host CD4 molecules. 

The structure of the interaction between the neutralizing
antibody, b12, and viral gp120 has been sought for some
time, but the flexibility of the gp120 molecule made it difficult
to capture the interaction in crystals of sufficient quality for
this type of analysis. By using a trick to stabilize the interac-
tion (trapping gp120 in the conformation it uses to bind CD4),
the researchers were able to obtain a snapshot of the inter-
action (Fig. 1). The team credits APS high-brightness undu-
lator x-ray beams for enabling this finding. The gp120-con-
taining crystals were often quite small (needles with dimen-

sions as small as 20 µM) and the cell constants were large
(dimensions of up to 200 Å). Despite this, data were col-
lected to at least 3-Å resolution for all of the 10 structures
required to complete the analysis. Indeed, the analysis
revealed important aspects of the interaction between b12
and gp120, showing that b12 binds gp120 in a region that is
required for initial contact with CD4.

The implications of the work for vaccine research are
significant. In general, vaccination is based on the principal
of “teaching” or “priming” the immune system to recognize an
invader by using a harmless form of the invader to generate
an initial response. This gives the body a chance to identify
the invader and generate both a memory of and a neutraliz-
ing response to it. When the body is challenged again with
the real invader, it is ready with a full arsenal of memory cells
to mount a full and rapid response. Previous attempts to use
the whole gp120 protein as a vaccine have been foiled by
the general variability of the molecule. The structural map of
b12 binding to this conserved region of gp120 will allow vac-
cine researchers to design a structural analog of the vulner-
able site to teach the immune system how to generate an
effective neutralizing response.  — Sandy Field

See: Tongqing Zhou1, Ling Xu1, Barna Dey1, Ann J. Hessell3,
Donald Van Ryk2, Shi-Hua Xiang4, Xinzhen Yang4, Mei-Yun
Zhang5, Michael B. Zwick3, James Arthos2, Dennis R.
Burton3, Dimiter S. Dimitrov5, Joseph Sodroski4, Richard
Wyatt1, Gary J. Nabel1, and Peter D. Kwong1*, “Structural
definition of a conserved neutralization epitope on HIV-1
gp120,” Nature 445, 732 (15 February 2007). 
DOI: 10.1038/nature05580
Author affiliations: 1Vaccine Research Center, and
2Laboratory of Immunoregulation, National Institute of
Allergy and Infectious Diseases, National Institutes of
Health; 3Departments of Immunology and Molecular Biology,
Scripps Research Institute; 4Department of Cancer
Immunology and AIDS, Dana-Farber Cancer Institute,
Harvard Medical School; 5Center for Cancer Research,
National Cancer Institute
Correspondence: *pdkwong@nih.gov

Support for this work was provided by the Intramural Research
Program of the NIH, by the International AIDS Vaccine Initiative, by
a grant from the Bill and Melinda Gates Foundation Grand
Challenges in Global Heath Initiative, and by grants from the NIH.
Use of the APS was supported by the U.S. Department of Energy,
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No. DE-AC02-06CH11357.

H IV-1, the virus that causes the acquired
immune deficiency syndrome, or AIDS,
is a global health problem that has con-
founded vaccine researchers for many

years. One of the things that makes HIV-1 so tricky is
its remarkable ability to evade our immune system, in
part by changing the three-dimensional appearance
of its outer-envelope glycoprotein, gp120. This protein
protrudes from the virus and binds to a host molecule
called CD4 that makes it possible for the virus to gain
entry into cells. This interaction is crucial to persist-
ence of the infection and represents a good target for
vaccine intervention. However, HIV-1 has eluded pre-
vious vaccination attempts because of its ability to
mutate very quickly and change the way gp120 looks
to the immune system, making it hard to track.
Researchers used the SER-CAT 22-ID-D beamline at
the APS to uncover new information that could repre-
sent a significant leap forward in HIV vaccine
research.

22-ID-D • SER-CAT • Life science • Macromolecular
crystallography, multiwavelength anomalous dispersion
• 3.3-cm Undulator A • Accepting general users
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Fig. 1. Stereo illustration of the interactions between atazanavir and HIV-1 in the wild-type
(top) and mutant (bottom) structures. Copyright © 2007, American Society for Microbiology.
All Rights Reserved.

EXPLORING HIV RESISTANCE
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S ince its appearance in the early 1980s, human immunodeficiency virus (HIV) infection and
the often resulting acquired immunodeficiency syndrome (AIDS) have been responsible for
the deaths of an estimated 25 million people. Fortunately, due to the discovery of powerful
medicinal cocktails and heightened awareness, people can now live with AIDS for many

years if the HIV virus is controlled. One enzyme essential for viral replication, HIV-1 protease, is the
target of several drugs used to treat HIV, and these agents, the so-called HIV-1 protease inhibitors,
were among the first treatments to prevent the progression of HIV to full-blown AIDS. When used in
combination with other drugs, protease inhibitors extend the lives of many patients. Currently, eight
protease inhibitors have been approved by the U.S. Food and Drug Administration for use in HIV-
infected patients. One of the newest members of this class of drugs is called atazanavir, brand name
Reyataz®, made by Bristol-Myers Squibb. Company researchers conducted experiments at the
IMCA-CAT 17-ID-B beamline at the APS to find out more about how atazanavir interacts with mutant
HIV-1 proteases at the atomic level. They were able to characterize the way in which atazanavir
binds to HIV-1 protease with one common mutation, V82F, where the amino acid phenylalanine (F)
is substituted for the usual amino acid valine (V) at residue 82. Their findings helped explain why this
mutation is unlikely to result in atazanavir resistance by itself. 

See: Herbert E. Klei1*, Kevin Kish1, Pin-Fang M. Lin5, Qi
Guo5,6, Jacques Friborg5, Ronald E. Rose5, Yaqun Zhang2,3,
Valentina Goldfarb2, David R. Langley4, Michael Wittekind2,3,
and Steven Sheriff1, “X-ray Crystal Structures of Human
Immunodeficiency Virus Type 1 Protease Mutants
Complexed with Atazanavir,” J. Virol. 81, 9525 (September
2007). DOI: 10.1128/JVI.02503-05
Author affiliations: 1Macromolecular Crystallography,
2Macromolecular NMR, and 3Gene Expression & Protein
Biochemistry, Bristol-Myers Squibb Pharmaceutical
Research Institute (Princeton, NJ); 4Computer Assisted Drug
Design and 5Virology, Bristol-Myers Squibb Pharmaceutical
Research Institute (Wallingford CT); and 6Applied
Genomics, Bristol-Myers Squibb Pharmaceutical Research
Institute (Hopewell, NJ)
Correspondence: *herbert.klei@bms.com
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Despite their efficacy, all protease inhibitors must con-
tend with the eventual emergence of HIV-1 strains that have
some level of resistance to treatment. HIV-1 protease con-
sists of amino acids, the building blocks of all proteins.
Mutations occur when an amino acid is switched out for an
incorrect amino acid. This can have the effect of decreasing
how readily drug molecules can bind to, and thereby inhibit
,their target. Once present, a resistant strain can replicate
without responding to treatment and place the patient at risk
of increasing viral load.

The Bristol-Myers Squibb researchers used x-ray crys-
tallography at the IMCA-CAT beamline to determine the
structures of two HIV-1 proteases complexed with atazanavir
(Fig. 1). One enzyme contained the customary sequence
and was not resistant to protease inhibitors. The other
enzyme was similar except it contained four mutations, one
of which was V82F, that rendered it resistant to all approved
HIV-1 protease inhibitors, atazanavir included. 

They found that atazanavir could bind to both the non-
resistant and resistant forms of the HIV-1 protease. However,
in the cases of the V82F mutation, atazanavir was able to
adopt an alternate binding mode. This observation is the
likely explanation why the V82F substitution is not associ-
ated with clinical resistance to atazanavir unless several
other mutations are also present. The analysis also showed
atazanavir, which is nearly symmetrical in its chemical
makeup, binds in two orientations. 

In addition to providing a detailed view of how atazanavir
binds to HIV-1 protease, these findings will also hopefully
help in the development of future protease inhibitors and
thereby offer further treatment options for AIDS patients who
suffer from one of the most devastating epidemics to afflict
humankind.  — Emma Hitt
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ARCHITECTURE OF A VITAL
CELLULAR MACHINE

E nzymes are essential molecules,
working hard to catalyze and direct
cellular reactions, and, incredibly,
making it all look so easy and effort-

less. Yet the biochemical success of enzymes is
usually dependent upon structure and timing
that are anything but simple. The more we know
about enzyme complexes, the more respect and
awe we have for these wonder proteins. And
this is especially true in the case of the newly
discovered structure for a yeast enzyme, which,
if awards could be given for awesome architec-
ture in cells, would certainly take the grand
prize. A research team from Yale University
using SBC-CAT beamline 19-ID-D and NE-CAT
beamline 24-ID-C at the APS and beamlines
X25 at the National Synchrotron Light Source,
A1 at the Cornell High Energy Synchrotron
Source, and 8.2.1 and 8.2.2 at the Advanced
Light Source, has discovered an important
structure for a yeast enzyme involved in fatty
acid synthesis. The research team’s work con-
stitutes immense progress in terms of our
understanding of how fatty acid synthesis works
and, when malfunctioning, can lead to disease.
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In yeast, in humans, and in most other living things, fatty
acids are absolutely required for building cell membranes, for
attaching to proteins to make sure that they function properly,
and, in the case of saturated fatty acids, storing energy. If
fatty acid synthesis works other than as it should, then many
cellular functions are disrupted, possibly leading to cancer
and obesity. By studying the enzyme responsible for making
fatty acids in yeast, which is related to that in humans, the
research team was able to glean extremely important infor-
mation about the enzyme’s structure and function, and it
added to the wonders of the biochemical world by unveiling
the extreme and breathtaking structural and functional com-
plexity of this enzyme. 

Serendipity played a role in providing the researchers
with the opportunity to study the structure of the enzyme,
known as yeast fatty acid synthase (FAS). While attempting
to crystallize a different yeast (Saccharomyces cerevisiae)
cellular component—a part of the protein production machin-
ery called a ribosome—the team found that it had instead
obtained FAS crystals. The researchers recognized that they
had inadvertently been handed the chance to take a really
close look at the structure of this extremely complicated
enzyme. Previous research had revealed some structural
features, but important links were still missing. So the group
set to work and did not stop until it was able to characterize
the entire enzyme structure and to model how FAS went
about performing its all-important functions. 

Fatty acid synthase is really a set of integrated multi-
enzymes that starts from scratch to make 16-carbon and 18-
carbon fatty acids, such as palmitic or stearic acid. There are
eight functional domains, which catalyze all of the required
reactions for fatty acid synthesis, including activation, prim-
ing, multiple cycles of elongation, and termination. Each of
the eight domains is repeated six times for each enzyme
complex, yielding an α6β6 configuration and a total of 48
reaction sites (Fig. 1). The space within the enzyme complex
is limited, so that the packaging of these reaction sites is a
wonder of efficiency. And, FAS’s fascinating nature became
even more so when the research team discovered that a cat-
alytic domain known as phosphopantetheinyl transferase
(PPT), which is essential for activating fatty acid synthase, is
actually located on the outside of the complex. The structure
discovered by the research team revealed that once the
complex is assembled, PPT is not able to reach the position
required for activation. This observation led the team to con-
clude that activation of the FAS occurs before the final

assembly of the complex, a finding that now explains previ-
ously inexplicable behavior for the FAS complex.

Certain aspects of the structure related to internal fold-
ing did appear to be unique to FAS and had not been previ-
ously discovered in other proteins. The research team con-
tinued to gather details that allowed it to elucidate exactly
how the enzyme performs its remarkable task. The six reac-
tion chambers produced by the six-fold repetition of subunits
are isolated from each other. Within each chamber, six of the
eight catalytic sites are in the wall and face an acyl carrier
protein (ACP) that swings around to each of the six wall sites
to deliver the intermediate molecules in the synthesis
process. It is the ACP that needs to interact with the PPT, on
the outside, to become active, and this occurs at some point
before assembly of the complex is complete. 

The beautiful architecture of an important enzyme—
yeast FAS—and its important function are now known.
Certain regions of the structure show promise for designing
antibacterial and antifungal drugs. Future researchers con-
centrating on fatty acid synthesis and its malfunction will now
be well armed with knowledge.  — Mona Mort

See: Ivan B. Lomakin1, Yong Xiong1*, and Thomas A.
Steitz1,2,3**, “The Crystal Structure of Yeast Fatty Acid
Synthase, a Cellular Machine with Eight Active Sites
Working Together,” Cell 129, 319 (April 20, 2007). 
DOI: 10.1016/j.cell.2007.03.013
Author affiliations: 1Department of Molecular Biophysics
and Biochemistry, 2Department of Chemistry, 3Howard
Hughes Medical Institute, Yale University
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< Fig. 1. Upper: Top view of the structural regions of the FAS
particle displayed without the catalytic domains. Each subunit
is a different color. Lower: Side view of the structural regions of
the FAS particle displayed without the catalytic domains. Each
subunit is a different color.
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H ormones are the cell’s messengers—they are produced and outfitted for this role in one
part of the body and sent on their way to target tissue. A hormone can arrive at the desired
destination quickly and can have a profound impact on what happens next. Just how much
of an impact the hormone actually has depends in part on how it is received in the target

tissue, where elaborate receptor architecture regulates subsequent action. Receptors for steroid hor-
mones, such as estrogen, have been well studied because of their potent effects, including links to can-
cer. Detailed knowledge of estrogen receptors (ERs) has been particularly important in designing drugs,
such as tamoxifen and raloxifene, to fight breast and ovarian cancer. Until now, the steroid hormone
receptors were thought to be somewhat rigid and inflexible when binding incoming messengers, thus lim-
iting therapeutic strategies. But new research by scientists using two APS beamlines collected detailed
and convincing data that show previously undetected structural flexibility and plasticity in the binding
pocket of ERs. Drug designers will now have a much wider array of possibilities in choosing molecules
to combat estrogen-regulated disease states, such as some cancers. The number of possible messen-
gers has just gotten a lot bigger, making it ever more likely that the molecule chosen will get the right
message through to the target tissue and in time to make a difference.

PUSHING THE POCKET
IN ESTROGEN RECEPTORS

Structural Biology
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There are two types of estrogen receptors, ERα and
ERβ, which are found in different tissues and have different
biological roles. The researchers studied ERα, which oper-
ates in the nucleus and regulates the transcription of DNA,
upon which a cascade of further reactions depends (Fig. 1).
The ways in which ERα could bind incoming hormonal mes-
sengers had already been well characterized and served as
the basis for design of existing ER drugs and therapeutics.
The researchers in this study wondered whether the ER
could be less rigid in binding molecules than what had been
previously demonstrated. Are there other ways to regulate
how this receptor behaves? The question was important not
only to understanding the basic physiology of hormonal
action but, perhaps even more critical, to gaining knowledge
that could be used in designing drugs to fight disease.

The researchers, from The Scripps Research Institute,
The University of Chicago, Argonne, and Northeastern
University, used the SBC-CAT beamline 19-ID-D to screen
the ER crystals, and the BioCARS beamline 14-BM-C, where
the structure was obtained, to answer their questions. They
studied crystal structure of the ERα bound to an estradiol
derivative with a molecular complex known as ortho-trifluo-
romethylphenylvinyl (TFMPV-E2). The binding of this mes-
senger complex produced a novel extended region that
unequivocally “pushed the pocket” in terms of what the bind-
ing domain was able to accomplish. By binding this mole-
cule, the ER demonstrated far more flexibility and plasticity
than had ever been seen. Even better, where previous bind-
ing complexes, such as tamoxifen, behaved as estrogen
receptor antagonists with bulky side groups, this new com-
plex, TFMPV-E2, was neatly enclosed in the binding pocket
and behaved in an opposite way, as an agonist. These struc-
tural and behavioral differences are good news indeed for
pharmaceutical researchers, who may sometimes be in a
frantic search for new ways to design therapies. 

At least two general results arose from this work. First,
given the great importance of steroid hormones in regulating
what happens in the human body—and the past history of
success in using drugs to regulate hormonal mechanisms
gone awry—these new data open new paths to follow in
seeking therapies not just for regulating ERs, but for steroid

hormones in general. If both the binding molecule and the
binding region can be treated as flexible instead of rigid, the
number of approaches to regulating hormonal activity greatly
increases. And, in terms of explaining previously unex-
plained differences, these data also show that the steroid
hormone receptors actually are, at least in the case of ERα,
like other members of the nuclear receptor superfamily,
which show marked elasticity in the binding region.

Knowing as much as possible about the receiver of a
message makes it a lot easier to choose the right messen-
ger at the outset. Making the correct, disease-curing deci-
sions about ERs, and perhaps all steroid hormone receptors
is now much more likely.  — Mona Mort

See: Kendall W. Nettles1*, John B. Bruning1, German Gil1,
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“Structural plasticity in the oestrogen receptor ligand-binding
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< Fig. 1. Structure of an estrogen receptor ligand-binding
domain bound to a novel synthetic estrogen compound,
TFMPV-estradiol. A portion of the ligand-binding pocket was
rendered as a surface, with the ligand shown as ball and stick
and colored green, with oxygen colored red, and fluorine col-
ored pink. The trifluoro-phenyl group induces a novel
extended binding pocket in the receptor.
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U nderstanding the biological properties of cholesterol is a fundamental question
that affects our health. One role of cholesterol is as a part of digestive bile in the
gallbladder that aids in digestion of fats. However, in some cases, bile choles-
terol becomes supersaturated and forms plate-like crystals of monohydrate cho-

lesterol that seed the formation of cholesterol gallstones. The formation of these structures,
while important to patients and their doctors, has also sparked the interest of lipid biophysi-
cists for entirely different reasons. It turns out that bile cholesterol crystallization goes
through a metastable helical ribbon intermediate. These helical ribbons of cholesterol are
now being studied for their elastic properties. One such study, carried out at the SGX-CAT
31-ID-D beamline at the APS, casts light on the properties of cholesterol ribbons and could
lead to new, bioengineered molecular devices.

BIOLOGICAL SPRINGS FROM
CHOLESTEROL RIBBONS?

Structural Biology



This study casts light
on the properties of cholesterol ribbons
and could lead to new, bioengineered molecular devices

105

The x-ray-scattering studies of helical ribbons formed in
multicomponent solutions of cholesterol solubilized by vari-
ous surfactants carried out at the SGX beamline by col-
leagues from the Massachusetts Institute of Technology
reveal important information about the structure of these
cholesterol intermediates, showing that they are formed from
single crystals. This provides a sound basis for understand-
ing the elastic properties of these helices.

Initial observations came from studies that looked at
cholesterol structures in natural bile. The cholesterol in those
solutions appeared to form helical ribbons with two well-
defined pitch angles of 11° and 54°. In an effort to under-
stand how these ribbons are formed, the researchers studied
cholesterol in solution with various surfactants. The surfac-
tants are detergent-like molecules that help keep fatty mole-
cules like cholesterol in solution. The group studied 11° heli-
cal ribbons that exhibited Bragg reflections by x-ray-
scattering (Fig. 1). The Bragg reflections they observed were
unusually arced through multiple adjacent images, possibly
due to the curvature of the ribbons, and the team developed
its own software to analyze the data and determine the
dimensions of the unit cell. Their analysis confirmed that the
ribbons are single crystals formed from the chiral cholesterol
molecules. Further analysis revealed that the dimensions of
the unit cell were similar to those of cholesterol monohydrate
but three times longer in the direction of the c axis, which is
perpendicular to the ribbon plane. 

The researchers hypothesize that the helical ribbons are
the result of two features of the crystals. The dimensions of
the ribbon strip are determined by the rate of crystal growth
along different crystallographic axes. Cholesterol monomers
add more quickly in one direction than in the other two direc-
tions perpendicular to the first, and so one direction grows
more quickly, forming the length of the ribbons. Second, the
chirality of the molecules in the crystal creates different sur-
face tensions on each side of the crystal, causing it to bend.
This bending occurs at the 11° angle relative to the ribbon

edge, reflecting the underlying crystal structure. These
helices have elastic properties just like a coiled spring. It is
this property that authors hope to make use of in future work. 

The elastic properties of the helical ribbons have offered
a fortuitous surprise that may be useful in developing tools
to make nanoscale measurements in biological systems.
While this work had serendipitous roots in trying to under-
stand a biomedical observation, the authors now speculate
that the real value of these cholesterol ribbons may be in
their biophysical properties as tiny springs. They plan to
extend their work by developing ways to get homogeneously
sized ribbons that could then be calibrated for their elastic
constants. Once they know the strength of cholesterol
springs of various radii and lengths, they can use light
microscopy to measure forces. Another important problem is
to develop means of functionalizing the ends of the springs
so as to attach them to interesting biomolecules, with the
objective of measuring the forces of various biological inter-
actions.  — Sandy Field

See: Boris Khaykovich1, Chintan Hossain2, Jennifer J.
McManus3, Aleksey Lomakin3, David E. Moncton1,2, and
George B. Benedek2,3,4*, “Structure of cholesterol helical rib-
bons and self-assembling biological springs,” PNAS
104(23), 9656 (June 5, 2007). 
DOI: 10.1073pnas.0702967104
Author affiliations: 1Nuclear Reactor Laboratory,
2Department of Physics, 3Materials Processing Center, and
4Center for Materials Science and Engineering,
Massachusetts Institute of Technology
Correspondence: *benedek@mit.edu

This work is supported by the U.S. Department of Energy, Division
of Materials Sciences and Engineering, Office of Basic Energy
Sciences, under Award No. DE-FG02-04ER46149. Use of the SGX-
CAT) beamline was provided by SGX Pharmaceuticals, Inc., who
constructed and operates the facility. Use of the APS was supported
by the U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences, under Contract No. DE-AC02-06CH11357.

31-ID-D • SGX-CAT • Life science • Macromolecular
crystallography, single-crystal diffraction, fiber diffrac-
tion, single-wavelength anomalous dispersion • 3.3-cm
Undulator A • Accepting general users

< Fig. 1. The lower left inset shows a typical helical ribbon of
cholesterol. Above and behind this inset is a diffraction pattern
of x-rays scattered by a flattened arc of another helical ribbon
of larger radius. Such diffraction patterns demonstrate that
each ribbon is a coiled crystalline strip. Detailed analysis of
these patterns enables a determination of the unit cell of the
cholesterol in the strip. 
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U nderstanding the physical and chemical composition of the Earth’s interior, particu-
larly a region as inaccessible as the core-mantle boundary (CMB), requires tremen-
dous experimental ingenuity and advanced technology. By integrating data from
ultrahigh-pressure experiments and geodynamic and mineral structure modeling,

researchers from the Université de Sciences et Technologies de Lille; the University of California,
Berkeley; Arizona State University; Princeton University; and the Carnegie Institution of
Washington are making progress in understanding the unusual seismic properties of the lower-
most mantle. Using HP-CAT beamline 16-ID-B at the APS, the researchers obtained detailed struc-
tural information on post-perovskite (pPv) that led them to conclude, within the scope of their
model, that pPv does not explain the unusual seismic characteristics of the CMB.

POST-PEROVSKITE AND
SEISMIC ANISOTROPY AT THE
CORE-MANTLE BOUNDARY
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Scientists have long theorized that the bulk of the lower
mantle is composed of the magnesium silicate mineral per-
ovskite. But perovskite cannot explain some of the more
unusual characteristics of the D" (D double prime) layer, the
120-mile-thick region of the lowermost mantle. This includes
one of the most important properties of the D" layer: its seis-
mic anisotropy, by which the horizontal component of the
shear (S) waves travels faster than the vertical component. In
2004, experimentalists discovered that under lowermost
mantle conditions, perovskite changes to a high-pressure
phase, which they named post-perovskite. The discovery of
pPv allowed scientists to attribute many of the unusual char-
acteristics of the region to its presence. 

To learn more about the role of pPv at the D" layer, the
researchers carrying out this study brought together their
expertise in high-pressure deformation experiments and in
the numerical modeling of the lower mantle. Princeton,
Berkeley, and Lille scientists first compressed a powder of
natural orthopyroxene in a diamond anvil cell and then con-
verted it to pPv by laser heating (Fig. 1). By using angle dis-
persive radial x-ray diffraction at beamline 16-1D-B, the
researchers monitored the plastic deformation and orienta-
tion of the pPv polycrystal to locate the planes of weakness.

To model lowermost mantle conditions, Arizona State
University scientists calculated the deformation parameters
(stresses, pressures, and temperatures) of mantle material
as it flowed along the downward limb of a convection cell.
Using this macroscale model, they located the depth of the
perovskite/post-perovskite phase transformation and fol-
lowed the flow of pPv minerals through the D" layer. 

Once they had the deformation parameters, Berkeley
scientists determined how an aggregate of pPv crystals
would deform and orient under CMB conditions and calcu-
lated seismic velocities through the material in the horizontal
and vertical directions. Their model shows that seismic
anisotropy does not develop until just before the downwelling
convective material reaches the CMB and begins to move
horizontally. Although their calculations of seismic anisotropy
vary depending on the location of the material in the D" layer
and the elastic moduli used in the calculation, in general the
vertically polarized S-wave components are faster than hori-
zontally polarized S-wave components (Fig. 2), the opposite
of observations of actual S-waves in the D" layer. 

While pPv can explain other characteristics of the D"
layer, the researchers think that, within the constraints of this
study, something else must be causing the observed seismic
anisotropy. The seismic patterns could indicate the presence
of a different mineral in the D" layer, possibly magne-
siowüstite. Alternatively, the deformation mechanisms seen
in the experiment could differ from those active in the deep
earth, or the elastic constants used in the models may not
have been correct.

This study illustrates how the integration of information
from ultrahigh-pressure experiments and microscale and

macroscale modeling can yield insight into the structure and
composition of the most mysterious portions of the earth. 

— Dana Desonie
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Fig. 2. Inverse pole figure of the compression direction
illustrating lattice-preferred orientations measured in
the post-perovskite sample at 157 GPa.

< Fig. 1. Diamonds in a diamond anvil cell. The sample is con-
fined between the two diamond single crystals.
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T he model for the Earth's lower mantle has seen interesting adjustments over the last few
years, as researchers have studied the properties of its main minerals: ferropericlase
and silicate perovskite. It is generally believed that an iron in these minerals plays an
important role in their properties, including sound velocities and transport properties.

Researchers using the GSECARS beamline 13-ID-C,D at the APS have, for the first time, directly
probed the spin states of iron in ferropericlase under pressures and temperatures representative
of the lower mantle. They found a gradual spin transition across these pressures and tempera-
tures, which suggests that ferropericlase at the deeper part of the lower mantle has a low-spin
state, which refers to when, under extreme pressure, electrons with opposite spins pair up and
thus lose their spin moments. The substantial effects of this spin transition on density and sound
velocity suggest that classical models of the lower mantle need major adjustment.

DETECTING A SPIN TRANSITION ZONE
IN EARTH’S LOWER MANTLE

Fig. 1. A schematic of in situ x-ray
emission spectroscopy combined
with x-ray diffraction and double-
side laser heating techniques for
studies of electronic spin states of
iron in lower-mantle ferropericlase
[(Mg0.75,Fe0.25)O] and its crystal
structure at relevant pressures
and temperatures for the lower
mantle of Earth.
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The researchers, from Lawrence Livermore National
Laboratory, the KFKI Research Institute for Particle and
Nuclear Physics, the European Synchrotron Radiation
Facility, Northwestern University, the Carnegie Institution of
Washington, The University of Chicago, and Washington
State University, studied the electron spin states and the
crystal structure of ferropericlase by using x-ray emission
spectroscopy (XES) and x-ray diffraction in a laser-heated
diamond anvil cell at the 13-ID-C,D beamline. They examined
the ferropericlase at up to 95 GPa and 2000K. To detect the
spin transition zone of iron in the lower-mantle minerals, the
scientists at GSECARS have built a benchmark system that
employs the x-ray emission spectroscopy technique based
on a Rowland circle spectrometer, combined with x-ray dif-
fraction and double-sided laser-heating (Fig. 1). In this very
challenging experiment, the team precisely aligned a small
sample (usually sized down to 12 µm in thickness and 70 µm
in diameter) with six optical axes: x-ray beam, emission spec-
trometer, downstream and upstream laser beams, and two
optical paths for temperature measurements. The state-of-
the-art system allowed the group to probe the electronic spin
states of iron in the lower-mantle minerals in situ at high-pres-
sure and high-temperature conditions generated in a sample
chamber of the diamond anvil cell (Fig. 2).

Below 50 GPa and above 95 GPa, changes in tempera-
ture did not affect spin crossover. However, between 50 and
90 GPa, temperature had a strong effect on the spin state of
iron in lower-mantle ferropericlase. The appearance of the
low-spin state quickly reversed to mixed-spin states with high
temperatures, which cannot be explained as the result of
sluggish transitions. The researchers found that this pres-
sure-temperature width is not as broad as theoretical models
had predicted, which could be due to the model’s use of
approximations for the complex iron electronic structures. 

When the data are applied to the Earth, this high-spin to
low-spin crossover of iron should occur from the middle to the
bottom of the lower mantle, approximately from 1000 km in
depth and at a temperature of 1900K, to 2200 km and 2300K.
Because this crossover is a continuous phenomenon over
more than 1000 km, any physical effects, such as sound
velocity or density, should be quite gradual. The gradualness
of the change may explain why recent experiments have not
revealed dramatic changes in iron partitioning between fer-
ropericlase and perovskite at high temperatures. 

Low-spin ferropericlase exhibits relatively high density,
fast sound velocities, and lower radiative thermal conductiv-
ity. The spin crossover described here, therefore, would
result in continuously enhanced density, sound velocities,
and reduced radial thermal conductivity, though a reduction in
sound velocities within the spin transition is recently reported.
Spin transition may therefore account for some of the seismic
wave heterogeneity in the lower mantle. The low-spin fer-
ropericlase of the lowermost part of the mantle may also
affect the thermal stability of the mantle upwellings. 

These results imply that classical models for the lower
mantle need to be revised and that the ratio of low-spin to
high-spin states in the ferropericlase must be incorporated to
construct more accurate models of density and sound veloc-

Fig. 2. Spin crossover of iron in the lower-mantle ferroperi-
clase. The phase diagram is constructed from the interpo-
lation and extrapolation of the derived fractions of the
high-spin state in the sample. Colors in the vertical column
on the right represent fractions of the high-spin iron in fer-
ropericlase. © 2007 American Association for the
Advancement of Science. All Rights Reserved.
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ities. In addition, the researchers point out that the lower
mantle's dependence on an electronic transition such as this
is unique, in that no other layers in the Earth's interior show
such a dependence on an electronic structural transition. 

— Karen Fox
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Fig. 1. X-ray absorption near edge structure and EXAFS
reveal the differences in behavior of uranium ions in solu-
tion or on coated microspheres.

REDUCING URANIUM WASTE

W aste uranium from power generation, the mining of raw feedstock, and past mili-
tary-related activities is a growing environmental concern. Coping with this prob-
lem will only be possible with a new understanding of how uranium ions in the
environment interact with soils and water, and how that affects their transport and

fate. Researchers using the MR-CAT 10-ID-B beamline at the APS have turned to titration and x-
ray absorption fine structure spectroscopy (EXAFS) analysis to help them determine what factors
lead to the immobilization of uranium ions by reduction with sub-soil ferrous [iron(II)] ions. Fe(II)
is produced by underground soil bacteria; it is found in clays, green rusts, and magnetite, and is
adsorbed on minerals and bacteria. Their results hold promise for understanding how to protect
the environment from uranium contamination and for designing methods to remediate water-rock
systems.
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The researchers suggest that a mechanism involving a
two-electron transfer to the uranium ion would not occur
readily in solution without the support of a surface. They pro-
pose that successful reduction from U(VI) to U(IV) requires
a quick second electron transfer to a “dead-end” U(V)-Fe(III)
intermediate, which returns to separate U(VI) and Fe(II) ions
unless another electron is supplied in time.

Moreover, because the reduction takes place in two
steps, they require the metal ions to stay close, which is less
likely to happen in solution than on the microsphere surface.
The presence of the iron oligomers at the higher pH also
means there is a ready local supply of electrons for the sec-
ond stage of reduction.  — David Bradley

See: Maxim I. Boyanov1,2*, Edward J. O’Loughlin1, Eric E.
Roden3, Jeremy B. Fein2, and Kenneth M. Kemner1,
“Adsorption of Fe(II) and U(VI) to carboxyl-functionalized
microspheres: The influence of speciation on uranyl reduc-
tion studied by titration and XAFS,” Geochim. Cosmochim.
Acta 71, 1898 (2007). DOI: 10.1016/j.gca.2007.01.025
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Uranium in its common "VI" oxidation state, U(VI), can
be reduced to a lower oxidation state U(IV) by Fe(II) ions. In
the reduced state the uranium ions are not soluble in water
and so can become immobilized below ground rather than
leaching into water and being dispersed. The researchers
have investigated how Fe(II) and U(VI) ions are absorbed
onto the surface of microspheres of polystyrene. These
microspheres, coated with acidic carboxyl groups, mimic the
properties of soil particles and so can act as a model of the
behavior of the iron and uranium ions below the surface.

The team used standard acid-base titrations (a
method of quantitative/chemical analysis used to deter-
mine the concentration of a known reactant) to track the
behavior of uranium ions when mixed with Fe(II) ions and
the coated microspheres. They coupled these studies with
Fe K-edge and U L-edge extended x-ray absorption fine
structure (EXAFS) spectroscopy that allowed them to work
out the bonding arrangements and the overall atomic envi-
ronment of iron and uranium ions adsorbed on to the sur-
face (Fig. 1). They found that iron ions mixed by them-
selves with the microspheres at mildly alkaline values of
pH representative of groundwater systems; they had two
distinct ways of adsorbing to the surface: either as single
Fe(II) ions (pH 7.5 ) or as aggregates of Fe(II) species on
the surface (pH 8.4). Uranium ions mixed alone with the
microspheres stuck to the surface as isolated U(VI) ions at
the same values of pH.

When the iron, uranium, and microspheres were all
mixed together at pH 7.5, the Fe and U ions were co-
adsorbed on the surface in the same manner as they are by
themselves. After four months, the U(VI) was not reduced by
either the adsorbed iron or any free-floating iron in the solu-
tion. This was in sharp contrast to the reaction at slightly
more alkaline pH 8.4, where Fe(II) atoms aggregated and the
U(VI) was completely and rapidly reduced to U(IV) in the
form of nanoparticles. The U(IV) nanoparticles could be
stored for at least four months in this immobile state provided
they were not exposed to air. Air exposure rapidly reoxidized
them to the U(VI) state.

These findings could explain why uranium ions appear
to be more easily reduced by Fe(II) on a surface rather than
free-flowing Fe(II) in solution: it is the ability of the U(VI) atom
to rapidly receive two electrons for its reduction to U(IV).

10-ID-B • MR-CAT • Materials science, environmental
science, chemistry • Microfluorescence (hard x-ray), x-
ray absorption fine structure (XAFS), diffraction anom-
alous fine structure, micro-XAFS • 3.3-cm undulator A •
Accepting general users

The results hold promise for understanding
how to protect the environment from
uranium contamination and for designing methods
to remediate water-rock systems
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M aking glass was simpler in 1934, as shown in
the Popular Science article from that year, at
right. Today, glass is studied at the molecular
level so that it can be tailored for specific uses,

and lessons learned along the way have ramifications that
reach into the Earth. The macroscopic properties of alkali borate
glasses—such as lithium borate—remain one of the most difficult
and elusive problems in physics, glass science, and geophysics.
Pressure-induced structural changes in the alkali borate glasses
have strong implications for both condensed matter physics
research and studies pertaining to the Earth's interior, and for
practical and economically important applications from ordinary
window glass to lab-quality glass. Researchers from Seoul National
University and their colleagues from the High Pressure
Collaborative Access Team employed GSECARS beamline 13-ID-
C,D at the APS to carry out the first in situ inelastic x-ray scattering
(IXS) study of alkali borate glasses, examining the coordination
transformation from three-coordinated to four-coordinated boron at
pressures up to 30 GPa. The data point to fabrication methods that
can yield much improved glass and provide essential information
about magmatic processes deep inside the Earth.

eration synchrotron radiation source such as the APS is
needed to explore the structure and atomic environment
around low-atomic-number elements, including boron,
lithium, and oxygen. The researchers collected boron K-edge
spectra at pressures from 0.1 MPa (1 atm) to 30 GPa, and
lithium K-edge spectra up to 5 GPa.

The boron K-edge spectra (Fig. 1) showed that at 1 atm,
most boron was surrounded by three nearby oxygen atoms
(known as tri-coordinated boron). As pressure increased, the
researchers found very little change before 5 GPa. Above

THE STRUCTURE OF ALKALI BORATE GLASSES
AT HIGH PRESSURE

There had been no successful experiments that showed
any hint of pressure-induced coordination transformation in
alkali borate glasses. Previous attempts to utilize synchro-
tron x-ray scattering for the investigation of borates (and
other low-Z glasses) under high pressure had run up against
some limitations, including the extremely small sample envi-
ronment and the equally small atomic scattering factors for
low-Z elements. (Other non-synchrotron techniques have dif-
ferent but equally daunting problems. For instance, neutron
scattering necessitates a large sample size that holds the
useful pressure range to less than 10 GPa; vibrational spec-
troscopy and Brillouin scattering yield a small cross section
and results that can lack clarity.) Building on advances in the
optics, analyzers, and diamond-anvil cells used at synchro-
tron light sources, the researchers in this study have carried
IXS over to the examination of complex alkali borates.

The researchers, from Seoul National University, The
University of Chicago, the Carnegie Institution of
Washington, and the High Pressure Collaborative Access
Team at APS Sector 16, collected spectra from the glasses
(Li2B4O7) at beamline 13-ID-C,D. The power of a third-gen-
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that, however, the tri-coordinated boron was no longer stable,
and as the glass grew more dense, four oxygen atoms clus-
tered around each boron atom. The percentage of four-coor-
dinate boron changed gradually, but by 30 GPa, it accounted
for more than 95% of the boron. After decompression from
high pressure, the coordination transformation was
reversible. 

The researchers also reported the first lithium K-edge
spectra at high pressure (Fig. 2). They found two weak
features at 60 eV and 63 eV, suggesting 1-s core electron
transition to valence band free orbitals. Much like the boron,
the Li-IXS spectra show little change up to 5 GPa. More
extensive theoretical and experimental Li K-edge studies are
needed to obtain the systematic effect of composition and
pressure on their local structures. 

Geophysically, such information is crucial for under-
standing the Earth's interior, because the densification in the
alkali borate will improve our understanding of the structures
of silicate melts deep in the Earth. The transformation infor-
mation can help determine melt properties, such as viscosity
and density, which can affect processes that include magma
dynamics and the Earth's evolution. For technological appli-
cations, the data suggest that glasses synthesized at high
pressures should have much improved mechanical proper-
ties and chemical durability.  — Karen Fox

Fig. 1. Boron K-edge IXS spectra for Li2B4O7 glass (black
lines) and B2O3 glass (blue) at pressures ranging from 1bar
to 30 GPa. The red line refers to IXS spectra for Li2B4O7
glass decompressed to 1 atm from 30 GPa. The spectra
are plotted as normalized scattered intensity vs. energy
loss (incident energy–elastic energy). 
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Glasses at High Pressure: B and Li K-Edge Inelastic X-ray
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2007). DOI: 10.1103/PhysRevLett.98.105502
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Fig. 2. Li K-edge IXS for Li-B2O3 glasses at 1 atm (blue
line) and 5 GPa (black). The inset shows the back-
ground subtraction methods for IXS spectra at 5 GPa,
where a significant contribution from Be Plasmon was
subtracted. The contribution from Be plasmon was fit-
ted using a complex linear function (red line) and then
subtracted from the IXS spectra (blue, inset), yielding
IXS spectra free from the Be plasmon effect (black). 
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Nanoscience

Fig. 1. X-ray fluorescence maps of the distribution of differ-
ent elements present in a cell treated with TiO2 nanoparti-
cles. Titanium is not present in untreated cells, while all
other elements shown are the natural content of cells. The
presence of a titanium signal in this cell is evidence of
nanoparticle uptake.

SEEK AND DESTROY: SELECTIVELY TARGETING
INTRACELLULAR DNA
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The targets of the nanoconjugates—which consisted of 3-
nm to 5-nm particles of titanium dioxide (TiO2) bound with a
dopamine to 6-nm to 8-nm DNA oligonucleotides—were riboso-
mal 18S RNA, which is present in most mammalian cells, in the
nucleolus inside the cell nucleus and in the mitochondria within
the cell cytoplasm. The imaging technique relies on the ability of
XFM to detect the K-α fluorescence spectra of the titanium,
which acts as a photoreactive nanoscale semiconductor.
Titanium nanoparticles free of oligonucleotides and therefore
lacking in a specific target were used as a negative control and
were found, as expected, to display little to no retention within the
mitochondria and nucleoli, while composites containing DNA
oligonucleotides specifically tailored to target nucleolic and mito-
chondrial cells showed an affinity to hybridize with the sequence-
specific target within the cells.

The researchers, from Northwestern University, Argonne,
Loyola University, and the University of Pennsylvania, trans-
fected human breast cancer cell line MCF-7/WS8 with these
nanoconjugates, which were coated with glycidyl isopropyl ether.
They also transfected cell lines from human prostate (PC3) and
rat adrenal tumor (PC12) to determine whether transfection was
specific only to the human breast cell line. The cell lines were
transfected via electroporation—which causes excitation of the
titanium and helps the nanoconjugate penetrate the cell mem-
brane—and also by natural uptake. 

The team also subjected meticulously prepared, ultrathin
sections of treated cells to conventional transmission electron
microscopy (TEM) at the Northwestern University Cell Imaging
Core Facility. Transmission electron microscopy analysis is a

good way to measure details of materials to nearly the atomic
level, but it has certain limitations; for example, it cannot be used
to examine whole cells. Transmission electron microscopy
images of the density of TiO2 suggested the presence of the
nanoconjugates within two spots of the nuclei. The XFM, which
maps the elements of the periodic table between silicon and
zinc (Fig. 1), also revealed a two-spot pattern of areas of denser
concentration of TiO2 in the three cancer cell lines: human
breast, human prostate, and rat pheochromocytina cells. Cancer
cells typically have two or more nucleoli; therefore, these results
suggest that the nanoconjugate was able to reach the target. X-
ray fluorescence microscopy and TEM images also detected
titanium inside the mitochondria of the PC12 cells, though it was
not possible to probe the human breast and prostate cells
because the oligonucleotides used (ND2s) are specific only to
the rat PC12 mitochondrial genomic sequence.

These results indicate that TiO2-DNA nanoconjugates can
be delivered and retained within the targeted material and thus
lend themselves to imaging, diagnosis, and eventual treatment
of sequence-specific intracellular targets within cancer cells. 

— Elise LeQuire
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Much attention has focused on the promise
and pitfalls of gene therapy to heal or
repair defective genetic material by using
a variety of vectors, including viruses. An

alternative approach is to inactivate genomic DNA. In
either case, a major obstacle has been the inability to
penetrate the cell membrane and deliver a biological
payload to the specific intracellular target. New discov-
eries in the realm of nanoconjugated materials consist-
ing of biological and inorganic components are allow-
ing researchers to fine-tune the delivery of nucleic
acids and expand the practical applications of imaging,
diagnosis, and therapeutic approaches to many dis-
eases, including cancer. A limiting factor has been the
shortcomings of optical microscopy in producing accu-
rate images of hybrid nanoscale materials. But high-
energy x-ray fluorescence microscopy (XFM) at XOR
beamlines 2-ID-D and 2-ID-E at the APS allowed a
team of researchers to directly map the destination and
view the distribution and concentration of nanoconju-
gates, furthering efforts to utilize nanoconjugated
materials as weapons against disease.
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A morphous metals have several useful properties, such as greater hardness and elastic-
ity, when compared with their crystalline counterparts. Amorphous metallic alloys are
thus used in, for example, golf club heads to maximize impact-energy transfer to the ball,
but they have great potential for a wide range of engineering applications from aero-

space to construction. It is relatively easy to make alloy materials in the amorphous state by simply
rapidly cooling them from the liquid state. This process locks in the randomness found in the liquid
and so produces a glassy, amorphous, solid structure. However, theoretical studies suggest that fab-
ricating pure elemental amorphous metals is not achievable by the same method (without the intro-
duction of impurities). This is due to the fact that the elemental metallic phase is regenerated rapidly
because the viscosity of the elemental metallic liquid is simply too low. To lock in the glassy phase
with a pure liquid metal, scientists would have to use cooling rates in excess of >1010° C/s, which are
unattainable with today's technology. In order to overcome the cooling rate issue and sidestep the
need for adding impurities, researchers used ChemMatCARS beamline 15-ID-B,C,D at the APS to
study an alternative approach to amorphization of pure copper metal.

Fig. 1. The short-range atomic structure of the nanocrystals prior
to and after irradiation is represented by the coordination num-
ber, bond length, Debye-Waller factor, and third cumulant of
the bond length distribution function. Short-range atomic struc-
ture shifts from the crystalline to the amorphous in nanocrystals
blasted with tin ions. Note that all values are relative to the unir-
radiated values, the latter normalized to unity. Prior to irradiation,
the third cumulant was insignificant (close to zero), and upon
irradiation the increase was very large (in percentage terms.

Earlier investigators discovered that blasting a bulk
metal with a beam of ion irradiation could, if there were
impurities present in the metal, distort the crystalline
structure somewhat. The ions, on colliding with the
material, trigger a very short-lived cascade of structural
damage among the metal atoms, resulting in localized
pockets of glassiness. These pockets overlap if the ion
irradiation level is high enough and if there is at least
10%–20% by atomic weight of impurities present in the
metal. However, the need to add impurities to the metal
means that the process is limited and precludes certain
applications that would require highly pure amorphous
metal. From this perspective, it is of fundamental inter-
est to produce and characterize a pure amorphous ele-
mental metal.

The researchers in this study, from Australian
National University and the Australian Synchrotron
Research Program, made elemental copper nanocrys-
tals of approximately 2.5 nm diameter within a silica film
on a layer of silicon. They then fired a beam of high-
energy tin ions at the nanocrystals. The tin ions passed
straight through the silica film containing the nanocrys-
tals, but en route they disrupted the crystalline order
enough to convert the nanocrystals into the glassy,
amorphous state (Figs. 1 and 2). The researchers found
that using this technique allowed them to minimize the
effects of impurities, because the tin ions became
embedded in the silicon substrate beneath, rather than
lodging in, the metal.

AN ALTERNATIVE APPROACH TO
AMORPHIZATION OF PURE COPPER

Nanoscience
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Fig. 2. Radial distribution functions (RDFs) for the unirradi-
ated and irradiated nanocrystals. Bond lengths are
stretched following ion irradiation.

Fig. 3. Size distribution for unirradiated and irradiated
nanocrystals. The average diameter is ~2.5 nm prior to
irradiation and increases slightly upon irradiation.
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This fundamental discovery means that the structurally
governed properties of copper nanocrystals might be
changed and so enable advanced technological applications.
For instance, the very fact that these amorphized nanocrys-
tals are supported on a semiconductor layer means the skills
of the microelectronics industry might be brought to bear in
fabricating novel structures for integration into devices.

Amorphous metallic nanoparticles embedded in such a
dielectric matrix are expected to display nonlinear optical
properties different from those of their nanocrystalline coun-
terparts. They might be used in optical filters that block cer-
tain wavelengths of light above a certain intensity, for eye and
equipment protection, or in optical switching devices and
memory units for future optoelectronic computing systems.

The researchers attempted to study the structure of
these copper nanocrystals using conventional x-ray diffrac-
tion methods, but they observed significantly broadened
peaks with this approach because of the small size of the
particles. This meant that they obtained very little detail.
Instead, they turned to extended x-ray absorption fine struc-
ture (EXAFS) spectroscopy. This technique can resolve
structural details at the atomic level in materials that lack a
long-range order, a property exemplified by amorphous
solids.

Unfortunately, the EXAFS technique does not provide
information to accurately quantify changes in the distribution
of nanocrystal sizes following ion irradiation. For this, the
team exploited small-angle x-ray scattering (SAXS) at the
APS. The SAXS study revealed that the volume-weighted
average diameter of the nanocrystals increased slightly, as
predicted, once the material was amorphized (Fig. 3).

The researchers point out that the overall appearance
and size of the nanocrystals does not change significantly fol-
lowing ion irradiation, as revealed by electron microscopy.

However, they did see dramatic changes in the short-range
order between copper atoms as well as changes in the coor-
dination around each atom (i.e., the number of nearest-
neighbors changes). Such changes provide additional evi-
dence of a shift from the crystalline to a glassy state. 

— David Bradley

See: B. Johannessen1, P. Kluth1, D.J. Llewellyn1, G.J.
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Fig. 1. Luminescence spectrum of a Type II nanowire (bottom). The Zn L XANES spectrum of the band
gap (380 nm) peak is shown to the left, and that of the three broad defect levels is shown to the right.
The data show that the band gap state originates in the wurtzite core and the defect levels arise in the
shell (upper).

LUMINESCENCE IN COMPLEX NANOWIRES

Nanoscience
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Previous research had established a basic understand-
ing of the structure of (Zn-Mg)O heteronanostructures. As
the concentration of Mg increases from less than 37% to
more than 62%, the structure changes from hexagonal to
cubic, and the band gap increases from 3.3 to 7.8 eV. In the
midrange, however, the structure is undefined. The potential
to tune the energy band gaps in these materials makes such
thin films and nanostructures very good candidates for opti-
cal devices in which intense, ultraviolet-visible luminescence
is required.

The researchers in this study, from Argonne, Oak Ridge
National Laboratory, and the University of Florida, examined
two classes of heterostructures. Type I consisted of an alloy
containing a low concentration of Mg in a hexagonal wurtzite
core sheathed in a wurtzite shell with a higher proportion of
Mg, while Type II consisted of a wurtzite core with little or no
Mg and a cubic rock salt shell with a high concentration of
Mg. The rods for both types, approximately 50 nm in diame-
ter, were prepared on a silicon substrate at the University of
Florida, producing randomly oriented structures. 

X-ray absorption near-edge structure (XANES) meas-
urements were used to pinpoint the specific origin of the
luminescence in the two types. It was found that in both
structures, the exciton state emanates from the wurtzite
core. In Type I nanostructures, however, exciton peaks were
found to be more than 750 times more intense than those of
Type II. In addition, transmission electron spectroscopy indi-
cated that in Type I structures, the interface and surface of
the composite are smoother than in Type II, which suggests
that the damping of luminescence from the wurtzite core in
the latter may be a result of defects at the interface of the
rock salt shell (Fig. 1). Measurements were obtained at room
temperature and at ~40K.

Since the breakthrough discovery of ultraviolet lasing of
ZnO nanowires at room temperature, researchers have
sought to determine ways to increase the luminescence effi-

ciency and thus pave the way for the creation of opto-elec-
tronic devices. The current results indicate that Type I struc-
tures, with their smooth interface leading to more intense
luminescence, may be suitable for useful applications under
real-world conditions.  — Elise LeQuire
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Z inc oxide thin films and nanostructures are proving to be versatile and useful in optical and
electronic applications such as lasers, transistors, next-generation memory storage devices,
and optical sensors and displays. But nanoengineers need a better understanding of the
luminescence produced by the various structures that have been examined in the laboratory.

Heterostructured nanowires span a wide range of band gaps, and the energy and intensity of the lumi-
nescent peaks have been determined to depend on the structural characteristics of different composites,
as well as on the changing nature of the interface between the core and shell of the heterostructured
nanowires. Researchers used time-resolved, x-ray-excited optical luminescence (XEOL) [1] at XOR
beamline 4-ID-C at the APS to characterize the local chemical and structural environment that produces
the luminescence peaks in heterostructural, one-dimensional nanowires. This work highlights the capac-
ity of XEOL to determine the intensity of fluorescence emissions selectively, and to locate the precise
site from which the luminescence emanates within these complex nanostructures.
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Fig. 1. X-ray crystal structure of the Au102(p-MBA)44
nanoparticle.

STRIKING NANO GOLD
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sulfurs, forming a staple-like motif. The cluster has a nucleus
of gold atoms that do not contact sulfur, those in the next
layer bind one sulfur, and those in the outer shell bind two
sulfurs. The protective monolayer is further stabilized by
interactions between the phenyl rings of the p-MBA mole-
cules. 

The Au102 cluster is notably more stable than other,
larger clusters. The researchers, all from Stanford University,
are currently engaged in extending their work by the synthe-
sis, crystallization, and x-ray analysis of new gold nanoclus-
ters with different sizes and protective monolayers. 

In their initial exploration of the structure of the Au102
crystal, the researchers collected their atomic-resolution
dataset by using the 23-ID-B beamline at around 1.4 Å.
According to the researchers, experience and better-quality
crystals enabled a 1.1-Å resolution data set at the Stanford
Synchrotron Radiation Laboratory. Subsequent to publishing
the Science paper, they have been collecting data at
GM/CA-CAT at an ultra-high resolution of 0.75 Å in order to
determine the role of the sulfhydryl proton in the sulfur-gold
bond, work that is still under way. — Carol Hart
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The structure of the crystallized gold-thiol cluster (Fig. 1)
displays several intriguing and unexpected features.
Previous studies suggested that stable clusters would have
a “magic number” of gold atoms resulting from the closure of
a geometric shell—forming, for example, icosahedral clus-
ters of 55, 147, or 309 atoms when crystallized. Another view
anticipated that the core would be amorphous or quasi-
molten. In contrast, the gold102 cluster has a well-ordered but
chiral structure that was confirmed by screening 15 crystals
derived from multiple nanoparticle preparations. It seems
that electronic shell closing provides a better explanation for
the uniform size of these clusters: in theory, each of the 44
sulfur atoms attracts a gold electron into a localized orbital,
leaving 58 gold atoms—each contributing one valence elec-
tron—to form a filled shell. 

The inner 49 atoms form a decahedron that is capped
by two 20-atom poles arranged in C5 symmetry, yielding a
total of 89 atoms that display a five-fold symmetry. The clus-
ter’s chirality results from an asymmetric 13-atom band on
the equator. 

The gold-sulfur binding mode in such self-assembling
nanoparticles had long been debated. One standard model
had predicted that each sulfur atom would bind to two adja-
cent gold atoms. In the gold102 crystal, however, the sulfur
and gold atoms bind in a bridge conformation: each sulfur
binds two gold atoms with one of the gold atoms binding two

T he development of practical biomedical
and electronic applications for monolayer-
protected gold nanoparticles, an area of
intense research activity, has been accel-

erated by scientists working at the GM/CA-CAT
beamline 23-ID-B at the APS and beamlines at two
other U.S. Department of Energy light sources. The
group has succeeded in synthesizing and visualizing
a pure crystal of gold nanoparticles coated with the
thiol p-MBA (p-mercaptobenzoic acid). (Thiols, also
called mercaptans, are organic compounds that con-
tain a functional group composed of a sulfur atom
and a hydrogen atom [—SH].) The achievement is
noteworthy on several levels. First, the researchers
developed a procedure for synthesizing stable clus-
ters of a uniform size (precisely 102 gold [Au102] and
44 p-MBA [p-MBA44] atoms each). Second, they
determined the structure of a monolayer-protected
nanocluster to the atomic level (1.1-Å resolution)
and in so doing addressed long-standing questions
about how sulfur binds to gold. The work represents
a major advance in synthesizing monolayer-pro-
tected clusters and determining the principles that
guide self-assembly. 

23-ID-B • GM/CA-CAT • Life science • Macromolecular
crystallography, microdiffraction, anomalous diffraction
(MAD/SAD), subatomic (<0.85 Å) resolution • 3.3-cm
Undulator A • Accepting general users
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consisted of an anatase-brookite mixture similar to undoped
titanium oxide. The EXAFS measurements indicated yttrium
is not distributed throughout the nanoparticles (Fig. 1); it
combines with oxygen to form yttrium-oxide clusters that are
confined to the titania nanoparticle surface. Approximately
15% of the surface oxygen is bound to the yttrium in single-
atom, yttrium-oxide (Y-O) bonds. Because crystalline sur-
face curvature is reduced (by coarsening) when the doped
titania is heated, electrical interaction between the nanopar-
ticle and yttrium-oxide cluster is reduced, thereby reducing
the Y-O bond length.

Through the pair distribution function fit of the WAXS
data (Fig. 1), the researchers observed that both the phase
transformation (anatase-to-rutile) and particle coarsening
are suppressed when yttrium is introduced into the titania
nanocrystal. Surprisingly, there was a complete absence of
the rutile phase in temperatures below 1112° F (600° C).
This is in contrast to undoped anatase that typically begins
transformation to rutile at approximately 572° F (300° C).

The inhibition of coarsening (thereby reducing particle
growth) of the yttrium-doped titania was also detected.
Yttrium-free anatase nanoparticles generally grow from 6 to
30 nm after undergoing 2 h of annealing at 977° F (525° C).
Similarly, the researchers found the yttrium-doped sample
grew slowly from 6 to 10 nm at 600° C. 

Measurements performed on undoped titania nanopar-
ticles found no parametric changes occurring as a result of
increasing temperature within a limited coarsening range of
7 to 10 nm. However, the existence of surface yttrium-oxide
clusters has a large impact on the internal nanoparticle
structure. Relative to the undoped nanocrystals, the doped
samples of both anatase and brookite exhibited unit cell vol-
ume increases.

These parametric changes were dependent on both
phase and crystallographic orientation. For each given
phase (anatase or brookite), different crystal faces experi-
enced different cluster-particle interaction, with one face
thermally favored over others. The effect of these surface
interactions was a strong suppression of coarsening, with a
resultant inhibition of particle growth. 

Through measurements and data analyses, the
researchers have shown that when low concentrations of
surface-restricted ions are introduced to nanoparticles, both
structural and material properties are affected. Specifically,
with yttrium doping of titanium oxide, nanoparticle growth is
suppressed, which results in the stabilization of phase over
temperature ranges up to 700° C. Phase stabilization allows

R ecent experiments carried out at the APS
and Stanford Synchrotron Radiation
Laboratory light sources show that an
increase in the stability of nanocrystals is

achieved through the introduction of small amounts of
dopants. Researchers investigated yttrium-doped tita-
nium oxide (TiO2), or titania, to determine the effects
of doping on nanoparticle physical size and phase
stabilization. They uncovered new information con-
cerning the retention of material properties by
nanoparticles exposed to high temperatures that may
be crucial to the future production of catalytic and
photovoltaic materials. This is an important advance
in the development of new materials with characteris-
tics desirable for the production of both catalysts and
photovoltaics. These materials may be crucial in
many fields, particularly energy production and tech-
nology. 

SUPPRESSION OF GROWTH AND PHASE
TRANSFORMATION IN NANOSCALE TITANIA

Titanium dioxide is a polymorph—a material that can
exist in more than one crystal structure— that occurs natu-
rally as anatase, brookite, and rutile. Using extended x-ray
absorption fine structure (EXAFS) and wide-angle x-ray
scattering (WAXS) experiments, the researchers from the
University of California, Berkeley, and Lawrence Berkeley
National Laboratory determined the heretofore unknown
mechanism through which the thermal stability of titania is
achieved. The group studied the doping effects using WAXS
measurements on DND-CAT beamline 5-ID-B,C,D and XOR
beamline 11-ID-C at the APS, and EXAFS measurements on
beamlines 10-2 and 11-2 at the Stanford Synchrotron
Radiation Laboratory. The group found a strong correlation
between their results and predictions using molecular
dynamics simulations. They also found that the introduction
of yttrium, a doping material, into a titanium oxide nanopar-
ticle produces both structural and phase transition effects.
The yttrium-doped titania has a different free energy, result-
ing in extended phase stabilization in the anatase form of the
nanoparticle.

Titanium-oxide nanoparticles, doped with a low concen-
tration of yttrium ions, were annealed by heating in air at
temperatures ranging from 572° to 1292° F (300° to 700° C)
for 2 h. Subsequent x-ray diffraction indicated the sample
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for longer retention of the material properties of nanoparticles
under thermal heating conditions. 

— Patricia E. Panatier and William Arthur Atkins

See: Bin Chen1*, Hengzhong Zhang1, Benjamin Gilbert2, and
Jillian F. Banfield1,2, “Mechanism of Inhibition of Nanoparticle
Growth and Phase Transformation by Surface Impurities,”
Phys. Rev. Lett. 98, 106103 (9 March 2007).
DOI: 10.1103/PhysRevLett.98.106103
Author affiliations: 1Earth and Planetary Science,

Fig. 1. Fourier transform magnitude of k3-weighted Y K-edge EXAFS spectra of yttrium-doped TiO2
nanoparticles as a function of treatment temperature (left). Distribution of Y atoms (green) at the sur-
face of a 4-nm anatase particle given by a molecular dynamics simulation (right top). The fit (dashed
red) of a representative pair distance function (from WAXS measurements) of yttrium-doped TiO2
nanoparticles (right bottom).
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F errihydrite is a nanocrystalline iron hydroxide that occurs naturally at the inter-
face of soil and water. Because of its large surface area and reactivity proper-
ties, it readily adsorbs heavy metals such as arsenic and is used to clean up
mine wastewater and contaminated soils, and to purify drinking water. Despite

its ubiquity and utility, its structure has remained a mystery. Researchers using the pair
distribution function (PDF) obtained by Fourier transformation of total x-ray scattering at
XOR beamlines 1-ID-C and 11-ID-B at the APS have recently refined the structural model
and resolved the molecular formula of this intriguing material. The team, from SUNY
Stony Brook, Argonne, and Temple University, was able to reveal a structural model not
previously anticipated on the basis of data collected using conventional x-ray diffraction
and transmission electron microscopy (TEM).

SOLVING THE RIDDLE OF
FERRIHYDRITE’S ELUSIVE STRUCTURE

Nanoscience
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A key obstacle in determining the structure of this
nanocrystalline material, which is considered a mineral in
spite of the uncertainty surrounding its structure and compo-
sition, is its very small particle size, usually less than 10 nm.
With well-ordered bulk materials, Bragg reflections occur as
well-defined peaks, but with such small particles, the features
in the diffraction patterns are broadened and have a signifi-
cant diffuse component beneath the main peaks. At the
nanoscale, PDF analysis of total scattering (with x-rays or
neutrons)—combining weak Bragg peaks and broad, diffuse
scattering—provides more detailed information about the
three-dimensional structure of materials that lack long-range
periodicity. The diffraction patterns characteristic of ferrihy-
drite may in fact be a result of internal disorder, stacking
faults, and/or surface relaxation.

Traditional crystallographic methods such as diffrac-
tion and x-ray absorption spectroscopy are sufficient to
measure long- or short-range order, respectively. The PDF
method provides a comprehensive view of a structure
because it reveals the short-, intermediate-, and long-range
order. Recently published results by these researchers, who
used high-energy x-ray total scattering combined with PDF
analysis at XOR beamlines 1-ID-C and 11-ID-B, laid the
groundwork for this revision of the structural model of ferrihy-
drite at the atomic scale, placing in doubt the accepted obser-
vation obtained from traditional crystallographic methods that
ferrihydrite occurs in two distinct structural forms, 2-line
and 6-line [1]. This study revealed that the structural motif
for 2-, 3-, and 6-nm ferrihydrite is the same whether in pow-
der form or dispersed in aqueous media. 

In the current study, the team synthesized three prepa-
rations of ferrihydrite ranging from 2 nm to 6 nm and com-
pared the real-space measurements of observed samples
with potential structural models using the PDF method. They
determined that the experimental PDFs conformed better to
a single-phase model not previously proposed (Fig. 1, a and
b). In addition, they calculated the ideal chemical formula for
ferrihydrite as Fe10O14(OH)2 with varying amounts of sur-
face-adsorbed water, dependent on particle size.

A further impediment to resolving the structure of this
and other nanoscale materials is the invasive nature of cer-
tain structure determination methods. A recent study using

electron energy loss spectroscopy showed that increasing
electron doses from TEM probes caused the ferric iron (Fe3+)
to be reduced to ferrous iron (Fe2+) and to migrate from octa-
hedral to tetrahedral sites in the structure. This suggests that
investigations carried out with a focused electron beam may
cause unwanted changes in a sample. In addition, the high-
vacuum conditions necessary to perform TEM probes may
also cause undetected structural changes. 

Though this study solves the basic structural framework
of ferrihydrite, it does not address the precise position of the
hydrogen molecules. Further studies using neutron total
scattering will one day provide an even more complete model
and better understanding of the chemical, magnetic, and
physical properties of this useful nanocrystalline material. 

— Elise LeQuire
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< Fig. 1. (a) The experimental PDF for 6-nm ferrihydrite (grey x)
is overlain by the calculated model fit of the new ferrihydrite
model (solid orange). The difference between the calculated
and experimental results is shown below (solid black). (b) In
ideal form, the basic structural motif for ferrihydrite has 20%
tetrahedral and 80% octahedral iron.
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Structural Studies

W hen an oxide mineral, such as rutile titanium dioxide (TiO2), comes into contact with an
aqueous solution, an electrical double layer (EDL) develops that redistributes the water
molecules and aqueous ions at the solid-electrolyte interface. While nearly all studies
of EDL phenomena implicitly assume that the oxide surface structure itself remains

unaffected, experiments conducted at several XOR beamlines at the APS using rutile TiO2 indicate that
structural changes do occur and extend unexpectedly far into the bulk crystal. The discoveries arising
from these experiments detail key elements of the EDL that may be central to a fundamental under-
standing of ion adsorption, dissolution/precipitation rates and mechanisms, heterogeneous catalysis,
and other EDL-related phenomena.

Fig. 1. A ball-and-stick model of the
best-fit rutile (110)-aqueous solution
interfaces. Perspective (a) and top (b)
views of the interface in DIW. (c)
Perspective and (d) top views of the
interface in the RbCl solution. The small
(cyan), medium (red), and large (pink)
spheres represent Ti, O, and Rb+,
respectively, while the hatched circles
represent H2O. The arrows in (a) indi-
cate the relaxation directions of the
bulk Ti atoms in the vertical planes
underneath BO (edges) and TO (cen-
ter) rows. (e) Laterally averaged elec-
tron density profile for rutile (110) sur-
face in DIW and the RbCl solution. The
increase of the electron density above
the TO site in 1 m Rb+ indicates the spe-
cific adsorption of Rb+ ions, displacing
the water molecules that are specifi-
cally adsorbed in DIW.

THE EDL INTERFACE STRUCTURE
OF RUTILE TITANIUM DIOXIDE:
A KEY TO NEW APPLICATIONS?
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The researchers, from Argonne, the University of Illinois
at Chicago, Northwestern University, the Illinois State Water
Survey, and Oak Ridge National Laboratory, made their dis-
coveries using the crystal truncation rod (CTR) method,
which is the interfacial analog of bulk x-ray crystallography, in
that interfacial signals appear as continuously modulated
rods (called “crystal truncation rods”) of intensity extending
from each Bragg peak. After a rutile TiO2 crystal was
mounted in ultra-filtered deionized water (DIW), a full set of
CTR measurements was taken for the TiO2-DIW interface.
Then a 1-molal (m) RbCl + RbOH solution at pH 12 was
exchanged into the sample cell, and another full set of CTR
data was measured. The measurements were performed pri-
marily at XOR beamline 1-BM-B,C at the APS, with prelimi-
nary work being done at XOR/BESSRC beamlines 11-ID-D,
12-BM-B, and 12-ID-B,C,D.

The rutile surface in both solutions was found to consist
of a stoichiometric (1 × 1) surface unit mesh whose surface is
terminated by bridging oxygen (BO) and terminal oxygen (TO)
sites, with a mixture of water molecules and hydroxyl groups
occupying the TO sites. An additional hydration layer was
found above the TO site, with three distinct water adsorption
sites, each having well-defined vertical and lateral locations.
Rb+ was seen to adsorb specifically at the tetradentate site
between the TO and BO sites, replacing one of the adsorbed
water molecules at the interface (Fig. 1). No further ordered
water structure was observed above the hydration layer. 

Ti atom displacements from their bulk lattice positions
were found to be sensitive to solution composition.
Displacements as large as 0.05 Å at the rutile (110)-DIW
interface decayed in magnitude into the crystal, becoming
~0.01 Å at the fourth Ti layer below the surface. A systematic
outward shift was observed for Ti atom locations below the
BO rows, while systematic inward displacements were found
for Ti atoms below the TO rows. The Ti displacements were
mostly reduced when the oxide was in contact with the RbCl
solution, there being no statistically significant displacements
in the fourth-layer Ti atoms.

The distances of adsorbed Rb+ ions to surface oxygens
in the BO and TO sites were similar to the average bond
length of hydrated Rb+ in a bulk aqueous solution. This indi-
cates that four of the hydrating water molecules are replaced
by four surface oxygens when Rb+ sorbs at the tetradentate
site, to form an inner-sphere species. This observation pro-
vides definitive proof that “background electrolyte” ions com-
pete directly with multivalent ions for sorption at inner-sphere

sites, although the sorption affinities of the multivalent ions
are much stronger, due to the increased cation charge. This
competition for sorption at inner sphere sites provides a par-
tial explanation for the often-observed ionic strength depend-
ence of multivalent cation adsorption on metal oxide sur-
faces.  — Vic Comello
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These experiments detail key elements of the electronic double
layer that may be central to a fundamental understanding of ion
adsorption, dissolution/precipitation rates and mechanisms,
heterogeneous catalysis, and other phenomena
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Previous neutron experiments characterized the con-
stituent R25 phonon frequency softening, but were unable to
study critical softening behavior near the transition. The neu-
tron results were also limited to a sparse data set above the
transition. Analysis of the x-ray TDS line shape allowed the
researchers, from Argonne, McGill University, and the
University of Illinois at Urbana-Champaign, to establish
mean-field and critical behavior of the dynamic lattice fluctu-
ations of the system with a high degree of precision. The
results of their TDS analysis agree well with the predictions
of mean-field theory and available experimental data over a
wide temperature range, and they confirm renormalization
group predictions of critical behavior in the near-transition
region. 

The central peak critical scattering component has been
previously observed in x-ray data at temperatures well above
TC and has been the subject of much debate, because this
feature could represent a second critical length scale of the

CLARIFYING THE PHASE TRANSITION
IN SRTIO3
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system, in principle, violating the scaling hypothesis central
to many modern theories of phase transitions. The
researchers’ first-ever observation of a coherent speckle pat-
tern within the central peak critical scattering shed new light
on the nature and dynamics of this anomalous feature (Fig.
1). Speckle analysis led the researchers to the following con-
clusions regarding the central peak: (a) it is caused by Bragg
diffraction from a remnant disordered state above TC, (b) this
disorder is static on all observed time scales and repro-
ducible under thermal cycling, (c) the length scale of this dis-
order is comparable with the observed defect density, and (d)
the criticality of this component is separate from the bulk
phase transition. Accordingly, the researchers conclude that
the anomalous central peak feature is a simple static mixture
of high- and low-temperature structures pinned to defects
within the scattering volume. 

The researchers’ method of complementing synchrotron
x-ray TDS analysis with time-resolved observation of a
coherent speckle pattern holds great potential for elucidating
static and dynamic fluctuations in a wide range of critical sys-
tems of interest to materials studies.  — Vic Comello
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T he antiferrodistortive structural phase tran-
sition in strontium titanate (SrTiO3) is
widely regarded as a prototype suitable for
testing basic theories and concepts of

phase transitions. For the most part, it is a second-
order displacive phase transition governed by the
softening of a zone boundary phonon mode (R25),
describing an antirotation of the oxygen octahedral,
which results in a superlattice below the critical tem-
perature TC ≈ 105K. Researchers using two APS
beamlines combined x-ray thermal diffuse scattering
(TDS) and the first-ever observation of a static coher-
ent diffraction pattern (speckle pattern) within the
anomalous critical scattering of SrTiO3 to clarify sev-
eral remaining issues concerning the phase transi-
tion. Their unified x-ray experiment studied both the
critical phonon softening and anomalous critical scat-
tering over a wide temperature range—from room
temperature to the structural phase transition. The
TDS experiment was performed at XOR/UNI 33-ID-
D,E beamline at the APS, while the coherent diffrac-
tion images were obtained at the XOR 8-ID-E beam-
line, also at the APS.

Structural Studies

http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.display_beamline?p_beamline_num_c=27


129

Fig. 1. The observation of a static speckle pattern
within critical x-ray scattering from SrTiO3 reveals the
abrupt onset of anomalous static disorder (frames
(a) through (c)) above the bulk phase transition tem-
perature (shown for reference in frame (d)). 
©2007 by The American Physical Society. All rights
reserved.
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H eretofore, scientists have not been able to determine experimentally the dynamics
of atomic lattice vibrations for elemental tin (Sn) at high pressures. Now,
researchers using XOR beamline 3-ID-B,C,D at the APS and the Nuclear
Resonance Group beamline ID22N at the European Synchrotron Radiation Facility

have obtained the first measurements of the quantized vibrational (phonon) density of states
(DOS) in tin at high pressures—up to 64 GPa—by using nuclear resonant inelastic x-ray scat-
tering (NRIXS). In condensed matter physics, DOS is the property that helps characterize and
quantify the energy levels in a quantum physical system. The researchers also found a positive
correlation between their experimental findings and their density functional theory calculations.
Based on the results from the phonon DOS, the researchers can now derive several thermody-
namic quantities that are important to a better understanding of tin and similar metals—and ulti-
mately, of compounds—under high pressures.

PHONON DENSITY OF STATES
OF TIN AT HIGH PRESSURES

Structural Studies
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From these results, elastic and thermodynamic quanti-
ties—such as Lamb-Mössbauer factor, mean force constant,
vibrational contribution to the Helmholtz free energy, high-
and low-temperature Debye temperatures, and Debye aver-
age phonon velocity—were obtained. These quantities are
important for understanding the properties of tin, especially
with regard to lattice dynamics and construction of the pres-
sure-temperature phase diagram. The theoretical phonon
DOS, which uses the generalized gradient approximation
(GGA) calculation, produces these quantities in better agree-
ment over the highest pressures—up to the maximum of 64
GPa—rather than at lower pressures, although agreement
was good at these pressures, too.

By producing reliable phonon DOS of tin at high pres-
sures, the researchers are providing accurate thermody-
namic descriptions of tin and similar metals, as well as estab-
lishing consistency between historic theoretical models and
recent experimental data. Such research in the prediction of
bonding and interatomic forces in solids is important to the
advancement of condensed matter physics. Because of this
work, better theoretical models can be produced and ulti-
mately, greater understanding is possible, which can lead to
further technological advances.  — William Arthur Atkins
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Carl Greeff2, Xuezhi Ke1,3, Changfeng Chen1, Malcolm F.
Nicol1, Michael Pravica1, Walter Pravica4, Jiyong Zhao5,
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Ercan Alp5*, “Phonon Density of States of Metallic Sn at High
Pressure,” Phys. Rev. Lett. 98, 245502 (2007).
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The NRIXS experiments performed by the researchers
from the University of Nevada, Las Vegas; Los Alamos
National Laboratory; East China Normal University; Wilbur
Wright College; and Argonne used metallic tin enriched to
93% in the isotope of tin with nuclide symbol 119Sn. Tin has
several polymorphic modifications and phase transitions:
• Sn-I (gray tin or α-Sn): at ambient pressure, low-tem-

perature phase is stable to 287K (14° C);
• Sn-II (white tin or β-Sn): at ambient pressure, the high-

temperature phase is stable between 287K and the liq-
uid phase at 505K (14 and 232° C, respectively);

• Phase transition of Sn-II to Sn-III: at ambient tempera-
ture at a pressure of 9.4 GPa;

• Sn-III: body-centered tetragonal,stable at ambient tem-
perature between 9.4 and 45 ± 5 GPa;

• Phase transition of Sn-III to Sn-IV: at ambient tempera-
ture at about 45 ± 5 GPa; and

• Sn-IV: body-centered cubic, stable phase at ambient
temperature between 45 ± 5 GPa up to at least 120 GPa.

At ambient conditions, the collaborators conducted their
experiments with the Sn-II metal placed between two pieces
of adhesive tape that was then placed between avalanche
photodiode detectors (APDs). For measurements at ambient
temperature and a pressure of 4.6 and 13.1 GPa, the metal-
lic Sn was loaded into a beryllium gasket in a Paderborn-type
diamond anvil cell (DAC).  At pressures of 37 and 64 GPa,
the research was performed using rhenium as the gasket
material. A new gasket design made possible the use of this
highly absorbent material.

A mixture of four parts methanol and one part ethanol
was used to transmit the pressure, which was measured
using spherical ruby crystals. Energy ranges of ± 60 meV for
0 and 4.6 GPa; and ± 70 meV for 13.1, 37, and 64 GPa were
scanned in 0.25-meV increments.

At the highest pressure—64 GPa—multiphonon excita-
tion contributions are effectively suppressed, making the
extracted phonon DOS of Sn-IV very reliable. As expected,
increasing pressure causes an increase in phonon energies.
These experimental results (Fig. 1) provide a reliable com-
parison with the calculated (theoretical) results—for both the
magnitude and energies of the spectra. Similar agreement
between experimental and theoretical DOS was achieved at
lower pressures.

< Fig. 1. (top) NRIXS signal after normalization of the body cen-
tered cubic (bcc) tin (the Sn-IV phase) at 64 GPa. The inset
shows a logarithmic plot of the signal. E is the energy and E0 is
the Mössbauer resonance at 23.88 keV. (bottom) g(E), the
phonon DOS of tin at 64 GPa. The black graph represents the
experimental result, whereas the blue graph shows the theo-
retical local density approximation (LDA) result and the red
graph the theoretical  generalized  gradient approximation
(GGA) from calculation.

3-ID-B,C,D • XOR • Physics, geoscience, life science,
chemistry, materials science • Nuclear resonant scat-
tering, high-pressure diamond anvil cell, inelastic x-ray
scattering • 2.7-cm undulator • Accepting general users
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SPOTTING GROWN-IN APBS
USING COHERENT X-RAY DIFFRACTION

Fig. 1. Left: typical reconstructed phases showing a char-
acteristic nonrandom patchwork structure in the region of
the elliptic object support.

Right: Derived phase jumps indicating APBs. Red ellipses
designate examples of locally unique APB structures that
were identified in all reconstruction runs.

Coherent x-ray diffraction measurements made
at the APS offer an appealing alternative to
transmission electron microscopy
because delicate structures remain undisturbed,
antiphase domains can be much larger,
and x-rays can probe much thicker specimens
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Intermetallic alloys often exhibit superstructures that are
not perfectly established over a whole crystal, because the
superstructures start to grow from different nucleation sites in
a sample. That is why antiphase domains that are separated
by APBs form. Because of this disorder, coherent x-ray scat-
tering produces a so-called speckle pattern in the super-
structure peaks that is an exact expression of the arrange-
ment of scattering centers. 

Imaging the APBs required that the researchers over-
come two major difficulties. First, antiphase domains are usu-
ally established over a whole crystal, either in bulk or as a
thin film. This means that the size of the sample volume is
necessarily defined by the x-ray beam, making an exact
knowledge of the beam profile mandatory. Second, APBs are
purely phase objects, because adjacent antiphase domains
consist of essentially the same kinds of atoms. As a result,
the contrast between adjacent domains results simply from
differing phase shifts among the photons scattered from each
domain. 

The (001) superstructure diffraction peak of the B2-
ordered bulk Fe65Al35 sample was measured by using a
direct illumination charge-coupled device (CCD) camera
mounted on a goniometer arm. Inverting the fine structure
within the peak was accomplished by means of iterative algo-
rithms that Fourier transform between reciprocal and real
space, with appropriate constraints being applied in each
domain. Because the sample object was bigger than the x-
ray beam footprint, it was essential to know the precise beam
profile to define the real-space constraint that was used. The
illumination function of the beam was measured by using an
optical microscope with a fluorescent plate placed at the
sample position. The optical microscope, which was con-
nected to the CCD camera, also helped control further beam
focusing with Kirkpatrick-Baez mirrors. 

The researchers found phase jumps that they attributed
to grown-in APBs. Although a unique long-range structure
could not be derived, the iterative algorithms found phase

structures that were locally unique (Fig. 1). These were iden-
tified in all the reconstruction runs by means of a cross-
correlation analysis. The characteristic APB morphology that
was obtained revealed nearly planar APB walls on {110}
planes terminating at grown-in dislocations, a result that was
confirmed by TEM results from the same sample. 

— Vic Comello
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C oherent x-ray diffraction, used by itself, is one of the most promising methods for imag-
ing the structure of large individual objects, such as those found in the life and materi-
als sciences, and has been the focus of much recent experimentation. An advantage
of the technique is its lack of reliance on x-ray lenses, which makes imaging resolution

diffraction-limited, at least in principle. Researchers from Universität Wien and University
College London, demonstrated the utility of the method by imaging grown-in antiphase bound-
aries (APBs) in the B2-ordered metal alloy Fe65Al35. The coherent x-ray diffraction measure-
ments made at the XOR/UNI 34-ID-C,E undulator beamline at the APS offer an appealing alter-
native to transmission electron microscopy (TEM), because the necessary thinning procedures
in TEM sample preparation would likely disturb delicate structures like APBs. Moreover,
antiphase domains can be much larger than the sample thickness acceptable for TEM investi-
gations. X-rays, by contrast, can probe much thicker specimens.
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In the experiments, silver-coated hollow glass spheres
with radii ranging from one to hundreds of micrometers were
uniformly mixed in a working fluid of pure glycerin and
injected into an opaque Teflon® tube having an inner diame-
ter of 860 µm. A steady flow of 2 µL/min was developed
using a syringe pump, and a test section area of 1.0 ×
1.4 mm2 defined by the size of the x-ray beam was located
downstream from the tube inlet to ensure steady flow there.
The transmitted and diffracted x-rays through the flow vessel
were converted to visible light by a cerium-doped yttrium alu-
minum garnet scintillator crystal that was imaged onto a fast
charge-coupled device camera.

The researchers from Argonne and Wayne State
University collected and correlated 240 consecutive single-
shot images taken every 125 ms and having an exposure
time of 2.5 ms. Because of the line-of-sight nature of x-ray
imaging, correlation can yield only the projected velocity dis-

FLOW VISUALIZATION USING
FAST X-RAY PHASE-CONTRAST IMAGING

A pplications as di-
verse as arterial
blood flow and poly-
mer processing are

pointing up the need for a new
way of visualizing particle-laden
liquid transport that is capable of
making velocity measurements
on tracer particles at high concen-
trations in a multiphase flow envi-
ronment, even with particles that
vary greatly in size. Such a
method was recently developed
by researchers using the XOR 7-
ID-B,C,D and 32-ID-B,C beam-
lines at the APS, who demon-
strated a particle tracking velo-
cimetry technique based on x-ray
phase-contrast imaging that is
capable of measuring the velocities of tracer particles
of varying size embedded in a flow field moving
through an optically opaque vessel (Figs. 1 and 2).
This unique technique can be easily extended to such
vastly different applications as flow cytometry, DNA
analysis, and flows in microfluidic devices that are
fabricated on a sub-millimeter scale.

Fig. 1. Interaction flow of small fluid particles around a big particle between the verti-
cal broken lines: a comparison between (a) visible light image and (b) x-ray phase-
contrast image.

tribution, which cannot in itself provide a statistically valid
mean velocity at locations of interest in three-dimensional
(3-D) space. To overcome this difficulty, the researchers
developed a cross-correlation algorithm based on a direct
single-particle tracking technique. The uniqueness of the
tracer particles due to their size differences was used to
obtain a unique correlation function. 

In the case of small particles with a more uniform size
distribution, the 3-D velocity distribution was reconstructed
by simple single-projection tomography based on the particle
density distribution, assuming the axisymmetry of both parti-
cle density and velocity in the cylindrical flow; the axisym-
metry of the particle distribution was verified by counting the
particles both radially and axially. The tomographic recon-
struction yielded a 3-D velocity distribution that was in excel-
lent agreement with an analytical solution for circular pipe
flows, and the measurement was sensitive enough to show
that the velocity of smaller particles was slightly higher than
that of larger particles. Although the difference was small, the
results agree well with theory and data by other researchers.

With this method, particle size diversity actually facili-
tates the exact measurement of the velocity field. In addition,
x-ray phase contrast imaging provides a single-particle track-
ing capability that enables a tomographic reconstruction that
yields the particle size dependence of the 3-D flow velocity
field with unprecedented sensitivity.  — Vic Comello
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Fig 2. Projected velocity profile of the small particles in
Fig. 1 with respect to that for a large particle, which is 175
µm in diameter

What could have been a shattering let-down for NASA’s Genesis
Discovery Mission has become an opportunity for synchrotron light
source science to shine. NASA’s Genesis Discovery Mission was a
space probe that went out beyond Earth’s atmosphere to capture
solar wind from our Sun. Kathy Kitts (Northern Illinois University), a
Genesis Science Team member, explained the mission and the evo-
lution of the studies she is carrying out at the University of Chicago’s
GeoSoilEnviroCARS  Sector 13 beamline at the APS.

“As the Sun evaporates, the evaporation produces solar wind,
and studying the composition of solar wind gives us the perfect
resources for determining precisely what the Sun is made of,” said
Kitts. “These studies are important because they will give us a base-
line for developing an understanding of how the solar system has
evolved over time and how solar processes and solar wind mechan-
ics behave. We can get a spectrum from the Sun, but we want the
absolute details about the abundances of elements in the Sun. We
know the Sun is made up of everything in our solar system—mostly hydrogen and helium—so if we know what the Sun is com-
posed of, then we have a baseline for the composition of the solar system. 

“The capture mechanisms used in the Genesis Discovery Mission were 10-cm hexagon wafers of sapphire, silicon, and ger-
manium. When the probe encountered the solar wind, it deployed these wafers as detectors and collected a wide range of ele-
ments. With different detectors made of different materials, we can look for different things. So for instance, in the germanium
wafer, one would not look for germanium because the signal would be undetectable. 

“Unfortunately, when the probe came back to Earth exactly on time at exactly the right place, a component problem told
the probe that it was falling up, not down, and so it did not deploy its parachute. When the probe impacted in the Utah desert,
the hexagons shattered into tiny pieces, from about 2-cm by 1-cm down to microscopic. The shards we’re examining at Sector
13 are aluminum on sapphire and silicon on sapphire. The APS and the GSECARS facility are the only ones at present that will
enable studies of these tiny wafer fragments, thanks to the x-ray beam brightness. We are skimming the x-ray beam along the
flat surface of the wafers at an angle of nearly zero degrees, using the grazing incidence x-ray diffraction technique. This way,
we highlight the residue deposited on the top of the shards. When we very slightly change the angle of the sample relative to
the x-ray beam, we can see the solar wind material that’s trapped inside the detector shard. And straight up-and-down (at 90
degrees), we can see the background of the detector material itself. In this way, we can determine where the material from the
solar wind is, how much of it there is, how deep it is, and what it is. 

“There are other techniques and other collectors being studied, but we’re looking at the transition metals—calcium through
nickel and germanium. In that way, we can look at the sections of the Periodic Table that other techniques have not been able
to do very well.”

AARROOUUNNDD TTHHEE EEXXPPEERRIIMMEENNTT HHAALLLL
Looking into the Solar Wind

Kathy Kitts in the GSECARS research station, mounting
one of the Genesis Probe samples (under the yellow
plastic cover) prior to data taking. 
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and back faces are constant, thereby producing the proper
Bragg angle for each layer. Growth of nonlinear gradients
appears feasible by using a curved mask. A proof-of-
concept wMLL sample, consisting of 1,588 alternating layers
of WSi2 and Si, has been reported [3]. More recently, a
wMLL for a full linear zone-plate structure was successfully
grown in a new rotary sputtering system. As indicated in Fig.
2, this structure consists of 6,543 layers for a total deposited
thickness of 40 µm. This structure was for a 3-nm outermost
zone, as corroborated with scanning electron microscopy. A
newly developed Takagi-Taupin approach for dynamical x-
ray diffraction [5] was used to simulate the expected per-
formance of this new, full wMLL. The results are also shown
in Fig. 2 in the form of a set of isophotes around the focus.
The simulated full width at half maximum (FWHM) in the
focal plane is 2.4 nm. Outermost zones thinner than 3 nm
can be deposited by sputtering, and a thickness of 0.7 nm
has been demonstrated at the APS [6]. A simulation [5] of a
corresponding full wMLL is shown in Fig. 3 and demon-
strates that a focus of 0.7 nm is feasible with the presently
demonstrated wMLL technology.

The shape of the interfaces in the wMLL structure is pla-
nar. As found in simulations, parabolically or elliptically
shaped interfaces can, in principle, result in a focus of only
0.21 nm with an efficiency of 68% [5]. However, the deposi-
tion technology for well-formed outermost zones of the req-
uisite 0.25-nm thickness has yet to be demonstrated for
amorphous multilayer structures.

The wMLLs detailed above have yet to be made into
test lenses [7]; this work is ongoing. Experiments to produce
a spot focus by using two lenses in a crossed geometry are
planned. Contact: Raymond Conley (rconley@aps.anl.gov),
Hyon Chol Kang (kanghc@gist.ac.kr),Chian Liu (cliu@
aps.anl.gov), Albert T. Macrander (macrander@aps.anl.gov),
Jörg Maser (maser@aps.anl.gov), G. Brian Stephenson
(stephenson@ anl.gov), Hanfei Yan (hyan@bnl.gov)

Multilayer Laue lenses are a new type of focusing optic
for hard x-rays [1]. An unprecedented line focus of 16 nm
with an efficiency of 31% has been achieved at a wavelength
of λ = 0.064 nm (19.5 keV) for a partial MLL structure having
an outermost zone width of 5 nm [2]. Alternating WSi2 and Si
layers corresponded to zones n = 66 through 1,653 of a
structure with λf = 1.653 × 10-13 m2. The MLL comprised the
outer 13.25 µm of the 16.53-µm radius that corresponds to
one half of a full linear zone-plate. The optical depth, 15 µm,
was chosen to optimize diffraction efficiency at λ near 0.06
nm. The synchrotron x-ray measurements were performed
at the CNM/XOR beamline 26-ID-C at the APS. Supporting
measurements were carried out at XOR beamlines 12-BM-B
and 8-ID. Focal-width measurements were performed using
a Pt analyzer produced by sectioning a 5-nm-thick Pt film.
The intensity of the Pt fluorescence was measured, as was
the scattering from the analyzer as the analyzer was
scanned through the focus. Results are shown in Fig. 1. The
focusing efficiency of the MLL was measured, by two differ-
ent methods, to be 31%. 

An MLL where every layer is grown at an individual tilt
to produce zones at the correct local Bragg angle is
expected to provide a record small focus with very high effi-
ciency. Such an MLL has been dubbed a “wedged MLL”
(wMLL), because each zone is in the shape of a wedge as
shown schematically in Fig. 2. This MLL, with the correct
wedge angle, has recently been demonstrated [3]. To form
the wedge, a lateral film thickness gradient is grown using
the profile-coating technique [4]. By occluding part of the
sputtering flux by using a figured mask attached to the face
of the sputtering gun, a film thickness gradient can be pro-
duced along the direction perpendicular to the translation of
the substrate. Due to the extreme lateral gradient required,
the profile of the mask takes the shape of a steep wedge.
The layer thickness at a given point on the wMLL sample is
controlled so that the ratio of layer thicknesses at the front

PROGRESS ON MULTILAYER LAUE LENSES

A 16-nm line focus, a value unprecedented for hard x-rays, has been achieved with a
multilayer Laue lens (MLL) that has parallel and planar interfaces, was tilted to an
angle, and had a diffraction efficiency of 31% with 19.5-keV x-rays. A further optimized
MLL structure, with layers that form wedges, has recently been fabricated. This struc-

ture was created by sputtering past a linear mask, forming a full linear zone-plate structure. The
structure has 6,543 layers and a total deposited thickness of 40 µm. While wedged structures with
planar interfaces are capable of focusing below 1 nm with efficiencies of ~ 50%, it was recently
shown by means of a newly developed x-ray dynamical diffraction theory based on the Takagi-Taupin
equations that still higher efficiencies are possible with parabolically or elliptically shaped interfaces.
Such interfaces can possibly be achieved with a curved sputtering mask.
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Fig. 1. Intensity distribution in the focal plane at λ = 0.064
nm from a 15-µm-deep section of a MLL positioned at a
tilt of 0.10°. The data shown are fluorescence and scat-
tering from a 5-nm Pt analyzer scanned through the line
focus [2]. Also shown is the calculated result for this
structure, with intensity scaled according to the meas-
ured and calculated integrated efficiencies. The widths
are 17.6, 15.6, and 15.0 nm FWHM for the fluorescence
measurements, scattering measurements, and calcula-
tion, respectively. The inset shows the isophote pattern
near the focus, where coordinates z and x are parallel
and transverse to the incident beam. 

Fig. 2. Schematic for a full (i.e., double-sided) MLL with
wedged layers made to satisfy a local Bragg condition
[3]. The numeric values were recently achieved for a
structure with a 3-nm outermost zone. The inset shows
the results of simulations [5] for this structure.
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Fig. 3. Calculated results [5] for a full wMLL with an out-
ermost zone width of 0.75 nm and a diameter of 80
µm. The width is 0.7-nm FWHM and the efficiency is
50% at λ = 0.064 nm. Insets show the isophote pattern
near the focus and a schematic of the wedged multi-
layer structure.
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The diamond anvil cell (DAC) is the most commonly
used device for obtaining static high pressures above 3 GPa.
Experiments in the DAC are frequently performed at the APS,
in particular at GSECARS (Sector 13), HP-CAT (Sector 16),
and at XOR sectors 1 and 3. In order to have the sample in
the DAC be subject to a quasi-hydrostatic pressure it is nec-
essary to surround the sample with a pressure medium that
is relatively weak, is chemically inert to the sample, is opti-
cally and x-ray transparent, and does not produce a strong x-
ray diffraction signal. The rare gases are the preferred pres-
sure media for pressures above approximately 10 GPa;
helium and neon are ideal because of their low x-ray scatter-

A NEW GAS-LOADING SYSTEM
FOR DIAMOND ANVIL CELLS AT GSECARS

Fig. 1 (above). The gas-loading system at GSECARS. The vac-
uum pump, high-pressure valves, and compressor (not shown)
are in a cabinet under the main system shown here.

Fig. 2 (right). Photograph of a diamond anvil cell inside a pres-
sure vessel. A ruby crystal is loaded in the cell and is fluoresc-
ing visibly. Inset: spectrum of the ruby fluorescence from the
sample. The wavelength shift of the ruby fluorescence is used
to measure the pressure in the diamond anvil cell as the step-
per motors close the cell after pressurizing with gas.

ing cross sections and low strength, which minimizes the lat-
tice strain in the sample. However, it is necessary to load the
gases into the DAC at a high gas pressure. If the gas pres-
sure is 100-200 MPa, then the density is comparable to the
liquid at room pressure. Such systems operate by loading a
DAC into a pressure vessel, pressurizing the vessel, and
then remotely sealing the DAC, trapping the high-pressure
gas and the sample inside the gasket hole between the two
diamonds. Because no gas-loading system was available at
the APS, the COMPRES (an NSF-funded consortium for
high-pressure research) and GSECARS designed and built
one (Fig. 1).

Novel X-ray Techniques & Instrumentation



139

of other gases. Finding a vendor who can supply copies of
this system commercially is a priority, because at least six
other laboratories have expressed an interest in obtaining
one. Contact: Mark Rivers (rivers@cars.uchicago.edu),Vitali
Prakapenka (prakapenka@cars.uchicago.edu), Clayton
Pullins (pullins@cars.uchicago.edu)

This research was partially supported by COMPRES, the
Consortium for Materials Properties Research in Earth Sciences,
under NSF Cooperative Agreement EAR 06-49658. It was also sup-
ported by GSECARS (Sector 13) and the APS. GeoSoilEnviroCARS
is supported by the National Science Foundation-Earth Sciences
(EAR-0622171) and Department of Energy-Geosciences (DE-FG02-
94ER14466). Use of the Advanced Photon Source was supported by
the U.S. Department of Energy, Office of Science, Office of Basic
Energy Sciences, under Contract No. DE-AC02-06CH11357.

Since the APS and GSECARS are national user facili-
ties and have hundreds of high-pressure users from dozens
of institutions, GSECARS wanted to build a system that
could be safely operated by users with appropriate training.
There are also many different DAC designs in use by the sci-
entists who use APS and GSECARS beamlines. As a result,
the following goals were developed when designing and
building the system:
• The ability to load many kinds of DACs. A closure mech-

anism (motor-driven screws) closes a clamping device,
which in turn clamps the DAC shut. By not turning the
tightening screws on the DAC directly, it is simple to
accommodate different DAC designs; in many cases,
they just require different spacers, and in the worst
case, a different clamp design.

• An optical access in order to view the cell while loading.
This allows one to see when the diamonds contact the
gasket as the cell is closed. It also allows an online ruby
fluorescence system for directly measuring the pressure
as the cell is closed (Fig. 2).

• A vacuum pump to clean the system before loading the
gas.

• The ability to have no electrical parts except pressure
transducers in the cabinet enclosing the high-pressure
system. This allows flammable gas operation (e.g.,
hydrogen) in the future.

• Easy to operate safely, thanks to the use of air-driven
valves, safety interlocks, and computer control.

The system received a detailed pressure safety review
from the APS and Argonne, followed by approval to operate.
At the time of writing, beamline staff at GSECARS had
loaded more than 20 cells, with a nearly 100% success rate.
Two types of cells have been loaded with He or Ne at pres-
sures of about 25,000 psi. The ability to measure the pres-
sure as the stepper motors are driven to close the cell clamp
has proven to be invaluable. The operator simply rotates the
stepper motors, closing the cell clamp, until the pressure
measured with the ruby luminescence system begins to
increase, and then continues to close it until a desired pres-
sure is reached, typically 1-2 GPa. Once this pressure is
reached, the pressure vessel (Fig. 3) is vented and the cell
is removed. The screws on the diamond cell itself are then
tightened, using an Allen wrench that passes through access
holes in the top of the cell clamp.

A GSECARS user, Steve Jacobson from Northwestern
University, collected data sets on single crystals of MgO
loaded with the system. The data were excellent, showing a
very smooth compression curve up to 110 GPa (1.2-million
atmospheres).

It is expected that several additional cell types will be
accommodated in the next few months. A new cell clamp to
load panoramic DACs will be built, and GSECARS is cur-
rently accepting and prioritizing requests to build cell holders
for other types of DACs. The system is being upgraded for
rapid switching between He and Ne, and for convenient use

Fig. 3. Cross-section view of the pressure vessel. A) pres-
sure vessel (outer diameter=16.5cm); B) top end plug; C)
bottom end plug; D) diamond anvil cell; E) sapphire win-
dow; F) cell clamps; G) M6 screw; H) rotary
feedthroughs; I) pneumatic lifter; J) guide bearing; K)
damper; L) handle for rotating base assembly; M) step-
per motor; N) gear reducer; O) 90° gear; P) coupling. The
top and bottom end plugs are rotated 45° to seal using
a clover-leaf closure. The base assembly (consisting of
the bottom end plug, cell clamp with diamond anvil cell,
stepper motors and gears) is raised pneumatically and
then rotated 45° to seal the pressure vessel.
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The APS has completed a dedicated, full-field x-ray
imaging facility at XOR beamline 32-ID-B,C. The facility
began full operation and accepted general users in October
2007. The objective of the new facility, the first dedicated
beamline for full-field imaging at the APS, is to satisfy rapidly
growing needs for advanced x-ray imaging investigations in
materials science and biology, and to promote research and
development to advance the cutting-edge in x-ray imaging.

Planning for the facility dates back to 2004, when work-
shops were organized to evaluate emerging future scientific
directions at the APS. At those workshops, one of the recom-
mendations from the community was to establish a dedicated
beamline for full-field x-ray imaging. This recommendation
was fully endorsed by the APS Scientific Advisory Committee
in early 2005. Following discussion among APS users and
staff, a decision was made to reprogram the existing beam-
line 32-ID-B,C as the new full-field imaging facility by updat-
ing existing beamline components and optics, and by extend-
ing the beamline and constructing a new experiment hutch,
32-ID-C, at 70 m from the source to complement the existing
32-ID-B at 38 m from the source. Both are compatible with
either a white undulator beam or a monochromatic undulator
beam in the range of 8-35 keV provided by a pair of pol-
ished Si (111) flat crystals. A double-mirror system is used
for harmonic rejection up to 18 keV.

The facility currently supports research programs in
static and dynamic phase-contrast imaging, ultra-small-
angle-scattering imaging, and transmission x-ray microscopy.

For phase-contrast imaging, a special, local, low-β machine
lattice may be employed to reduce the horizontal source size
by >2, down to σ = 210 µm, leading to enhanced phase con-
trasts, especially for low-Z materials. This, coupled with the
high x-ray flux offered by the APS undulator, allows high-def-
inition phase-enhanced imaging with exposure times as short
as 200 µs in the monochromatic mode, and down to ultrafast
single-pulse temporal resolution of ~150 ps in the white-
beam mode, with simultaneous spatial resolution in the 1- to
5-µm range. These unique capabilities open new research
areas in synchrotron x-ray imaging applications, from ultra-
fast imaging of materials processing and transient fluid
dynamics to real-time and sub-video-rate imaging of biologi-
cal functions in live insects and small animals. 

In order to satisfy the need for nanometer-scale imaging
at the APS, an international partner-user collaboration on a
hard x-ray transmission microscope (TXM) has been formed
between Academia Sinica in Taiwan; Xradia, Inc., in the U.S.;
and the APS. As a result, a new TXM has been designed and
fabricated by Xradia and installed in 32-ID-C. This instrument
exploits both absorption contrast and phase contrast via the
Zernike method. It is equipped with several sets of Fresnel
zone-plate objectives with 45-nm outermost zone width and
is designed for operating in the 7- to 18-keV energy range.
This instrument and all other instruments at 32-ID are avail-
able to general users through the APS General User
Proposal System. Contact: Qun Shen (qshen@aps.anl.gov)

Wah-Keat Lee (wklee@aps.anl.gov)

Successful installation and early commissioning of the x-raySuccessful installation and early commissioning of the x-ray
microscope in 32-ID-C. Standing left to right: Yong Chu (X-raymicroscope in 32-ID-C. Standing left to right: Yong Chu (X-ray
Science Division [XSD]), Wah-Keat Lee (XSD), Qun Shen (XSD),Science Division [XSD]), Wah-Keat Lee (XSD), Qun Shen (XSD),
Yeukuang Hwu (Academia Sinica, Taiwan, principal investigaYeukuang Hwu (Academia Sinica, Taiwan, principal investiga--
tor for the TXM partner-user project), Jaemock Yi (Academiator for the TXM partner-user project), Jaemock Yi (Academia
Sinica), and Andrei Tkachuk (Xradia, Inc.). Kneeling, left toSinica), and Andrei Tkachuk (Xradia, Inc.). Kneeling, left to
right: Hung-Jen Wu and Hsue-Ren Wu (Academia Sinica).right: Hung-Jen Wu and Hsue-Ren Wu (Academia Sinica).

THE X-RAY IMAGING FACILITY AT XOR 32
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X-rays are routinely used to characterize the static
structures of complex materials, biomolecules, and sur-
faces to atomic resolution. However, all structures evolve
in time, and the ability to see atoms move with sub-Å spa-
tial resolution and 100-ps time resolution allows
researchers to understand the initial response of complex
systems to photoexcitation. In the most general terms,
researchers can follow the
structural response to
electron motion induced
by impulsive optical exci-
tation. The relaxation to
equilibrium contains de-
tailed information about
the system. The use of
microfocused x-rays (~1–
10 µm), in conjunction with
ultrafast laser excitation,
provides several advan-
tages: access to multiple-
wavelength excitation be-
cause of the extremely
efficient use of laser
power, the potential to use
µm-sized rare samples,
and a mitigation of sample
damage. Tunable, mono-
chromatic, polarized, mic-
rofocused x-rays synchro-
nized with an ultrafast laser
(to ~2-ps precision) enable
the application of the pow-
erful techniques of time-
resolved x-ray absorption
spectroscopy (both near-
edge and extended) and
time-resolved x-ray diffrac-
tion to study the electronic
and structural response to photoexcitation. Research in
atomic, molecular, optical [1], and condensed matter
physics has been the mainstay at the XOR 7-ID-B,C,D
beamline [2,3], but studies of chemical and biological sys-
tems are easily envisioned. 

The new Ultrafast Laser Laboratory at Sector 7 was
commissioned in October 2005. It features a regenera-
tively-amplified Ti:sapphire laser system (2.5-W average
power, <50 fs, 1-5 kHz) in a 7.8-m × 3.7-m laser laboratory.
This provides ample space for “laser-only” experiments,
which can be performed during APS maintenance periods
(~3 months/year). Such preliminary experiments are
essential to commissioning complex apparatus (e.g.,

three-dimensional ion imaging detectors) prior to use dur-
ing x-ray beam time.

An example of recent research using the time-
resolved laser/x-ray facility is shown in Fig. 1 [1]. Here,
microfocused, polarized x-rays probe the shape of the
electron cloud of an atom that has been ionized via the
strong electric field present in a tightly focused, intense

laser beam (~2 × 1014

W/cm2). The strong elec-
tric field of the laser rips
out an electron from a
krypton atom, leaving the
electron cloud aligned
with respect to the polar-
ization axis of the laser. A
direct experimental proof
of this fundamental effect
had been lacking so far.
Using the time-resolved x-
ray microprobe, the align-
ment was directly ob-
served and the degree of
alignment understood by
taking into account spin-
orbit coupling, a relativis-
tic effect. Understanding
the atomic response to
strong laser fields is of
significant fundamental
and technological inter-
est, since it forms the
basis for compact, coher-
ent sources of soft x-ray
radiation.

Contact: Eric Landahl
(elandahl@anl.gov),

Jin Wang
(wangj@aps.anl.gov)

REFERENCES
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USING ULTRASMALL X-RAYS TO PROBE
ULTRAFAST LASER-INDUCED PROCESSES

Fig 1. Top: Microfocused x-rays probe atoms in the focus of an
intense ultrafast laser. Bottom: Intensity of the 1s → 4p reso-
nance as a function of the angle between the polarization of
the laser and x-rays. This intensity is a measure of the 4p orbital
hole density and thus a measure of the alignment of the 4p
electron shell.
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The hard x-ray nanoprobe at APS Sector 26 was
constructed by and will be operated in a partnership
between the Argonne Center for Nanoscale Materials
(CNM) and the X-ray Operations and Research sec-
tion of the APS X-ray Science Division. The instrument
uses brilliant x-rays with photon energies from 3 to 30
keV to probe the properties of nanoscale materials
with a spatial resolution of 30 nm. The system pro-
vides a combination of scanning-probe and full-field
transmission imaging. Full-field imaging allows effi-
cient three-dimensional visualization of complex sys-
tems and devices. Scanning-probe imaging provides
sensitive, quantitative analysis of elemental composi-
tion, chemical states, crystallographic phase, and
strain. 

The nanoprobe instrument in the 26-ID-C endsta-
tion is shown in the photo above and rendering at
right. A vacuum chamber contains the x-ray optics and
specimen. Energy-dispersive detectors for x-ray fluo-
rescence are mounted on the inboard side of the vac-
uum chamber (left in the photo). Different area detec-
tors for detecting diffracted x-rays are mounted on a
goniometer on the outboard side (right side of the
photo). Transmitted x-rays used for full-field imaging
propagate through a flight tube on the downstream
side to an area detector downstream of the instrument
chamber.. The technology for positioning of x-ray
optics and specimen is based on laser Doppler inter-
ferometers and composite flexure stages. This
approach allows positioning with an accuracy
approaching 1 nm over a range of more than 5 mm.

Members of the CNM X-ray Microscopy Group
(clockwise from front): Jörg Maser, Dean
Carbaugh, Robert Winarski, Rodney Porter, and
Brian Stephenson; and Volker Rose (X-ray
Science Division, X-ray Microscopy and
Imaging Group). Not pictured: Martin Holt
(CNM X-ray Microscopy Group).

THE NANOPROBE AT SECTOR 26
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26-ID-A (first optical enclosure).

The first optical enclosure of the hard x-ray
nanoprobe beamline, 26-ID-A (top photo at right,
rendering above) contains the high-heat-load dou-
ble-mirror system; a beam-defining aperture; and
slits, masks, collimators, and beam shutters. 

A cryogenically cooled double-crystal mono-
chromator with submicroradian angular stability
for high-resolution imaging, and a double multi-
layer monochromator for high-throughput imag-
ing, are located in the second optical enclosure,
26-ID-B (lower photo at right, rendering below). A
polarizer and a beam chopper will be installed in
the near future. The polarizer employs a diamond
phase retarder to obtain circularly polarized x-
rays, which are used for magnetic studies. The
chopper will allow extraction of individual APS
pulses for time-resolved studies.

Contact: Jörg Maser (maser@anl.gov),
Robert Winarski (winarski@aps.anl.gov),

Martin Holt (mvholt@aps.anl.gov)

26-ID-C • CNM/XOR • Physics, materials sci-
ence • Microfluorescence (hard x-ray),
tomography, microdiffraction • 3.3-cm
Undulator A • Operational • For more infor-
mation on nanoprobe instrumentation and
capabilities, visit:
http://nano.anl.gov/research/nanoprobe.html

26-ID-B (second optical enclosure).



144

Greyhounds of both the canine and vehicular varieties
serve as apt metaphors for the SGX-CAT beamline at Sector
31 of the APS. Like the elegant greyhounds themselves, the
SGX-CAT mail-in macromolecular crystallography (MX) pro-
gram is designed for maximum speed and efficiency. And like
the famed catch-phrase for the cross-continental U.S. bus
company—Greyhound Lines, Inc.—the SGX-CAT byword for
mail-in MX by both general users and strategic partners is,
“Leave the driving to us.” The beamline staff pride them-
selves on providing the best possible x-ray diffraction data to
the user community. 

The SGX-CAT facility was constructed and is operated
by SGX Pharmaceuticals, Inc., of San Diego, California.
From first operations, SGX-CAT has functioned as a 100%
mail-in protein crystallography facility. This approach has

resulted in the development of unique tools for automated
sample handling, data collection, and information manage-
ment. While total automation may prove elusive, SGX-CAT is
currently at 90% hands-off sample handling and data collec-
tion. The last piece of the beamline’s automation, a robot for
changing sample carousels, is now in its final testing phase.

The automation focuses on three main components:
sample placement, sample evaluation, and information man-
agement. SGX-CAT-developed software for automatic sam-
ple centering was brought on line in February 2005 and has
to date been used for more than 30,000 crystals. Crystal-
evaluation software, which has looked at more than 22,000
samples to date, is in general superior to humans for this
task. Data collection throughput has been equally impres-

MAIL-IN MX FOR GENERAL USERS
AT SGX-CAT

David Smith (left) and Stephen
Wasserman (both of SGX Pharma-
ceuticals, Inc.) in the SGX-CAT
control room at APS Sector 31.

Continued on page 147
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A related education outreach effort, also intended to facilitate
use of synchrotrons for crystallographic analysis of powder dif-
fraction data, is a collection of pedagogical materials now avail-
able via the APS Web site. A series of lectures and tutorials
related to crystallographic analysis of powder diffraction data can
now be found at:
http://www.aps.anl.gov/Xray_Science_Division/Powder_Diffraction_Crystallography/

Presentations vary in content: Some are targeted for novices,
while others are prepared for experts.

The beamline was funded by the U.S. DOE-BES in response
to a proposal prepared by principal investigator (PI) John Mitchell
and co-PIs James Jorgensen, Mark Beno, Robert Von Dreele,
and Peter Lee (all with Argonne).

Contact: Brian Toby (brian.toby@anl.gov).

One of the newest dedicated beamlines
at the APS, bending magnet line 11-BM-B,
aims to meet an emerging need in science—
crystallographic structure determination of
complex polycrystalline materials from pow-
der diffraction—by providing high-resolution,
high-energy, synchrotron powder diffraction
data to researchers in materials science,
chemistry, physics, geosciences, pharma-
ceutical studies, engineering, and other
fields. 

To meet requests from these communi-
ties and to facilitate access to researchers
who have never used a synchrotron, the
instrument has been opened for use via
samples that are mailed to the APS. Mail-in
users can have data collected at either room
temperature or 100K. In the future, the
instrument will be enhanced for a greater
range of measurements. High-resolution
synchrotron powder diffraction allows very
precise measurements with optimal separa-
tion of peaks; this greatly simplifies the chal-
lenge of indexing new materials. Use of high-
energy x-rays (30 keV, 0.4 Å) improves crys-
tallographic accuracy by greatly reducing the
impact of x-ray absorption effects and
widens the range of accessible reflections. 

The 11-BM-B beamline, which is funded
by the U.S. Department of Energy’s Office of
Basic Energy Sciences (DOE-BES), is oper-
ated by the APS Materials Characterization
Group, X-ray Operations and Research
Section, X-ray Science Division, features a
general-purpose diffractometer with a unique
APS-designed 12-detector system increasing throughput 12-
fold. Each detector has an individual analyzer crystal, with
independent alignment control on two axes, so there is no
degradation in data quality. A complete data set on a powder
sample can be collected in an hour or less with an instru-
mental resolution under 2 × 10-4 ∆Q/Q. Operation is further
enhanced by a robotic sample exchange system that allows
the beamline to accommodate >20 samples per day. 

Users submit general-user proposals, specifying "rapid
access" on the beam-time request. Upon acceptance, users
enter sample identification data through a Web interface and
send samples prepared on special mountings and Kapton
capillaries provided by the beamline. Beamline staff make
the measurements and return data via e-mail. Further infor-
mation on 11-BM-B access can be found at:
http://11bm.xor.aps.anl.gov. 

MAIL-IN POWDER DIFFRACTION
FOR GENERAL USERS AT XOR 11-BM

Standing (left to right) in the 11-BM research station are Lynn Ribaud and Jun
Wang (both beamline staff, X-ray Science Division Materials Characterization
Group [XSD-MC]); software engineer Xuesong Jiao (APS Engineering Support
[AES] Division Beamline Controls Group); Sytle Antao (beamline staff, XSD-MC);
and Curt Preissner (AES Mechanical Engineering and Design Group), who, with
Deming Shu (AES Mechanical and Interlock Systems) designed the robot sam-
ple changer and the unique detector system for 11-BM. Seated: Brian Toby,
XSD-MC Group Leader.
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A facility-wide approach to high-pressure (HP) synchro-
tron research is being fostered at the APS through the cre-
ation of the High-Pressure Synergetic Consortium (HPSynC,
www.aps.anl.gov/Users/Scientific_Interest_Groups/HPSynC/),
which is facilitated by scientists from the Geophysical
Laboratory of the Carnegie Institution of Washington. An
HPSynC team consisting of research scientists, engineers,
and postdocs is engaged in high-pressure research, with
staff support from the APS. To develop novel HP synchrotron
techniques and make them available to user communities,
HPSynC will develop experimental apparatus for specific
beamline applications, as well as portable or fixed beamline
optics and equipment to accommodate HP apparatus.
HPSynC staff are seen as func-
tioning in a manner similar to
beamline scientists. But rather
than concentrating on one
beamline, they will conduct cut-
ting-edge research and provide
support on a range of instru-
ments (such as high-P-T ves-
sels, analytic probes, etc.) on
many beamlines. In the
process, they will bridge scien-
tific disciplines and communi-
ties, including chemistry,
physics, geoscience, planetary
science, materials science, and
general high-pressure science.

HPSynC has been focus-
ing on four major areas.

Development of novel HP
synchrotron techniques: The
standard dedicated HP beam-
lines have been (and will con-
tinue to be) highly successful.
They provide HP users with a
home base, expert help, and
fundamental techniques such
as HP x-ray diffraction and
some forms of spectroscopy.
HPSynC, on the other hand,
extends the same expert help
to many cutting-edge tech-
niques that cannot be included in the dedicated beamlines
but are only available at specialized APS beamlines.
HPSynC will tailor dozens of beamlines for the HP commu-
nity, and is highly complementary to the existing dedicated
beamlines. 

Coordination of existing equipment and tools: A survey
has been conducted by HPSynC and a detailed list of avail-
able equipment has been compiled, from sample preparation
and characterization to various non-synchrotron probes
(Raman, Brillouin, Mossbauer, and electron microscopy). For

general HP users, HPSynC staff play an important role in
facilitating access to this apparatus and providing the neces-
sary training. 

An advanced sample-preparation laboratory: HPSynC is
establishing a world-leading sample-preparation laboratory
that puts general users on equal footing with leading high-
pressure-center scientists, who at present can prepare supe-
rior samples at their home bases and carry the high-pressure
cells to synchrotron facilities. A dedicated high-pressure
sample-preparation lab, located on the first floor of the main
APS laboratory/office building, is equipped with tools and
devices that can be accessed by any APS user. 

Portable systems: A series of portable systems is dedi-

cated to high-pressure researchers at various beamlines
around APS. These systems are self-contained, with
attached controls systems and software. Typically, they
include a Kirkpatrick-Baez mirror system able to focus beam
to a size of ~5 µm, a ruby-fluorescence system for on-line
pressure measurements, a membrane control system for
pressure control, and a laser heating system for heating
samples in situ at high pressures. 

Contact: Ho-kwang Mao (h.mao@gl.ciw.edu), 
Guoyin Shen (gshen@ciw.edu)

HIGH-PRESSURE SYNERGY AT THE APS
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“Mail-in MX” continued from page 144 correct decisions rapidly. All information about crystals is
linked to the actual crystals through bar-codes on the sam-
ples (SGX-CAT supplies the bar codes), ensuring the highest
accuracy in data entry and sample tracking.

Because its automation tools give users the greatest
likelihood of success in data collection, SGX-CAT has devel-
oped a strong level of trust between beamline staff and users
(both general users and strategic partners). The benefits of
these tools, which were initially developed for proprietary use
of SGX-CAT by the company, are now available to general
users, who can access up to 25% of the beam time available
at SGX-CAT.

Prospective general users wishing to avail themselves of
the SGX-CAT mail-in crystallography program must first sub-
mit a proposal to the APS.. 

A PDF file detailing the SGX-CAT “Express Crystallog-
raphy General User Program” can be downloaded from
http://www.sgxcat.com.                    Contact: Laura Morisco

(lmorisco@sgxpharma.com)

NOTE: Other sectors accepting mail-in samples (CAT members only) are 17-BM-B, 17-ID-B, 22-BM-D, and 22-ID-D.

AARROOUUNNDD TTHHEE EEXXPPEERRIIMMEENNTT HHAALLLL

A 2007 R&D 100 Award was given to the Ultra-
High-Resolution Mammography System (UHRMS),
which equips doctors with a low-cost, high-quality
alternative to digital radiography (currently the
most popular mammographic technology at lead-
ing hospitals). The new mammography system was
developed thanks in part to research carried out at
the XOR 2-BM-B beamline at the APS. The develop-
ers/researchers are Jacqueline Anne Johnson (now
at The University of Tennnessee Space Institute),
SUNY Stony Brook Research Assistant Professor

An R&D 100 Award for a New Mammography System

Anthony R. Lubinsky, and University of Paderborn (Germany) Scientific
Employee Stefan Schweizer. 

The Ultra-High-Resolution Mammography System represents a
form of computed radiographic technology that replaces traditional
x-ray film with a glass-ceramic imaging plate made of fluorochlorozir-
conate (FCZ), which then can be scanned, with the resulting data fed
into a computer and digitized. The UHRMS offers several notable
improvements over common x-ray films and scintillating screens,
including reusability, wide dynamic range, and direct digitization.

As noted in their 2007 paper published in the Journal of the
American Chemical Society, the researchers used beamline 2-BM-B to
characterize the new fluorochlorozirconate image plates. They further
note that, “The materials show the potential for superior resolution to
existing polycrystalline x-ray imaging systems, and they provide high x-
ray conversion efficiency.” The group has obtained a $2 M National
Institutes of Health grant to develop the system to its full potential.

Contact: Jacqueline A. Johnson (jjohnson@utsi.edu)
See: Jacqueline A. Johnson, Stefan Schweizer, and Anthony R.
Lubinsky, "A Glass-Ceramic Plate for Mammography," J. Am. Ceram.
Soc. 90(3), 693 (2007). DOI: 10.1111/j.1551-2916.2007.01488
Use of the Advanced Photon Source was supported by the U.S. Department of
Energy, Office of Science, Office of Basic Energy Sciences, under Contract No.
DE-AC02-06CH11357.

< Photostimulated luminescence image of part of a Huettner phan-
tom recorded on a 2% Eu2+-doped FCZ glass-ceramic plate (1 mm in
thickness) annealed at 285° C for 20 min.

sive, with an average of 4,000 data sets measured annually
over the past three years. In a 2004 time study, SGX-CAT on
average required approximately 13 min to screen each crys-
tal. Most of this time was devoted to evaluation of the quality
of diffraction, rather than to mounting the crystal and acquir-
ing the diffraction images. This cycle time is now down to an
average of four minutes per sample.

Information management, which is the glue that holds
the SGX-CAT system together, is accomplished using an
Oracle® database. A Web-based interface to the database is
updated automatically every 15 minutes and tracks some 40
pieces of information about each crystalline sample from time
of arrival at SGX-CAT to return of data (screening images
from each crystal and raw data-collection images) to the user.
The system links related samples and, based on the results
of automated sample evaluation, identifies (highlighted on
the display by a color code) superior samples as optimal can-
didates for data collection, helping the beamline staff to make
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The year 2007 brought significant new opportu-
nities for APS users in many areas: more research
shifts, more beamlines, more world-class capabili-
ties, more options for access, and more tools avail-
able for new users. 

The number of 8-h shifts available to general
users increased from 9,692 in 2006 to 11,280 in
2007 as six new beamlines joined the General User
Program (GUP) and beamlines transitioning to the
APS provided additional general-user shifts.
Noteworthy are increased opportunities for macro-
molecular crystallography. Figure 1 summarizes the
shifts (excluding those reserved for rapid access)
and beamlines available by type (macromolecular
crystallography and all other science) since the cen-
tralized GUP began in 2003.

Beamline 30-ID-B,C became operational, pro-
viding cutting-edge inelastic x-ray scattering capabilities with
two specialized spectrometers: HERIX for high-resolution
(about 1.5 meV) inelastic x-ray scattering and MERIX for
medium resolution (90-200 meV), inelastic x-ray scattering.
High-resolution, high-throughput automated powder diffrac-
tion capabilities are now available on beamline 11-BM-B,
which currently operates in a mail-in mode for general users
(see page 145). Microfocusing capabilities are now in place
at several of the macromolecular crystallography beamlines:
23-ID-B and 23-ID-D (operated by GM/CA-CAT) and 24-ID-E
(operated by NE-CAT). 

New access modes include remote access (actual man-
ipulation of the beamline remotely) for SER-CAT members,
and mail-in crystallography for IMCA-CAT members at 17-
BM and 17-ID-B, SER-CAT members at 22-BM-D and 22-
ID-D, and SGX-CAT members at 31-ID-D. Beamline 31-ID-D
also offers this capability through the GUP.

In addition, a new proposal type was added to the GUP
system: project proposals. Approved project proposals are
guaranteed time each run for two years. In contrast, for reg-
ular proposals, requests for time must be submitted each
cycle and compete each run on the basis of score. Candidate
project proposals are evaluated by the appropriate proposal
review panel (PRP); they then receive additional scrutiny by
a subcommittee of the Scientific Advisory Committee (SAC).
The SAC subcommittee uses the following criteria to deter-
mine whether a proposal should be granted project status:
(1) PRP rating, (2) supplemental information provided by the
principal investigator on the proposal, and (3) input from the
management of the requested beamline(s). Final decisions
on project status are made by APS management.

Demand for beam time continued to rise, as did over-
subscription. The oversubscription rate (number of beam
time requests submitted divided by the number allocated)
rose in 2007 to 180% from 160% in 2006. See Fig. 2.

The APS Web site was redesigned, with new tools for
first-time and returning users. Chief among them is an

updated beamline directory with comprehensive information
about each beamline
(http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.
beamline_dir)
as well as an interactive map that enables searches for
appropriate beamlines by technique, discipline, status (i.e.,
construction, commissioning, operational, accepting general
users), and instrument (http://www.aps.anl.gov/Beamlines/).
Both of these tools are located under the “Beamlines” tab on
the APS home page.

For the 11th straight year, the number of unique users
(individuals coming to the APS one or more times to conduct
experiments) rose—to 3,412 in 2007 from 3,274 in 2006—
with the number of user visits continuing to rise as well. The
graphs and figures on the facing page show pertinent data
about user community (and publication) growth since 1997.

Contact: Susan Strasser (strasser@aps.anl.gov)
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A YEAR OF NEW OPPORTUNITIES
FOR APS USERS
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It seems to be
said every year, but
the 2007 Argonne
B a s i c  E n e r g y
Sciences Faci l i t ies
User Week was the
best yet. More than
740 people attended
all or part of the activi-
ties, which ranged
from scientifically
exciting to socially
entertaining. For the
first time, this year's
events included full
participation from all
four of Argonne's
DOE-Basic Energy
Sciences user facili-
ties: the APS, the
Center for Nanoscale
Materials (CNM), the Electron Microscopy Center (EMC),
and the Intense Pulsed Neutron Source (IPNS). Included in
the week were 2 plenary sessions (the second segued into
talks and classes geared toward users of the newly opera-
tional CNM), 5 targeted science sessions (including student
talks), 2 poster sessions, 11 workshops, vendor exhibits, and
social events, including a conference banquet at the Adler
Planetarium in Chicago. 

The 11 workshops were sponsored by two or more of the
four user facilities and focused on research that could bene-
fit from instruments and techniques available at more than
one. The CNM organized six half-day, hands-on training ses-
sions on electron beam lithography and focused ion beams
for nanofabrication. The workshop titles included
“Intermediate Energy Science at the APS,” “Time-resolved X-
ray and Neutron Scattering,” “Kinetics and Dynamics in Soft
Condensed Matter,” “Drug Discovery at the APS,” “Frontiers
of Structure Analysis Using Powders,” “Hard X-ray
Nanoprobe,” “X-ray Nanotomography, Synthesis and Self-
assembly of Nanomaterials,” and “Nanoelectronics.” Further
information about the workshops can be found at
www.aps.anl.gov/Users/Meeting/2007/Workshops/index.htm.

During the meeting, the eighth Arthur H. Compton Award
was presented to Andrzej Joachimiak and Gerold
Rosenbaum (see following story).

Contact: Susan Strasser (strasser@aps.anl.gov)

2007 ARTHUR H. COMPTON AWARD
The 2007 APS and APS Users Organization (APSUO)

Arthur H. Compton Award presented to Andrzej Joachimiak
and Gerold Rosenbaum cites their “pioneering advances and
leadership in establishing the APS as a premier location
worldwide for protein crystallography research.” The award
consists of a plaque and a monetary award of $5,000.

Gerold—known to
most as “Gerd”—Ros-
enbaum was recog-
nized for his pioneering
demonstration in 1970
that synchrotron radia-
tion could be a source
for biological x-ray dif-
fraction, and for his
innovative beamline
designs, including 19-
ID, 19-BM, and 22-ID at
the APS, that have set
a world standard for
biological diffraction.
Rosenbaum has spent
a lifetime tackling the
myriad technical chal-
lenges posed by syn-
chrotron macromolecu-
lar crystallography; the

optics he has designed to meet those challenges now permit
the solution of immensely difficult structures. Currently,
Rosenbaum is a senior beamline scientist at SER-CAT, oper-
ated by the University of Georgia, where he holds an appoint-
ment with the Department of Biochemistry and Molecular
Biology. He is also associated with the Structural Biology
Center (SBC) at Argonne. 

Andrzej Joachimiak was recognized for his talents as a
prolific crystallographer and innovator working with difficult
structures, and for his foresight and pragmatism as the
director of two highly productive and influential organiza-
tions: the SBC and the Midwest Center for Structural
Genomics (MCSG), both within the Biosciences Division at
Argonne. 

As director of SBC, Joachimiak is responsible for the
operation of the world’s most productive synchrotron beam-
line, APS 19-ID. As of April 14, 2007, this beamline—
designed by Rosenbaum—had submitted 1,100 protein
structures to the Protein Data Bank, roughly 400 more than
any other beamline in the world. Under his leadership, the
SBC has been consistently lauded within the structural biol-
ogy community for the outstanding care taken to make the
beamlines operate to the tightest specifications and for the
tremendous user support provided to crystallographers. The
MCSG, which Joachimiak initiated, is the most productive
among several centers in the Protein Structure Initiative
funded by the National Institutes of Health and, with the help
of synchrotron-based data, is establishing structural
genomics as an important force in modern biology. 

The selection of these two eminent individuals recog-
nizes the international stature of protein crystallography con-
ducted at the APS, the importance of this field of research,
and the major roles played by Joachimiak and Rosenbaum in
the development of this field.

From the 2007 Users Meeting program book

USERS WEEK 2007 DRAWS RECORD CROWD

Presentation of the 2007 Compton Award. Left to right: Gene Ice (APSUO
Chair), Tim Graber (APSUO Vice-Chair), winners Andrzej Joachimiak and
Gerold Rosenbaum, and Murray Gibson (APS Director).
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1: Rene Carder (Chief of Staff, Office of the
Director, Argonne), welcomed attendees. 2: U.S.
Representative Judy Biggert (R-IL-13th) gave the
current congressional perspective, while (3)
Pedro Montano (Director, Scientific User Facilities
Division, U.S. Department of Energy [DOE], Office
of Basic Energy Sciences) did likewise for DOE. 4.
Eric Isaacs, Director of the CNM,  gave an
update on the just-opened facility. 5-8: Scenes
from the poster sessions. 9: Poster abstracts by
Michael Gramlich (left, University of Missouri),
Nataliya Yufa (The University of Chicago), and
James Wilson (Northwestern University) were
selected to be presented as talks at the meeting.
10-11: Scenes at the Adler Planetarium during
the banquet.
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Practitioners of the environmental sciences have tradi-
tionally been under-represented as users of x-ray spectromi-
croscopy tools. In a first step toward rectifying that situation,
a two-week School for Environmental Sciences with
Synchrotrons (SESS) was held at the APS on October 10-22,
2007. The APS is the only synchrotron radiation facility in the
U.S. with a beamline that special-
izes in x-ray spectromicroscopy
experiments in the intermediate
energy (1-4 keV) range. The aim
of the school was to introduce
young scientists to the capabili-
ties of the APS, under the tute-
lage of established environmental
scientists. The hope is that initia-
tives such as this will encourage
the next generation of environ-
mental scientists to begin their
own research projects at the APS
and other synchrotron facilities. 

Workshop attendees were
given training on the scanning x-
ray microscope at XOR beamline
2-ID-B. This instrument is one of
the few in the world where spec-
tral and spatial information can be
obtained on chemical speciation
of phosphorus, sulfur, and chlo-
rine in specimens by x-ray near-
edge absorption spectroscopy in
combination with fluorescence
mapping. These elements are of
great interest to environmental scientists because of their
prevalence and importance in systems such as soils, marine
sediments, and bio-geo-chemical interfaces.

Four environmental researchers with synchrotron radia-
tion science experience brought teams of graduate students
and postdoctoral fellows to the school. The groups learned
about the principles of x-ray spectromicroscopy and carried
out hands-on work on the 2-ID-B scanning x-ray microscope.
The younger scientists brought their own samples, assuring
that the experiments were relevant to their work. John
Coates's group, from the Department of Plant and Microbial
Biology at the University of California, Berkeley, studied the
fate of sulfur during reduction/reoxidation of humic sub-
stances and organic soil components, with the goal of com-
paring reduction pathways. Dean Hesterberg's group from
the Department of Soil Science at North Carolina State
University in Raleigh analyzed molecular mechanisms of
phosphate retention and dissolution in organic matter and
clay-organic systems. A group led by Johannes Lehmann
from the College of Agriculture and Life Sciences at Cornell

University aimed to understand mechanisms of stabilization
of organic carbon in soil, namely the interactions between
mineral and black carbon surfaces and microbial metabo-
lites. Satish Myneni and his team from the Department of
Geosciences at Princeton University studied phosphorus dis-
tribution and speciation in soil bacteria.

Concurrent with their experiments, the teams each gave
seminars on their research to the APS community, contribut-
ing substantially to the breadth of the program. By the end of
the school, all four groups planned to submit proposals for
new experiments and to continue their research at the APS.
In sum, the school introduced young scientists to the power-
ful capabilities of x-ray spectromicroscopy, gave them confi-
dence to pursue their research programs, and broadened
understanding of environmental research at the APS. The
organizers, Juergen Thieme (Institute for X-ray Physics,
University of Goettingen) and Ian McNulty (APS, Argonne),
look forward to the next SESS school in 2008, and to intro-
ducing a new group of students to the exciting prospects for
environmental x-ray spectromicroscopy.

Contact: Juergen Thieme (jthieme@gwdg.de),
Ian McNulty (mcnulty@aps.anl.gov) 

REFERENCE
J. Thieme, I. McNulty, D. Paterson, and S. Vogt, Environ. Sci.
Technol. 41, 6885 (2007).

SESS 2007: TRAINING THE NEXT GENERATION
OF SYNCHROTRON ENVIRONMENTAL SCIENTISTS

Juergen Thieme explains operation of the scanning x-ray microscope at 2-ID-B to (from left)
Amanda Zelasko, Jieling Kizewski, and Yu-Ting Liu, all of North Carolina State University.
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The product of this necessity is the APS ID field integral
measurement system (IFIMS). The IFIMS has been in use
for three years and was recently upgraded. It has signifi-
cantly reduced the turnaround time for characterization of
IDs at the APS, from three weeks to one week. 

The system consists of a long coil supported by two sets
of stages, each with four axes of motion. A LabVIEW-based
software control system has been developed to coordinate
the stage motion control, position feedback, measurement
data acquisition, and real-time data analysis. Figure 1 shows
the schematic layout of the system. The system can be
accessed via a wired or wireless Internet connection from

anywhere, anytime, through the APS virtual private network.
The motion status of the system, along with the lab environ-
ment, can be monitored through three sets of network cam-
eras mounted in the lab.

The system has the following operation modes.
Rotation coil: First field integral (horizontal and vertical)
measurements, second field integral (horizontal and verti-
cal) measurements, and multipole components of first field
integral measurements. Translation coil: multipole compo-
nents of first field integral measurements. Stretched wire:
first field integral (horizontal and vertical) measurements,
second field integral (horizontal and vertical) measure-
ments. The system also provides a user-friendly graphical
user interface. The way to characterize a magnetic field
integral measurement system is to measure the Earth mag-
netic-field integral. A typical Earth magnetic-field integral
measurement is shown in Fig. 2.

With state-of-the-art field programmable gate array tech-
nology and linear ball bearing stages, the system is capable
of synchronized measurements of position (0.005°/0.5 µm in
resolution), time (25 ns), and voltage (16 bits). The system
achieves the measurement accuracy of 0.06 Gauss centime-
ter (G-cm) in a field integral measurement of the Earth’s
magnetic field, which is more than 15 times better than cur-
rent similar state-of-the-art systems reported elsewhere. 

Contact: Joseph Z. Xu (jzxu@aps.anl.gov),
Isaac Vasserman (isaac@aps.anl.gov)

Insertion devices (IDs) at the APS are characterized and
fine-tuned against their design specifications at the Magnetic
Measurement Laboratory (MML) before installation in the
storage ring. The MML is operated by the Magnetic Devices
Group of the Accelerator Systems Division. A stretched coil
system is used to measure the ID magnetic field integrals.
Due to radiation damage, specific IDs must be pulled out of
the storage ring during each scheduled accelerator mainte-
nance period and retuned to their original design specifica-
tions. Because of time constraints set by the maintenance
period, an efficient system was needed that achieves the
highest accuracy possible to reduce characterization time. 

Fig. 2. Earth magnetic field integral measurements.

FAST CHARCTERIZATION OF IDS

Fig. 1. System control and data acquisition schematic layout.
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The members of the Beamline Technical Support
(BTS) Group in the X-ray Science Division (APS
Science 2004, ANL-05/04, pg. 145 [May 2005,
Argonne National Laboratory]) expanded their mis-
sion of facilitating user experimentation at the APS
through loans of acquired x-ray detectors and associ-
ated equipment via the Detector Pool, and the devel-
opment of home-grown detectors. 

THE DETECTOR POOL
Approximately 260 loan transactions were made,

to about 70% of the APS operational beamlines in
2007, with an average duration of 13 days per loan. 

The Detector Pool expanded its inventory
through the purchase of a 4-element silicon drift
detector for spectroscopy applications (acquired from
SII NanoTechnology USA, Inc.), a Sarnoff Corp-
oration 10-ms readout charge-coupled device (CCD)
camera for microscopy/tomography, and a Pilatus
100K silicon pixel array detector from the Swiss Light
Source, PSI. The pool also purchased an amorphous
silicon flat-panel detector that had been on lease from
GE HealthCare since 2005. 

Detector Pool staff also collaborated with beam-
line personnel at APS in the development of new tech-
niques, such as rapid three-dimensional x-ray diffrac-
tion at high energies using the a-Si detector and time-
resolved EXAFS using the Pilatus 100K.

DETECTOR DEVELOPMENT
The BTS Group designed and manufactured a high-

sensitivity CCD camera for small-angle scattering at beam-
line 12-ID. The camera uses four Kodak KAF-4320E CCDs,
each coupled to a 1:1.74 fiber-optic taper; the four tapers
are tiled such that the detector sensitive area is (170 mm)2.
A Gd2S2O:Tb phosphor provides x-ray conversion. The
camera is capable of operating up to 5 frames/s in 4 × 4
binned mode, where the effective pixel size is (168 µm)2.
The CCDs are operated under vacuum at -50° C to mini-
mize dark current. The system electronic read noise is
about 20 electrons. The detector was delivered to 12-ID in
October 2007 for commissioning during run 2008-01.
Future plans in this area include the design and manufac-
ture of an in-vacuum version of the 4-element CCD detec-
tor (also at 12-ID) and the delivery to the APS Detector Pool
of the single-element prototype camera built as part of this
project.

Collaboration with the Advanced Light Source (ALS) on
the development of high-frame-rate CCD detectors contin-
ued apace. The BTS Group designed and manufactured
printed circuit board electronics for the project, including the
clock drivers for the CCD and the FPGA-based data handling
modules. The ALS designed and manufactured the almost-
column-parallel CCD; with 96 outputs, this CCD is capable of
being read at 200 frames/s. Integration of the first prototype

camera (i.e., the ALS front end with the APS back end) is
planned for spring 2008.

Efforts in the development of radio-frequency electron-
ics for single-element avalanche photodiode (APD) detectors
resulted in the delivery of seven units to the APS Detector
Pool. The output signal from these custom-packaged detec-
tors is typically 10-ns long, allowing for single-photon count-
ing rates on the order of several tens of MHz. A multiphoton
counting technique using these detectors has also been
developed in collaboration with personnel from beamline
7-ID. 

The BTS Group APD effort has moved on to the devel-
opment of APD arrays in collaboration with Voxtel, Inc.,
under the auspices of the U.S. Department of Energy Small
Business Innovation Research program. Voxtel made a
presentation at the APS in November 2007 to discuss the
possible parameters for the proposed detectors and to seek
guidance from APS scientists on desired specifications.

With the aim of bringing integrated circuit design capa-
bilities to the APS, the BTS Group strengthened its collabo-
ration with Northern Illinois University on application-specific
integrated circuits (ASIC). Another promising path being
explored is collaboration with Cornell University on analog
pixel-array detectors and with the ASIC Development Group
in the Electrical Engineering Department of the Fermilab
Particle Physics Division on the development of custom sili-
con x-ray sensors and integrated electronics.

Contact: Patricia Fernandez (fernandz@aps.anl.gov)

XSD BEAMLINE TECHNICAL SUPPORT

Tim Madden (left) and John Lee of the BTS Group, with the small-angle x-
ray scattering detector in the 12-ID research station. The detector, which
was designed and fabricated by BTS specifically for 12-ID, has four fiber-
optic coupled CCDs, for a total active area of (170 mm)2.
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In 2007, the APS operated with exceptional reliability
and availability, continuing the stellar performance of the pre-
vious years. No changes were made in fill patterns in ‘07, and
the APS operated in its three standard patterns (in order of
most time spent using the fill pattern): 24 singlets, 324 sin-
glets, and hybrid fill. The APS storage ring was operated
using the standard and “reduced horizontal beamsize” (RHB)
lattices. Accelerator R&D concentrated on short-pulse pro-
duction using pulsed crab cavities and exploration of options
for the APS upgrade, as discussed elsewhere in this report.

BEAM AVAILABILITY & MTBF
In calendar year (CY) 2007, the APS scheduled 4,840 h

for user operations and delivered 4,770 h, for an x-ray avail-
ability of 98.57% for the year, slightly higher than CY 2006.
The mean time between faults (MTBF) was 101.5 h, 10%
higher than CY 2006. Injector availability remained high at
98.2%, providing reliable beam for top-up. Table 1 shows
detailed statistics for CY 2007. 

The APS is continuing a period of mature, stable opera-
tion, characterized by unparalleled reliability. Indeed, the last
run of 2007 was the thirteenth consecutive run for which the
MTBF exceeded 48 h. The lowest MTBF during that thirteen-
run period was 55.9 h, which is already very good. However,
the median value was even more impressive at 89.1 h. The
lowest availability during the same period was 96.9%, with a
median of 98.3%. 

FILL PATTERNS
The APS ring has the flexibility to support different fill

patterns and lattices to serve special needs. The fill patterns
used in CY 2007 (Table 1) were the same as those used in
CY 2006. The standard average beam current for all operat-
ing modes is 100 mA.

• 24 uniformly-spaced bunches in top-up mode, used
61.5% of the time. This is the most common fill pattern,
also called 24 singlets, and features 24 equally-popu-
lated bunches separated by 154 ns. The bunch length

CY2006 CY2007

Totals Run07-1 Run07-2 Run07-3 Totals

Scheduled hours (h) 4986.1 1535 1728 1577 4840

Available for users (h) 4875.2 1514.8 1692.7 1563.1 4770.6

Beam availability (%) 97.98 98.7 98.0 99.1 98.57

Total downtime (h) 110.9 20.2 35.3 13.9 69.4

Average current (mA) 100.1 101.2 99.7 98.6 9.8

Number of faults 52 13 19 15 47

Mean time between faults (h) 92.3 116.5 89.1 104.2 101.5

Mean time to recovery (h) 2.13 1.56 1.86 0.93 1.48

Injector availability (%) 98.2 99.3 98.7 98.2 98.7

Table 1. Availability statistics for CY 2006 (totals) and CY 2007 (by run).

is 40 ps rms. This bunch pattern is a good compromise
between the needs of timing users, who benefit from
the bunch separation, and flux-hungry users, who
require 100 mA but do not have requirements for the
bunch distribution. Bunch purity is very important in this
mode. The particle accumulator ring (PAR), one of the
injector systems, has a bunch cleaning system that has
been operating since 2005 (see “The Particle
Accumulator Ring Gets Cleaner,” APS Science 2005,
ANL-05/29, pg. 178 [May 2006, Argonne National
Laboratory]), and keeps the bunch purity to a level of a
few parts in 107. Top-up at a 2-min interval is needed for
this pattern due to the relatively short beam lifetime
(about 6 h). High-current machine studies have shown
that up to 164 mA can be stored stably in the 24-singlets
mode. Higher-order mode dampers installed during
2005 have raised instability thresholds in this mode to
above 164 mA.

• 324 uniformly spaced bunches in non-top-up mode,
used 20.7% of the time. Non-top-up operation, whereby
the storage ring is refilled to 100 mA twice every 24 h,
is mainly used to allow for injector maintenance and
improvement, operator training, and injector beam time
for parasitic injector study. The beam lifetime in the 324-
bunch mode is such that the beam decays to about 83
mA after 12 h. With smaller bunch currents compared
with 24 singlets, the bunch length in the 324-bunch
mode is 25 ps rms. High-current studies have shown
stable operation up to 200 mA in this bunch pattern. In
contrast with the 24-singlet case, there are no acceler-
ator component heating issues in this mode, a result of
the much smaller bunch current. 

• 1 + 8 × 7 hybrid pattern in top-up mode with 16 mA in
the isolated bunch, used 17.8% of the time. In this pat-
tern, a single 16-mA bunch is injected on one side of the
ring. The remaining 84 mA of stored beam current
resides in 8 groups of 7 bunches on the other side of the

APS LIGHT SOURCE OPERATIONS, CY 2007

Continued on page 156
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Type Horiz. Beta Horiz. Eta Horiz. Size Horiz. Diverg. Vert. Beta Vert. Size Vert. Diverg.

(m) (m). (µm) (µrad) (m) (µm) (µrad)

Normal 19.5 0.170 286 12.0 2.9 9.0 3.1

RHB 3.2 0.078 120 29.6 5.4 12.3 2.3

coupling. This lattice was used in 24-singlets mode for 13.5%
of the total time. Other periods of operation with this lattice
are planned for CY 2008.

The benefits of the RHB lattice were demonstrated by
the APS X-ray Science Division X-ray Microscopy and
Imaging Group using in-line phase-contrast imaging studies
(see “X-ray Imaging & Optics Development,” APS Science
2002, ANL-03/15, pg. 93 [May 2003, Argonne National
Laboratory] and “Operations,” APS Science 2006, ANL-
06/23, pg. 160 [ May 2007, Argonne National Laboratory]). 

BOOSTER PARAMETERS ONLINE
A set of booster parameters is now online and borrows

from the development last year of the storage ring parameter
pages. From the APS home page (http://www.aps.anl.gov)
one can follow the “Facility” pull-down menu to find the
“Booster Parameters.” This link gives access to a set of Web
pages that form a living document that is periodically updated
to correspond to operational and/or hardware changes.
Detailed information is provided on the main beam parame-
ters, lattice, operation modes, and hardware such as mag-
nets and power supplies. Plans are afoot to expand these
pages in the future to include the PAR and linac and any
other data requested by users.

Contact: Michael Borland (borland@aps.anl.gov)

ring. This arrangement results in symmetrical, beam-
free regions with a duration of 1.59 µsec on either side
of the intense bunch. The bunch length of the 16-mA
bunch is 65 ps rms and that of the remaining bunches
is 32 ps rms. Top-up is essential for the hybrid pattern.
Because of the short lifetime of the intense bunch, the
top-up interval is 1 min when using this pattern. Roughly
three out of four top-up injections go toward maintaining
the current in the intense bunch.

THE RHB LATTICE
The standard symmetric low-emittance lattice introduced

in CY 2003 was utilized for almost all user operations during
CY 2007. In 2006, for the first time, the APS delivered beam
to users in the so-called RHB (non-symmetric) lattice. In
2007, the APS had two periods using this lattice (runs 07-02
and 07-03), where the rms horizontal beam size at beamline
32-ID is reduced from 280 × µm to 120 µm, at the expense of
a <10% increase in horizontal emittance, which is more or
less transparent to other users while offering better beam on
selected sectors. This was accomplished by reducing the
horizontal beta function and dispersion at those insertion
devices by adjusting quadrupoles in the surrounding sectors.
Table 2 gives a comparison of the parameters at the RHB
sectors to those in standard sectors, assuming nominal 1%

Table 2. Parameters at RHB sectors vs. standard sectors.

“Operations” continued from page 155

AARROOUUNNDD TTHHEE AAPPSS

Michael Borland, Operations Analysis Group Leader in the
APS Accelerator Systems Division, was one of four Argonne
employees to be presented with a Distinguished Performance
Award for 2007. Borland was recognized for his work in “the devel-
opment and implementation of software for accelerator research
that is recognized internationally and that represents ground-
breaking achievements in the field of computational accelerator
physics,” according to Efim Gluskin, Accelerator Systems Division
Director. The University of Chicago Distinguished Performance
Awards, which recognize outstanding scientific or technical
achievements or a distinguished record of achievement by select
Argonne employees, are presented by the UChicago Argonne,
LLC Board of Governors. 

Borland’s best-known work is elegant (electron generation
and tracking) (see APS Science 2005, ANL-05/29, p. 174 [May 2006,
Argonne National Laboratory]), an accelerator simulation code
that provides physicists with a flexible tool to design and under-
stand linear accelerators and storage rings. elegant was used to

Distinguished Achievements in Accelerator Science

Michael Borland
develop the present APS storage ring lattice that is pro-
ducing an electron beam with the record low emittance
and reduced horizontal beam size that are vital to provid-
ing users with a reliable supply of x-ray beams. elegant is
in use at light sources worldwide.



It has long been anticipated that the APS
could need additional space for straight sections,
driven by applications ranging from bunch-by-
bunch feedback kickers, a higher harmonic cav-
ity, and transfer lines for a major APS upgrade.
Without sacrificing x-ray beamlines, the available
straight-section space will come from the loca-
tions where radio-frequency (rf) cavities are
located. In order to reduce the number of cavi-
ties, more power must be delivered to the cavi-
ties; to accomplish this, additional cavity power
couplers are needed. As part of a feasibility
study, the Accelerator Systems Division Radio
Frequency Group tested an rf cavity configura-
tion equipped with a dual-coupler to determine if
the number of cavities in the storage ring could
be reduced while maintaining 100-mA current.

An electromagnetic simulation model of the two-coupler-
cavity configuration was developed and utilized to success-
fully predict the optimum match setting of each coupler to
achieve the best total return loss from the cavity. Figure 1
shows the simulation model, indicating the orientation and
intensity of the electric and magnetic fields in the waveguide
and cavity, respectively. The simulation results predicted that
the cavity would develop a peak gap voltage of 1.45 MV with
183-kW forward power into the cavity.

The dual-coupler test was designed to determine the
capability of the existing APS 350-MHz single-cell storage
ring rf cavity design and related components to operate reli-
ably at a total power level of 200 kW in continuous-wave (cw)
mode. The test utilized two separate input couplers on the
cavity, thereby enhancing reliability by keeping the power
handled by each coupler at the nominal value of 100 kW [1].
The APS 350-MHz rf test stand was utilized to perform the
test. A photo of the test cavity assembly is shown in Fig. 2.

Radio-frequency power is supplied to the cavity by a
WR2300 waveguide system, which includes a 3dB/90º hybrid
to produce two equal-power feeds, each of which drives a
separate input coupler on the cavity. Two manual waveguide
phase shifters are used in the half-power feed to coupler #1
to optimize the relative phase of the two power feeds at the
cavity in order to achieve maximum power transfer.

By utilizing normal rf conditioning, a total cavity rf input
power of 200 kW was achieved and maintained with no dam-
age to the cavity, power couplers, or related components.
Normal vacuum behavior was noted during the conditioning
process, and the cavity vacuum base pressure became very
quiet and unresponsive to power increases over approxi-
mately 170 kW. Cooling-water flow was increased slightly to
the cavity and tuner piston to keep the cavity center copper
and tuner piston return water temperatures below 92º C and
42º C, respectively. All other cavity system temperatures
were within normal range. 
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TESTING THE APS STORAGE RING
RF CAVITY DUAL-COUPLER

Based on operating data recorded during the test, a
dual-coupler configuration would allow operation of the exist-
ing APS single-cell cavity design beyond the original and cur-
rent operating power of 100 kW, providing the option of
reducing the number of cavities in the storage ring to create
additional straight sections in Zone F, thereby accommodat-
ing new science drivers, while maintaining 100-mA opera-
tional capability.    Contact: Ali Nassiri (nassiri@aps.anl.gov),

Douglas Horan (horan@aps.anl.gov)

REFERENCE
[1] D. Horan, D. Bromberek, D. Meyer, and G. Waldschmidt, Proc. of

PAC2007, (Albuquerque, NM, 2007), pg. 2227.

Fig. 2. The dual-coupler test setup.

Fig. 1. Electromagnetic simulation results on the dual-
coupler/ cavity assembly indicating vector plots of the
cavity magnetic fields and properly phased electric
fields in the input waveguide feeding each coupler. 
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For over a decade, researchers have used the APS to
study structural changes on the atomic length scale and on
time scales of 100 ps and longer by employing pump-probe
techniques. In order that the APS remain a leader in ultrafast
science, it is important that the time domain from 1 to 100 ps
be covered to bridge the gap between the capabilities at cur-
rent storage rings and future hard x-ray free-electron lasers
(FELs). Exciting scientific problems on this time scale
include, but are not limited to, thin-film and nanoscale mate-
rials on the time scales of thermal relaxation and transport;
picosecond x-ray spectroscopy measurements on low-den-
sity samples; time-resolved structural studies of molecular
electronic excited states and reaction intermediate struc-
tures; and ultrafast scattering from solid-state physics, includ-
ing inverse-Peirls, diffuse scattering, anharmonic decay, soft-
ening diffuse scattering, softening volume collapse, and insu-
lator-metal and other ultrafast solid-phase transitions. These
important scientific problems have motivated APS to pursue
the development of high-flux picosecond beamlines through
advanced accelerator techniques. 

APS accelerator physicists and engineers have explored
options for generating short x-ray pulses via Zholents'
scheme [1], which uses radio-frequency (rf) deflecting cavi-
ties to impart a transverse momentum chirp to the electron
beam. This allows the creation of an angle-chirped x-ray
pulse and thus short pulses by slitting or using compression
optics. In 2006, a team began designing pulsed room-tem-
perature copper deflecting cavities, with the goal of later pur-
suing a superconducting system (see “Short Pulses on a Fast
Track,” APS Science 2006, ANL-06/23, p. 164). For the warm
system, a configuration consisting of two pairs of 3-cell rf cav-
ities installed in two consecutive straight sections was cho-
sen (Fig. 1). With a 4-MV deflecting voltage, an x-ray pulse
length of under 2 ps full width half maximum (FWHM) with 1%
transmission relative to the nominal intensity through a 0.5-
mm by 0.5-mm slit, 26.5 m from the insertion device (the con-
figuration for APS beamline 7-ID) is predicted. The warm sys-
tem is limited to operation in “hybrid” mode (see “Operations,”
page 155) and to a maximum rate of 1 kHz by rf heating of
copper structures. The cold system could operate continu-
ous-wave in all operating modes. 

THE ROOM-TEMPERATURE CAVITY
A baseline rf and electrical engineering design of the

deflecting cavity has been completed. The cavity consists of
three cells [Figs. 2(a) and (b)] operated at 2815 MHz (eight
times the storage ring rf frequency). Power is symmetrically
coupled to the structure through two high-power waveguides
connected to the end cell. For damping of long-range wake-

Fig. 1. Two-sector implementation of room-temperature deflecting cavities (circled).

THE APS SHORT-PULSE X-RAY PROJECT
fields, each cell is loaded by waveguides. The waveguides
are designed so the fields of the working mode do not prop-
agate into the broadband loads, but lower- and higher-order
modes are heavily loaded.

SINGLE PARTICLE BEAM DYNAMICS
Single particle beam dynamics, tolerances, and perform-

ance were modeled in detail [2]. These studies allow mini-
mizing vertical emittance growth, which is a primary concern.
For a 1-kHz repetition rate, the equilibrium vertical emittance
is about 27 pm (starting from 13 pm), compared to 25 pm
used in normal operations. Emittance growth negatively
impacts the x-ray pulse duration. A point of reduced returns is
reached at about 4 MV (Fig. 3). The x-ray pulse duration is
affected by the intrinsic divergence of the photon beam.
Using 25 keV instead of 10 keV, a 3.3-m U18 device instead
of a 2.4-m U33, and increasing the beta function from 3 m to
6 m reduces the predicted pulse duration below 1-ps FWHM.

The Zholents scheme relies on cancellation of the strong
perturbation of the upstream cavities by the downstream cav-
ities. Hence, some of the tolerances are quite challenging: ±
0.07º for static intercavity phase errors and ± 0.12% for static
intercavity voltage errors.

BEAM STABILITY & INTENSITY LIMITS
An important criterion for the APS short-pulse project is

to have little or no impact on beam stability or intensity limits.
Preliminary studies found no issues with maintaining present
APS orbit stability. Regarding intensity limits, compatibility
with all operating modes was evaluated. The reduction in the
single-bunch limit (now 20 mA) was specified to be under 5%,
which was used to determine the cavity iris dimension via
wakefield calculation and tracking [3].  The design margin for
multibunch collective instability thresholds was 100% (equiv-
alent to 204-mA operation).  This was used to determine the
required damping of parasitic higher- and lower-order rf cav-
ity modes to ensure that the instability growth rate is less than
the radiation damping rate [4].

HIGHLY STABLE RF DISTRIBUTION
The deflecting cavity fields must maintain a stable phase

to ±10° at 2815 MHz relative to electron beam arrival time. An
additional important requirement is that an rf reference (88
MHz) provided to the beamline laser have a phase stability of
±0.9° (at 2815 MHz) relative to the deflecting-cavity field. To
meet these requirements, a fiber-optic link with active phase
stabilization is being developed to transport a 351.9-MHz
phase reference signal to the short-pulse x-ray sector low-
level rf system. A detailed concept was developed for a
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phase-stabilized fiber optic link, which is an outgrowth of pre-
vious developments for linear colliders and x-ray free-elec-
tron lasers. A future energy recovery linac upgrade to the
APS would likely require a similar system.

FUTURE PLANS
Although the design of a room-temperature pulsed sys-

tem is essentially complete, plans to install this have been
shelved due to high cost for limited scientific benefit. Instead,
superconducting rf (SCRF) technology is being explored as
an alternative with greater scientific potential. A cold system
provides greater operational flexibility by allowing cw opera-
tion in more general filling modes; this is an attractive feature
for specific time-resolved experiments. The objective is to ini-
tiate a three-year R&D program to conduct feasibility design
studies of multi-cell SCRF deflecting cavities. A prototype
SCRF cavity cell has already been designed and built in col-
laboration with researchers at Thomas Jefferson National
Laboratory, and will soon be characterized.

As in the pulsed case, it is challenging to effectively
damp long-range wakefields in the cavity. In recent years, the
KEK B Factory in Japan has successfully developed and
implemented a 500-MHz SCRF deflecting cavity in order to
raise the luminosity of colliding beams. For mode damping,
KEK used a coxal beam-pipe transmission line. Because
space is at a premium in the APS, alternative compact
designs that rely on waveguide damping will be investigated.  

Tolerances for the SCRF system have already been
investigated, and are similar to those for the room-tempera-
ture system. Work will thus continue on development of pre-
cision rf phase distribution and control. Related issues, such
as bunch-to-bunch charge uniformity and fill pattern effects
will be investigated. As in the case of the room-temperature
system, single-bunch intensity limits and multi-bunch instabil-
ities will be evaluated in an iterative fashion to arrive at a final
cavity design and configuration. Use of SCRF may well
require lengthening several straight sections to make room

for the cavity cryostats. The impact of this on storage ring
operation will be thoroughly investigated in simulation and
machine studies.  Contacts: SPX project: Ali Nassiri (nas-
siri@aps.anl.gov), Michael Borland (borland@aps.anl.gov),
Katherine Harkay (harkay@aps.anl.gov). Stable rf distribu-
tion: Frank Lenkszus (frl@aps.anl.gov)
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Fig. 2. (a) Three-cell deflecting cavity with end-cell input coupler. (b) Surface electric (l.) and magnetic
(r.) fields in 1/8 of the 3-cell standing-wave deflecting structure. Peak surface electric field is <100 MV/m
and peak magnetic field is <300 kA/m. Fields are scaled for a 2-MV vertical kick with ~2.8 MW of rf power.

(a)                              (b)

Fig. 3. Duration of the sliced x-ray pulse as a function of rel-
ative transmission through the slits. In this case, a 0.5-mm
horizontal slit at 26.5 m from the source is included, as this
slit is normally present for beamline 7-ID.
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Fig. 1. Spectral element mesh of a 9-cell TESLA cavity that
was used to compute the wake potential of a short
Gaussian bunch.

an ERL as it does in a ring. Indeed, this is why an ERL prom-
ises such high brightness. Because good ERL performance
demands excellent gun performance, several studies were
begun related to the gun and its performance requirements.
Predictions of ERL performance assume very small “normal-
ized” emittances from the injector, on the order of 0.1 µm for
a 20-pC bunch with 2-ps bunch duration [2]. This has some
support in simulations performed at Cornell [3] and KEK [4],
but it is prudent to ascertain what the impact of larger emit-
tance would be. This was analyzed [5] under the assumption
of the same undulator in the ERL as is used today, namely, a
2.4-m-long U33 device. For the 25-mA “high-coherence”
mode, an emittance of 1.6 µm, about equal to the present
state of the art, is required to break even with the present-day
APS in terms of brightness, while giving a roughly four-fold
increase in coherent fraction. An order-of-magnitude increase
in brightness requires an emittance of 0.2 µm, about an order
of magnitude less than what can presently be achieved. The

For several years, APS accelerator physicists have
explored a number of options for upgrades, both minor and
major, to the light source. Higher brightness and coherence
are always in mind when one speaks of an upgrade, but there
are other considerations as well, including bunch duration,
flux, the number of straight sections, and the length of
straight sections. The two concepts of greatest interest for a
major APS upgrade are a replacement storage ring and an
energy-recovery linac (ERL [1]). In 2006, the APS, in consul-
tation with users, reached the conclusion that of these, only
an ERL promises a revolutionary improvement in x-ray bright-
ness and transverse coherence. In 2007, the R&D necessary
to eventually build an ERL at APS was mapped out and work
began to address the physics and technical issues.

PROGRESS ON BEAM DYNAMICS
Beam dynamics in ERLs is quite different from that in

storage rings, in that the beam never comes to equilibrium in

STATUS OF ENERGY-RECOVERY LINAC R&D
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Fig. 2. Two snapshots showing the wakefield of
a bunch passing a nonlinear transition in a vac-
uum chamber. This newly-developed capabil-
ity will be used to optimize undulator chambers
for a potential APS upgrade project.

Continued on page 162

bunch length, which influences brightness of high harmonics
by influencing the energy spread of the beam at the end of
the linac, can actually be increased considerably from the
nominal 2 ps rms. Even with 4 ps rms, the brightness is only
reduced by a factor of two. This is welcome news because it
is easier to achieve smaller emittance with a longer bunch. 

Also initiated was a program of injector optimization
studies [6,7] using parallel genetic optimization software orig-
inally developed at the APS for storage ring applications.
Initial results show emittances of 0.1 µm at the entrance of
the linac merger. An ellipsoidal beam shape, which should be
practical, gives better results than the traditional “beer-can”
shape. Work is under way to include the merger system and
also decrease the required gun voltage.

Because the APS operates at 7 GeV, it is perhaps natu-
ral to think of the ERL as operating at the same energy.
However, higher energy is more expensive, and it is not a
foregone conclusion that the performance is better if carefully
optimized undulators are used. For one thing, certain emit-
tance-corrupting mechanisms are dramatically less severe at
lower energy. The optimum beam energy, undulator gap, and
undulator period for a series of target photon wavelengths
were determined, including details about how the beam prop-
erties are affected by the energy. The conclusion [8] was that
for hybrid permanent magnet undulators, the optimum
energy is above 7 GeV for photon energies above 3 keV. 

Beam loss is a particular concern in ERLs because of
the continuously available beam from the injector. One of the
primary mechanisms for beam loss for low-emittance beams
is particle-on-particle scattering, known as Touschek scatter-
ing. Like other beam-loss mechanisms in ERLs, the loss
probability for an individual particle is very small, which intro-
duces challenges for simulation. The program elegant [9]

was extended to allow Monte Carlo simulation of Touschek
scattering and prediction of beam-loss rates and locations
[10]. A study of beam loss in the APS ERL design is ongoing
using this software.

PLANS FOR IMPROVING CAVITY Q 
The wall-plug power requirement for high-current light

source ERLs is on the order of tens of megawatts. Design,
implementation, and operation of a large cryoplant are all
very challenging, not to mention the high operational cost
[11]. It is therefore necessary to improve existing processing
techniques and, in parallel, to explore the suitability of other
superconducting (SC) materials to obtain and retain a very
high cavity quality factor (Q0). Improving cavity Q0 by a fac-
tor of two will result in many-megawatts reduction of wall-plug
power. The goal for the intrinsic quality factor of a multi-cell
cavity is between 5 × 1010 and 1 × 1011 operating at a cryo-
genic temperature of 2K. Recently, several new ideas and
approaches to improving Q0 have been proposed:

Godeke [12] has studied the suitability of Nb3Sn to
improve the SC radio-frequency (rf) cavity quality factor at
4.2K. Nb3Sn is promising for rf cavity applications, due to the
material’s superior intrinsic properties compared to Nb.
Further research is required to investigate its applicability to
large-scale SC rf cavity production. 

Gurevich [13] has shown that the magnetic field at which
rf breakdown occurs in SC cavities can be significantly
increased by a multilayer coating consisting of alternating
insulating layers and thin SC layers of thickness smaller than
the London penetration depth. This may delay the onset of
the drop in Q that occurs as the field is raised, thus helping
to maintain a high Q at operating field levels.



162

Atomic layer deposition (ALD) can be used to grow mul-
tiple, epitaxial (polycrystalline or amorphous), monolayer
coatings of a variety of materials on a variety of substrates
with a fast deposition rate [14]. These facts indicate that this
research should readily transfer to growing films on complex
rf cavity structures to improve the surface intrinsic quality fac-
tor, Q0. The APS is working with the Argonne Materials
Science Division to explore ALD on bulk Nb cavities.

INTRINSIC EMITTANCE IN CATHODES
The highest-brightness electron sources available today

are based on warm rf gun technology using laser-driven pho-
tocathodes. Such guns can produce pulsed 1-nC bunches
with 1-2 µm normalized emittance and 1-ps to 2-ps duration.
In comparison, an ERL source demands a CW beam with an
emittance (~0.1 µm) that is an order of magnitude smaller
than the best pulsed sources presently available, albeit at
much lower charge per bunch (~20 pC). While it is debatable
whether DC or rf technology is best for such a source, we can
confidently assume that cathode development will be
required for ultra-low emittance. However, the critical physics
near the cathode surface is incompletely understood. Even if
one could achieve perfect emittance compensation, the fun-
damental material properties of the cathode would determine
the lower bound on the achievable emittance of the electron
source. There is no fundamental new physics related to elec-
tron emission, but there is a gap in our ability to combine all
of the relevant phenomena into a complete and useful phys-
ical model [15]. For this reason we developed a plan for a
fundamental, systematic study of cathode materials and
intrinsic emission properties. 

A major goal of the cathode test-and-development effort
will be to systematically measure the properties of candidate
cathodes suitable for an ERL and to formulate proper control
for cathode fabrication. Of particular interest is the systematic
experimental characterization of the intrinsic emittance in a
controlled environment. These data will be benchmarked
against existing emission models and used to develop
improved models. The key technique for measuring the
momentum distribution of the emitted electrons is angle-
resolved photoemission spectroscopy (ARPES). Specifi-
cation has begun for the hardware required to upgrade the
existing surface analysis laboratory [16] to add ARPES capa-
bility for wavelengths down to UV. The study of the cathode
lifetime and evolution of the intrinsic emittance under operat-
ing conditions will be carried out in the injector test stand [17].

Another major goal is to understand in detail the physics
trade-offs among intrinsic emittance, quantum efficiency
(QE), and drive laser power in a realistic electron injector
environment. Boundaries on maximum intrinsic emittance,
minimum QE, and drive laser requirements for the ERL
source are being established. Also in process is analysis of
the literature to identify potential cathode candidates for fur-
ther study. While the initial emphasis is on photocathodes,
field emission and other sources have not been ruled out.
These efforts are complementary to similar R&D efforts else-
where, and productive collaborations are being established.

To preserve the beam emittance produced at the cath-
ode, a homogeneous ellipsoidal beam is best, due to the lin-
ear space-charge force throughout the electron beam. To this
end, laser pulse shaping that can produce an ellipsoidal
beam distribution is being studied. Preliminary experimental
results are encouraging and are continuing. The final ingre-
dient is numerical study of injector design and optimization,
as described above.

ANALYSIS OF WAKEFIELD EFFECTS
The ERL will accelerate and transport very short

bunched beams, on the order of a few ps rms. The dynamics
of short-pulsed beam will require advanced computational
methods for time-domain electromagnetic fields. With exist-
ing software, it would take about 10,000 days to compute the
wake potential of an undulator chamber using a 100-fs probe
beam. In order to resolve this computational bottleneck,
development of a higher-order code was initiated in collabo-
ration with the Argonne Mathematics and Computer Science
Division. The new code uses the Spectral Element
Discontinuous Galerkin method for performing a high-order
solution of Maxwell’s equations. The code will be used to
investigate the energy spread induced in the beam from
passing through the 7-GeV superconducting linear accelera-
tors as shown in Fig. 1. It will also be used to evaluate and
optimize undulator chamber shapes to minimize the trans-
verse wakefield. An example of a computation for an undula-
tor chamber is shown in Fig. 2. 

Contact: Michael Borland (borland@aps.anl.gov),
Yong-chul Chae (chae@aps.anl.gov),

Katherine Harkay (harkay@aps.anl.gov),
Ali Nassiri (nassiri@aps.anl.gov)
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ported out of the optical cavity and then either dumped or
routed back to an ERL. The intensity of the x-ray pulse
trapped in the optical cavity continues to increase if the gain
due to the FEL interaction is larger than the loss in the mir-
ror. As the optical intensity builds exponentially, the gain
starts to decrease, and the system eventually reaches a
steady state when the gain-per-pass becomes equal to the
loss. Part of the loss will constitute the FEL output. 

Many FEL oscillators for spectral ranges from infrared to
ultraviolet are currently in operation around the world. The
challenges presented by an FEL oscillator for hard x-rays are
the availability of electron beams with suitable qualities, and
high-reflectivity mirrors at normal incidence. In 1983, it was
pointed out that crystals can be used as x-ray mirrors.
However, no serious study of the concept has been reported
to date except for two papers on regenerative amplifiers
using electron beams appropriate for high-gain systems.
Presented here is the case for an X-FELO with electron
beams, as considered in recent ERL-based x-ray facility pro-
posals such as the APS upgrade. 

Diamond and sapphire are good candidates for high-
reflectivity crystals in normal incidence. The reflectivity and
transmissivity of sapphire as a function of the photon energy
for normal incidence on the (0 0 0 30) plane were computed
for two thicknesses: 0.07 mm and 0.2 mm. The thinner crys-
tal can be used for out-coupling X-FELO radiation. The peak
reflectivities are about 90% for the thinner crystal and greater
than 95% for the thicker crystal, leading to a combined reflec-
tivity greater than 85%. An optical cavity for an X-FELO must
also provide focusing to control the intracavity mode shape.
A simple way to accomplish this would be to curve the crys-
tals. But even a very gentle curve can destroy the high reflec-
tivity required for the optical cavity. A promising possibility is
the compound refractive lens developed recently for use in
synchrotron radiation beamlines. Another option is the
curved grazing-incidence mirrors. Three examples of an opti-
cal resonator concept by Y. Shvyd’ko are shown in Fig. 1.
The third scheme is particularly suitable for nuclear reso-
nance scattering experiments. In all these cases, about 4%
of the intracavity power is transmitted to useful output power.

Parameters specifying electron beam qualities are those
in the proposed Cornell ERL: normalized transverse emit-
tance 0.82 ×10-7 m-r, rms energy spread of 0.7 MeV, rms
bunch length of 2 ps, and bunch charge between 19 and 60
pC. These values are assumed to be the same for a 7-GeV
ERL under consideration for the APS upgrade. Table 1 shows
the performance of an X-FELO for a few cases. For all cases
except one, the bunch charge is taken to be 19 pC. The ini-
tial gain G0 was computed by an analytic formula and also by
simulation using the steady-state version of the GENESIS
code; the two values were in fair agreement. The saturated
intracavity peak power Psat was computed by steady-state
GENESIS. Assuming 4% output coupling, the output of the X-
FELO will be a sequence of coherent x-ray pulses, each of
which contains about 109 photons. 

AN X-RAY FEL OSCILLATOR

Fig. 1. Schemes for an x-ray resonator.

Currently, the main direction for development of a free-
electron laser (FEL) in the hard x-ray region is based on self-
amplified spontaneous emission (SASE), in which initial
noise is amplified by a factor of a million or more in a single
pass. However, the high-quality electron beams anticipated
for energy-recovery linacs (ERLs), such as the one being dis-
cussed as an option for the future APS upgrade, can be used
to drive an x-ray free-electron laser oscillator (X-FELO) for
photons with an energy of 10 keV or higher. In an X-FELO,
the radiation intensity builds up to saturation via repeated
amplification in an optical cavity consisting of high-reflectivity
Bragg mirrors. The optical characteristics of an X-FELO are
unique and complementary to that of the SASE: The pulse
intensity is lower by two or three orders of magnitude, but its
spectrum is narrower by more than three orders of magni-
tude. The pulse repetition rate is at least 1 MHz, higher by at
least two orders of magnitude than that of the state-of-the-art
high-gain FEL facility planned at DESY. An X-FELO is there-
fore expected to open new scientific opportunities in various
areas, including a drastic improvement in experiments involv-
ing inelastic scattering and nuclear resonance scattering, x-
ray imaging, and accurate determination of the Fermi surface
in bulk materials via time-resolved ARPES (angle-resolved
photoemission electron spectroscopy). 

The principles of an FEL oscillator are well known: An
electron pulse enters an undulator and generates an x-ray
pulse, which is reflected back into the undulator entrance by
two Bragg mirrors and meets the next electron bunch for
another trip down the undulator, the process to be repeated
indefinitely. The electron beam after the undulator is trans- Continued on page 164
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Time-dependent study of the mode evolution in the opti-
cal resonator has been performed by S. Reiche at the
University of California, Los Angeles (UCLA). He modified
the GENESIS code to add propagation and reflection in the
optical cavity. To reduce the central processing unit time, a
short window of 25 fs was chosen. It proved to be sufficient
to track a single-frequency component for all radiation wave
fronts because other components are outside the crystal
bandpass. Even with this simplification, simulation of a single
pass took about two hours with a computer cluster at UCLA.
A full tracking from initial spontaneous emission to final sat-
uration took about one month. Figure 2 shows the evolution
of the power as a function of the pass number. Approximately
100 passes are needed for an exponential growth to emerge
from the initial randomness. 

The bandwidth of an X-FELO will be narrow because the
bandwidth of the crystal reflectors is narrow: less than 10
meV. If the temporal profile of the coherent optical pulse is
the same as that of the Gaussian electron beam with 2-ps
rms pulse length, the full width half maximum bandwidth of
the X-FELO output is approximately 0.4 meV. The optical
pulse will probably be shorter than the electron beam, per-
haps as much as an order of magnitude. In that case, the
bandwidth will be around 4 meV. 

The FEL interaction causes the energy spread of the
electron beam to increase. In fact, GENESIS calculations
indicate an increase in the rms energy spread from 0.02% to
0.05%. It is then necessary to check whether the ERL return
pass can accommodate the increased energy spread. The
answer is affirmative, according to the calculation by M.
Borland, indicating that the fractional loss of particles is well
below the 1 × 10-4 level with increased energy spread.

The length of the undulator studied for the cases dis-
cussed here is about 60 m. Thus, the length of the optical
cavity will be about 100 m. If a single optical pulse is stored
in the optical cavity, then the repetition rate is about 0.7
MHz. The low repetition rate is useful for some time-
resolved experiments. The X-FELO can be operated with
multiple x-ray pulses stored in the cavity, with the higher
repetition rate of the FEL output. The maximum repetition
rate is determined by the thermal loading that can be han-
dled by the crystals. The average power incident on the
100-µm-radius hot spot receiving the coherent x-rays is
about 14 W for 0.7-MHz operation. A preliminary study indi-
cates that such a loading will not present a problem. It
appears, therefore, that operation at higher repetition rate,
perhaps 10 MHz, is feasible.

Our study of X-FELO reported here is based on a
straight undulator. Higher gain may be possible with an opti-
cal klystron configuration that employs two undulators sep-
arated by a dispersive section. If two undulators are ori-
ented at right angles to each other, then the polarization of
the X-FELO can be switched between two linear polariza-
tion at right angles or between two circular polarizations of
opposite helicity. The switching can be fast and is accom-
plished by modulating a part of the dispersion magnet. This
is an FEL oscillator version of the cross undulator scheme
proposed in 1983 and experimentally demonstrated
recently. 

A summary of the expected performance of an X-FELO
is as follows:
• Wavelength: 1 Å or shorter, εγ = 12.4 keV or higher
• Full transverse and temporal coherence 
• ∆εγ = 4 meV
• Not tunable
• Variable polarization between two opposite circular polar-

izations or between two orthogonal linear polarizations. 
• 109 photons (~ 1 µJ) /pulse
• Peak spectral brightness ~ LCLS
• Average spectral brightness 1027 (→1029) photons/(mm-

mr)2(0.1% BW) (assuming 1-MHz to 100-MHz operation).
This is higher by a factor of 105 to 107 than other future
light sources considered so far, ERL-based or high-gain
FEL-based.

Contact: Kwang-Je Kim (kwangje@aps.anl.gov)
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Fig. 2. Evolution of intracavity peak power for the case cor-
responding to the first row in Table I.

Table 1. Performance of X-FELO. Here λ is the x-wavelength, E is the electron energy, K is the undulator
deflection parameter, λU is the undulator period length, NU is the number of undulator periods, G0 is the
initial gain, RT is the round-trip reflectivity, and Psat is the intracavity power at saturation.

λλ(Å) E(GeV) Q(pC) K λλU(cm) NU G0(%) RT(%) Psat(MW)
1 7 19 1.414 1.88 3000 28 90 19
1 7 40 1.414 1.88 3000 66 83 21

0.84 7.55 19 1.414 1.88 3000 28 90 20
0.84 10 19 2 2.2 2800 45 83 18

“X-ray FEL” continued from page 163
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The two-cavity BPM design in Fig. 1 illustrates the
cross section of the detector. The beam passes
through the reference monopole cavity, shown on the
left, which excites a signal proportional to the beam
intensity. The dipole cavity shown at the far right of the
figure produces a signal that is dependent on the rela-
tive beam displacement. Horizontal and vertical posi-
tion signals are generated from the two polarizations
of the dipole mode in this cavity. The polarized fields
are coupled to four iris slots equally spaced around the
cavity, each leading to a radio-frequency waveguide
with a vacuum window. The iris couplers are precisely
electrical-discharge machined into the solid copper
block to ensure repeatable and accurate coupling. The
two cavities are designed to operate at the same fre-
quency, and a small amount of tuning is provided for
adjustment after brazing. To ensure that the cavities
are within tuning range, machining tolerances as tight
as 15 µm are required on the cavity diameters.

The receiver topology used is a single-stage
three-channel heterodyne receiver. The cavity BPM X-
band signals are first amplified in a low noise amplifi-
cation stage, and then downconverted to a 25-MHz to

A NEW BEAM POSITION MONITOR SYSTEM
FOR THE LCLS

Continued on page 168

The Linac Coherent Light Source (LCLS) will be
the world's first hard-x-ray free-electron laser (FEL)
when it becomes operational in 2009. The FEL will
produce x-ray radiation over the 1.5-Å to 15-Å wave-
length range. To produce x-rays in this regime, the
electron and photon beams within the 131-m-long
undulator must be collinear to within less than 10%
of the transverse beam size (≈ 37 µm rms) over a
minimum distance that is comparable to the FEL
amplitude gain length (≈ 10 m) in order to achieve
saturation. To establish and maintain the electron
beam trajectory, a high-resolution and stable beam
position monitor (BPM) system has been designed. 

The LCLS undulator hall will house 33 undula-
tors, with the BPMs located in the drift spaces
between each undulator and at the upstream end of
the first undulator, for a total of 34 BPMs. There are
also two BPMs placed in the linac-to-undulator
(LTU) transport line. The BPMs are critical for beam-
based alignment studies and routine operations. 

Fig. 1. X-band cavity beam position monitor: computer-
aided design cutaway (above) and actual device
(below left).
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X-ray nuclear resonance experiments that make use of
the time structure of the stored electron bunches in a syn-
chrotron light source require high contrast between the radio-
frequency (rf) “buckets” that contain electrons and those that
are supposed to be empty.

This contrast is referred to as the bunch purity. The ratio
of charge in the filled buckets to charge in the unfilled buck-
ets should be at least 109. Bunch purity monitoring of the lon-
gitudinal electron distribution in the storage ring is an indis-
pensible tool for quality assurance. 

Three performance parameters can be used to charac-
terize a bunch purity monitor:
• Impurity detection limit: the lower limit of detectable

bunch impurity. This is determined by the dark counts
of the detector and noise of the electronics.

• Next-bucket detection limit: the detection limit for the
first bucket following a filled bucket. This is determined
by the time resolution of the detector and electronics.

• Integration time: the time required to meet the specified
measurement precision. This is determined by the
maximum count rate or bandwidth of the detector and
electronics.

The APS has used an avalanche photodiode (APD)
bunch purity measurement system since 1999. A stainless
steel foil intercepts the x-ray beam from a bending mag-
net source. The fluorescence x-ray photons from this foil
are detected by an APD detector and preamplifier. Pulses
from the preamplifier are then transported to a constant-
fraction discriminator (CFD), which produces a digital
pulse corresponding to the arrival of a photon at the APD.
Further processing electronics builds up a histogram of
pulse arrival times. The processing electronics had a
detection limit of better than 10-8 for long integration times
and a next-bucket detection limit around 10-5. 

A new system has been developed by the APS
Engineering Support Division Controls Group. The new sys-
tem has a long-range detection limit of around 3 × 10-12 with
a next-bucket detection limit of 10-8 across a 2.68-ns bucket
spacing. The electronics is based on a field-programmable
gate array (FPGA) chip. This fully digital implementation
imposes no dead time on the detection of pulses from the
CFD, yet is much less expensive than the electronics it
replaced. Sampling logic in the FPGA provides measurement
of the arrival time of the signal from the CFD to a resolution
of better than 200 ps even though the FPGA is operating with
a much slower 352-MHz clock (2.8 ns per cycle). This per-
formance is achieved by the novel approach of using
polyphase clocks within the FPGA. When the sampling logic
detects a pulse from the CFD, further logic in the FPGA
updates two histograms in parallel. Each histogram has
7,778 bins, sufficient to account for six channels within each
rf bucket in the storage ring. The counters are 32 bits wide,
allowing for counts up to 4.3 × 109. Counting range beyond
this 32-bit limit is handled by 64-bit counters in a single-chip
microcontroller that reads out the histograms and makes the

values available as Experimental Physics and Industrial
Control System (EPICS) process variables to the facility con-
trol system. The two histograms have separate readout and
reset controls, allowing simultaneous acquisition of both
short- and long-term statistics.

Results of a long-term acquisition during one week of
storage ring top-up operation using the new electronics are
shown in Fig. 1. The “wing” around the main bunch comes
from the bunch compression process in the APS particle
accumulator ring (PAR), where an rf cavity with a wavelength
1/12 the ring circumference (RF12) is used to make a shorter
rf bucket and compress the bunch. Electrons in Satellite 3

and -3 are from the tails of the original bunch extending far
from the center and captured by RF12. Electrons in the other
“wing” buckets are from the longitudinal halo collected in the
PAR fundamental rf (RF1) bucket. The total width of the halo
is determined by the RF1 bucket size. The counts around
satellite bucket number 36 are due to occasional incomplete
extractions from the PAR. In special circumstances, a few
electrons remain in the PAR after the main bunch has been
extracted and leave the PAR in the next turn. These elec-
trons in a satellite bunch (if more than 10-9 of those in the
main bunch) may generate spurious signals for user experi-
ments; their population is monitored closely during user runs.
Notice that nearly 2 × 1011 counts have been recorded for the
filled bucket and that many of the unfilled buckets have pro-
duced no counts at all. This indicates that it is very likely
(97% confidence) that there are at most two electrons in
these buckets. Such resolution is far in excess of both the old
APS electronics and the published results from any other
synchrotron light source.

Contact: Eric Norum (norume@aps.anl.gov),
Bingxin Yang (bxyang@aps.anl.gov)

Fig. 1. Long-term acquisition results showing charge leakage into
the +36 bucket.

IN PURSUIT OF BUNCH PURITY
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One of the main challenges in maintaining high single-
bunch intensity in either the 24-bunch or the hybrid operating
mode is characterizing and mitigating intensity-dependent
collective instabilities in the storage ring. Such collective
effects can arise when the electron beam excites electro-
magnetic fields as it traverses the vacuum chamber, and
these fields act back on and perturb the beam. The integral
of the field behind the beam is the wake potential, which rep-
resents the impact of chamber structure on the beam; its
Fourier transform is called the coupling impedance, which
can be used as a versatile tool for beam instability analysis.

The first impedance database (DB1) was completed by
the Accelerator Systems Division Accelerator Physics Group
in 2003 (see “Impedance and Collective Effects,” APS
Science 2003, ANL-04/07, pg. 142 [May 2004, Argonne
National Laboratory] and APS Science 2002, ANL-03/15, pg.
114 [May 2003, Argonne National Laboratory]). DB1 was a
collection of wake potentials excited by the beam passing
through all the mechanical components in the storage ring
[1]. Because of the reciprocity between duration in time and
bandwidth in frequency, the shorter the electron bunch, the
broader the impedance. Broadband impedance is needed to
investigate fine density modulation in the beam, but limited
computer resources available at the time restricted DB1 to
computations based on a 5-mm-long electron bunch. Despite
this limitation, modeling the storage ring with DB1 and the
particle tracking code elegant reproduced various instabili-
ties observed in the ring, including anomalous bunch length-
ening and energy spread growth with single-bunch current,
horizontal bunch centroid relaxation oscillations, and vertical
beam size blow-up [2,3,4]. 

Importantly and for the first time, the single-bunch injec-
tion accumulation limit was reproduced by DB1, and stored
beam loss during injection was found to significantly con-
tribute to this limit. However, the prediction accuracy was only
about 60%; the impedance had to be scaled by about +35%
for good agreement between modeling and experiment. The
ad hoc scaling was necessary, as it turned out, in order to
make up for the missing high-frequency impedance. Until the
broader impedance model was available, the scaled DB1
was used as a working impedance model for practical appli-
cation to the storage ring. One example was predicting the
single-bunch current limit in the future ring. The result in
Fig. 1 shows that a 30% increase in the impedance will
reduce the single-bunch limit by a factor of two, from 20 mA
to 10 mA. We also found that one 5-mm-gap insertion device
(ID) chamber is equivalent to four 8-mm-gap chambers, and
increases the ring impedance by 6%. These results guide the
plans for the design and installation of new ID chambers or
radio-frequency cavities [5].

Improved accuracy for state-of-the-art modeling of the
APS storage ring required an impedance computation up to
100 GHz or greater, which could be obtained by computing
the wake potential excited by the 1-mm or shorter bunched
beam. The computational requirements were estimated to be

IMPEDANCE AND COLLECTIVE EFFECTS
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Fig. 2. Modeling the single-bunch accumulation limit in
the APS storage ring as a function of chromaticity agrees
very well with measurements. The wake potentials were
computed for a 1-mm bunch with the code GdfidL on
the APEX cluster.

Fig. 1. The current limit of a single bunch (vertical axis)
can be reduced as the transverse impedance of the
ring increases. The horizontal axis is the transverse
impedance normalized to the transverse impedance of
the present APS storage ring. The symbols give the simu-
lation results and the line is a polynomial fit. 

Continued on page 168

300 GB of memory and a speed of 10 Gflop. A new APEX
Linux cluster was purchased, equipped with 60 cores of pro-
cessing units and 240 GB of memory. Efficient use of the
cluster prompted the purchase of the parallelized software
GdfidL, a state-of-the-art, three-dimensional electromag-
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tor test stand at Argonne. In this phase, the overall design
concept was tested with beam and validated for the LCLS
application. 

The second phase of beam testing required the manu-
facture of three BPM assemblies and supporting electronics.
These units were installed in tandem inside the APS undula-
tor test line hall for detailed studies using beam derived from
the APS photocathode electron gun. The BPMs were first cal-
ibrated individually using a precision translation stage. On a
pulse-to-pulse basis, data from the first and third BPMs were
fit to a straight line. Deviations of the second BPM’s readback
from this line then provided a direct measure of the device
resolution. This procedure was necessary because the BPM
resolution is significantly smaller than the shot-to-shot beam
motion. Shown in Fig. 2 is a histogram of the resulting resid-
uals, indicating typical system performance that falls well
within the 1-µm rms requirement for single-shot resolution. 

Argonne is currently in the production phase on this proj-
ect. Installation and commissioning will begin later in 2008.
This technology holds potential for application to the pro-
posed energy-recovery linac upgrade to the APS, providing
enhanced source stability.

This work was carried out by members of the Accelerator
Systems Division Diagnostics and RF groups in collaboration
with the APS Engineering Support Division Controls and
Mechanical Engineering groups and Stanford Linear
Accelerator Center scientists. 

Contact: Glenn Decker (decker@aps.anl.gov)

Fig. 2. LCLS cavity BPM single-shot resolution.

“Beam Position Monitor” continued from page 165

netic code. The second impedance database (DB2) was
thereby completed in 2007 [6,7,8]. With the broader imped-
ance available from DB2, simulations tracking sub-million
particles by the parallelized elegant program resulted in
excellent agreement between accelerator modeling and
actual operation without introducing any ad hoc modification
to the impedance. The prediction accuracy of DB2 for the
dependence of collective effects on the ring lattice is shown
in Fig. 2, where the single-bunch limit is modeled as a func-
tion of the chromaticity set by the sextupole magnets. The
simulation results agree very well with observations.
Furthermore, analysis of the phase-space data of Fig. 2
showed that the resistivity of the ID chamber was a critical
horizontal impedance source limiting injection efficiency. This
was not clearly understood using DB1. Thus, the broadband
impedance from DB2 not only reproduced the ring perform-
ance accurately, but also enhanced understanding of the
intricate role of each impedance source.

The impedance database project started with a modest
goal: to provide accelerator scientists with a simulation tool
that could be used to analyze data acquired during
machine studies. Over the last four years, the improve-
ments made in wake potential computation, particle track-
ing, and parallelization of software, as well as the purchase

of a powerful computer with large memory, pushed the
capability to model the accelerator in operation as closely
as possible. This has greatly enhanced confidence in pre-
dicting future machine performance. The intelligent conver-
gence of scientific modeling and accelerator control soft-
ware can perhaps be used to optimize the performance of
the storage ring in real time.

Contact Yong-chul Chae (chae@aps.anl.gov)
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50-MHz intermediate frequency in the accelerator tunnel by
mixing with a local oscillator (LO). The LO is a phase-locked
dielectric resonator oscillator featuring low phase noise that
can be locked to the Stanford Linear Accelerator Center
(SLAC) 119-MHz timing reference. 

Argonne and SLAC have collaborated closely on test-
ing the LCLS cavity BPM system. The first phase of testing
required the installation of a single-cavity BPM in the injec-
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Many APS components require high levels of internal-
flow, forced-convection heat transfer to minimize surface
temperatures, thermal gradients, and thermally-induced
stress on beam-interacting surfaces. Wire-coil inserts fabri-
cated and optimized by the Mechanical Engineering and
Design Group in the APS Engineering Support Division are
mechanically fitted inside component cooling passages. They
are routinely used in APS front end and beamline high-heat-
load/flux components to significantly enhance convection
heat transfer—up to 400% compared to plain open pas-
sages. This has the additional benefit of greatly reducing
coolant flow requirements for these components. This use of
wire-coil inserts is ideally suited for synchrotron components
because component lengths tend to be short, and conse-
quently, sustained pressure losses are generally modest.
Figure 1 shows wire-coil inserts being fitted prior to final
insertion into a liquid-nitrogen-cooled silicon crystal holder
assembly, which was later installed in the 20-ID-A monochro-
mator. 

Wire-coil inserts, which are physically similar to a com-
mon spring, can be described by three characteristic dimen-
sions: the wire diameter (e), the cooling passage diameter
(D), and the wire coil pitch (p), where the pitch is the linear
distance between successive coil turns along the coil length.
The outer dimension of the wire-coil insert is made slightly
smaller than the cooling passage diameter to provide a tight
mechanical slip-fit into the cooling passage. Using several
cooling passage sizes, five different wire sizes, and a range
of pitch values, an experimental investigation conducted at
the APS has determined the average heat-transfer coefficient
and resulting pressure loss as a function of water flow rate for
65 different wire-coil inserts. Data from this study have been
non-dimensionalized and generalized to yield relationships
that can be used to determine the heat-transfer performance
and resulting pressure loss for any given wire coil insert.
Through data reduction, the wire-coil insert characteristic

dimensions have also been optimized to yield the high-
est heat-transfer enhancement while minimizing coolant
flow requirements. 

The heat-transfer performance for any given wire-
coil insert can be determined using a non-dimensional
expression that relates the Nusselt number (NuD) to the
Reynolds number (ReD), Prandtl number (Pr), and ratios
of the wire-coil insert characteristic dimensions.
Similarly, the pressure loss performance for any given
wire-coil insert can be determined using a non-dimen-
sional expression that relates the Fanning friction factor
(fD) to the Reynolds number and ratios of the wire-coil
insert characteristic dimensions. These expressions can
be used in the transition/turbulent flow regimes for sin-
gle-phase fluids including water, liquid nitrogen, or any
other fulid with a similar Prandtl number. 

Figure 2 shows the heat transfer performance data
from all 65 wire-coil inserts generalized into one rela-
tionship that can predict the performance of any given
insert within the data set. A similar relationship has been
developed that can predict the pressure loss perform-
ance for any given wire-coil insert within the data set. 

These generalized expressions for wire-coil inserts
can be used by scientists and engineers during the
component design process to evaluate required heat
transfer performance and associated pressure loss,
aiding in the establishment of operating parameters
and cooling passage flow distribution schemes.
Analysts will also find these expressions useful for
component modeling in the evaluation of component
temperature and thermally induced stress distributions
resulting from beam interaction. 

Contact: Jeff T. Collins (collins@aps.anl.gov),
William R. O’Brien (wrobrien@mail.uri.edu)

HEAT TRANSFER OPTIMIZATION FOR
HIGH-HEAT-LOAD/FLUX COMPONENTS

Fig.1. Liquid nitrogen-cooled silicon crystal holder assembly
for the 20-ID-A monochromator.

Fig. 2. Generalized heat-transfer performance for wire-coil inserts.
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When storms thunder through the Chicago area or some
other occurrence interrupts power delivery, the APS can be
subjected to a variety of power quality issues that can cause
the stored electron beam to dump. When the APS was being
designed, this was recognized as a potential source of
extended down time. So uninterruptable power supplies
(UPSs) were installed to feed power to critical equipment in
order to minimize the effects of such disturbances. The pri-
mary function of UPSs is to provide battery backup when
electrical power fails or drops to an unacceptable voltage
level. The APS Engineering Support Division Safety
Interlocks Group is in the final stage of replacing the original
18-kW single-phase and individual low-kilowatt UPSs with
new 100% redundant units.

Uninterruptable power supplies provide a level of line fil-
tering that protects the downstream equipment from damage
due to powerline transients caused by lightning strikes and
normal switching operations. The UPSs installed at the APS
are “on-line” units that use double-conversion technology
and are designed to ride through disturbances of 7 min or
until the generators are started, typically 10 s.

Three groups of UPSs will be installed at the APS: cen-
tral, storage ring, and controls. The central UPSs feed power
to all of the Building 401 networking equipment, servers, and

DELIVERING POWER
APS management databases. The central UPSs are 80-kW,
3-phase units that replaced three 18-kW, single-phase units
and provide 100% redundancy; if one of the two UPSs fails,
the other can support the full load intended for both. Five 40-
kW, 3-phase UPSs were installed around the storage ring to
replace more than 75 individual 2-kW (or less) units. These
provide power to the beamline personnel protection systems,
insertion device control systems, access control interlock
systems, and control systems racks. These units are not
redundant. The controls UPSs are being installed and will
feed power to all accelerator networking equipment and
servers. As with the central UPSs, these two 3-phase, 80-kW
UPSs will replace three 18-kW single-phase units and pro-
vide 100% redundancy. 

Contact: Greg Markovich (gmm@aps.anl.gov)

The APS Front End Equipment Protection System
(FEEPS) designed and maintained by the APS Engineering
Support Division Safety Interlocks Group has three primary
functions. The first is to prevent damage to the components
in the front ends that join storage ring radiation sources to
beamlines. A front-end component may be damaged when it
is unable to dissipate the power absorbed during control of
the synchrotron beam, or when a component is not designed
to withstand the synchrotron radiation that is present. The
second function is to prevent the propagation of a vacuum
loss along the front end, into the storage ring, or into a beam-
line. Propagation of a vacuum loss could result in longer
down time and may increase the amount of maintenance
needed to bring the front end back to operational status. The
third function is to provide control of certain front-end com-
ponents and to provide information to the EPICS for data log-
ging and trending.

Over the past several years, changes have been made
to the FEEPS in order to improve maintainability and reliabil-
ity and to aid in troubleshooting. These improvements have
included replacing the problematic Love controllers with ana-
log modules, adding a personnel protection system test key
that allows the front-end shutters to be operated during the
maintenance periods, improving the way faults are handled
so that troubleshooting is more intuitive, reducing the number
of versions of PLC code from 20 to 2, and reducing the num-
ber of Experimental Physics and Industrial Control System
(EPICS) displays for each front end from 11 status displays
to 1 main display and an engineering display. A test cart was
also built with a touch screen to allow for troubleshooting
when the network is unavailable. 

In the 18 months prior to the upgrade, there were 8 con-
troller failures that caused storage ring down time. In the 18
months since the upgrade, there has been one analog mod-
ule problem that resulted in down time.     

Contact: Phil McNamara (mcnamara@aps.anl.gov)

Mark Gibson (AES Safety Interlocks Group) with one of the new
80-kW UPSs on the storage ring mezzanine, prior to commis-
sioning.
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We all understand the concept of the “near miss” event,
such as a car sliding on ice and into a ditch instead of an
oncoming truck. Such near misses offer us safety lessons
without causing injury in the process, and while we would
rather never experience them, lessons can be learned. A
near-miss incident that occurred at the APS in 2007 provided
several lessons, not least of which was the willingness of a
user’s home institution to work with the APS rapidly and
proactively on a plan to prevent future incidents.
This cooperation can serve as a model
for facility-institution safety initia-
tives.

A student from a
Chicago-area univer-
sity was granted
beam time for an
e x p e r i m e n t
related to his dis-
sertation topic.
He and a fellow
student set up
their equipment
in the evening,
after beamline
personnel had de-
parted for the day.
The student had to
remove a piece of equip-
ment left by the previous users
and attempted to remove the equip-
ment’s electrical plug from a 208-VAC outlet.
The plug first had to be rotated counterclockwise to disen-
gage the prongs. The student thought he had fully turned the
plug and disengaged it, but he was unable to withdraw it from
the receptacle. He pulled harder on the plug, and the cable
and plug housing came off in his hand; the base portion of the
plug containing the prongs remained in the receptacle. He
showed his fellow student what had happened, and that stu-
dent advised him not to touch the plug base and to notify the
beamline staff. After the other student left, the first student
decided that he could remove the base from the receptacle.
He noticed there was a slight gap between the base and the
receptacle face, found a thin needle-nosed pliers that could
fit into the gap, and used the pliers to pry the base out of the
receptacle.

The student was aware the circuit was energized but felt
he could be careful to not cause a short. But the pliers’ tip
contacted an energized prong at the same time the pliers’
body was touching the grounded plate surrounding the
receptacle, causing a short-to-ground and a small arc flash
that melted part of the prong (photograph above). The circuit
breaker did not open because the melting copper acted as a

LESSONS LEARNED FROM “NEAR-MISS” EVENTS
fuse and terminated the short circuit. The student continued
to pry around the plug until it came loose and he could
remove it from the receptacle. He noted that one side of one
prong had been damaged by the short circuit, set the plug
base aside, continued with his set-up, and then, the next day,
told beamline staff what had occurred.

This event resulted in a formal report being made to the
Department of Energy and various corrective actions being

taken. The student was prohibited from completing
the experiment and was asked to leave the

facility pending final corrective
action. A letter was sent to the

university asking that cor-
rective action be taken

by the university. The
APS also mandated

that the involved
student, his fac-
ulty advisor, and
all other students
of that faculty
advisor who were

APS users had to
retake all required

user training before
they would be given

permission to use a
beamline. 
The university’s vice-presi-

dent for research immediately recog-
nized the importance of the event, and the

potentially (and, fortunately, avoided) catastrophic conse-
quences, and requested assistance from APS management
in developing a presentation to the university’s APS users.
Attending the presentation, or viewing a videotape made of it,
was then required by the university before university man-
agement would approve any further experiments at APS by
university personnel or students. The university presentation
emphasized lessons learned from the event: 
• Immediately notify APS staff of abnormal conditions,

even if beamline personnel are not present.
• Having a “can do” attitude and following safety rules are

not mutually exclusive.
• Just being careful is not a justification for performing an

inherently unsafe action.
• Do not continue a course of action when told it is unsafe.
• Following safety rules is not optional.

Perhaps the most important lesson learned is this: A
proactive, cooperative response by both the facility and the
user institution assures that everything possible is being
done to guard against future occurrences. 

Contact: Thomas Barkalow (barkalow@aps.anl.gov)
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UNDULATOR A
Period: 3.30 cm
Length: 2.4 m
Kmax: 2.74 (effective; at minimum gap)
Minimum gap: 10.5 mm
Tuning range: 3.0–13.0 keV (1st harmonic)

3.0–45.0 keV (1st-5th harmonic)
On-axis  brightness:

5.0 × 1019 ph/s/mrad2/mm2/0.1%bw at 7 keV
Source size and divergence at 8.0 keV:

Σx: 275 µm Σy: 9 µm
Σx': 12.6 µrad Σy': 6.4 µrad

2.30-CM UNDULATOR (SECTORS 1, 11, 14)
Period: 2.30 cm
Length: 2.4 m
Kmax: 1.19 (effective; at minimum gap)
Minimum gap: 10.5 mm
Tuning range: 11.8–20.0 keV (1st harmonic)

11.8–70.0 keV (1st-5th harmonic, non-contiguous)
On-axis  brightness:

8.7 ×× 1019 ph/s/mrad2/mm2/0.1%bw at 12 keV
Source size and divergence at 12.0 keV:

Σx: 275 µm Σy: 9 µm
Σx': 12.2 µrad Σy': 5.5 µrad

2.70-CM UNDULATOR (SECTORS 3 & 14)
Period: 2.70 cm
Length: 2.4 m
Kmax: 1.78 (effective; at minimum gap)
Minimum gap: 10.5 mm
Tuning range: 6.7–16.0 keV (1st harmonic)

6.7–60.0 keV (1st-5th harmonic, non-contiguous)
On-axis  brightness:

7.0 ×× 1019 ph/s/mrad2/mm2/0.1%bw at 8.5 keV
Source size and divergence at 8.0 keV:

Σx: 275 µm Σy: 9 µm
Σx': 12.6 µrad Σy': 6.4 µrad

LINAC
Output energy 325 MeV
Maximum energy 450 MeV
Output beam charge 1–3 nC
Normalized emittance 10–20 mm-mrad
Frequency 2.856 GHz
Modulator pulse rep rate 30 Hz
Gun rep rate 2–12 Hz
(1–6 pulses, 33.3 ms apart every 0.5 s)
Beam pulse length 8–30 ns
Bunch length 1–10 ps FWHM

PARTICLE ACCUMULATOR RING
Nominal energy 325 MeV
Maximum energy 450 MeV
Circumference 30.66 m
Cycle time 500 ms
Fundamental radio frequency (RF1) 9.77 MHz
12th harmonic rf frequency (RF12) 117.3 MHz
RMS bunch length 0.34 ns
(after compression) 

INJECTOR SYNCHROTRON (BOOSTER)
Nominal extraction energy 7.0 GeV
Injection energy 325 MeV
Circumference 368.0 m
Lattice structure 10 FODO cells/

quadrant
Ramping rep rate 2 Hz
Natural emittance 65 nm-rad-92 nm-rad
Radio frequency 351.930 MHz

STORAGE RING SYSTEM
Nominal energy 7.0 GeV
Circumference 1,104 m
Number of sectors 40
Length available for insertion device 5.0 m
Nominal circulating current, multibunch 100 mA
Natural emittance 2.5 nm-rad
RMS momentum spread 0.096%
Effective emittance 3.1 nm-rad
Vertical emittance 0.040 nm-rad
Coupling 1.5%
Revolution frequency 271.554 kHz
Radio frequency 351.930 MHz
Number of bunches 24 to 1296
Time between bunches 153 to 2.8 ns
RMS bunch length 25 ps to 40 ps
RMS bunch length of 16 mA in hybrid mode 65 ps

TYPICAL APS MACHINE APS SOURCE PARAMETERS APS SOURCE PARAMETERS APS SOURCE PARAMETERS
OPERATIONS PARAMETERS
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3.00-CM UNDULATOR (SECTORS 21, 23, 30)
Period: 3.00 cm
Length: 2.1 m in sectors 21 and 23, 2.4 m in sector 30
Kmax: 2.20 (effective; at minimum gap)
Minimum gap: 10.5 mm
Tuning range: 4.6–14.5 keV (1st harmonic)

4.6–50.0 keV (1st-5th harmonic)
On-axis  brightness:

5.9 × 1019 ph/s/mrad2/mm2/0.1%bw at 8 keV
Source size and divergence at 8.0 keV:

Σx: 275 µm Σy: 9 µm
Σx': 12.6 µrad Σy': 6.4 µrad

3.50-CM SMCO UNDULATOR (SECTOR 4)
Period: 3.50 cm
Length: 2.4 m
Kmax: 3.08 (effective; at minimum gap)
Minimum gap: 9.5 mm
Tuning range: 2.3–12.5 keV (1st harmonic)

2.3–42.0 keV (1st-5th harmonic)
On-axis  brightness:

4.5 × 1019 ph/s/mrad2/mm2/0.1%bw at 7 keV
Source size and divergence at 8.0 keV:

Σx: 275 µm Σy: 9 µm
Σx': 12.6 µrad Σy': 6.4 µrad

5.50-CM UNDULATOR (SECTOR 2)
Period: 5.50 cm
Length: 2.4 m
Kmax: 4.97 (effective; at minimum gap)
Minimum gap: 14.0 mm
Tuning range: 0.6–7.0 keV (1st harmonic)

0.6–25.0 keV (1st-5th harmonic)
On-axis  brightness:

2.0 × 1019 ph/s/mrad2/mm2/0.1%bw at 4 keV
Source size and divergence at 4.0 keV:

Σx: 275 µm Σy: 9 µm
Σx': 13.9 µrad Σy': 8.6 µrad

CIRCULARLY POLARIZED UNDULATOR (SECTOR 4)
Period: 12.8 cm
Length: 2.1 m
Circular mode:

Kmax: 2.65 (effective; for both horizontal and vertical fields
at maximum currents of 1.2 kA horizontal and
0.34 kA vertical)

Bmax: 0.26 T (peak fields)
Tuning range: 0.5–3.0 keV (1st harmonic)
On-axis  circular brightness: 

3.6 × 1018 ph/s/mrad2/mm2/0.1%bw at 1.8 keV 
Linear mode:

Kmax: 2.80 (effective; for both horizontal and vertical fields
at maximum currents 1.4 kA horizontal and
0.40 kA vertical)

Bmax: 0.29 T (peak fields)
Tuning range: 0.8–3.0 keV (1st harmonic)

0.8–10.0 keV (1st–5th harmonic)
On-axis  linear brightness:

2.7 × 1018 ph/s/mrad2/mm2/0.1%bw at 2.1 keV
Switching frequency: 0-5 Hz
Switching rise time: 20 ms
Source size and divergence at 1.5 keV:

Σx: 275 µm Σy: 9 µm
Σx': 18.0 µrad Σy': 14.3 µrad

APS BENDING MAGNET
Critical energy: 19.51 keV
Energy range: 1–100 keV
On-axis  brightness:

6.5 × 1015 ph/s/mrad2/mm2/0.1%bw at 16 keV
On-axis  angular flux density:

9.6 × 1013 ph/s/mrad2/0.1%bw at 16 keV
On-axis  horizontal angular flux density:

1.6 × 1013 ph/s/mradh/0.1%bw at 6 keV
Source size and divergence at the critical energy:

Σx: 92 µm Σy: 26 µm
Σx': 6 mrad Σy': 47 µrad

TYPICAL APS MACHINE APS SOURCE PARAMETERS APS SOURCE PARAMETERS APS SOURCE PARAMETERS
OPERATIONS PARAMETERS



KEY: CPU = Circularly Polarized Undulator; CU: Canted undulator; GU: General Users

Beamline Operator Disciplines Techniques Source Status
1-BM-B,C XOR Physics, materials science, chemistry Powder diffraction Bending magnet Operational

1-ID-C XOR Materials science, physics, chemistry High-energy x-ray diffraction 3.3-cm Undulator A Operational/

GU

2-BM-B XOR Physics, life science Phase-contrast imaging, tomography Bending magnet Operational/

microdiffraction, general diffraction GU

2-ID-B XOR Materials science, environmental, Coherent x-ray scattering (soft x-ray), 5.5-cm undulator Operational/

science, physics microfluorescence (soft x-ray ) GU

2-ID-D XOR Life science, materials science, Microfluorescence (hard x-ray), 3.3-cm Undulator A Operational/

environmental science microdiffraction, micro-XAFS GU

2-ID-E XOR Life science, environmental science, Microfluorescence (hard x-ray) 3.3-cm Undulator A Operational/

materials science GU

3-ID-B,C,D XOR Physics, geoscience, life science, Nuclear resonant scattering, 2.7-cm undulator Operational/s

chemistry, materials science high-pressure diamond anvil cell, GU

inelastic x-ray scattering

4-ID-C XOR Physics, materials science X-ray photoemission electron microscopy, CPU Operational/

x-ray photoemission spectroscopy,

magnetic circular dichroism (soft x-ray), GU

x-ray magnetic linear dichroism,

magnetic x-ray scattering, anomalous 

and resonant scattering (soft x-ray) 

4-ID-D XOR Physics, materials science Anomalous and resonant scattering 3.5-cm undulator Operational/

(hard x-ray), magnetic x-ray scattering, GU

magnetic circular dichroism (hard x-ray) 

5-BM-C DND-CAT Materials science, polymer science Tomography, powder diffraction Bending magnet Operational/

GU

5-BM-D DND-CAT Materials science, polymer science X-ray absorption fine structure (XAFS), Bending magnet Operational/

high-energy x-ray diffraction GU

5-ID-B,C,D DND-CAT Materials science, polymer science Powder diffraction, x-ray reflectivity, 3.3-cm Undulator A Operational/

small-angle x-ray scattering, GU

surface diffraction, wide-angle

x-ray scattering, x-ray standing waves,

x-ray optics development/techniques 

6-ID-B,C MU/XOR Physics, materials science Anomalous and resonant scattering 3.3-cm Undulator A Operational/

(hard x-ray), liquid scattering, magnetic GU

x-ray scattering, powder diffraction,

general diffraction, grazing-incidence

diffraction, surface diffraction (UHV) 

6-ID-D MU/XOR Physics, materials science High-energy x-ray diffraction, 3.3-cm Undulator A Operational/

magnetic x-ray scattering, GU

powder diffraction, pair distribution function 

7-ID-B,C,D XOR Materials science, atomic physics, Time-resolved x-ray scattering, 3.3-cm Undulator A Operational/

chemistry radiography, time-resolved XAFS GU

APS BEAMLINE DIRECTORY*
*As of 3.27.08. Source: http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.beamline_dir
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Beamline Operator Disciplines Techniques Source Status
8-ID-E XOR Materials science, polymer science, Intensity fluctuation spectroscopy, 3.3-cm Undulator A Operational/

physics x-ray reflectivity, x-ray photon GU

correlation spectroscopy, grazing-

incidence small-angle scattering

8-ID-I XOR Polymer science, materials science, Intensity fluctuation spectroscopy, 3.3-cm Undulator A Operational/

physics coherent x-ray scattering, GU

small-angle x-ray scattering,

x-ray photon correlation spectroscopy 

9-BM-B,C XOR/CMC Materials science, chemistry XAFS Bending magnet Operational/

GU

9-ID-B,C XOR/CMC Physics, materials science Liquid scattering, inelastic x-ray scattering, 3.3-cm Undulator A Operational/

resonant inelastic x-ray scattering GU

10-ID-B MR-CAT Materials science, Microfluorescence (hard x-ray), 3.3-cm Undulator A Operational/

environmental science, XAFS, diffraction anomalous fine structure, GU

chemistry micro-XAFS 

11-BM-B XOR/BESSRC Chemistry, materials science, Powder diffraction Bending magnet Operational

physics, geoscience, life science

11-ID-B XOR/BESSRC Chemistry, environmental science, High-energy x-ray diffraction, 3.3-cm Undulator A Operational/

materials science pair-distribution function GU

11-ID-C XOR/BESSRC Materials science, geoscience, Diffuse x-ray scattering 2.3-cm Undulator Operational

physics, chemistry high-energy x-ray diffraction, GU

pair-distribution function 

11-ID-D XOR/BESSRC Chemistry, geoscience, XAFS, general diffraction 3.3-cm Undulator A Operational/

materials science ,time-resolved XAFS GU

12-BM-B XOR/BESSRC Materials science, geoscience, XAFS, fluorescence spectroscopy, Bending Magnet Operational/

chemistry, polymer science, physics, powder diffraction, x-ray GU

environmental science reflectivity, general diffraction 

12-ID-B,C,D XOR/BESSRC Chemistry, physics, Small-angle x-ray scattering, 3.3-cm Undulator A Operational/

materials science wide-angle x-ray scattering, GU

grazing-incidence small-angle

scattering 

13-BM-C GSECARS Geoscience, environmental science Single-crystal diffraction, Bending magnet Operational/

surface diffraction, GU

high-pressure diamond anvil cell 

13-BM-D GSECARS Geoscience, environmental science Tomography, XAFS, high-pressure Bending magnet Operational/

diamond anvil cell, high-pressure GU

multianvil press 

13-ID-C,D GSECARS Geoscience, environmental science Microfluorescence (hard x-ray), 3.3-cm Undulator A Operational/

XAFS, microdiffraction, GU

micro-XAFS, high-pressure diamond 

anvil cell, high-pressure multianvil press,

inelastic x-ray scattering 

14-BM-C BioCARS Life science Macromolecular crystallography, Bending magnet Operational/

fiber diffraction, biohazards at the GU

BSL2/3 level, subatomic (<0.85 Å)

resolution 

Continued on page 176
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KEY: CPU = Circularly Polarized Undulator; CU: Canted undulator; GU: General Users

Beamline Operator Disciplines Techniques Source Status
14-ID-B BioCARS Life science Macromolecular crystallography, 2.7-cm Undulator Operational/

time-resolved x-ray scattering, GU

Laue crystallography, anomalous

diffraction (MAD/SAD), biohazards

at the BSL2/3 level 

15-ID-B,C,D ChemMatCARS Materials science, chemistry Anomalous and resonant scattering 3.3-cm Undulator A Operational/

(hard x-ray), liquid scattering, GU

microdiffraction, single-crystal

diffraction, small-angle x-ray scattering,

surface diffraction

wide-angle x-ray scattering 

16-BM-B HP-CAT Materials science, geoscience Powder diffraction, Bending Magnet Operational/

single-crystal diffraction GU

16-BM-D HP-CAT Materials science, geoscience Powder diffraction, single- Bending magnet Operational/

crystal diffraction GU

16-ID-B HP-CAT Materials science, geoscience Microdiffraction, 3.3-cm Undulator A Operational/

powder diffraction, GU

single-crystal diffraction

high-pressure diamond anvil cell 

16-ID-D HP-CAT Materials science, geoscience, Nuclear resonant scattering, 3.3-cm Undulator A Operational/

physics inelastic x-ray scattering, GU

x-ray Raman scattering,

x-ray emission spectroscopy 

17-BM-B IMCA-CAT Life science Macromolecular crystallography, Bending magnet Operational/

anomalous diffraction (multiwavelength GU

anomalous dispersion [MAD]/single-

wavelength anomalous dispersion [SAD]) 

17-ID-B IMCA-CAT Life science Macromolecular crystallography, 3.3-cm Undulator A Operational/

anomalous diffraction (MAD/SAD) GU

18-ID-D Bio-CAT Life science Microfluorescence (hard x-ray), 3.3-cm Undulator A Operational/

microdiffraction, small-angle x-ray GU

scattering, time-resolved x-ray

scattering, micro-XAFS, fiber diffraction

19-BM-D SBC-CAT Life science Anomalous diffraction (MAD/SAD), Bending magnet Operational/

ultra-low-temperature (15K) GU

19-ID-D SBC-CAT Life science Anomalous diffraction (MAD/SAD), 3.3-cm Undulator A Operational/

subatomic (<0.85 Å) resolution, GU

ultra-low-temperature (15K)

20-BM-B XOR/PNC Materials science, Microfluorescence (hard x-ray), Bending magnet Operational/

environmental science, XAFS, micro-XAFS GU

chemistry, geoscience

20-ID-B,C XOR/PNC Materials science, Microfluorescence (hard x-ray), 3.3-cm Undulator A Operational/

environmental science, XAFS, surface diffraction, micro-XAFS, GU

chemistry, geoscience x-ray Raman scattering, time-resolved XAFS

21-ID-D LS-CAT Life science Macromolecular crystallography, U33S undulator Operational

MAD, MAD phasing, SAD
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Beamline Operator Disciplines Techniques Source Status
21-ID-F LS-CAT Life science Macromolecular crystallography 3.0-cm Undulator Operational/

single-wavelength anomalous dispersion GU 

21-ID-G LS-CAT Life science Macromolecular crystallography, 3.0-cm undulator Operational/

single-wavelength anomalous dispersion

22-BM-D SER-CAT Life science Macromolecular crystallography Bending magnet Operational/

GU

22-ID-D SER-CAT Life science Macromolecular crystallography, 3.3-cm Undulator A Operational/

multiwavelength anomalous dispersion GU

23-BM-B GM/CA-CAT Life science Macromolecular crystallography Bending magnet Operational

multiwavelength anomalous dispersion 

23-ID-B GM/CA-CAT Life science Macromolecular crystallography, 3.3-cm Undulator A Operational/

microdiffraction, anomalous GU

diffraction (MAD/SAD),

subatomic (<0.85 Å) resolution

23-ID-D GM/CA-CAT Life science Macromolecular crystallography, 3.0-cm undulator Operational/

microdiffraction, anomalous GU

diffraction (MAD/SAD),

subatomic (<0.85 Å) resolution 

24-ID-C NE-CAT Life science Macromolecular crystallography, 3.3-cm Undulator A Operational/

anomalous diffraction (MAD/SAD) GU

24-ID-E NE-CAT Life science Macromolecular crystallography, 3.3-cm Undulator A Operational/

microbeam GU

26-ID-C CNM/XOR Physics, materials science Microfluorescence (hard x-ray), 3.3-cm Undulator A Operational/

tomography, microdiffraction GU

30-ID-B,C XOR/IXS Physics, materials science, Inelastic x-ray scattering 3.0-cm undulator Operational/

geoscience, life science GU

31-ID-D SGX-CAT Life science Macromolecular crystallography, 3.3-cm Undulator A Operational/

single-crystal diffraction, GU

fiber diffraction, single-wavelength

anomalous dispersion 

32-ID-B,C XOR Materials science, life science Phase-contrast imaging, 3.3-cm Undulator A Operational/

ultra-small-angle x-ray scattering, GU

radiography 

33-BM-C XOR/UNI Materials science, physics, Anomalous and resonant scattering Bending magnet Operational/

chemistry (hard x-ray), diffuse x-ray scattering, GU

powder diffraction, x-ray reflectivity,

general diffraction, grazing incidence 

diffraction

33-ID-D,E XOR/UNI Materials science, physics, Anomalous and resonant scattering 3.3-cm Undulator A Operational/

chemistry (hard x-ray), diffuse x-ray scattering, GU

x-ray reflectivity, surface diffraction,

x-ray standing waves, general diffraction 

34-ID-C,E XOR/UNI Materials science, physics Coherent x-ray scattering, 3.3-cm Undulator A Operational/

microdiffraction GU



ACTIVE PARTNER USER PROPOSALS APPROVED FOR BEAM TIME*
Investigators Partner User Proposal Title Beamline Beam Time Award

(PUP number)

R. Garrett Australian Synchrotron Research Program-XOR 1,3,4 Negotiated each run
Partnership Proposal (PUP-15)

L. Soderholm, P. Burns, Short-range Order in Solution: Development of a 11-ID-B 20% beginning 2005-3 through 2008-2
J. Neuefeind, M. Beno, Dedicated Beamline for Pair-distribution Functions
S. Skanthakumar (PDF) studies at the APS (PUP-52)

E. Stern, E.D. Crozier, Novel X-ray Spectroscopies and Microscopies for the 20-ID Various allocations for different programs
S. Heald, G. Seidler, Determination of Structure with Atomic Resolution
D. Brewe, J. Cross (extension of PUP-24) (PUP-55)

L. Chen, K. Attenkofer, Developing Laser Initiated Time-resolved X-ray Facility 11-ID-D 20% beginning 2006-2 through 2007-3
G. Jennings, D. Tiede at 11-ID-D for Photochemical Research using

XAS and WAXS (PUP-56)

A. Allen, L.E. Levine Advanced USAXS Studies for Solution-Mediated Nanoscale 32-ID 10% beginning 2007-1 through 2008-3
Processing, Nanostructural Materials Imaging, and High-

Spatial-Resolved Gradient Microstructure Characterization (PUP-59)

E. D. Crozier, Pacific Northwest Consortium Synchrotron Radiation Facility 20-BM 10% beginning 2007-1 through 2009-3
T.-K. Sham XOR Bending Magnet Partnership Proposal (PUP-60)

B. Ocko, K. Blasie, Partner User Proposal: Liquid Surface Scattering (LSS) 9-ID 15% beginning 2007-1 through 2009-3
T. Gog, I. Kuzmenko at Sector 9 (PUP-61)

J. Hill, Y.-J. Kim, Partner User Proposal: Inelastic X-ray Scattering (IXS) 9-ID 15% beginning 2007-1 through 2009-3
T. Gog, D. Casa at Sector 9 (PUP-62)

Y. Hwu, T.-K. Lee, Short Proposal for Limited Scope Partnership User at the 32-ID 20% of the beam time on 32-ID
J.H. Je, G. Margaritondo, Advanced Photon Source Phase-Contrast Hard X-ray Microscopy for 2007-2 through 2010-1
K.S. Liang for Biological and In Situ Materials Science Applications at 

Sub 6-nm Spatial Resolution (PUP-64)

E.D. Crozier, Renewal Proposal for PUP-21, Pacific Northwest Consortium 20-ID 10% for 2007-1, 20% for 2007-2, 
T.-K. Sham Synchrotron Radiation Facility-XOR Insertion Device and 15% for 2007-3 through 2009-3

Partnership User Proposal (PUP-65)

Z. Islam, J. Lang, A Portable High-field (30-45 Tesla) 4-ID-D 18 shifts/cycles for two years 
D. Haskel, Y. Matsuda, Pulsed-magnet Setup for Novel Scattering and (108 shifts total) beginning with 2007-3
H. Nojiri, B. Gaulin, Spectroscopic Studies of Materials in Extreme Conditions through 2009-2
Z. Mao, I. Fisher, (PUP67)
P. Canfield 

L. Young, S. Southworth, High-Repetition Rate Ultrafast 7-ID ~15% of the time on 7-ID/cycle
E. Kanter, B. Kraessig, Laser/X-ray Techniques (PUP-71) for three years beginning with
R. Dunford, R. Santra, 2007-3 through 2010-2
D. Arms, E. Dufresne,
E. Lindahl, J. Ye, D. Yost

K. Nugent, A. Peele, L. Tilley, Short Proposal for Limited-Scope 2-ID-B Thirty-six shifts/cycle for
G. Williams, M. Pfeifer, Partnership User at the three years begining with
M.-T. Tang, T.-K. Lee, Advanced Photon Source Dedicated 2008-2 through 2011-1
I. McNulty, Q. Shen Fresnel Coherent Diffractive Imaging Facility

at 2-ID-B (PUP-74)

* As of 4.9.08 
Source: http://www.aps.anl.gov/Users/Scientific_Access/Partner_User_Information/Results/index.html

Abstracts for these proposals are at the URL above.

Completed Partner User Proposals:
http://www.aps.anl.gov/Users/Scientific_Access/Partner_User_Information/Results/completed.html

Partner user call for proposals: 
www.aps.anl.gov/Users/Scientific_Access/Partner_User_Information/Call_For_Proposals/index.html
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