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In July of 1996, the camera recording APS construction captured this image of lightning on the earlymorning horizon. Laboratory/office module 434 is in the foreground; the Argonne central campus and
the APS central laboratory office building are beneath the lightning strike.
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by J . M U R R AY G I B S O N . . .
... Associate Laboratory Director for Scientific User Facilities at Argonne National Laboratory and Director of the
Advanced Photon Source.

I

Katherine Harkay (left, ASD), Murray Gibson, and Michael Borland
(ASD) in the APS computing room. On the laptop screen are images
showing results of simulations for several APS upgrade options. The
simulations were performed in this room on a Linux cluster dedicated to accelerator research, using the code ELEGANT (developed at Argonne by Borland et al.).

Advisory Committee with the quality of their work on the possible upgrade options (see page 10).
As we prepare for long-term major upgrades, our plans to
develop and optimize all the sectors at the APS in the near
future are advancing. Several new beamlines saw first light this
year, including a dedicated powder diffraction beamline (11BM), two instruments for inelastic x-ray scattering at sector 30,
and the Center for Nanoscale Materials (CNM) Nanoprobe
beamline at sector 26. Our partnership in the Linac Coherent
Light Source —the first x-ray free-electron laser, now being built
at the Stanford Linear Accelerator Center—contributes to revolutionary growth in ultrafast science (see page 163), and we are
developing a pulse chirping scheme to get ~ps pulses at sector
7 of the APS within a year or so.
In this report, you will find selected highlights of scientific
research at the APS from calendar year 2006. The highlighted
Continued on next page

n my five years as Director of the Advanced Photon
Source (APS), I have been fortunate to see major
growth in the scientific impact from our facility. This year
I am particularly enthusiastic about prospects for the
long-term future. Every scientific instrument must remain at
the cutting edge to flourish. Our plans for the next generation
of the APS—an APS upgrade—got seriously in gear this year
with strong encouragement from our users and sponsors.
Although we are looking at several options, the most promising seeming to emerge is the energy-recovery linac (ERL),
and we plan to carry out R&D on this and related options in
the next few years. An ERL@APS would offer revolutionary
performance, especially for x-ray imaging and ultrafast science, while not seriously disrupting the existing user base. I
am very proud of our accelerator physics and engineering
staff, who not only keep the current APS at the forefront, but
were able to greatly impress our international Machine
2

ware for analyzing data from experiments. There is a need for
both faster real-time analysis to assist in more efficient use of
beam time, and for access to data and software after the experiment. We have created a scientific software section in the
Beamline Controls and Data Acquisition Group in the APS
Engineering Support Division, and are seeking to grow this in
the near future. We are also working with the Intense Pulsed
Neutron Source at Argonne to build such capabilities for both xray and neutron science. Many of our employees work behind
the scenes in supporting user operations, from mechanical and
electrical infrastructure, to computer networks and cyber secu-

work covers diverse disciplines, from fundamental to applied
science. In the article on page 129 you can see the direct
impact of APS research on technology. Several new products
have emerged from work at the APS, to complement the
tremendous output of work in basic science, which often has
payoff in technology but over decades rather than years.
Highlights in this report also reflect the relevance of APS work
to U.S. Department of Energy (DOE) missions: for example, a
route to more efficient fuel cells (page 22) that addresses the
energy challenge, and natural approaches to cleaning up the
environment (page 104).

“Every scientific instrument must remain at the cutting edge to flourish. Our plans for the
next generation of the APS—an APS upgrade—got seriously in gear this year with
strong encouragement from our users and sponsors.”
rity. I thank all of these people for their hard work, which makes
science not only possible, but better, for APS users.
The safety of our employees and our users is paramount,
and this year we instituted an extensive testing and certification
system for all electrical equipment brought by users (see page
173). We have a team of nine APS personnel trained in the
Nationally Recognized Testing Laboratories (NRTL) requirements, who can inspect equipment that has not been NRTL-certified, in order to ensure that it is safe. If there are simple problems, we often fix them immediately at no charge to the user, or
provide the service at cost to those users who need more extensive repairs.
Despite the fact that our sponsors, the U.S. DOE Office of
Basic Energy Sciences and the U.S. Congress, have strongly
supported the importance of adequate funding for productive
large facilities such as the APS, the year 2006 was also a difficult one for us. Financial problems arose due to a number of
political problems on a larger scale, and happily, it appears that
the coming years will be better for us. I particularly would like to
thank our users and employees for their patience during these
challenging times, and for our users’ advocacy of the importance of the APS to their research. Challenges notwithstanding,
the future is bright, and as a team—our sponsors at DOE, our
employees at APS and colleagues at Argonne, our users, and
our advisory and review committees—we can bring about new
and greater things. Thank you!

The APS X-ray Operations and Research (XOR) organization increased its responsibility for beamline operations in 2006,
taking sectors 33 and 34 (the former University-National
Laboratory-Industry Collaborative Access Team [CAT]) under its
wing. This brings the number of XOR beamlines to 27, the
majority of the non-protein-crystallography stations at the APS.
We have been working to optimize these beamlines in accordance with our developing strategic plan. In 2006 we dedicated
beamline 1-ID entirely to high-energy scattering (see page
149), and developed a dedicated imaging capability at beamline
32-ID. We also work closely with our external partners and collaborative access teams to improve the capabilities for users.
For example, we have recently installed two new specialized
undulators—a 2.3-cm-period device and a 2.7-cm-period
device—at BioCARS (sector 14). In partnership with the
National Institutes of Health (NIH) intramural program of Phil
Anfinrud, and the NIH National Center for Research Resources
facility at BioCARS run by Keith Moffat (The University of
Chicago), new state-of-the-art fast-laser equipment and optics
have been installed, and we believe that this sector will have a
photon flux in a single pulse second-to-none of any beamline
around the world. It is thus ideally suited for ultrafast singlepulse diffraction experiments. We are instituting “HP-SynC,” a
centralized suite of facilities and expertise for high-pressure
experiments around the ring, initiated by the High Pressure CAT
(sector 16) and supported by DOE funding. Plans for enhanced
capabilities for catalysis research are also in progress.
User support is a major focus for APS employees. We recognize that a barrier to usage of the APS, and other synchrotrons, is the lack of well-supported, user-friendly scientific soft3

THE APS
SCIENTIFIC ADVISORY COMMITTEE

by P I E R R E E . W I LT Z I U S . . .

... Chair, APS Scientific Advisory Committee; Director of the Beckman Institute and Professor of Materials Science, Engineering,
and Physics at the University of Illinois at Urbana-Champaign.

T

he Scientific Advisory Committee (SAC) of the APS held its
annual meeting on January 23-25, 2007. The meeting
included two days of informational updates and discussions of APS strategic and tactical planning, as well as formulation of specific recommendations to the APS for the 10
sector/beamline reviews conducted during 2006, the 8 current partner user programs, 2 collaborative access team proposals for new
undulators, and issues raised during the 2006 SAC meeting. In addition, there was a day-long cross-cut review of structural biology; presentations from the review are available at: http://aps.anl.gov/News/
Meetings/APS_Cross_ Cut_Reviews/2007/index.html.
Murray Gibson, Associate Laboratory Director for Scientific
User Facilities at Argonne and Director of the APS, conveyed the
good news that the building momentum at the Department of
Energy’s Office of Basic Energy Sciences (DOE-BES) has led the
APS to explore a number of options for a future upgrade, the most
Continued on next page
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The APS Scientific Advisory Committee photographed during their meeting in January 2007. Seated, left to right:
Denis McWhan (Brookhaven National Laboratory, retired)
• Pierre Wiltzius, Chair, (Univ. of Illinois at UrbanaChampaign) • J. Murray Gibson (Argonne) • J. Michael
Rowe (National Institute for Standards and Technology
[NIST] Center for Neutron Research; retired), Standing, left
to right: Patrick Gallagher (NIST Center for Neutron
Research) • Wei Yang (National Institutes of Health) • Miles
Klein (Univ. of Illinois at Urbana-Champaign) • Piero
Pianetta (Stanford Linear Accelerator Center) • Richard
Leapman (National Institutes of Health) • John Helliwell
(Univ. of Manchester) • Donald Weidner (State Univ. of
New York at Stony Brook) • Gene Ice (Oak Ridge National
Laboratory) • Slade Cargill (Lehigh Univ.) • Paul Bertsch
(Univ. of Georgia) • Howard Einspahr (Bristol-Myers Squibb;
retired) • Bruce Bunker (Univ. of Notre Dame).

Number of Deposits

as well. Six new beamlines could result: Intermediate Energy Xpromising of which, at this time, seems to be a fourth-generation
ray Spectroscopy and Scattering, Intermediate Energy X-ray
source such as an energy-recovery linac. Options were guided
Magnetism, BioNanoprobe, Diffraction in High Magnetic Field,
by advice from a November 2006 high-level Machine Advisory
In situ Surface and Interface Science, and Advanced X-ray
Committee (page 10). It is likely that there will be funding from
Imaging.
DOE-BES for the build-out of the remaining four original APS
The SAC addressed the issues related to industrial, proprisectors. Gibson continued with scientific highlights, followed by
etary usage of the APS, specifically the results and status of an
information on new developments in APS R&D. He then
audit by the DOE Inspector General’s Office requiring “full cost
described the APS reorganization, funding picture, spending
recovery.” The APS has proposed several paths to compliance
profiles, and user status.
Discussion during and following
800
Gibson’s presentation focused on several
APS
main issues, primarily those associated
700
ESRF
with the APS organizational structure.
HASYLAB
The current configuration of both APS600
NSLS
managed and collaborative access team
SPring-8
(CAT)-managed beamlines leaves CATs,
500
SRS
primarily those in the life-science commu400
nity, without a strong voice in APS management decisions. Scientific Advisory
300
Committee members offered suggestions
for ways to incorporate biologists into the
200
APS decision-making process. Also
raised were the issues of in-house sci100
ence and the need for adequate beamline
support to enable beamline scientists to
0
establish their own research programs.
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006*
Some progress has been made during
Fiscal Year
the past year, but many APS beamlines
still urgently need staff.
Fig. 1. Deposits in Protein Data Bank by high-deposit light sources as of 10.06. (Source:
BioSync, http://biosync.rcsb.org/BiosyncStat.html.)
The SAC discussed the 10 sector
reviews conducted during 2006 and forwith a three-year phase-in. A final decision is in the hands of the
mulated specific recommendations to the APS Director. Many of
DOE Chief Financial Officer.
the beamlines are highly successful and productive, while a few
The status of the APS user program, with its three principal
have some organizational or funding challenges. It should also
access modes (CAT member, partner user, general user) was
be noted that the transition from CATs to X-ray Operations and
discussed, as well. For fiscal year 2006, the APS had 3,274 onResearch (XOR) sectors continues in a positive fashion. These
site unique users and approximately 2,000 requests for beam
sector reviews by external Sector Review Panels are welltime through the General User Program.
established by now and are viewed as a useful evaluation tool,
Lastly, the SAC reviewed a number of undulator upgrades,
leading to greater coordination and better efficiencies around
and several XOR and CAT plans and proposals. The members
the ring. On behalf of the SAC, I would like to thank all the panel
concurred with the proposed changes on beamlines 11-ID, 1-ID,
members who participate in these reviews.
and 4-ID, as well as the proposals from GSECARS and High
Given that 8 of the 10 sectors scheduled for review in 2007
Pressure CAT for new undulators.
are operated by XOR, the SAC concurred with the APS proOverall, the SAC found the APS will continue to operate at
posal to review the science done at the XOR sectors in a crosshigh capacity and productivity. The transition from CATs to
cut exercise, followed by a single management review shortly
XORs seems to progress with minimal disruption, leading to
before the next SAC meeting.
greater efficiencies and coherence around the ring. In the name
The SAC learned that the X-ray Science Division is curof the SAC, I would like to congratulate the APS community for
rently responsible for 27 beamlines on the APS floor. This prothe great scientific progress that has been made. This year’s
vides significant opportunities for upgrades to create more
cross-cut review highlighted, in particular, the enormous impact
effective and dedicated facilities. Decisions will be made after
that the APS has had on the biological community as demonconsideration of a number of factors: partner users on the
strated by the large numbers of entries into the Protein Data
beamline, transition time of sectors newly added to XOR, proBase (Fig. 1) resulting from experiments at highly productive
ductivity, overall availability of techniques, and scientific talent.
APS beamlines. 
The exciting plans for the build-out of the remaining four
sectors and the redevelopment of existing lines were discussed,
5

THE APS USERS ORGANIZATION

by G E N E I C E . . .

... Chair, APSUO Steering Committee; Oak Ridge National Laboratory Corporate Fellow/Group Leader
for the X-ray Research and Applications Group, Metals and Ceramics Division.

The 2006 APS Users Organization Steering Committee,
photographed at Argonne on November 26, 2006.
Seated, left to right: Larry Lurio (Northern Illinois Univ.)
• Tim Graber (The Univ. of Chicago, APSUO ViceChair) • Barbara Golden (Purdue Univ.) • Gene Ice
(Oak Ridge National Laboratory, APSUO Chair) •
Anne Mulichak (The Univ. of Chicago) • Carol
Thompson (Northern Illinois Univ., Ex Officio) • Millicent
Firestone (Argonne). Standing, left to right: Murray
Gibson (Argonne) • Ward Smith (Argonne) • Thomas
Gog (Argonne) • Simon Billinge (Michigan State Univ.)
• Keith Brister (Northwestern Univ.) • Paul Evans (Univ.
of Wisconsin-Madison) • David Reis (Univ. of
Michigan). Not pictured: Simon Mochrie (Yale Univ.)

F

iscal year 2006 marked the 10th anniversary of user science at the
APS. The APS user’s meeting—jointly held with Argonne’s Center for
Nanoscale Materials, Intense Pulsed Neutron Source, and Center for
Electron Microscopy—provided a forum for the celebration of the
accomplishments of the last decade and for envisioning ways to expand the
APS leadership position in critical scientific areas.
Enthusiasm for new research opportunities was captured by an overview
talk on an energy-recovery linac proposed upgrade option to improve the APS
performance by orders of magnitude. Another highlight of the meeting was the
presentation of the Franklin Award to Wendy Mao (Los Alamos National
Laboratory) for her elegant studies of novel high-pressure phenomena using
synchrotron radiation. Plenary talks covered emerging scientific grand challenges in biology and energy research, and recognized pioneering research
carried out at the APS. For example, presentations on “Biological Methane
Oxidation” by Amy Rosenzweig (Northwestern University), “Using X-ray
Speckle to Test Dynamical Scaling” by Mark Sutton (McGill University),
“Synchrotron-Based Measurements of Magnetically Doped Transition Metal
Oxides” by Scott Chambers (Pacific Northwest National Laboratory) and “From
X-rays to Biogeochemistry to Beethoven” by Ken Kemner (Argonne) all were
made possible by unique APS capabilities.
In addition to the plenary talks, there were a record number of workshops
and two additional, large auxiliary workshops. A special emphasis was placed
on providing resources to support invited speakers for the plenary sessions
and for the workshops. This allowed organizers to invite experts from around
the world and made the APS meeting both a celebration of science at the APS
and a global forum for new ideas. Part of the user enthusiasm was driven by
the prospect for a significant upgrade to the APS. (For more on the 2006 user
meeting, see page 152.)
Of course, the primary role of the APS Users Organization (APSUO) is to
represent the interests of the APS users community and to provide user perspective to APS management. In addition to quarterly APSUO meetings that
6

form the main contact with APS management, the
APSUO executive committee represents the users at
beamline and other scientific reviews, attends the
APS Operations Directorate Meetings, provides user
input to the Partner User Council, attends the
Scientific Advisory Committee meetings, and serves
as an advocate for users who have specific concerns
or grievances. Issues raised this year include the
role of Partner User Proposals and the overlap with
transition beam time as Department of Energyfunded beamlines move to X-ray Operations and
Research management. Other issues included
emergency user access during holidays; and a
strong user priority for beamline upgrades, including
software, x-ray optics, and detectors.
Advocacy is an ongoing focus for the APSUO
and other user groups as they express to the public the value of initiatives that will help maximize the
productivity of the APS and other federally-supported user facilities. Keith Brister (Northwestern
University), of the Life Science Collaborative
Access Team at APS sector 21, has been particularly helpful to our advocacy efforts by organizing
the user community to efficiently contact their local
representatives. We will continue to work with our
sister user organizations from synchrotron, neutron, and high-energy facilities to educate our representatives about the importance of major user
facilities for global competitiveness and for energy,
medical, defense, education, and other national priorities. 

THE APS PARTNER USER COUNCIL

by B R U C E A . B U N K E R . . .

... Chair, 2005-2006, APS Partner User Council; Professor of Physics, University of Notre Dame; Director of MR-CAT at the APS.
The 2006 APS Partner User Council Executive Committee photographed at Argonne on November 27, 2006. Front row, left to
right: Murray Gibson (Argonne) • Randy Alkire (sector 19, Argonne)
• Bruce Bunker (sector 10, Univ. of Notre Dame, Chair)• Lisa Keefe
(sector 17, The Univ. of Chicago). Second row, left to right: • Kevin
D'Amico (sector 31, SGX Pharmaceuticals, Inc.) • Malcolm Capel
(sector 24, Cornell Univ.) • Robert Gordon (sector 20, Simon Frasier
Univ.) • Robert F. Fischetti (sector 23, Argonne) • G. Brian
Stephenson (sector 26, Argonne). Third row (standing), left to right:
Vukica Srajer (sector 14, The Univ. of Chicago) • Keith Brister (sector
21, Northwestern Univ.) • Denis T. Keane (sector 5, Northwestern
Univ.) • Thomas C. Irving (sector 18, Illinois Institute of Technology).
Not pictured: Douglas Robinson (sector 6, Iowa State Univ.) • Kent
Blasie (sector 9, Univ. of Pennsylvania) • Mark Rivers (sector 13, The
Univ. of Chicago) • Jim Viccaro (sector 15, The Univ. of Chicago) •
David Mao (sector 16, Carnegie Institution of Washington) • B.-C.
Wang (sector 22, Univ. of Georgia) • John Hill (sector 30,
Brookhaven National Laboratory).

T

necessary to implement the new lattice. The group is much more
supportive of the energy-recovery linac (ERL) approach currently
being explored. The PUC members are eager to be involved in the
formulation of proposals to the Department of Energy (DOE) for
R&D on ERLs and other serious options for the APS upgrade. The
group is also very interested in working with the APS to coordinate
future CAT beamline development and APS plans.
Another major issue for PUC members has been the coordination of XOR beamline development, plans of existing CATs, and
both existing and proposed CDT and Partner User Proposals. With
the APS moving toward single-technique beamlines, it is important
to consider CAT capabilities and plans in a comprehensive strategy for future development of the entire facility.
An issue affecting some PUC members (and also some general users) is related to the DOE Inspector General’s (IG’s) audit
of the APS. In this audit, the IG claimed that industrial users were
underpaying for proprietary beam time and proposed significant
increases. The APS and local DOE management did not fully
agree with the IG, but proposed new algorithms to partially redress
a perceived inequity, but corporate users who have made large
contributions to beamline construction and operations are still very
concerned about the large increase. As of this writing, these issues
are still in discussion with the IG, the DOE, the APS, and industrial
users.
Other topics addressed by the PUC this year have included
changes to the general user program (e.g., modifications of program proposals), proposed tests or changes to the APS storage
ring lattice, new operational modes, and topics for the APSUO
annual meeting.
Meetings of the PUC and APS management have proven to
be very successful in fostering communication in both directions,
and we presume this will continue. 

he Partner User Council (PUC) represents users who
have contributed to the APS by developing beamlines or
other new capabilities. The PUC includes representatives from groups submitting partner user proposals, collaborative development teams (CDTs), and collaborative access
teams (CATs). To facilitate communication, the Chairs of X-ray
Operations and Research (XOR) advisory committees are also
PUC members, as is the Chair of the APS Users Organization
(APSUO) Executive Committee, and a representative of the APS.
The PUC complements the APSUO in that those who build and
operate beamlines and large instrumentation at the APS may have
somewhat different interests and concerns than general users.
The PUC has an annual full meeting (scheduled to coincide
with the annual APSUO meeting) and quarterly meetings of its
Executive Committee. Additionally, a representative of the PUC
attends the yearly meeting of the Scientific Advisory Committee
and all sector reviews. the PUC representatives are also involved
in the rating of Partner User Proposals and collaborative development team proposals, attending weekly APS operations meetings,
and participating in setting the agenda for the monthly APS meetings that bring together facility personnel and beamline staff.
The quarterly PUC meetings combine both an Executive
Session (usually with no APS staff attending) and a larger meeting
with APS representatives. Meetings generally begin with an APS
update from Murray Gibson—who describes budgetary and operational issues—and then move into discussions of particular items
of concern.
The dominant issue this year has been the APS upgrade plan.
Initially, this involved an increase in beam current to 300 mA and
a major change in the storage ring lattice. Most PUC members
were quite concerned by this plan, because the improvement in
capabilities did not seem worth the 12-to-18-months shutdown
7

The Advanced Photon Source (APS) 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 T H E

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 development 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 general user time, up to 80%.
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 and the current proposal schedule, see the proposal system overview at http://www.aps.anl.gov/user/beam time/prop_submission.html.
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THE ENERGY-RECOVERY LINAC:
A PROMISING OPTION FOR AN APS UPGRADE

T

at the same time reducing the dark time (construction time
with no x-ray production)—a serious concern voiced by the
user community. From that point on, efforts focused on the
possibility of integrating an ERL injector with the existing APS
storage ring. This integration would allow existing beamlines,
with the appropriate upgrades, to be utilized with the radiation
generated by the ERL beam while achieving the mantra of revolutionary enhancements with minimal disruption to the existing scientific programs.
A Herculean effort by APS accelerator-physics personnel—
including Michael Borland, John Carwardine, Yong-Chul Chae,

he past year has been busy, but stimulating, for APS
accelerator physicists. Although work on potential
APS upgrades had progressed since 2003, when the
Department of Energy’s (DOE’s) Office of Science
released their report on Facilities for the Future of Science – A
Twenty-Year Outlook, (http://www.sc.doe.gov/Scientific_User_
Facilities/History/20-Year-Outlook-screen.pdf), an APS upgrade
had not been center stage. Encouraged by the DOE to reconsider upgrade plans, a number of options were identified in
2006, including lattice upgrades for the storage ring and an
energy-recovery linac (ERL) injector into the APS storage ring.

The APS Machine Advisory Committee, photographed at Argonne on November 15, 2006, during their meeting to consider presentations on
upgrade options made by APS accelerator staff. Left to right: Sam Krinsky (Natonal Synchrotron Light Source), Klaus Balewski (Deutsches
Elektronen Synchrotron), Annick Ropert (European Synchrotron Radiation Facility), Vic Suller, Chair (Center for Advanced Microstructures and
Devices), Georg Hoffstaetter (Cornell Univ.), Andrew Hutton (Jefferson Lab), Elaine Seddon (Daresbury Laboratory), and Max Cornacchia
(Stanford Linear Accelerator Center [SLAC], retired). Not pictured: John Galayda (SLAC).

Glenn Decker, Roger Dejus, Louis Emery, Katherine Harkay,
Yuelin Li, Elizabeth Moog, Ali Nassiri, Vadim Sajaev, Nick
Sereno, Yin-E Sun, Aimin Xiao, and Chih-Yuan Yao (all ASD);
John Noonan (AST); and George Goeppner (AES)—allowed
management to convene, on November 15-16, 2006, a Machine Advisory Committee (MAC) to critique selections of possible
upgrades. The charge to the committee was to evaluate the various accelerator upgrade options that had been proposed and
to determine if:
Continued on next page

Workshops were held in that year to evaluate the new science
that could be made possible by an APS upgrade. It became
clear that an ERL is one of the most serious options to consider
for an APS upgrade, as it offers more revolutionary performance
than storage ring upgrades with the least disruption to existing
users. While R&D on the ERL is expanding, we will continue to
evaluate other possible options. In this article, the ERL option is
described in some detail.
The ERL option would allow the APS to leapfrog the nominal gains believed possible via a storage ring upgrade, while
10

● the proposals will deliver claimed technical performance,
● the claimed performance was technically revolutionary,
● there were technical R&D challenges to successful delivery of the upgrade,
● estimates of expected disruption to users associated with
implementing this option were correct and how to m i t i gate risks associated with the implementation, and
● other proposals should be considered.
In the executive summary of their report, the MAC stated:
“The proposed Outfield ERL is considered to be an
extremely exciting light source which builds on the investment
in beam lines and infrastructure already at the APS. It would
provide a factor of about 150 increase in brightness compared
to the existing APS in addition to increasing the coherent fraction of the x-ray beam and significantly reducing the bunch
length. The claimed performance is not demonstrated at the
present time and would rely on significant improvements to both
the current and emittance delivered by high brightness electron
guns. The committee is not able to guarantee that these
improvements will be delivered, but is optimistic in the light of
ongoing R&D at several institutes.”
The full report of the MAC is on the APS Website at:
www.aps.anl.gov/News/Conferences/2006/APS_Upgrade/
apmac/Committee_Report.pdf.
Buoyed by the MAC’s enthusiasm for the APS to pursue an
ERL as part of the APS upgrade, work continues along these
lines. Below is a brief summary of plans that have been developed to date and where the planning will go from here.

High-brightness,
high-average-current
10-MeV injector
“Merger”

7-GeV output beam

7-GeV Linac

7-GeV return beam

~10-MeV
energy-recovered beam

7-GeV arc with beamlines

Fig. 1. Schematic of the energy-recovery linac concept.

is injected into the storage ring. For a given particle beam
energy, linacs can produce a beam of much lower emittance
than can storage rings, and can be used to generate x-rays
with very low transverse emittance and short bunch length.
However, because the particle beam will not retain this low
emittance and short pulse length if stored, it must be thrown
away after being used (as opposed to a storage ring, which
recycles the electrons). Although, in principle, low-emittance,
short-pulse linacs could be used to generate beams with energies of 7 GeV and currents of 100 mA if the electrons were
used once and thrown away, the required wall-plug power to
do this would be 700 MW (7 GeV × 0.1 A). By extracting the
energy (i.e., energy recovery) from the “used” electron beam
before it is thrown way (dumped), the power problem can be
mitigated while retaining the desired traits (low transverse
emittance and short pulse duration) of the linac-accelerated
electrons. The energy extraction is accomplished by passing
the 7-GeV beam through a superconducting linac, the same
linac that originally accelerated the beam to 7 GeV, but now
180º out of phase from the acceleration mode [1]. The energy
deposited back into the cavity by the returning beam can now
be used to accelerate the next bunch(es) of electrons, and so
forth. Figure 1 shows the conceptual layout of an ERL.
Energy-recovery linac layouts associated with the APS
fall into two categories: placement of the linac inside the
storage ring enclosure, and placement of the linac outside
(Fig. 2, next page). The primary difference is that the ERL
layouts outside the storage ring allow for a straight (i.e., not
folded or recirculating) linac, and provide space for long
undulators, additional beamlines in the turnaround arc, and
the potential for a free-electron laser upgrade. The ERL layouts all produce comparable beam for injection into the existing storage ring. Because of the potential for additional
beamlines in the turn-around arc (the arc from the linac that
turns the beam back towards the APS storage ring) and the
increased flexibility for future developments (for example,
using the linac for subpicosecond x-ray pulse production),
the outfield option appears to be the most attractive.
Continued on page 12

A C C E L E R AT O R E N H A N C E M E N T S
While the purpose of the upgrade is to enable dramatically
improved experiments, a premium is placed on preserving existing experimental capabilities with minimal disruption. This could
well be achieved by augmenting the present injection systems
with an energy-recovery linac that would then utilize the existing
storage ring in a single-pass mode.
While the upgrade will deliver revolutionary capabilities, it
will take time for the user community to take full advantage of
these new specifications. To minimize disruption, a primary
objective is preserving at all times the present APS capabilities.
The following will be maintained to the extent possible for
either approach:
1) The existing APS storage ring tunnel will be utilized.
2) Beam energy will be at least 6 GeV, but with a
goal of 7 GeV.
3) Existing beamlines will be preserved.
4) Existing beam stability will be maintained.
5) Delivered flux will be maintained (in high-flux mode).
6) The storage ring will be able to run in its present
“storage ring mode” for as long as is necessary after
the ERL has been commissioned.

A N E N E R G Y - R E C O V E RY L I N A C
In a storage ring, the particle beam’s transverse and longitudinal dimensions are determined by the competing forces
of radiation damping and the quantum nature of radiation
emission. An equilibrium emittance is reached a few milliseconds (i.e., after a few thousand turns) after the particle bunch
11

Table 1. Expected performance for three ERL operations modes.

Mode
Average current (mA)
Rep. rate (MHz)
Bunch charge (pC)
Emittance (pm)
RMS bunch length (ps)
RMS momentum spread (%)

High Flux
100
1300
77
22
2
0.02

High Coherence
25
1300
19
6
2
0.02

Ultrashort Pulse
1
1
1000
365
0.1
0.4

Free-electron
laser hall

Recirculation arc
Linac
Return transport line

Fig. 2. Two proposed basic layouts for an APS ERL. The infield
geometry is shown above; the outfield geometry is at right.

“A Promising Option” continued from page 11
An ERL can have a variety of operational modes. Table I shows the expected performance anticipated for three different modes of ERL operation: high flux, high coherence, and ultrashort pulse. The values (from G. Hoffstaetter, FLS2006) were developed for an ERL at Cornell University, and should directly
apply to the APS ERL. Calculations have also been made of the expected performance of a “green-field”
ERL, i.e., an ERL not constrained by the geometry and available space of being associated with the
present APS storage ring. From Fig. 3 one can see that the brightness calculated for an ERL using the
APS storage ring is well within a factor of 2 of what an optimized green-field ERL would be expected
to generate. The fact that much of the infrastructure of the APS can be used to support the ERL outweighs the small increase in brightness one might realize from a green-field project.
Because the outfield option provides a much greater opportunity for future growth, the focus
has been on this option. However, incorporating either option into the APS facility is a challenging task, requiring extensive changes to the accelerator complex, and considerable
research and development.

SCIENCE

WITH AN

ERL

Energy-recovery linacs promise very high brightness (i.e., extremely low emittance,
equal in both planes) and options for short (<1 psec) pulses. These characteristics make
ERLs extremely attractive to the scientific community.
Given the expected properties of the ERL x-ray beam, it is believed that the APS
upgrade will have its greatest impact in the fields of x-ray imaging, coherent x-ray scattering, and time-resolved studies. For instance, in x-ray photon correlation spectroscopy
(XPCS) experiments, the available flux is directly proportional to the brilliance of the
source. Because the accessible time scales in XPCS increase with the square of the
source brilliance, one can expect to go from the present time scales of about 1 msec to less
than 1 µsec with the APS ERL. This will facilitate, for example, the study of non-equilibrium
12

Continued on next page

Fig. 4. Coherent fraction (i.e., fraction of the beam that is fully
cohrerent) as a function of x-ray energy for the present APS
(black line) and an APS ERL (colored lines).

Fig. 3. Spectral brightness of the present APS compared to results
for an outfield ("OF") and greenfield ("GF") ERL with different
undulator lengths. The APS1 and APS35 locations are sectors 1
and 35 in the APS ring, whereas the N1 and N48 locations are
sectors 1 and 48 in the turnaround arc or in the green-field ERL.

T O WA R D
dynamics during structural evolution of domain boundaries,
grain boundaries, and defects in hard materials, as well as the
dynamics of concentrated proteins in aqueous solution and
dynamics of membranes and constituents within membranes
in soft/biological materials.
In the field of x-ray imaging, the APS ERL option will
allow for the most efficient usage of nanometer-focusing x-ray
optics and advanced state-of-the-art scanning x-ray
microscopy to <5 nm spatial resolution. Nanometer-sized
beams, coupled with improved detectors, will provide
unprecedented elemental sensitivity to sub-zepto (<10-21)
grams for trace metals (e.g., Zn, Fe, Mn) in biological cells,
with the potential to locate single-metal atoms at <5-nm resolution. Such capabilities will enable molecular imaging of
metal-containing proteins, functional contrast agents, and
novel therapeutic drugs at organelle level, and aid in the
development of new approaches to diagnose and treat diseases. For materials science, nanometer-size beams will offer
a non-destructive, penetrating probe for impurity/ defects,
grain boundaries, and nanodomain engineering of functional
electronic and engineered materials such as solar cells and
metal alloys. The ERL’s high coherence (see Fig. 4) will permit advances in coherent diffraction imaging, which is much
like crystallography but applied to noncrystalline materials.
Emerging applications include the structure and strain in
nanoparticles, atomic structure of amorphous materials, twodimensional crystallography (e.g., membrane proteins), fewunit-cell crystals, and subcellular organelle structures in cells,
to name a few.
Finally, shorter pulses from an ERL or a linac-based shortpulse source (such as a free-electron laser [FEL]) mean better
temporal resolution for all time-resolved experiments for pumpprobe studies in hard-condensed-matter physics, atomic
physics, chemistry, and biology.

AN

ERL U P G R A D E

Although it is believed that there are no technical “showstoppers” to the construction of an ERL at the APS, there are
accelerator issues that will require further R&D to ensure success. The key areas of R&D include:
● Injector design: gun and low-energy beam transport
● Cathode lifetime
● Superconducting linac cavity design and fabrication
● Radio frequency choice
● Multipass vs. single-pass linac
● Instability issues/beam break-up
● X-ray beam stability.
In addition, there is the need to explore possible problems
associated with beam loss and how to reduce the “halo” that
will accompany the main beam due to space charge effects,
scattered drive-laser light, field emission from the gun and
linac, intrabeam scattering, etc.
In parallel with accelerator work, R&D in support of beamline components (optics, detectors, etc.) will be required. To
take full advantage of a highly coherent beam, improvements in
optics (that can only be made with improvements to the present metrology capabilities) will be required, along with a robust
program of detector development for high-speed area detectors, most likely integrating pixel array detectors. At present,
APS personnel are developing a plan for the necessary R&D
activities in support of an ERL and related linac-based light
source options such as an FEL, with the goal of submitting that
plan to DOE in 2007. This R&D should place us well to propose
firmer plans for the APS upgrade around the beginning of the
next decade.
Contact: Rod Gerig (rod@aps.anl.gov)
Dennis Mills (dmm@aps.anl.gov)
REFERENCE
[1] M. Tigner, Nuovo Cimento 37, 1228, (1965).
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APS RESEARCH HIGHLIGHTS
APS sectors:
Sectors 1-4: XOR
X-ray Operations and Research (XOR)

Sector 5: DND-CAT

X-ray Operations and Research sectors comprise those beamlines operated by the APS.

DuPont-Northwestern-Dow Collaborative Access Team (CAT)

Sector 6: MU-CAT
Midwest Universities CAT

Collaborative access team sectors comprise
beamlines operated by independent groups made
up of scientists from universities, industry, and/or
research laboratories.

Sector 7: XOR
Sector 8: XOR (8-ID); NE-CAT (8-BM)
Sector 9: XOR/CMC
XOR/Complex Materials Consortium

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 scientific peers, generally not affiliated with
the APS. Beam time is then allocated by either of
two APS Beam Time Allocation Committees.

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

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
management.

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
South East Regional CAT

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

Sector 24: NE-CAT (plus 8-BM)
Northeastern CAT

Sector 26: XOR/CNM
Center for Nanoscale Materials

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

Sector 31: SGX-CAT
SGX CAT

Sector 32: XOR
Sectors 33 and 34: XOR/UNI
XOR/University-National Laboratory-Industry
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ADVANCED PHOTON SOURCE SECTOR ALLOCATIONS AND
AND X-RAY SOURCE CONFIGURATION

DISCIPLINES,

HP-CAT 16-BM-B • 16-ID-B, D

ChemMatCARS 15-ID-B, C, D

IMCA-CAT 17-BM-B • 17-ID-B

BioCARS 14-BM-C, D • 14-ID-B
GSECARS 13-BM-C, D • 13-ID-C, D

Bio-CAT 18-ID-D

435

434

SBC-CAT 19-BM-D • 19-ID-D

XOR/BESSRC 12-BM-B • 12-ID-B, C, D

XOR/PNC 20-BM-B • 20-ID-B, C
XOR/BESSRC 11-BM-B
11-ID-B, C, D

SER-CAT 22-BM-D • 22-ID-D
6

43

3

43

MR-CAT 10-BM-A
10-ID-B

LS-CAT 21-ID-D, E, F, G

GM/CA-CAT 23-BM-B
23-ID-B, D

XOR/CMC 9-BM-B, C
9-ID-B, C

Materials Science
Biological & Life Science
Geo/Soil Science
Environmental Science
Chemistry
Physics
Polymers
Optics Development

NE-CAT 8-BM-B
XOR 8-ID-E, I
XOR 7-ID-B, C, D
µ-CAT 6-ID-B, C, D

NE-CAT 24-BM-B
24-ID-C, D, E

XOR/CNM 26-ID-C

432

DND-CAT 5-BM-C, D
5-ID
XOR 4-ID-C, D

437

XOR 3-ID-B, C, D
XOR/IXS 30-ID-B, C
1

43

XOR 2-BM-B
2-ID-B, D, E

SGX-CAT 31-ID-D

XOR 1-BM-B, C
1-ID-C

XOR 32-ID-B
8

43

XOR/UNI 33-BM-B, C • 33-ID-D

XOR/UNI 34-ID-C, E

Source: http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.beamline_dir
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MEASURING ELASTIC STRAINS
I N D E F O R M E D S I N G L E - C RY S TA L C O P P E R

(C)

(D)

(B)

Fig. 1. Experimental method. An energy-scanned submicron xray beam (A) penetrates the dislocation cell structure (transmission electron miccroscopy image, (B) of a deformed copper single crystal and is diffracted onto a charge-coupled
device x-ray area detector (C). Translating a wire (D) parallel to
the sample surface provides depth-profiling of the diffracted
beams and allows spatially resolved elastic strains (and therefore stresses) to be measured from individual dislocation cells.

(A)

S TRUCTURAL S TUDIES

K

nowing how submicrometer elastic strains distribute themselves within deformed metal single crystals is key
to an understanding of numerous important physical phenomena, including the evolution of complex dislocation structures governing mechanical properties within individual grains, the transport of dislocations
through such structures, changes in mechanical properties that occur during reverse loading, and analyses
of diffraction line profiles for microstructural studies of these phenomena. Researchers from the National Institute of
Standards and Technology, Oak Ridge National Laboratory, the Carnegie Institution of Washington, the University of
Southern California, and Argonne demonstrated the importance of this type of information by taking the first direct,
spatially resolved measurements of elastic strains within individual dislocation cells in deformed copper single crystals. Broad distributions of elastic strains were found, which have important implications for theories of dislocation
structure evolution, dislocation transport, and the extraction of dislocation parameters from x-ray line profiles.

When single crystals of ductile metals are deformed, atomic
dislocations propagate throughout the structure, giving rise to high
and low dislocation-density regions that are spoken of as dislocation cell walls and interiors, respectively. The formation and evolution of these dislocation cell structures is one of the most important
aspects of the deformation process in ductile metals. While it is
generally appreciated that patterning arises from the collective
interactions of dislocations, it is not yet possible to predict the evolution of dislocation distributions and the resulting local stresses.
The existence, magnitude, and spatial distribution of these stresses
with respect to the dislocation microstructure have been long
debated, and a definitive resolution of this issue is needed to validate and guide the ongoing development of recent dislocation-patterning and dislocation-transport theories.
The researchers used scanning-monochromatic differential-aperture x-ray microscopy (DAXM) to probe the local elastic lattice strains
(and thus the stresses) within individual dislocation cells in copper single crystals deformed uniaxially in tension and compression. The spatially resolved scanning monochromatic DAXM measurements were
conducted at XOR/UNI beamline 34-ID at the APS using an x-ray
microbeam focused to ≈ 0.5 µm. The diffracted beams were detected
using a charge-coupled device area x-ray detector, and depth resolution was provided by a diffracted-beam profiler (Fig. 1). The compression and tensile samples were deformed to relatively large final true
flow stresses of ≈ 200 MPa at true strains of ≈ 30%.
These spatially resolved elastic strain measurements provide
the first direct, quantitative test of Mughrabi’s well-known two-component composite model that is commonly used to extract average cellinterior and cell-wall stresses from broadened x-ray line profiles,
affording crucial quantitative validation of the composite model predictions.
A key finding of the study, however, is the dramatic variation of
these strains from cell to cell within the sample, which contribute significantly to the shape and width of the diffraction line profiles.
Quantitative analyses of extracted cell-wall and cell-interior subpeaks
frequently use theoretical descriptions of dislocation broadened line
profiles to extract dislocation structure parameters from plastically
deformed samples. Such analyses often tacitly assume that all of the
subpeak broadening comes from the dislocations, and therefore that
cell-to-cell strain variations are negligible. This assumption must now
be reevaluated in view of these measurements.
The existence of a broad distribution of dislocation cell elastic
strains also has important implications for theoretical models of dislocation patterning and dislocation transport. At the dislocation level,

critically important phenomena such as dislocation bowing, dislocation
pinning and unpinning, unzipping of locks, and cross slip are highly
sensitive to the local stress field experienced by the dislocations.
Thus, theoretical models of dislocation patterning and transport must
frequently make assumptions about the distributions of such stresses
within a specimen. The researchers found that the stresses range
from essentially 0 up to 50% of the macroscopic flow stress, an effect
that is not included in existing dislocation transport models based on
dislocation bowing and percolation theory. These theories will also
have to be revisited in light of the current findings.
On the other hand, the dislocation patterning model developed by
Hähner et al. [1] bases the entire evolution process on the presence
of stress variations such as those reported by the researchers. The
model associates dislocation cell formation with a noise-induced
structural transition in a system far from equilibrium, where the noise
term reflects fluctuations in the stress experienced by mobile dislocations traversing a sample. Extensions of this model relate the stress
fluctuations to variations in the local dislocation density and generalize the two-component composite model to account for a continuous
spectrum of local dislocation densities and cell stresses. The dislocation cell elastic strain measurements provide striking experimental
support for the underlying assumptions of this model. — Vic Comello
REFERENCE
[1] P. Hähner et al., Phys. Rev. Lett. 81(12), 2470 (1998).
See: L.E. Levine1*, B.C. Larson2, W. Yang3, M.E. Kassner4, J.Z.
Tischler2, M.A. Delos-Reyes4, R.J. Fields1, and W. Liu5, “X-ray
microbeam measurements of individual dislocation cell elastic strains
in deformed single-crystal copper,” Nat. Mater. 5, 619 (2006). DOI:
10.1038/nmat1698
Author affiliations: 1National Institute of Standards and Technology,
2Oak Ridge National Laboratory, 3Carnegie Institution of Washington,
4University of Southern California, 5Argonne National Laboratory
Correspondence: *Lyle.Levine@nist.gov
M.E.K. and M.D.R. acknowledge support from the DOE Office of Basic
Energy Sciences (BES) and thank the National Center for Electron
Microscopy at LBNL for access to the TEM. Research at ORNL is supported by DOE BES, Division of Materials Sciences, under contract with
UT-Battelle, LLC. The XOR/UNI facilities on sectors 33 and 34 at the APS
are supported by the DOE Office of Science. 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. W-31-109ENG-38.
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Fig. 1. Superficial order seen at the surface of liquid gold-silicon
alloy could be exploited in nanotechnology. (Image courtesy of
Oleg Shpyrko; adapted by David Bradley)

B

y definition, there is no crystalline order in a liquid. But researchers from Harvard University, Brookhaven
National Laboratory, The University of Chicago, and Bar-Ilan University in Israel, using the ChemMatCARS
beamline 15-ID at the APS, discovered something rather unusual when they melted an alloy of gold and silicon: the surface of this material proved to be ordered and formed a crystal-like monolayer and a structure
seven or eight layers deep (Fig. 1). Such surface features might be exploited in fabricating nanoscale devices from
this novel alloy and could play a role in new theories of matter that explain some of the bizarre properties of this and
other composites.

Alloys often have very different properties than their constituent metals. Bronze, for instance, an alloy of copper and tin,
is much tougher than either metal alone. Alloys of other metals
made with semiconductor elements (such as silicon), however,
have become a focus of attention for materials scientists hoping to create new designer materials for nanotechnological
applications, such as gold-silicon systems for the self-assembly
of silicon nanowires. Because of the low melting point of this
material, it might also be useful for tightly bonding nanoscopic
components that will not melt at the operating temperature of
the device.
One of the reasons these new alloys are so intriguing is
because of their structure and physical properties. Gold is used
to make microscopic connections between components in integrated circuits, while silicon is well known as the stock in trade
of the computer chip industry.
Gold melts at about 1,063º C, and silicon at 1,412º C. Mix
82 parts of gold with 18 parts of silicon to make a new type of
alloy (Au82Si18), and the melting point of the composite plummets so that Au82Si18 melts at just 359º C. This in itself is not

particularly unusual. Other alloys have a eutectic melting point
well below the melting points of their constituent materials.
However, just how this material melts is enabling new insights
into the nature of matter.
This study shows that the behavior of Au82Si18 is different
from other alloys in a critical way. The group focused on the
surface of the molten alloy and found that unlike most liquids,
there is some long-range order among its constituent atoms. It
is as if the surface is frozen, but the bulk of the liquid remains
molten, forming a monolayer-thick crust on the surface. While
a liquid-like layer on a solid surface just below the melting point
is common, this inverse situation is much more unusual.
The researchers used a raft of x-ray techniques on the
beamline, including specular reflectivity, grazing incidence
diffraction, and diffuse scattering. Each technique exploited
the intense beams available at the APS and allowed the
team to extract key information about the positions of the
gold and silicon atoms close to the surface of the molten
alloy. The layering they observed in the alloy's surface
Continued on page 20
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S Y N T H E S I S A N D C H A R A C T E R I Z AT I O N
O F T H E N I T R I D E S O F P L AT I N U M A N D I R I D I U M

I

t has long been assumed that noble metals such as gold and platinum were too unreactive to bond to nitrogen
atoms and form nitrides. However, in 2004, the first platinum nitrides were synthesized, offering hope that if such
strong, hard metals could be made in bulk they could form longer lasting electronic, magnetic, or optical devices.
Researchers from Lawrence Livermore National Laboratory (LLNL), the Carnegie Institution of Washington, and
the Atomic Weapons Establishment, Aldermaston, using the HP-CAT 16-ID-B beamline at the APS, determined the
structure of platinum nitrides devised from first principles. This work provides a structural theory that jibes with experimental evidence, unlike earlier theories that predicted a zinc-blende structure or a fluorite structure. This work also
describes the first synthesis of iridium nitride.

Theoretically determined structures for metal nitrides showed
many failings. The zinc-blende structure, looking like a diamond
structure, was shown not to be able to exist under ambient conditions—it was not elastically stable, and the bulk modulus was a
factor of two less than the bulk modulus of platinum. The fluorite
structure was stable, but these researchers show that it did not
have the correct Raman spectra or bulk modulus.
Recently, the researchers have synthesized the nitrides at
LLNL by squeezing the metal and the nitrogen in a diamond anvil
up to 500,000 atmospheres and heating it to a synthesis temperature of at least 1600K for the iridium and 2000K for the platinum.
Raman spectra of the synthesized platinum compound
showed two intense and two weaker modes, which did not correspond to modes that would be expected if the platinum nitride had
a fluorite structure. Instead, the Raman spectra corresponded
more closely to a pyrite structure. The iridium nitride, in contrast,
had at least 11 modes, suggesting it has more atoms in the unit cell
and/or a less symmetric structure than the platinum nitride.
Angle dispersive x-ray diffraction was performed on the
nitrides at the HP-CAT beamline. The data acquired were vital to
correctly determine the respective structures. X-ray photoelectron
spectroscopy was performed at LLNL and yielded a stoichiometry
for both nitrides of 2 ± 0.5, i.e., a ratio of two nitrogen atoms to
every metal atom in the compound. Previous structures hypothesized just one nitrogen atom per metal atom.
Based on both the Raman spectra and the stoichiometry information, the authors assumed a pyrite structure for platinum nitride
and explored its behavior. This structure is cubic, with metal atoms
arranged in a face-centered cubic lattice in which there is a metal
atom at each corner of the cube with another metal atom at the
center of the face of each cube. Four pairs of nitrogen atoms fill in
each face.
Calculating the Raman spectra of this theoretical structure
showed four of the five modes with the calculated frequencies all
within 10% or better of the experimental values. The pyrite structure also is in equilibrium for a lattice constant of 4.79 Å, which is

Fig. 1. Diagram of the proposed pyrite structure of PtN2. Gray and
blue spheres represent platinum and nitrogen, respectively.

in better agreement with the experimental value of 4.8 Å than
the fluorite structure's 4.866 Å. In addition, the bulk modulus for
the new structure was calculated to be 347 GPa, significantly
higher than the values calculated for the fluorite structure, and
also significantly higher than the bulk modulus of platinum by
itself; 276 GPa. This constitutes further evidence that the theoretically predicted pyrite structure coincides well with experiment. Preliminary results from iridium nitride suggest that its
bulk modulus, too, is very large. With such a close correlation
between the theoretical and experimental Raman spectra and
bulk modulus, the researchers concluded that the pyrite strucContinued on page 20
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“Nitrides” continued from page 19
ture is a far more accurate picture of the newly created compound platinum nitride. As for the iridium nitride, while it has the
same stoichiometry, it appears to exhibit much lower symmetry.
— Karen Fox
See: Jonathan C. Crowhurst1*, Alexander F. Goncharov1,2,
Babak Sadigh1, Cheryl L. Evans1, Peter G. Morrall1,3, James L.
Ferreira1, and A. J. Nelson1, “Synthesis and Characterization of
the Nitrides of Platinum and Iridium,” Science 311, 1275 (3
March 2006). DOI: 10.1126/science.1121813
Author affiliations: 1Lawrence Livermore National Laboratory,

2Carnegie Institution of Washington, 3AWE, Aldermaston
Correspondence: *crowhurst1@llnl.gov

Use of the HP-CAT facility was supported by DOE Basic Energy
Sciences, DOE National Nuclear Security Administration, NSF,
Department of Defense Tank-Automotive and Armaments Command,
and the W. M. Keck Foundation. This work was preformed under the
auspices of the U.S. Department of Energy by the University of
California, Lawrence Livermore National Laboratory (LLNL), under contract W-7405-ENG-48 and was supported by the Laboratory Directed
Research and development office of the LLNL. 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. W-31109-ENG-38.

“Gold and Silicon” continued from page 18
extends three times deeper than any previously observed
surface freezing.
The researchers noted that at a temperature just above
the eutectic point, the alloy forms a single ordered layer just
one atom thick at its surface, beneath which the gold and silicon form ordered layer upon layer of atoms, down to a depth of
seven or eight layers. The origin of this unusual behavior—not
seen before in any metallic alloy—may lie in the fact that in the
solid state, the gold-silicon alloy does not display any order.
The alloy is a uniquely glassy structure in which the atoms cannot pack neatly together as they do in other metallic alloys to
form a crystalline state. However, on melting, the atoms gain
the necessary freedom to arrange themselves with some semblance of order, but only on the surface where bonding
between atoms is limited to the sides and below.
— David Bradley
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See: Oleg G. Shpyrko1,2*, Reinhard Streitel1, Venkatachalapathy S. K. Balagurusamy1, Alexei Y. Grigoriev1, Moshe
Deutsch3, Benjamin M. Ocko4, Mati Meron5, Binhua Lin5, and
Peter S. Pershan1, Science 313, 77 (7 July 2006).
DOI: 10.1126/science.1128314
Author affiliations: 1Harvard University, 2Argonne National
Laboratory, 3Bar-Ilan University, 4Brookhaven National
Laboratory, 5The University of Chicago
Correspondence: *oshpyrko@anl.gov
This work was supported by the U.S. Department of Energy grant DEFG02-88-ER45379 and the U.S.-Israel Binational Science Foundation,
Jerusalem. Brookhaven National Laboratory is supported by U.S. DOE
contract DE-AC02-98CH10886. ChemMatCARS Sector 15 is principally supported by NSF/DOE grant CHE0087817. 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.
W-31-109-ENG-38.

EXPERIMENT HALL

D OWN U NDER

A high-level Australian delegation, led by the State of
Victoria’s Treasurer and Innovation Minster John Brumby, visited
the APS in April 2006 to enhance the delegation's understanding
of the benefits of synchrotron science. The Australian Synchrotron Project, one of Australia’s biggest investments in R&D
architecture, will start operations in 2007. New Zealand, which is
also investing in the Australian Synchrotron, was represented in
the tour by New Zealand’s ambassador to the United States and
a federal minister.
The APS and the Australian Synchrotron
signed a Memorandum of Understanding on scientific collaboration in 2005 to enable researchers at both facilities to exchange
ideas and explore new experimental technology. Brumby noted
that he looks forward “to ongoing exchange between our two synchrotrons and to explore linkages with the Center for Nanoscale
Materials.”
In the photo—taken at the Center for Advanced
Radiation Sources (CARS) sectors (GSECARS, ChemMatCARS,
and BioCARS) at the APS—are, from left, Minister John Hargreaves, ACT Government; Minister John Brumby, Treasurer and Minister for Innovation, Industry and Regional Development, Government of
Victoria; Ambassador Roy Ferguson, New Zealand Ambassador to the United States, New Zealand Government; Minister Trevor Mallard, Minister
for Economic Development and Minister for Industry and Regional Development, New Zealand Government; P. James Viccaro, CARS Executive
Director and ChemMatCARS Principal Investigator; and Robert Rosner, Director, Argonne National Laboratory.
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EXPLAINING THIN-FILM FERROELECTRICITY
I N S T R O N T I U M T I TA N AT E

S

ilicon, with well-established fabrication capabilities and excellent electromechanical properties, is a favorite of
many industries. Not least of these are electronics manufacturers, who use silicon for large, high-quality, and
relatively low-cost wafers for semiconductor devices such as solar cells and avalanche diodes; the list is a
long one with connections to many industries. But on the occasions when another material is preferable to silicon, developers want to reap the benefits and experience of using silicon as the substrate. Researchers from the
National institute of Standards and Technology, Motorola Labs, Argonne, Ames Laboratory, and the Naval Research
Laboratory have uncovered surprising new information about how a potentially important material for electronics,
strontium titanate (SrTiO3), acts when it is grown as a thin film on silicon.

Intensity (arb. units)

Strontium titanate is one of a group of promising metal
oxide materials that could be used for computer memory or as
a more complex material whose structure and electronic properties are engineered. Bulk SrTiO3 is not ferroelectric (i.e., it is
not electrically polarizable), but thin films of SrTiO3 are ferroelectric at room temperature—hence their potential for electronic-memory devices. How and why the ferroelectric properties change are more complex questions. Previous research
used transmission-electron microscopy to image films and
interfaces, but questions still existed as to how perfectly the thin
film had been grown on the substrate. SrTiO3 films were meticulously grown at Motorola Labs; then both their in-plane and
out-of-plane lattice constants were measured at the APS.
The Si substrate has a face-centered cubic crystal lattice,
while the thin film has a cubic perovskite structure. The
researchers grew the film using a kinetically controlled sequential deposition process so that at the interface there was an
atom-by-atom registry between the substrate and thin film, with
no detectable amorphous SiO2, which would prevent coherent
registry between the film and substrate.
X-ray diffraction data were collected at the XOR/UNI 33BM beamline at the APS. The x-rays were 9.0-keV photons and
the data were collected using a four-circle diffractometer and a
Si(111) crystal analyzer.
The researchers found that at the interface in those films,
the in-plane lattice constant of the SrTiO3 is the same as that of
the Si substrate, although it begins to relax back to its normal
lattice constant after a few monolayers—about 20 Å (Fig. 1).
The film had a higher in-plane compressive strain than had
been previously attained with an enormous out-of-plane lattice
constant exceeding the prediction of the bulk elastic constants
of SrTiO3 by nearly 100%.
The researchers explained these results via density functional theory calculations. Additionally, they concluded that oxygen vacancies at the interface and hydroxide (OH) adsorbates
on the surface would be able to screen the electrostatic depolarization field and allow the ferroelectric distortion in these
ultra-thin films. — Yvonne Carts-Powell

SrTiO3(202)

10 ML
5 ML

1.92

1.96

2.00

2.04

Q (Si r.l.u.) (h =k)
Fig. 1. h=k scans along the Si110 direction for the 5 ML and 10 ML
films. The curves have been recorded at l~2.7 Si r.l.u. to isolate the
SrTiO3 diffraction from the Si substrate and have been scaled to
equal peak height.

See: J.C. Woicik1*, H. Li2, P. Zschack3, E. Karapetrova3, P.
Ryan4, C.R. Ashman5, and C. S. Hellberg5, “Anomalous lattice
expansion of coherently strained SrTiO3 thin films grown on
Si(001) by kinetically controlled sequential deposition,” Phys.
Rev. B 73, 024112, (2006).
Author affiliations: 1National Institute of Standards and
Technology, 2Motorola Labs, 3Argonne National Laboratory
4Ames Laboratory, 5Naval Research Laboratory
Correspondence: woicik@bnl.gov
Two of the authors (C.R.A and C.S.H.) acknowledge support from the
DARPA QuIST MIPR 02 N699-00 program. Computations were performed at the ASC DoD Major Shared Resource Center. 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. W-31-109-ENG-38.
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I S C A R B O N T H E K E Y TO I M P R O V I N G
THE EFFICIENCY OF FUEL CELLS?

D

o not throw away your batteries yet, but researchers are getting closer to pinpointing catalytic systems that
may improve the efficiency of direct methanol fuel cells. Using x-ray absorption fine structure spectroscopy
(XAFS) at the MR-CAT (10-ID) and PNC-CAT (20-BM) beamlines, a team from the University of Notre
Dame and Indiana University Northwest recently found that films produced by incorporating platinum (Pt)
nanoparticles onto single-walled carbon nanotubes (CNTs) produced catalytic activity an order of magnitude greater
than Pt particles fused onto spherical fullerenes (C60). Further exploration using XAFS revealed that it’s the structure
of the carbon support that accounts for this dramatic difference in the efficiency of the system.

The carbon support system itself, whether a sphere or a nanotube, has insignificant catalytic properties, but electrochemical
deposition of platinum nanoparticles—a common technique to
bind noble metals to carbon—changes the overall catalytic
activity of the system. Previous XAFS probes of platinum on
a carbon support confirmed the reducing potential and formation of platinum nanoparticles. The current study
used XAFS and electrochemistry measurements to
compare the structure and catalytic activity of platinum particles on two different carbon supports:
the spherical C60 and the CNT.
Continued on next page
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Fig. 2. Above: Pt nanocrystals deposited on C60 films undergo structural
changes during the catalytic process. Right: Fourier-transformed EXAFS spectra
of Pt–C60 as-prepared (black squares and fit) and after three cycles of
methanol oxidation (red) compared to Pt metal (green) and H2PtCl6 (blue)
standards.

mixture of methanol and sulfuric acid. The Fourier-transformed
XAFS spectra (Fig. 1) showed no change in the structure of the
Pt atoms in the CNT film, even after the 20 cycles and period of
aging, indicating the superior stability of this construct. The platinum ions in the Pt-C60 catalyst, however, showed dramatic
structural changes after exposure to the first three cycles of oxidation and reduced catalytic activity (Fig. 2). The peak in the
Fourier-transformed XAFS spectra at 1.9 Å disappears, and the
peak at 2.8 Å becomes more prominent, which suggests that a
significant fraction of Pt atoms—still in the form of Pt chloride
after electrodeposition—is reduced to metallic form after exposure to methanol oxidation.
Materials formed by fusing noble metals (such as platinum)
onto carbon supports are promising candidates in the production of direct methanol fuel cells, which may soon power
increasingly popular small hand-held devices. Given the
expense of noble metals, however, we need to determine the
most efficient and affordable systems. Techniques such as
XAFS can help determine, before further testing, which materials are the best candidates for use in direct methanol fuel cells.
— Elise LeQuire

Fig. 1. Opposite page: Pt nanocrystals anchored on carbon
nanotube films show a high degree of stability during the catalytic oxidation of methanol. Above: Fourier-transformed XAFS
spectra of Pt-CNT as-prepared (black squares and fit) and after
three cycles of methanol oxidation (red) compared to Pt metal
standard (green).

See: István Robel1, G. Girishkumar1, Bruce A. Bunker1*,
Prashant V. Kamat1, and K. Vinodgopal2, “Structural Changes
and Catalytic Activity of Platinum Nanoparticles Supported on
C60 and Carbon Nanotube Films During the Operation of Direct
Methanol Fuel cells,” Appl. Phys. Lett. 88, 073113 (2006).
DOI: 10.1063/1.2177354
Author affiliations: 1University of Notre Dame, 2Indiana
University Northwest
Correspondence: *bunker@nd.edu

C60 and CNT films were first deposited onto the surface of
optically transparent electrodes followed by electrodeposition of
Pt nanocrystals. The films were then subjected to multiple catalytic cycles of methanol oxidation in an electrochemical cell.
Although both systems showed increased oxidation current
during the first four cycles of methanol oxidation, values of the
peak currents indicated that Pt-CNT films had much higher catalytic activity than the Pt-C60 films.
To determine the structural changes that might explain the
large differences in catalytic activity, the team then observed
the films before methanol oxidation, after three cycles of oxidation, and after 20 cycles followed by a 48-h period of aging in a

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. W-31-109-ENG-38.
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T H E F L I P - F LO P S

OF

M

MAGNETITE

agnetite is one of the handiest substances humanity has ever discovered—it has been used for thousands of years because of its magnetic properties. Yet, some things about it are still mysterious.
Formerly classified as a ferromagnetic material, in which all of the magnetic atoms are aligned with each
other in perfect lockstep, it is actually ferrimagnetic: each iron magnetic ion is aligned in the opposite
direction to the next, yet with the magnetic moment in one ion stronger than in the other, so that an overall net magnetic moment is maintained. Magnetite undergoes a reorientation of its magnetization at the relatively low-temperature metal-to-insulator transition it displays, known as the Verwey transition. But examining processes in detail at the
specific magnetic sites could yield valuable clues as to what’s happening. That is what a research team from Argonne,
the University of Washington, and CSIC-Universidad de Zaragoza has done at the XOR 4-ID-D beamline at the APS.

In magnetite, the magnetic Fe ions are distributed both on
octahedral and tetrahedral sites, with the magnetic moments at the
octahedral sites antialigned with those at the tetrahedral sites. To
determine whether the postulated charge ordering within octahedral
sites is the mechanism behind reorientation of magnetization at the
metal-to-insulator transition, site-specific observations are needed.
The research team used a variation of the DANES (diffraction
anomalous near-edge structure) technique called MDANES (magnetic DANES) that can identify the nonequivalent magnetic sites by
using different Bragg reflections. By applying and reversing a magnetic field, the experimenters could observe the changes at the
sites and how they behave during magnetization reversal.
Two magnetite single crystals were studied at their (022) and
(222) Bragg reflections that separately probe the tetrahedral and
octahedral sites, respectively. Measurements of the MDANES
spectrum through the Fe K-edge resonance were made, with incident intensity detected by an ion chamber and diffracted intensity
by an avalanche photodiode. By changing the helicity of the circularly polarized x-rays, the MDANES signal can provide an asymmetry ratio (AR) that gives information about the magnetic moments of
the sample along both the incident and scattered wave vectors. The
team measured the Fe K-edge resonance MDANES and how it
changed with variations in the magnetic field. This provided the
equivalent of hysteresis loops for the different sites (Fig. 1).
Above the Fe K-edge, DANES measurements are hard to
interpret as a result of self absorption, but this effect is mitigated in
the differential measurement of the AR signal. Measurements at the
(222) and (022) Bragg reflections show quite different MDANES
spectra, but because MDANES depends on both chemical and
magnetic contributions, this difference may not be solely attributable to magnetic characteristics. To verify the different magnetic
properties of the nonequivalent sites, the experimenters also considered the field reversal loops obtained at the different Bragg
angles. These are undeniably different, with the tetrahedral (022)
sites displaying significant magnetic-field-dependent hysteresis and
the octahedral (222) sites showing far less hysteresis. The team
also found a great difference in the remanence-to-saturation ratios,
with values of ≈ 0.07 for the octahedral sites and ≈ 0.31 Oe for the
tetrahedral sites.

Fig. 1. Site-specific magnetic moment reversal loops for
octahedral and tetrahedral iron sites in a magnetite single crystal.

Along with the hysteresis differences between the tetrahedral and octahedral sites, the remanence-to-saturation ratios
indicate that the magnetization reversal mechanism in these
crystals involves a combination of coherent rotation of the magnetic moments and domain nucleation and growth. The
research team believes that further experiments along these
lines, perhaps at low temperature rather than room temperature, might reveal further secrets about magnetite’s magnetic
reversal properties. — Mark Wolverton
See: A. Cady1, D. Haskel1*, J.C. Lang1, Z. Islam1, G. Srajer1, A.
Ankudinov2, G. Subìas3, and J. Garcìa3, “Site-specific magnetization reversal studies of magnetite,” Phys. Rev. B 73, 144416
(2006). DOI: 10.1103/PhysRevB.73.144416
Author affiliations: 1Argonne National Laboratory, 2University
of Washington, 3CSIC-Universidad de Zaragoza
Correspondence: *haskel@aps.anl.gov
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. W-31-109-ENG-38.
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P R O B I N G R O O M - T E M P E R AT U R E
SPINTRONICS

D

ilute magnetic semiconductors (DMS) have attracted intense interest as potentially useful materials for
manufacturing spin-electronic (or spintronic) devices such as mass-storage hard drives for computers. To
fabricate these materials, ions with unpaired d electrons are doped into semiconductors in an effort to
induce spin polarization in the free carrier band. The availability of DMS materials that retain spin polarization at and above room temperature would make possible entirely new functionalities in microelectronics. Having
gained considerable insight into the prototypical low-temperature DMS—Mn-doped GaAs (Mn:GaAs)—scientists now
seek to understand how magnetism develops in doped oxide semiconductors. Certain magnetically doped transition
metal oxides exhibit ferromagnetism at and above room temperature, but the physical cause(s) remains highly controversial. Recently, a team of researchers from the University of Washington, Pacific Northwest National Laboratory,
and Argonne used the XOR/PNC 20-ID beamline at the APS to carry out spectroscopic measurements that help reveal
the connections between structure, composition, and ferromagnetic ordering in Co-doped ZnO (Co:ZnO).

Previous experiments indicated the existence of ferromagnetism in Co-doped ZnO
with high Curie points (the temperature below which magnetic
ordering can occur), which is a
prerequisite
for
practical
device
applications.
In
Mn:GaAs, the ferromagnetism
has been shown to be controlled by charge carriers, introduced by the Mn, that in turn
mediate exchange interaction
between the Mn spins. The situation in the doped oxides is
X-ray absorption data for 300-nm epitaxial Co0.09Zn0.92O/α-Al2O3(012): Co K-edge XANES (a)
much less clear, however. By
and EXAFS (b) radial distribuion after Zn diffusion and after air annealing, along with referindependently varying the
ence data for Co metal.
magnetic
and
electronic
dopant concentrations in ZnO
epitaxial films, the research team sought to understand how
reversion to the insulating, paramagnetic state as Zni diffused
high-Curie-point ferromagnetism depends on these quantities.
out to the surface, oxidized, and formed new layers of ZnO.
The electronic dopant was interstitial Zn (Zni) that was diffused
Significantly, the process was fully reversible over many cycles.
The magnetization, conductivity, infrared absorbance (a measinto the film after growth. Zni generates a shallow bound elecure of the Zni concentration), and Co2+ ligand field band
tron state in the gap, leading to partial n-type conductivity. A key
tool in the analysis was x-ray absorption spectroscopy, perabsorbance (a measure of the paramagnetic Co2+ concentraformed at beamline 20-ID.
tion) were measured as a function of treatment. Strong kinetic
An epitaxial film of 9% Co-doped ZnO was grown on a sapcorrelations were found between the Zni concentration and
phire substrate by chemical vapor deposition to a thickness of
both conductivity and saturation magnetization. The Co K-shell
300 nm. The sample was insulating and paramagnetic as
near-edge structure (XANES) showed statistically insignificant
grown. After exposure to Zn vapor, the film became n-type and
changes after Zn diffusion, indicating no detectable change in
Continued on page 26
ferromagnetic at room temperature. Heating in air resulted in a
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“Spintronics” continued from page 25

See: Kevin R. Kittilstved1, Dana A. Schwartz1, Allan C. Tuan2,
Steve M. Heald2, Scott A. Chambers2, and Daniel R. Gamelin1,*
“Direct Kinetic Correlation of Carriers and Ferromagnetism in
Co2+:ZnO,” Phys. Rev. Lett. 97, 037203 (2006).
DOI: 10.1103/PhysRevLett.97.037203
Author affiliations: 1University of Washington, 2Pacific
Northwest National Laboratory
Correspondence: *Gamelin@chem.washington.edu

Co2+

speciation. Co K-shell extended x-ray absorption fine
structure (EXAFS) showed identical scattering lengths before
and after Zn diffusion, and the scattering lengths were indicative
of Co at Zn sites (CoZn) in the ZnO lattice. Zn K-edge XANES
showed an increase in intensity at 9665 eV after Zn diffusion,
which may be characteristic of Zni.
Together, these data reveal a strong correlation between
the presence of Zni and ferromagnetism in Co:ZnO, and suggest that shallow bound donor electrons from Zni are important
in parallel alignment of the Co2+ spins. However, there are other
possible explanations that are currently being explored as well.
This work serves to highlight the utility of high-brightness synchrotron facilities in performing element-specific structural studies of materials in which subtle compositional changes may be
very important. Through such experiments, the intriguing properties of candidate DMS materials such as Co:ZnO might be
fully understood and harnessed for applications.
— David Voss and Scott Chambers

PINNING DOWN

C

This work was funded by the U.S. National Science Foundation (DMR0239325 to D. R. G.), the Research Corporation, the Dreyfus
Foundation, and the Sloan Foundation. Work at the Environmental
Molecular Sciences Laboratory (a national scientific user facility sponsored by the U.S. DOE’s Office of Biological and Environmental
Research and located at Pacific Northwest National Laboratory) was
supported by the U.S. DOE Office of Science, Division of Materials
Sciences and Engineering. 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. W-31-109-ENG-38.

THE

D E P I N N I N G CDW

harge density waves (CDWs) are an intriguing phenomenon that occurs in certain quasi-one-dimensional
metals. The electron density and the positions of the atoms in the crystal are periodically modulated at half
the Fermi wavelength. When an electric field is applied, these waves can slide through the crystal, producing collective charge transport via a mechanism originally proposed to explain superconductivity. But impurities can inhibit or “pin” the motion of the CDW, and the strength of this pinning varies with crystal thickness. Variations
in thickness that occur in some crystals and manifest themselves as physical steps on their surface can cause the bulk
CDW to tear or shear. Understanding how and when the CDW shears can provide insight into the elasticity and dynamics of these unusual electronic crystals. Researchers from the University of Wisconsin, Cornell University, and Argonne
probed CDW shear behavior in NbSe3 through the use of x-ray microbeam diffraction at XOR beamline 2-ID-D at the
APS. This work points to new methods for gaining an understanding of the dynamics of electronic crystals.
the a*-b* plane by an angle ϕ. This angle varies across the
width (and step) of the crystal, and if the crystal is rocked,
the angle and angular broadening can be measured, quantifying CDW shear.
The research team coupled this handy phenomenon to
submicron x-ray beams to examine how the CDW shears as
the applied electric field is increased from zero to the depinning
field ET and beyond. Nothing happens until the CDW depins at
ET, but then the diffraction profiles near the crystal step show
large changes. As the electric field increases above ET, the
center of the curves varies across the width of the crystal by up
to 40 mdeg, with the largest variation observed just above the
ET threshold.
When the rotation of the CDW wave vector (represented
as the ϕ angle peak position shift) is plotted as a function of
position across the crystal width (along the c* axis), the maxiContinued on next page

The experimenters measured the CDW shear strain profile
in two sample crystals of NbSe3, one 15-µm wide and 1.2-µm
thick, and one 12-µm wide and 1.4-µm thick. Each crystal featured a single large step running parallel to its b* axis, along
which CDW motion occurs. Because CDW shear is expected to
occur at scales of about 1 µm, x-ray microdiffraction, with its
submicron resolution, is especially well-suited for the study of
this phenomenon.
Depinning the CDW requires the application of an electric field larger than a threshold field, ET. Although pinning
arises from bulk impurities, the pinning strength and depinning field grow with decreasing crystal thickness when crystals are thinner than a few microns. In a crystal with a step
in thickness across its width, such as those used by the
experimenters, the CDW in the thicker side can shear from
the thinner, more strongly pinned side. This should produce
a rotation of the CDW wave vector, with the vector tilted in
26
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Fig. 1. Diagram upper left: X-ray microbeam setup for an NbSe3 crystal with a stepped cross section, showing the
relevant crystallographic directions. Momentum transfer is along the CDW transport direction (b*). Images upper
right: A decrease of the microdiffraction intensity, after depinning of the CDW and due to a loss of transverse
coherence. The graphs show the measure of the rotation of the CDW wavevector for a variety of electric fields,
and a variation of the microdiffraction intensity for the same set of electric field values. ET is the field at which
CDW depins.

mum ϕ angle rotation occurs near the crystal step. No wave
vector rotations are seen near the crystal edges, thus ruling out
CDW pinning by crystal surfaces. By fitting this data and comparing them with previous electric transport measurements of
CDW shear, the research team was able to estimate the CDW’s
shear modulus as G = 1.8 x 107 N/m2, approximately 50 times
smaller than the CDW’s longitudinal modulus.
By performing direct measurements of CDW shear strain
profiles, the research team has provided a unique demonstration of the capabilities and resolution of x-ray microbeam diffraction at the APS microdiffraction facility. Their work suggests
applications of microbeam diffraction in other collective phenomena such as superconductivity and ferromagnetism.
— Mark Wolverton

See: A.F. Isakovic1, P.G. Evans2, J. Kmetko1, K. Cicak1, Z. Cai3,
B. Lai3, and R.E. Thorne1*, “Shear Modulus and Plasticity of a
Driven Charge Density Wave,” Phys. Rev. Lett. 96, 046101
(3 February 2006). DOI: 10.1103/PhysRevLett.96.257801
Author affiliations: 1Cornell University, 2University of
Wisconsin, 3Argonne National Laboratory
Correspondence: *ret6@cornell.edu
This work was supported by the NSF (DMR 04-05500). Sample mounts
were prepared using the Cornell Nanoscale Facility, a member of the
National Nanotechnology Infrastructure Network, which is supported by
the National Science Foundation (Grant No. ECS 03-35765). 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. W-31-109-ENG-38.
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I N T E R FA C E E F F E C T S I N M A G N E T I C
O X I D E S U P E R L AT T I C E S

S

tudies of the interface between two materials have a rich history of revealing new physics that is not present
when either constituent material is studied by itself. The most ubiquitous application of this research is the
transistor, which spearheaded the advent of the electronic revolution. On the other hand, magnetism is the
basis for many present, near-term, and future technologies, including hard drives, next-generation memory
systems such as magnetic RAM, giant magnetoresistance RAM, and spin-dependent tunneling memory. The drive for
these new technologies, coupled to past success in interfacial physics, led scientists to look toward atomic-scale-precision methods for the manufacture of high-quality layers of different semiconducting magnetic oxide materials that
can be stacked to form superlattices. Suitable candidates for stacking are cuprate and manganite oxides, whose
valence electrons are subject to strong magnetic interactions, and whose interfacial magnetization coupling would naturally have a significant effect on the transport of currents. In recent years, high-quality cuprate-manganite superlattices have been prepared and their bulk magnetic characteristics recorded, but the microscopic mechanisms underlying these observations have remained largely unexplored. Now, researchers have used both x-ray magnetic circular
dichroism (XMCD) and neutron reflectometry to obtain the first detailed microscopic picture of the magnetic landscape
along the superlattice plane, revealing intriguing new insights into the subtle interplay between ferromagnetism and
superconductivity at the interface.

(a)

The XMCD experiments were carried out at the XOR
4-ID-C beamline at the APS, and beamline ID08 of the
European Synchrotron Radiation Facility. The resulting spectra
are illustrated in Fig. 1(a). These spectra correspond to a
superlattice of alternating, 100-Å-thick, c-axis oriented layers of
YBa2Cu3O7 (YBCO) and La2/3Ca1/3MnO3 (LCMO), and were
taken at the resonant 2p → 3d transition L2,3 edges. They show
a clear difference in absorption between right and left circularly
polarized x-rays, and thus provide definitive evidence of a
small, induced magnetic moment on Cu in the YBCO layer near
the interface with the LCMO. This was surprising because,
while manganite layers are known to undergo a ferromagnetic
transition at a temperature of around 180K, cuprates never
exhibit ferromagnetism.
To investigate the origin of the ferromagnetic polarization
of Cu, additional XMCD measurements were made over a wide
range of temperatures at both Cu and Mn edges, and as illustrated in Fig. 1(b), the striking similarities in the temperature
dependence of both the Cu and Mn signals indicate the magnetic moment of the Cu is a result of the strong coupling
Continued on page 31

(b)

Fig. 1. X-ray magnetic circular dichroism spectra. (a) Core-level
absorption XMCD signals for Cu (red) and Mn (blue). Note that the Cu
signal has been magnified by a factor of 10 for the sake of comparison. (b) Temperature dependence of Cu and Mn XMCD signals compared to bulk magnetization (green), normalized to the value of the
dichroism on Mn.
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X- R AY A N A LY S I S F O R B E T T E R
O P T I C A L S TO R A G E M AT E R I A L S

M

aterials called “chalcogenide glasses” have been at the forefront of a revolution in optical data storage.
Of special interest is the compound Ge2Sb2Te5 (GST), which exhibits the very useful ability to switch
reversibly between amorphous and crystalline phases on exposure to light or electrical pulses. Because
the properties of these phases are different and can represent data bits, GST is being studied for datastorage-device applications. To engineer optimum switching performance, however, materials scientists seek a
detailed understanding of the mechanism responsible for the amorphous-crystalline transition. Recently, a team of
researchers from North Carolina State University and the Colorado School of Mines used the MR-CAT 10-ID beamline at the APS in conjunction with powerful theoretical tools to study the bonding mechanisms in the amorphous phase
of GST. Their results underscore the ability of high-brilliance x-ray beams, such as those from the APS, to provide
atomic-scale measurements for clarifying phase transition mechanisms of technological interest.

Samples of GST were fabricated by radio frequency sputtering 2.7-µm films onto aluminum foils. The foils were sectioned into 10 mm x 4 mm pieces and stacked to create layered
specimens with a total thickness of 22 µm. Extended x-ray
absorption fine structure (EXAFS) spectra were obtained at
MR-CAT beamline 10-ID. Spectra near the K edges of Ge, Sb,
and Te were collected in transmission moder. Fitting of the
Fourier transformed spectra was carried out with standard
analysis codes to yield atomic bond distances and coordination
numbers consistent with tabulated values.
These measurements were analyzed in the context of
bond constraint theory, which provides a framework for characterizing amorphous materials in much the same way that periodicity serves to characterize crystalline materials. In this theoretical picture, a material is good for forming glass if the average number of constraints (that is, stretching or bending
motions) per atom is equal to the dimensionality of the amorphous network. Atoms are constrained to remain where they
are unless energy is provided to stretch or bend the bonds that
hold them in place, and bond constraint analysis quantifies this
concept. Materials that are either too constrained (stressed and
rigid) or not constrained enough (floppy) will not be good candidates for easily switched structural transitions. Structural
probes such as EXAFS can be used to construct a detailed picture of the bonding arrangements for each of the atoms in GST.
When the average constraint numbers for each of the constituent atoms are added together, the result is a total of 3.07,
which is in good agreement with the dimensionality of the network D = 3.
Bond constraint analysis based on the EXAFS results
shows that GST is an intermediate region of the ternary phase
diagram where entropy effects in the amorphous phase and
enthalpy effects in the crystalline phase balance out to allow
reversible transitions. With this information, it should be possible to fine tune the GST composition for optimum switching.

?

Fig. 1. The two phases of GST that are used for data storage. The
lower, amorphous phase consists of Ge2Te3 units and Sb2Te3 units
interconnected by an amorphous tissue of two- and three-fold
coordinated Te. The upper diagram shows the well-characterized
crystalline phase.

The findings show the value of detailed atomic-scale measurements in elucidating phase transition mechanisms of technological interest, especially when the measurements can be performed at high-brightness third-generation synchrotrons such
as the APS. — David Voss
Continued on page 31
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NONEQUILIBRIUM PROCESSES
IN PULSED LASER DEPOSITION

P

ulsed laser deposition (PLD) is a powerful and widely used method for growing thin films and multilayered
materials. It offers simplicity of use and—because the chemical structure of the deposited thin film matches
the chemical structure of the target material—the ability to preserve the stoichiometric relationship between
deposited film and target material. Applications of PLD include production of superconducting and insulating
circuit components, magneto-optic storage devices, multilayer x-ray optics devices, and protective and insulating coatings on vulnerable components. But even though PLD enjoys widespread use, the underlying processes are not well
understood, making PLD a ripe subject for research. For example, collaborators from Oak Ridge National Laboratory
and the University of Illinois performed surface x-ray diffraction (SXRD) measurements at the XOR/UNI 33-ID beamline at the APS in order to analyze the two-layer growth behavior in PLD of strontium titanate (SrTiO3). Their results
show that extremely fast nonequilibrium interlayer transport processes dominate the deposition process over much
slower, thermally driven interlayer transport processes. The experiment performed by these researchers provides new
insight into the growth processes associated with PLD.

Generally, the PLD technique deposits a thin film onto
a substrate with the use of a high-power pulsed laser beam
that is focused inside a vacuum chamber. The laser beam
strikes a solid target whose material is quickly vaporized,
forming an energetic plume. The ejected species are then
deposited as a thin film onto a heated substrate that has
been positioned to face the target. The deposition occurs
from a mixture of neutral and ionized atoms, and molecular fragments with energies in the range from a few tenths
to a few hundred electronvolts.
This study demonstrates that PLD film growth is dominated by fast, nonequilibrium processes that occur during
the arrival of the laser plume on the growing surface.
Further, the collaborators show that much slower, thermally driven processes that are dependent on the dwell
time (pause) between consecutive laser shots play a negligible role in interlayer transport. In fact, the collaborators
obtained quantitative data showing that nonequilibrium
processes are at least three orders of magnitude faster
than thermal processes, which can be relegated to an
even lesser role with the use of shorter dwell times.
Prior to the experiment, the SrTiO3 samples were
etched in a buffered hydrofluoric acid solution (with a pH
around 5) for about 1 min and then annealed at a temperature that can range from 950º to 1,050º C. Atomic force
microscopy (AFM) was used to select samples with welldeveloped terraces for the growth experiments. These
samples were then annealed at 850º C in a 2 mTorr oxygen atmosphere. The growth experiments were performed
after the temperature had dropped to 650º C. At this temperature the intensity of the x-ray crystal truncation rods
levels off to around 8 x 105 counts per second (cps).
The SXRD measurements were performed at the 33ID beamline. A key advantage of SXRD is that it provides

Fig. 1. The AFM images represent an attempt to visualize what the x-rays
are “seeing.” The labels designate the dwell time and the substrate temperature. The images clearly show that low substrate temperatures and
short dwell times represent conditions conducive to layer-by-layer
growth. The color height scale and the height histogram on the right side
illustrate the distribution of material on the growing surface in term of half
unit cell (0.2 nm) increments.

for the direct recovery of surface coverage from measured intensities of
the reciprocal lattice rods. The collaborators used a monochromatic 10keV x-ray beam for real-time measurements in a PLD chamber configured for SXRD. Measurements of the diffracted intensity, which were set
at the specular (mirror-like) anti-Bragg reflection, were performed with an
Continued on next page
avalanche photodiode detector.
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“Interface Effects” continued from page 28

ing of the magnetic characteristics at the interface between ferromagnetic and superconducting oxides. — Luis Nasser

between the spins in the Cu and the ferromagnetic moment of
Mn across the superlattice interface.
In order to reconstruct the full magnetization profile, the
XMCD data were compared to specular neutron reflectivity
results previously obtained from the same samples: these
measurements showed that there was a 10-Å region of LCMO
with a suppressed magnetic moment that was anti-ferromagnetically coupled to an appoximately 1-cell-thick spin-polarized
region of YBCO. By assuming that every Cu atom carries a
localized magnetic moment on the order of a Bohr’s magnetron,
the investigators were further able to estimate that the magnitude of this antiferromagnetic interaction is about 0.2-0.4 times
the size of the nearest neighbor Cu spin coupling within a copper oxide layer.
This detailed microscopic description of the magnetic and
electronic structure at the interface is believed to be the first of
its kind, and provides valuable information for the understand-

See: J. Chakhalian1,2*, J.W. Freeland3, G. Srajer3, J. Strempfer1,
G. Khaliullin1, J.C. Cezar4, T. Charlton5, R. Dalgliesh5, C.
Bernhard1, G. Cristiani1, H.-U. Habermeier1, and B. Keimer1,
“Magnetism at the interface between ferromagnetic and superconducting oxides,” Nat. Phys. 2, 244 (April 2006).
DOI: 10.1038/nphys272
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“Nonequilibrium” continued from page 30

ical studies can be used to generalize PLD growth kinetics in
the form of new scaling relationships, along with the potential to
customize film properties and surface morphology.
— William Arthur Atkins

In order to compare the rate of nonequilibrium and thermal
processes, the collaborators studied the SXRD transients using
a time resolution of microseconds. Analysis of AFM images of
films of different thickness (Fig. 1) grown under a variety of conditions showed that surface roughness is restricted to only two
layers. Once this was identified, the collaborators found that,
within the framework of the two-layer coverage model, the
majority of the deposition occurs during the arrival of the plume
and only a relatively minor fraction is transferred into the lower
layer by slow thermal equilibrium processes. With a time frame
for interlayer transfer on the order of microseconds or less, the
collaborators could directly confirm that nonequilibrium
processes dominate PLD growth.
Because PLD growth takes place primarily by extremely
fast nonequilibrium processes, shorter dwell times can be used
to suppress the slower thermal transport components. When
shorter dwell times were used, the collaborators found that
laser-driven completion of the layers dominated the growth
process, resulting in smoother surfaces.
Guided by the detailed and quantitative results produced in
these experiments, the collaborators are confident that theoret-

See: J.Z. Tischler1, Gyula Eres1*, B.C. Larson1, Christopher M.
Rouleau1, P. Zschack2, and Douglas H. Lowndes1,
“Nonequilibrium Interlayer Transport in Pulsed Laser
Deposition,” Phys. Rev. Lett. 96, 226104 (2006).
Author affiliations: 1Oak Ridge National Laboratory, 2Argonne
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Engineering, Office of Basic Energy Sciences, US Department of
Energy, under Contract No. DE-AC05-00OR22725 with Oak Ridge
National Laboratory, managed and operated by UT-Battelle, LLC. The
XOR/UNI facility is supported by the U.S. DOE through the Frederick
Seitz Materials Research Laboratory at the University of Illinois at
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PROBING THE PROMISE
OF ARTIFICIAL MANGANESE FILMS

S

pinel ferrite materials, which hold great promise for electronics applications, have inspired considerable
enthusiasm among engineers and designers in recent years. The handy ferri- and ferromagnetic properties
of these materials stem from their unique atomic structure, particularly in the case of one of the most popular: manganese ferrite (MFO). Although MFO (MnFe2O4) shares the same structure as the spinel mineral, the
distribution of manganese and iron ions in its unit cell can vary depending on how the MFO is formed, and these variations affect the particular magnetic characteristics of the sample. Although the advent of techniques such as laser
ablation deposition offer ways to create ferrites customized for specific uses, the potential of such “artificial” ferrites
is limited without some means to characterize and thus accurately control the fine atomic structure of the material.
Without knowing what ions are going where—not to mention other vital information such as bond distances and cation
valences—there’s no way to “tune” artificial ferrite growth to obtain the desired qualities. Now a research team from
Argonne, Northeastern University, the Institute of Metal Physics, and Nankai University has developed a means of
probing site-specific structures in MFO films. Using DAFS (diffraction anomalous fine structure) spectroscopy at the
XOR 4-ID-D beamline at the APS, the team was able to resolve local structure in inequivalent sites of the Mn unit cell.

While there are many ways to peek inside the local unit cell
structure of ferrites, not all are very effective when dealing with
spinel ferrites, in which absorbing atoms are found in different
and inequivalent sites. Because of this quirk of spinel structure,
even a versatile tool such as EXAFS (extended x-ray absorption fine structure) spectroscopy is of only limited use, because
of the overlapping of EXAFS signals from the inequivalent
sites. With DAFS spectroscopy, diffracted intensity can be
measured from a carefully chosen set of Bragg peaks, avoiding
the overlapping signals and allowing a clear picture of structure
at the local site level. Although DAFS has been used previously
to examine charge ordering in some spinel ferrites, these
researchers are the first to use the technique to study fine
atomic structure in MFO films. Because the proper methods of
reliably reducing DAFS data are a controversial question, the
experimenters verified their data by measuring at several different Bragg peaks for consistency and checking averaged DAFS
data with EXAFS measurements.
The team created MFO films under nonequilibrium conditions to allow variations in site-occupancy ratios, with an alternating target laser ablation deposition technique, followed by
DAFS measurements at the APS. A fast avalanche photodiode
was used to measure diffracted peak intensity from the (111),
(222), and (422) reflections in the 6,300-ev to 6,900-eV energy
range, i.e., around the Mn K-absorption edge. The EXAFS
spectra measured in fluorescence were used for absorption
corrections and confirmation of the DAFS results.
In the mixed spinel structure of the MFO unit cell, Mn and
Fe are arranged among 8 tetrahedral sites and 16 octahedral
Continued on page 34

Fig. 1. Diffraction anomalous fine structure at the (222) reflection
probing octahedral B sites. Increasing the oxygen pressure in the
deposition chamber during sample growth enhances the presence
of Mn ions at B sites. This results in increased DAFS intensity at the Mn
K-edge resonance and a simultaneous decrease in intensity at the
Fe K-edge resonance.
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A C LO S E R L O O K AT T H E C e T e 3
C H A R G E D E N S I T Y W AV E

C

harge density waves can be complicated. In their organized (or commensurate) form these waves are
locked onto an underlying crystal lattice. But they can also be incommensurate, the wavelength of the
charge density having no relationship to the underlying lattice. These incommensurate charge density
waves (IC-CDWs) can provide a handy tool for understanding important properties—such as electron-lattice coupling—of one- and two-dimensional metals, but they’re not necessarily the easiest phenomenon to pin down
or quantify. They can show up either as uniform incommensurate modulations throughout a sample, or they can be
divided into domains containing locally commensurate waves with distortions (the discommensurations) in the waves
at the boundaries. Various experimental techniques (including photoemission spectroscopy and nuclear magnetic resonance) can help to distinguish between uniform and discommensurate IC-CDWs, but quantitative data are difficult to
obtain with these modalities. A team of researchers from Michigan State University tried a different tactic: using an
atomic pair distribution function (PDF) technique to determine atomic displacements in CeTe3 through x-ray diffraction
studies at the MU-CAT 6-ID-D beamline at the APS. Their work has afforded new information about the heretofore
inaccessible commensurate domains of an IC-CDW, while proving that the CDW in CeTe3 is discommensurated rather
than uniformly incommensurate.

The key to the team’s new approach is the
difference between the atomic displacement data
obtained through crystallographic techniques and
that determined from the PDF technique. In discommensurated CeTe3, the structure of local
domains deviates from the overall average
observed crystallographically, and PDF can give
quantitative data on the local atomic displacements. The IC-CDW state of rare-earth Te materials is remarkably stable and simple, making these
substances particularly well-suited for this sort of
study.
The PDF of a system is simply defined as the
probability of finding one atom or particle at a particular distance, r, from another atom or particle.
In undistorted CeTe3 at room temperature, the
PDF curve peaks at about 3.1 Å, but shows a
shoulder feature on the low-r side of the curve,
which is also present on curves derived from distorted crystallographic and local structure models
and results from Te-Te bond lengths in the square
Te net of the crystal structure. By refining these
Te-net distortions in the PDF calculations for 2.5
< r < 6.37 Å (with rmax = 6.37 Å), the experimenters were better able to fit the calculated and
experimental PDF data.
This refined picture of the local atomic structure reveals that Te-Te bond lengths are distributed into both short and long distances, unlike the
Continued on page 34

Fig. 1. (a) uniform vs. (b) discommensurated incommensurate charge density
waves. The colored circles indicate schematically the position of bonds in the
underlying lattice, and the sinusoidal waves the conduction-electron charge
density distribution. The color of the circles indicates the length of the bond, with
dark colors being shorter bonds and light colors, longer bonds. In the case of the
uniform wave the phase of the CDW with respect to the lattice, which modulates the bond-length, varies continuously giving rise to a broad distribution of
bond-lengths. In the discommensurated case, the wave is locally in-phase with
the lattice, with “phase-slips” or discommensurations. In a PDF measurement, the
former results in a broad Gaussian distributed peak and in the latter case a
bimodal peak, as shown by the actual experiment.
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“Manganese Films” continued from page 32
ganese ferrite films grown under nonequilibrium conditions.
While further experiments are necessary to determine whether
the observed characteristics are due only to these growth conditions or are also present in bulk crystals, the team has shown
that DAFS is a valuable addition to the arsenal of available
techniques for examining fine atomic structure.
— Mark Wolverton

sites, which the experimenters refer to as A and B sites, respectively. The team used an iterative Kramers-Krönig algorithm to
solve the local structure for the inequivalent A and B sites. They
found that most of the Mn cations, approximately 80%, prefer
the tetrahedral A sites, with the remaining 20% occupying B
sites, demonstrating a strong preference on the part of the Mn
cations for the tetrahedral sites. Also, the Mn-O first-shell bond
distance is considerably greater than the corresponding Fe-O
bond distance in the A sites, while almost no change in B-site
bond distances is found. However, the effective coordination
number in the first oxygen shell Mn octahedral B sites is greatly
reduced. Because the ionic radius of Mn is larger than that of
Fe, the expansion of the Mn-O bonds at A sites isn’t unexpected, but curiously, a similar expansion of bond distances in
the B sites is not seen. The researchers conclude that this is the
result of two processes: expansion due to the larger Mn ionic
radii and contraction because of the reduced coordination, creating a greater degree of covalency in the Mn-O bonds at B
sites.
The research team’s work demonstrates the usefulness of
DAFS for resolving the local atomic structure of artificial man-
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“Charge Density Wave” continued from page 33
commensurate domains of an IC-CDW, while also proving that
the CDW in CeTe3 is, in fact, discommensurated rather than
uniformly incommensurate. This more precise and quantitative
technique promises to provide greater insight into the intricacies of incommensurate charge density wave systems and the
secrets they hold about the underlying mechanisms in these
interesting materials. — Mark Wolverton

symmetric, Gaussian bond-length distribution of the crystallographic model. Typically, this behavior would be seen as
oligomerization within a commensurate structure, when Te
forms bonds and nonbonded interactions with neighboring
atoms. But because in this experiment the average CDW modulation is known to be definitely incommensurate, this observation provides compelling evidence that the structure of the
incommensurate state of CeTe3 is a combination of locally commensurate domains that are separated by discommensurations.
The researchers also studied the exposed Te net of a
CeTe3 crystal with scanning tunneling microscopy (STM),
obtaining Fourier transforms of CDW images that display extra
peaks around the fundamental peak. These results supported
the discommensurated nature of the CDW.
Discommensurations have been observed before from
other local probe experiments such as NMR and photoemission; however, this is the first time that the nature of the Peierls
distortion—the local atomic displacements occurring as a result
of the CDW—could be determined quantitatively. The team’s
work has opened a window into the previously inaccessible
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FIRST LIGHT

FOR

LS-CAT

At 10:24 a.m. on June 27, 2006, two x-ray beams from dual canted
undulators drilled twin channels into a block of acrylic. The Life
Sciences Collaborative Access Team (LS-CAT) marked its first step
toward emerging as the newest structural biology sector at the APS.
The LS-CAT is a member-based collaborative access team that
includes the University of Michigan, Michigan State University, the Van
Andel Research Institute, Wayne State University, Northwestern
University, the University of Wisconsin at Madison, Vanderbilt University
Medical Center, and the University of Illinois at Urbana-Champaign.
The LS-CAT will operate four experiment stations for x-ray crystallography using two insertion devices (IDs). The first of the four will provide a highly tunable, focused beam using one of the IDs, while the
remaining three stations will split the beam from the second ID to provide fixed-energy (or slightly tunable) capabilities.
Contact: Keith Brister (k-brister@northwestern.edu)

FIRST LIGHT

FOR

Keith Brister (Northwestern Univ.), manager of LS-CAT, displays the acrylic block
(left) that was used to record first light into
the LS-CAT 21-ID-D enclosure.

HERIX

The High Resolution Inelastic X-ray Spectrometer (HERIX, photo
at right) at APS sector 30 recorded its first spectrum in October 2006
during the commissioning phase. The sample was honey, which, due
to its high viscosity, produces a nearly delta-shaped peak (inset) that
can be used to study the instrument resolution at different scattering
angles. The broad wings on the sides are phonon excitations from the
20% residual water in the honey sample. HERIX, designed by an
Argonne group, is now a user instrument with beam time allocated for
general users. It works with up to nine analyzers in parallel with an
energy resolution around 1.6 meV. The flux at the sample position will
be 109 photons/sec in a spot of 30 x 10 µm.
Contact: Ercan Alp (eea@aps.anl.gov)

FIRST LIGHT

FOR

MERIX

The MERIX (Medium Resolution Inelastic X-ray Scattering)
Spectrometer (photo at lower right) was commissioned in NovemberDecember 2006 at the sector 30 beamline of the APS. The spectrometer was developed by a collaborative design team comprising scientists
and engineers from Argonne, Brookhaven National Laboratory, and
Western Michigan University. The MERIX spectrometer will be used for
the study of collective valence electron excitations in correlated electron
systems, primarily of transition-metal oxides.
The x-ray photon energy range of MERIX is 5-12 keV and the targeted energy resolution is ~100 meV, covering the K-absorption of
vanadium to zinc. A unique feature of the new MERIX spectrometer is
its ability to scatter both vertically and horizontally, thus enabling study
of polarization-dependent charge excitations.
The MERIX instrument is equipped with mirrors, providing microfocused beam on the sample—5 µm in the vertical direction and 40 µm in
the horizontal direction—enabling studies of small samples and samples under high pressure. The MERIX monochromator delivers to the
sample x-ray photons in the 70-meV- or 120-meV-energy bandwidths.
The inset shows the first spectrum taken at the Cu K-edge of CuGeO3.
MERIX is now a user instrument with beam time allocated for general users. Contact: Yuri Shvyd'ko (shvydko@aps.anl.gov)
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Above: The HERIX spectrometer outfitted with analyzers.
Below: Ayman Said (Western Michigan Univ.), Yuri Shvyd’ko,
Harald Sinn, and Ercan Alp (all of the Inelastic X-ray and
Nuclear Scattering Group in XSD) with the MERIX spectrometer. Not shown are group members Scott Coburn and John Hill
of Brookhaven National Laboratory, and Clem Burns of
Western Michigan University.
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T

he ability of Portland cement concrete—a mixture of cement, water, sand, and coarse aggregate—to resist
degradation when in contact with sulfate-containing environments is determined, for the most part, by the
composition of the cementitious materials and the water-to-cement (w/c) ratio. Although it is easy to manipulate these parameters during the mixing of cement-based products, it has been difficult to ascertain the best
combination to resist long-term damage from sulfate attack. Nevertheless, identifying the appropriate mixture to
ensure long-term sulfate durability has important economic, environmental, and safety considerations for a wide range
of industrial applications. Collaborators from the Georgia Institute of Technology, Northwestern University, and
Argonne National Laboratory used the XOR 1-ID beamline at the APS to assess the physical and chemical degradations of various combinations of cement mixtures. They affirmed that cement composition has a major impact on the
ability to resist sulfate damage and isolated several compositions that appear to be resistant to sulfate. However, additional research is needed to better understand the internal mechanisms involved with sulfate attack on cement.

Fig. 1. EDXRD measurements, obtained at APS beamline 1-ID, show composition depth profiles for Type I cement paste samples with
w/c ratio of 0.485. (left) Data are for an unexposed control sample. (right) Data are for a sodium-sulfate exposed sample after 52 weeks.
The legend serves both measurements and indicates the presence of ettringite, calcium hydroxide (CH), and hydrous monosulfoaluminate (in both 12-water and 14-water forms). As the scaling of the lines in the two plots has been chosen to best illustrate the spatial relationships between the various phases, it is not possible to quantitatively compare the amounts of the different phases within a plot or
between plots.
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When examining the influence of w/c ratio, samples with
the lower w/c ratio produced less expansion, as expected.
Average expansion was similar for both w/c ratios at the beginning of the measurement period, but the average length change
increased less rapidly for the lower w/c samples. Although
expansion data generally agreed with expected behavior with
changing w/c ratio, the physical damage measured in cylindrical
cement paste samples by microCT did not agree with expected
behavior. Although more severe damage—specifically, earlier
cracking and more rapid damage—was expected from the
higher w/c ratio, it actually occurred with the lower 0.435 ratio.
The authors ascribe this unexpected result to changes in extensibility and pore structure—with the lack of aggregate—at the
lower w/c ratio.
As expected, the introduction of sulfate to Type I samples
containing quartz aggregate particles (w/c of 0.485) were initially and progressively more damaging than a compositionally
similar sample without aggregate.
The integrated sulfate research program of the collaborators confirmed many currently held beliefs about the influence of
certain internal parameters at the beginning and during the progression of sodium sulfate attacks on Portland cement-based
materials. However, other results disproved the influence of certain parameters. Because of these discrepancies, the
researchers feel that further fundamental research is needed to
link the chemical, physical, and mechanical changes occurring
in cement-based materials during reactions with sodium sulfate.
— William Arthur Atkins

Because other techniques cannot give adequate information about the progression of sulfate attack, the collaborators
used two emerging x-ray characterization methods—x-ray
microtomography (microCT) and and depth-resolved energy
dispersive x-ray diffraction (EDXRD)—to measure microstructural characteristics of cement paste and paste/aggregate samples. In addition, expansion and change in compressive
strength were measured to complement the x-ray data.
To carry out their investigations, ASTM (American Society
for Testing and Materials) pastes of ordinary Type I and sulfateresistant Type V cements were prepared at w/c ratios of 0.435
and 0.485. They were cast as 1.2-cm-diameter cylinders for
microCT and EDXRD, 1.27-cm cubes for compressive strength
measurements, and mortar bars for expansion (according to
ASTM C 1012). To assess the influence of aggregate on the
damage propagation, single crystal quartz aggregate was introduced at a ratio of 0.20 by mass into the cylindrical samples.
After demolding at one day, the cylinders, cubes, and bars were
cured for two days in limewater at room temperature before
being placed in sodium sulfate solutions at 10,000-ppm sulfate
ion concentration. The solutions were changed weekly to maintain consistent concentration. Control (unexposed) samples
remained in limewater. MicroCT measurements used a Scanco
µCT 40 bench-top system with a 70-kVp x-ray tube, while
EDXRD measurements came from beamline 1-ID.
Overall, the collaborators found that cement composition
had a major impact on the ability of cement mixtures to resist
sulfate damage. As expected, Type V cement was found to be
better at resisting sulfate distress than Type I. Type V samples
showed less cracking, less expansion, and better retention of
compressive strength. Physical damage to Type V samples also
showed up later and was slower to progress than with Type I.
For Type I and V samples, an anticorrelation between potentially expansive ettringite (hydrous calcium aluminosulfate) and
gypsum was observed by using EDXRD in the ~1 mm nearest
the sample surface, suggesting the decomposition of ettringite
into gypsum. Cracking was also observed in this near-surface
region by microCT, although the cracks were typically detected
after gypsum formation was noted. The observations were not
entirely consistent with current understanding of the roles of
ettringite and gypsum formation and the associated damage
during sulfate attack. Thus, the researchers propose that further
research is necessary to better understand better these damage patterns.

See: N.N. Naik1, A.C. Jupe1, S.R. Stock2, A.P. Wilkinson1, P.L.
Lee3, and K.E. Kurtis1*, “Sulfate Attack Monitored by microCT
and EDXRD: Influence of Cement Type, Water-to-Cement
Ratio, and Aggregate,” Cement Concrete Res. 36, 144 (2006).
DOI: 10.1016/j.cemconres.2005.06.004
Author affiliations: 1Georgia Institute of Technology,
2Northwestern University, 3Argonne National Laboratory
Correspondence: *kkurtis@ce.gatech.edu
This research was supported by National Science Foundation (NSF)
CMS-0084824. The microtomography equipment was acquired under
NSF OIA-9977551. 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. W-31-109-ENG-38.
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W HEN S UPERALLOYS
A RE J OINED T OGETHER

A

superalloy (high-performance alloy) has the characteristics of superior mechanical strength and creep resistance (the ability to resist permanent deformation under long-term stress) at high temperatures, good surface
stability, and corrosion and oxidation resistance. These alloys are used in manufacturing for a wide range of
industrial applications, including those in the aerospace and marine industries. When welding with nickelbased (Ni-based) single-crystal superalloys, complicated interactions occur, such as displacements caused by thermal stresses in different areas of the weld. Gaining a better understanding (and control) of these so-called “dislocation interactions” is important information for manufacturers. To that end, researchers from Oak Ridge National
Laboratory used an XOR/UNI beamline at the APS to study the structural changes that occur in the welds of Ni-based,
single-crystal alloys. Their study shows that it is possible to retain the quasi-single-crystalline structure of Ni-based,
single-crystal superalloys under certain welding conditions.

The collaborators used polychromatic x-ray
microdiffraction (PXM), along with orientation
imaging microscopy, scanning electron
microscopy, and optical microscopy in order to
characterize structure formation in the superalloys. Data collection was performed using
microbeam Laue diffraction on the XOR/ UNI
34-ID beamline at the APS. The welds of two
Ni-based, single-crystal superalloys, RENE N5
and CMSX-4, were studied in order to research
the resulting physical processes occurring
within these weld joints. Because of the welds,
a complicated thermomechanical environment
is produced inside the weld joint during the
heating and cooling processes.
Fig. 1. Laue patterns demonstrate inhomogeneous plastic deformation in different locaThe base metal structure and the initial tions of the thermomechanical zone of the weld. Regions with a one (a) and two (b)
weld process determine the properties of the rotation axes are observed within each probed location.
weld. The base metal in both alloys has a
quasi-single-crystal dendrite structure. The movement of the
ture gradient. The result is three different regions of dendrite
weld pool through the sample during welding creates a thermogrowth direction within the weld.
mechanical region that forms the quasi-single-crystalline weld
Optical imaging microscopy analysis showed that in the
structure.
thin, near-surface region, the overall orientation change is
Upon cooling at the fusion line, nucleation of the dendrites
much smaller in the CMSX4 weld than in the RENE N5 weld.
(in the melted weld pool) takes place, thereby separating the
Synchrotron radiation PXM analysis revealed that in both
base metal within the heat-affected zone. The form of the fusion
superalloys, strong plastic deformation occurs in the fusion
line, along with the direction of the nucleating dendrites, is
zone and heat-affected zone at relatively large distances
determined by the direction of temperature gradient and the BM
(~1-2 mm) from the weld. As opposed to the near-surface oristructure.
entation distribution, the plastic deformation was much greater
While dendrites are forming, the angle between the denin CMSX4 than in RENE N5 because the weld in RENE N5
drite direction and the temperature gradient (at the solidification
retained a higher level of residual stress.
front) continuously increases. When the angular separation
Geometrically necessary dislocations densities were
between them reaches 45˚, the dendrite growth direction
nearly two times greater in the CMSX4 weld joint than in the
Continued on page 41
abruptly changes and becomes perpendicular to the tempera38
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E XPLORING S HAPE M EMORY A LLOYS

S

hape memory alloys (SMAs) are metals with a unique, almost magical capability: they “remember” their “original” shape. After a SMA is deformed, it regains its original geometry by itself when heated. This makes SMAs
tremendously useful for military, medical, safety, and robotics applications, to name a few. Their amazing
properties are due to a temperature-dependent transformation between two phases of the alloys. But development of SMAs has been hit-or-miss, and even the best SMAs suffer from three unfortunate features: they succumb
to fatigue too quickly; their transition occurs only within a tight temperature range; and they are subject to hysteresis,
which results in different transition temperatures when cooling or heating the material. A method for rapidly investigating properties of materials with “memory” (i.e., reversible structural phase transitions) has been developed by an international collaboration of researchers from six universities and research centers. With help from the XOR 2-BM beamline at the APS, the researchers discovered a promising area from which better shape memory alloys for medical,
electronic, optical, and other applications may spring.

A recently developed theory explains how shape memory
is related to the crystalline symmetry and geometric compatibility between two phases of the alloy: a Martensite and an
Austenite. The theory offers an explanation for the hysteresis
and suggests ways to reduce it. Also, because the energy
responsible for the hysteresis is stored in the material—creating defects that are prone to cracking—reducing the hysteresis
could reduce the material's tendency to fracture.
Generally, an Austenite has a face-centered cubic (FCC)
structure, while a Martensite has a similar but slightly distorted
crystalline structure. When an Austenite is cooled or stressed,
it undergoes a diffusionless shearing deformation to transform
to a Martensite; i.e., the bonds between atoms in the crystal lattice may change their lengths and direction but are not broken.
The researchers in this study performed a combinatorial
experiment to verify the theory and search for SMAs with
extremely small hysteresis widths. They discovered that a single parameter in the theory (specifically, the middle eigenvalue
of the transformation stretch tensor) has direct correlation with
the hysteresis width.
The theory can be used as a practical guide to develop
superior SMAs because its only inputs are lattice parameters,
which can be adjusted by changing the composition of alloys.
The combinatorial approach allowed the researchers to rapidly
map and track the lattice-parameter change across large compositional phase diagrams.
They developed a thin-film, composition-spread technique
in order to screen the lattice parameters and the thermal hysteresis of a variety of alloys made from copper, nickel, and titanium. In a vacuum chamber equipped with three sputtering
guns, they deposited thin films onto a wafer with a triangular
configuration to create a gridded natural gradient of each metal.
By adjusting the power applied to each gun and the distance
between the guns and the wafer, they were able to adjust the
amount of each metal in the resulting alloy.
Continued on page 40

(a)

© 2006 Nature Publishing Group

(b)

Fig. 1. X-ray-diffraction images and integrated patterns of
the spot with composition Ni35.4Ti62.9Cu1.7. The images were
taken at 135◦ C (a) and 0◦ C (b).
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“Shape Memory” continued from page 39

Alfred Ludwig6,7, Sigurd Thienhaus6,7, Manfred Wuttig1, Zhiyong
Zhang5, and Ichiro Takeuchi1,8, “Combinatorial search of thermoelastic shape-memory alloys with extremely small hysteresis
width,” Nat. Mater. 5, 286 (1 April 2006).
DOI: 10.1038/nmat1593
Author affiliations: 1University of Maryland, 2GE Global
Research Center, 3Argonne National Laboratory, 4Hirosaki
University, 5University of Minnesota, 6Caesar Research Center,
7Ruhr-Universitat Bochum, 8University of Maryland
Correspondence: cuijun@umd.edu

Then, they used synchrotron x-ray microdiffraction at
beamline 2-BM on the thin films to rapidly obtain diffraction data
that allowed them to perform a complete lattice parameter
analysis on all the different compositions in the samples. The
work would have required a year to complete if a standard x-ray
source were used.
Specifically, the researchers discovered a promising area
from which better shape memory alloys may spring. The work
also has broader implications in creating functional materials for
medical, electronic, optical, and other applications.
— Yvonne Carts-Powell

This work was supported by ONR-N000140110761, ONRN000140410085, NSF DMR-0231291, NSF DMS-0074043 and
MRSEC DMR-0520471. 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. W-31-109-ENG-38.

See: Jun Cui1,2*, Yong S. Chu3, Olugbenga O. Famodu1,
Yasubumi Furuya4, Jae. Hattrick-Simpers1, Richard D. James5,
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hermally grown oxides (TGOs) are essential to corrosion protection for structural materials operating at high
temperatures, such as in turbine blades. A common TGO is aluminum oxide, Al2O3, which forms naturally on
aluminum-containing alloys. However, strains can develop in TGOs, which can cause oxide cracking and,
thus, reduce their ability to resist corrosion. The possibility that large tensile strains could develop during the
growth process has not been appreciated in the past. Because of their importance for high-temperature materials
applications and for general insights into oxidation behavior, many scientists have tried to measure the growth of
stresses in TGOs formed on Fe-Cr-Al(Y) (iron-chromium-aluminum [yttrium]) alloys. Little success was reported until
collaborators from Argonne National Laboratory and Lawrence Berkeley National Laboratory used synchrotron radiation from the XOR/BESSRC beamline 12-ID at the APS to confirm an earlier study that large tensile stresses develop
spontaneously in α-Al2O3 when thermally grown on a Fe-Cr-Al(Y) alloy. The collaborators also found that creep (slow
flow of the oxide under high temperature or pressure) in the oxide relaxes (reduces) stress. These discoveries provide
a significant advance in the field of oxidation research.

The composition of the first-formed oxide,
(FeCrAl)2O3, closely corresponds to the FeCrAl(Y) base
material. Subsequently, aluminum oxide develops preferentially because it is more stable than chromium and iron
oxides. Eventually, Al2O3 becomes a continuous layer,
which forces a decrease in the oxygen pressure at the
metal-oxide interface. When the oxidation of Fe and Cr
has ended completely, the oxide forms Al2O3. The diluted
(Fe,Cr,Al)2O3—at a sufficiently high temperature—converts to a relatively pure α-Al2O3. During the early growth
process, tensile stress develops as (Fe,Cr,Al)2O3 converts to α-Al2O3.
Continued on next page
Fig. 1. Tensile strain resulting from composition change:
Evolution of (Fe,Cr,Al)2O3 (hematite) to α-Al2O3 (corundum); d-spacing contracts with oxidation time, causing
large tensile stress in constrained oxide.
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“Superalloys” continued from page 38

special thermal treatment to the base material. They also
agreed that there is a decrease in the probability of isolated
grains forming in the fusion zones. — William Arthur Atkins

RENE N5 weld. In both alloys, the most intense plastic deformation zones bordered the fusion line and the line of dendrite
orientation change within the fusion zone (Fig. 1).
In summary, a dislocation structure is formed during steady
melt zone movement in the thin Ni-based superalloy. The
researchers observed oscillations in the formed dislocation
structure, both at microscopic and macroscopic levels. While
the dislocations were forming, a partial or complete dissolution
of particles in the matrix also occurred, which was temperature
dependent. Macroscopically, the distribution of the dislocation
density is due to a symmetric temperature gradient that was
perpendicular to the direction of melt zone movement. Maximal
dislocation density correlates with the interface between the
heat affected and fusion zones.
Microscopically, oscillations of dislocation density were
also observed within the same macroscopic region. The average length of oscillations is related to local melting and solidifying conditions, and to dendrite size. The collaborators concluded that it is possible to improve weld quality by applying a

See: Oleg M. Barabash*, Rozaliya I. Barabash, Stan A. David,
and Gene E. Ice, “Residual Stresses, Thermomechanical
Behavior and Interfaces in the Weld Joint of Ni-based
Superalloys,” Adv. Eng. Mat. 8(3) (2006).
DOI: 10.1002/adem.200500239
Author affiliation: Oak Ridge National Laboratory
Correspondence: *barabashom@ornl.gov
Research sponsored by the U.S. Department of Energy Division of
Materials Sciences and Engineering, Office of Basic Energy Sciences,
and the ORNL SHARE user facility, under Contract DE-AC0500OR22725 with UT-Battelle, LLC. The XOR/UNi beamline 34-ID is supported by the University of Illinois at Urbana-Champaign, Materials
Research Laboratory (U.S. DOE, the State of Illinois-IBHE-HECA, and
the NSF), and by the Oak Ridge National Laboratory (U.S. DOE under
contract with UT-Battelle LLC). 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. W-31-109-ENG-38.

“Stress, Strain, and Creep” continued from page 40

sonably close to those observed in Y-doped bulk ceramic,
which is similar to the alumina TGO. Thus, tensile stress from
a changing oxide composition and creep relaxation are the two
main mechanisms controlling the level of strain.
The collaborators were the first to recognize this composition-change mechanism that causes large tensile stresses in
TGO alumina and, then, to model the strain behavior, including
the relationship between tensile stress and creep. This new
information will play an important role in learning more about
the formation of protective oxides on commercial structural
alloys. A better understanding of the behaviors of growth
strains in TGOs will allow for the development of improved protective oxides. In addition, the use of synchrotron radiation by
these researchers increased the accuracy of the study of oxide
growth processes that lead to strain generation. Further studies are recommended in order to distinguish among the mechanisms that result in strain generation or relaxation.
— William Arthur Atkins

In fact, during oxidation at 1,100º C, the tensile stress
increases until the oxide composition stabilizes at α-Al2O3.
Creep then overtakes tensile stress generation, and the stress
eventually decreases toward zero.
The collaborators based their study on a recent controversial x-ray diffraction (XRD) study by Peter F. Tortorelli et al. from
Oak Ridge National Laboratory (ORNL). Tortorelli et al. found
that very large tensile stresses—close to 1 GPa—developed in
the alumina TGO formed on a Fe-Cr-Al(Y) alloy. Using materials provided by ORNL, the collaborators confirmed the
Tortorelli results and identified the mechanism controlling this
behavior.
The collaborators placed FeCrAl(Y) (a base material for
commercial alloys) on a thin alumina shelf in an open-ended
horizontal tube furnace. A 21.6-keV x-ray beam from beamline
XOR/BESSRC 12-BM at the APS illuminated the sample while
it oxidized as it approached 1,100° C, and the material was left
for an additional 10 h at 1,100° C. An image plate detector
recorded the Debye-Scherrer diffraction ring patterns from the
growing oxide; from these patterns, strain measurements were
obtained.
The collaborators charted (Fig. 1) the evolution of
(FeCrAl)2O3 (hematite) to α-Al2O3 (corundum) via x-ray diffraction spectra, with d-spacing from the diffraction ring as a function of time. The average d-space contracts as the composition
dilutes. The effect of dilution is shown to be large enough to
cause a large tensile stress in the constrained oxide. However,
when they compared their findings to theoretical levels, the collaborators concluded that creep should also be taken into consideration. The collaborators found that creep rates were rea-

See: Boyd W. Veal1*, Arvydas P. Paulikas1, and Peggy Y. Hou2,
“Tensile stress and creep in thermally grown oxide,” Nat. Mater.
5, 349 (May 2006). DOI: 10.1038/nmat1626
Author affiliations: 1Argonne National Laboratory; 2Lawrence
Berkeley National Laboratory
Correspondence: *veal@anl.gov
This research was sponsored by the U.S. Department of Energy, Basic
Energy Sciences, Materials Science, under contract Nos. W-31-109ENG-38 and DE-AC03-76SF00098. 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. W-31109-ENG-38.
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I MAGING THE I NTERIOR OF A
H IGH -SPEED I NDUSTRIAL S PRAY

Fig. 1. Three-dimensional rendering
of the air-assisted coaxial spray in the
near-nozzle region with an air pressure of 137
kPa (corresponding to a Weber number of
approximately 380). The false color intensity represents
the liquid volume fraction, which was quantified for the first
time with x-ray phase-contrast imaging.
(Image courtesy of Francesco De Carlo [XSD]).
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W

e use paint sprays to cover all manner of surfaces, but our ability to optimize the sprayers themselves
has been quite limited. “Seeing” beneath the surface of the jet from a high-speed industrial paint
sprayer can yield important new information. Researchers and engineers from Argonne National
Laboratory and from Illinois Tool Works (ITW) Inc., of Glenview, Illinois, using extreme-brilliance x-ray
beams from the XOR 7-ID beamline at the Advanced Photon Source (APS), have captured the first images of the
highly transient multiphase spray flow just millimeters from a high-speed industrial spray nozzle, taking us one step
down the road toward improved high-speed industrial sprays.

High-speed sprays have many industrial and consumer
applications, such as surface finishing (paint and particle coating) and gas turbine combustion applications. These sprays
comprise a jet of liquid surrounded by a high-speed coaxial air
jacket that atomizes the liquid jet. For coating (or paint) applications, the liquid transfer efficiency of the spray materials has
a direct effect on how economically they can be used, as well
as a definite impact on the environment. In order to increase
the efficiency of industrial sprays and make them more environmentally friendly, we must improve them at the source: the
design of the spray nozzle.
Despite their multitude of uses, until now the fundamental
physics that governs the spray flow patterns and the droplet
deposition on the spray target have not been fully understood.
This is due, in large part, to a lack of information about the morphology of spray plumes close to the nozzle, such as liquid
breakup mechanism and spray mass distribution. Traditional
visualization tools, like visible-light-based imaging, have not
been effective, because light is scattered off the cloud of small
liquid droplets the way the beam from car headlights diffuses in
fog. Furthermore, most of the liquid materials in industrial applications (such as paint) are, by their nature, optically opaque.
And to date, theoretical and computational studies of the
sprays have proven to be extremely difficult, if not impossible,
to carry out.
The initial and boundary conditions for the simulation
model development of air-assisted sprays cannot be simply
obtained from conventional optical measurements in part
because these measurements do not normally yield quantitative information about the sprays. One has to know where the
sprays are and how they are atomized before one can do a
realistic transfer analysis to determine the effectiveness of
spray nozzle designs.
As an essential step towards developing the primary
breakup model in air-assisted sprays—and overcoming the difficulties in visible-light-based measurements—the ArgonneITW research team imaged the complex and transient multiphase spray flow just millimeters from a spray nozzle by using
a fast x-ray phase-contrast imaging technique made possible
by the intense x-ray beams from the APS. Owing to their weak
interaction with matter, x-rays can penetrate and image liquid
jets surrounded by a large number of small liquid droplets.

Intense x-ray beams from the APS made it possible to perform
the measurement in real time.
An off-the-shelf commercial air-spray gun was used to
generate continuous water sprays in air. The injection nozzle of
this spray gun consists of a central circular orifice for the liquid
and a ring-like air outlet. The high-pressure atomization air was
propelled through the air opening with a speed that can be
supersonic. The high relative velocity between the liquid jet and
the air stream can generate a highly unsteady turbulent multiphase flow and induce the breakup of the liquid jet. In the x-ray
images obtained at the APS the drastic effect of the highspeed, atomizing air and near-nozzle liquid mass density distribution was visualized for the first time (Fig. 1).
The x-ray experimentation at Argonne has already produced some intriguing discoveries. The research team found
that, unlike the case of a low-speed jet (such as the water from
a garden hose) where the breakup is mostly due to the surface
tension at the air/liquid interface, the breakup of high-speedspray jets can occur in the jet core, which causes sudden
decreases in liquid volume fraction, even within 1 mm from the
nozzle exit.
This first-ever visualization of near-nozzle high-speed
coaxial flows can be used to develop and validate liquid
breakup models and is indispensable for understanding downstream spray formation. The collaborative effort between
Argonne and ITW at the APS promises to have a major impact
on nozzle design, spray parameters, modeling, and simulation,
holding out the promise of improved industrial spray systems.
— Jin Wang & Richard Fenner
See: Y.J. Wang1, Kyoung-Su Im1, K. Fezzaa1, W.K. Lee1, Jin
Wang1*, P. Micheli2, and C. Laub2, “Quantitative x-ray phasecontrast imaging of air-assisted water sprays with high Weber
numbers,” Appl. Phys. Lett. 89, 151913 (2006).
DOI: 10.1063/1.2358322
Author affiliations: 1Argonne National Laboratory, 2Illinois
Tool Works Inc.
Contact: *wangj@aps.anl.gov
This work and use of the APS are supported by the U.S. Department
of Energy, Office of Science, Office of Basic Energy Sciences, under
Contract No. W-31-109-ENG-38.
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etallic glass is an amorphous metal: it does not crystallize when cooled from liquid to solid. Since crystallization does not occur, the atomic-scale structure is highly disordered, much like a liquid. This structure gives metallic glasses the unique properties of high strength and elasticity that make them ideal for
a wide range of applications, including military hardware and sporting equipment such as golf-club
heads. Because they are true glasses, metallic glasses soften when heated, rather than melt abruptly, making it easy
to form them into complex shapes. Scattering techniques have long been used to study the structure of amorphous
materials and to measure elastic strain in crystalline alloys. However, the ability to measure accurately elastic strain
in glasses was thought to be limited by the material's structural randomness, along with difficulties in collecting data
and analyzing it. Recent studies have shown that it is indeed possible to measure elastic strain in bulk metallic glass.
As a result, researchers from Johns Hopkins University and Argonne used the XOR 1-ID beamline at the APS to measure elastic strain on a bulk amorphous metallic alloy. This study shows that elastic strain in metallic glass can be measured accurately with high-energy x-ray scattering.

During uniaxial compression loading, the collaborators measured stresses of up to about 60% of the yield
stress (the critical point at which a material does not
return to its original shape when stress is removed). To
determine elastic strain, they used two methods: direct
measurements from normalized scattering data (in
reciprocal space) and indirect measurements from the
resulting pair correlation function.
To carry out their investigations, the researchers
made homogeneous alloy ingots of Zr57Ti5Cu20Ni8Al10
by melting repeatedly the pure elements with purified
argon in an electric-arc furnace. The ingots were cast
into uniform cylindrical rods. They were then cut and
polished to make specimens for compression testing.
The collaborators performed x-ray scattering in situ during loading in uniaxial compression using monochromatic high-energy x-rays at beamline 1-ID. A digital
image plate recorded the ring patterns (Fig. 1), which
were averaged from several x-ray exposures.
In scattering data, the elastic scattering intensity
I(q), a function of the magnitude of the scattering vector
q, is part of the total structure factor:

where N is the number of atoms and 〈f(q)〉 is the averFig. 1. Change in x-ray scattering between loading and unloading for a
specimen tested in pure shear. The distortion of the scattering rings reflects
aged atomic scattering factor for x-rays. For indirect
the principal strains (which are oriented approximately ± 45° from vertical).
measurements, the pair correlation function g(r) =
ρ(r)/ρo—where ρ(r) is the pair distribution function (r is
the distance from an average atom to the origin) and ρo is the
while the opposite action is observed in the transverse direcaverage atomic density—is obtained by Fourier transformation
tion: S(q) shows a peak shift to smaller q with increasing comof S(q).
pressive stress. Likewise, in the loading direction, the peak in
When parallel to the loading direction, S(q) shows a peak
g(r) shifts to smaller r with increasing compressive stress, and
Continued on next page
shift to larger q with increasing compressive stress (Fig. 2),
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the transverse data show the opposite trend. When comparing the
two measurements, the researchers found similar strain results for
lengths (r) greater than 4 Å.
The elastic modulus (which indicates stiffness of atomic bonds)
shows that the strain determined from the first peak in g(r) is only
slightly smaller in value than at higher r. The peak widths decrease
in the compression direction, and they increase in the transverse
direction but by a smaller amount. This result indicates that there is
a reduction in peak width with increasing load. The elastic modulus
was found to have values that were close to macroscopic measurements of similar metallic glasses.
The strain measured for atoms in the nearest-neighbor atomic
shell, however, was found to be smaller than for the more distant
shells. Therefore, the elastic modulus is larger. The effect was confined to the nearest-neighbor shell. The researchers suggest that
the difference in strain is due to the effects of anelastic atomic
rearrangements of atoms in topologically unstable regions of the
glass. The majority of atoms experience ordinary bond-stretching
events (explaining the strain in the first nearest-neighbor shell); the
anelastic rearrangements occur for only a few atoms, but they allow
the entire structure to relax (explaining the larger strain at larger distances).
The group also found a more uniform distribution of stresses in
the metallic glass during loading, indicating that the entropy of the
glass is reduced under loading. This finding suggests that the stiffness of metallic glasses has a contribution from entropic effects,
analogous to the effect of entropy on the stiffness of elastomers.
The ability to measure elasticity will be important for further
studies, such as accurate comparisons with computational models
of deformation of metallic-glass-matrix composites.
— William Arthur Atkins
See: T.C. Hufnagel1*, R.T. Ott1,2, and J. Almer3, “Structural aspects
of elastic deformation of a metallic glass,” Phys. Rev. B 73, 064204
(2006). DOI: 10.1103/PhysRevB.73.064204
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Fig. 2. Change in the structure factor S(q) in the loading direction
for a metallic glass under uniaxial compression. With increasing
stress, the main peak in S(q) (inset) shifts to a larger scattering
vector, q.
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APS

“Introduce a Girl to Engineering Day”
As part of Argonne’s fifth annual "Introduce a Girl to Engineering Day" (IGED2006),
a number of APS employees participated in the Lab-wide tours and demonstrations on
February 26 that gave 40 sixth-, seventh-, and eighth-grade girls from U.S. public, private, and home schools a first-hand look at the possibilities of careers in engineering and
science.
The young women then toured Argonne, with stops at the Soil Analysis
Laboratory, the Powertrain Facility, the Recycling Center, the Computer Access Grid, the
Argonne Tandem Linear Accelerator System, and the APS. In addition, each girl spent the
day with a personal Argonne mentor.
While at the APS, the students heard about
“Beethoven’s Bones” from Francesco De Carlo ( XSD) and “The World’s Brightest X-rays”
from Eric Landahl (XSD). Christa Benson, Anne Boron, Dana Capatina, Christy
Dannenberg, and Oliver Schmidt (all AES) served as mentors, interacting directly with the
students and answering a multitude of questions. Debby Quock (AES) and Mark Erdmann
(AES) participated in the lunchtime career Q&A panel session, which featured Argonne
Director Robert Rosner. Students’ impressions of the day included: “The tours gave me
a lot of information and I enjoyed them…, [Beethoven] was very cool….” “They were good
and gave us tons of info [about Beethoven]….” “The x-ray was really interesting but I wish
we could have ridden on the tricycles!....” And “I think the X ray is so cool!” The photo shows
De Carlo and some of the IGED2006 students gathered around a hands-on educational
exhibit in the APS atrium to learn about diffraction.

•

•
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W HEN T WO L IQUIDS M EET

W

hat happens when two liquids meet? Sometimes they mix, other times they remain quite distinct from one another. The question of what occurs at the interface between two liquids has
vexed researchers for decades, because understanding the nature of this interaction could provide important new information in biology, as well as improve analytical chemistry. Researchers
from the University of Illinois at Chicago; The University of Chicago; the University of California, Santa Cruz;
and Northern Illinois University have used the ChemMatCARS beamline 15-ID at the APS to carry out x-ray
reflectivity measurements from a liquid-liquid interface to obtain a clear view of exactly what occurs when two
liquids meet. Their findings suggest that for two electrolyte solutions, the behavior of liquids does not follow
the most well-known theory, on which earlier studies are based.
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< Fig. 1. Simulating the interface between water and nitrobenzene can reveal
the free energy of a single ion, depending on its distance from the interface.
By combining this value with the Poisson-Boltzmann equation, the researchers
could correctly predict the measured x-ray reflectivity due to the distribution of
ions near the interface.

Ion transport across cell membranes is a key process in all
living things and involves liquid-liquid interactions. Likewise,
preparation and separation of dissolved compounds from medical or environmental samples for diagnostics and testing can
always be improved as a result of new insights into how liquids
behave in even the most dilute sample.
The Gouy-Chapman theory, developed in the early twentieth century by Georges Gouy and David Leonard Chapman,
helps explain how charged particles (ions) behave near a flat
surface that is also charged. The theory provides useful
insights into how ions in solution interact with other charge carriers (such as colloidal particles) and so is important to electrochemists developing novel batteries, fuel cells, and electrochemical sensors. The extension of the theory to ions in solution interacting with the charged flat surface of an interface
between two liquids, however, has not been proved beyond
doubt.
Schlossman and his colleagues found that contrary to the
conventional wisdom, the Gouy-Chapman theory does not necessarily apply to the liquid-liquid interface. Their x-ray reflectivity studies on the interface between an aqueous and an organic
electrolyte solution deviate significantly from the predicted
behavior of ions in such a system. Indeed, the findings corroborate the suspicions of scientists carrying out theoretical studies and discrepancies in electrochemical measurements made
in the 1990s.
The Gouy-Chapman theory makes numerous assumptions. It suggests that (1) ions are effectively point charges, (2)
there are only electrostatic interactions occurring between colliding particles, (3) the electrical permittivity of the double-layer
interface seen between two interacting systems is uniform, and
(4) the solvent remains the same at the atomic scale. Almost a
century of research, while supporting Gouy-Chapman to a
degree, has gradually led to a breakdown of these assumptions
as sophisticated new experimental techniques, such as highresolution x-ray reflectivity, have become available.
Fundamentally, the new study reveals what some scientists have suspected all along: the assumptions made in the
Gouy-Chapman theory are only valid in the ideal case and that
real solutions and interfaces do not behave that way. The
researchers found that ion or solvent sizes do affect the behavior of two electrolyte solutions at their interface and there are
various interactions between particles other than simple
Coulombic electrostatic attractions and repulsions. The result is

ordering of ions and solvents at the interface that is simply
ignored in the Gouy-Chapman view.
The researchers also compare their findings with the predictions of several more modern theories of ions at interfaces.
Because the predictions of these other theories disagree with
their data, the researchers performed molecular dynamics simulations that charted the free energy of a single ion as it is
passed through the interface. This ion-free energy was then
used to modify the Poisson-Boltzmann equation, which underlies the Gouy-Chapman theory, to make predictions that
agreed with their experiments.
The researchers suggest that their studies will be applicable to studies of ion distributions near charged solid surfaces
(such as electrodes) and at the interface between a liquid and
a vapor. The research is also applicable to molecular biology,
where ions interact with the charged surface of biomolecules,
such as protein ion channels and receptors. In all of these situations it is anticipated that correlations due to the finite sizes
of ions and molecules will influence their arrangement and the
resultant local electric fields.
An immediate impact of this work is the indication that several decades of electrochemical studies, which utilized the liquid-liquid interface as a model system for reaction kinetics and
biomimetic phenomena, can be related directly to the underlying ionic ordering. Further studies of the sort undertaken by
these researchers will be required to make this connection.
— David Bradley
See: Guangming Luo1, Sarka Malkova1, Jaesung Yoon1, David
G. Schultz1, Binhua Lin2, Mati Meron2, Ilan Benjamin3, Petr
Vanýsek4, and Mark L. Schlossman1*, “Ion Distributions near a
Liquid-Liquid Interface,” Science 311, 216 (2006).
DOI: 10.1126/science.1120392
Author affiliations: 1University of Illinois at Chicago;
2University of Chicago; 3University of California, Santa Cruz;
4Northern Illinois University,
Correspondence: *schloss@uic.edu
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THE FUTURE: REWRITING THE
O F B R A S S M E TA L LU R G Y

he astrolabe was the most sophisticated astronomical instrument prior to the invention of the telescope. Used
to compute the movement of the stars and determine the time of day or night, astrolabes were fabricated
from thin plates of brass. Using non-destructive synchrotron techniques at XOR beamline 1-ID at the APS,
an interdisciplinary team of materials science researchers from Lehigh University and Argonne, and a historian at the Adler Planetarium & Astronomy Museum in Chicago, IL, explored brass components from a group of 17thcentury astrolabes as part of a larger study of 40 Adler astrolabes. Their findings, considered in the context of the
known history of metallurgy, allowed the team to push the date of a sophisticated brass-making technique back a couple of centuries, to give an astonishingly detailed glimpse of the craftsmanship of the time, and to gain insight into a
significant technological breakthrough in brass metallurgy.

To determine the composition of the brass alloy and
method of fabrication, the team used three synchrotron radiation techniques to study components from eight astrolabes
manufactured in and near Lahore, an ancient city in today’s
Pakistan. For this study, the non-destructive nature of the
experiments was of utmost importance. The Adler Planetarium
collection contains rare, indeed invaluable, specimens from all
regions where astrolabes were produced and from all ages
when they were produced.
Since Roman times, brass alloys were created using the
calamine—or cementation—process, in which metallic copper
was heated in a crucible along with charcoal and zinc
oxide/ore. The Lahore craftsmen were able to advance the
technology to a higher level thanks in part to a nearby source
of metallic zinc, which was much rarer than zinc ore.
The amount of zinc that can be absorbed by copper from
zinc ore is only about 32% or less by weight. Low-zinc, or
alpha-phase, brass is suitable for fabricating thin plates only
with great labor. A repeated series of hammering and annealing
steps is required to reduce a 10-mm cast plate to the desired
thickness of about 1 mm, a common dimension of the thin
plates used in making astrolabes.
The brass alloy found in the Lahore astrolabe components
contains both alpha and beta phases. In the beta phase, the
zinc content ranges from 33% to 46% by weight. A higher zinc
content changes the crystalline microstructure and composition
of the alloy. The rearrangement of atomic structure renders the
dual-phase alloy more malleable at a lower temperature and
allows hot forming, streamlining the process to one hammering
step.
Transmission x-ray diffraction analysis confirmed a higher
zinc content in the Lahore astrolabe components than is found

in brass produced in Europe and other parts of the world in the
17th century and earlier.
X-ray radiography probed the thickness of the alloy. Slight
variations in thickness support the hypothesis that the Lahore
plates were pounded into thin sheets by hand rather than
pressed in a (modern) rolling mill. X-ray fluorescence revealed
the detailed, near-surface composition of the alloy.
By shifting the composition of brass to a dual-phase alloy,
the Lahore craftsmen were able to improve the traditional technology and shorten the steps involved in fabricating thin brass
plates as early as 1601, nearly two centuries before European
metallurgists who, until this study on the Lahore astrolabes,
had been credited with inventing the technique.
— Elise LeQuire
See: B.D. Newbury1*, M.R. Notis1, B. Stephenson2**, G.S.
Cargill III1, and G.B. Stephenson3, “The Astrolabe Craftsmen of
Lahore and Early Brass Metallurgy,” Ann. Sci. 63(2), 201 (April
2006). DOI: 10. 1080/00033790600583162
Author affiliations: 1Lehigh University, 2Adler Planetarium &
Astronomy Museum, 3Argonne National Laboratory
Correspondence: *bdn2@lehigh.edu, **bstephenson@adlerplanetarium.org
The authors would like to thank the Adler Planetarium and Astronomy
Museum for access to the astrolabes studied in this work. B.D.N. was
supported by the Department of Energy Office of Science, Office of
Basic Energy Sciences, under contract # W-31- 1O9-Eng-38 as well as
by the Adler Planetarium and Astronomy Museum for travel funds. 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. W-31-109-ENG-38.
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t is known that ice formed under pressures higher than atmospheric pressure can assume one of at least a dozen
different known phases, characterized by crystal structures, densities, and O-H bonding that differ from those of
ordinary, hexagonal crystalline ice (Ih), but the precise details of the chemical bonding that characterize each of
these exotic phases are still not fully understood. To expand our knowledge of the rich phase diagram of ice at
high pressure, a team of scientists from Los Alamos National Laboratory, the Carnegie Institute of Washington, The
University of Chicago, and the National Synchrotron Radiation Research Center investigated water at high pressure
in a diamond anvil cell. By using an inelastic x-ray scattering technique—x-ray Raman spectroscopy—the compressed
H2O samples were bombarded with moderately hard (~10-keV) x-rays to probe their oxygen K-edge structure.
Serendipitously, in the course of their investigation they discovered a previously unseen, stable compound of O2 and
H2 molecules. This result may open the door to exciting new directions in radiation chemistry research and lead to a
better understanding of water under extreme temperature and pressure conditions.

Fig. 1. Photomicrographs of two diamond anvil cell samples taken at the GSECARS 13-ID-C beamline at the APS. (A) Sample after XRS measurement at 8.8 GPa. The light brown streak through the middle of the sample shows the portion irradiated by the x-ray beam. A small ruby
ball (bottom edge of the gasket) was used for pressure calibration. (B) After the release of pressure to below 1 GPa, bubbles of O2 and H2
formed. Sample is approximately 200 microns in diameter.

The researchers knew that for oxygen bonded with hydrogen in H2O, the K-edge spectra peaked around 540 eV. For
pressures between 1 and 2 GPa (10,000–20,000 atmospheric
pressure), they were monitoring the subtle changes of the multiplicity, peak positions, and intensity of the 540-eV peak group
that reveal the specific O-H bonding that characterizes different
ice structures. However, at pressures above 2.5 GPa, they
found that the x-rays induced cleaving of the H2O molecule that
radically altered the spectra. This was evidenced by the
appearance of a 530-eV peak, characteristic of O-O bonding in
O2 molecules, which reached a maximum intensity after 6 h of
exposure to the incident x-ray beam. This peak indicates the

loss of O-H bonding, which is the basis of all ice and water
structures, and the formation of a completely new material that
still has the H2O composition. At a pressure of 15.3 GPa, this
peak was equal in height to the 540-eV multiplet; this effect was
verified by the results of independent experiments performed at
the APS and at SPring-8.
Well-documented, x-ray-induced phase transitions are
rare, and the researchers were taken by surprise. The ice sample changed from the familiar colorless solid to light brown; at
first, the group were puzzled by what was going on. Further
optical Raman spectroscopy (ORS) measurements clearly finContinued on page 50
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“ New Compound” continued from page 49

and Russell J. Hemley2, “X-ray–Induced Dissociation of H2O
and Formation of an O2–H2 Alloy at High Pressure,” Science
27(5799), 636 (27 October 2006).
DOI: 10.1126/science.1132884
Author affiliations: 1Los Alamos National Laboratory,
2Carnegie Institute of Washington, 3The University of Chicago,
4National Synchrotron Radiation Research Center
Correspondence: *wmao@lanl.gov

gerprinted the characteristic H2 and O2 peaks, which, coupled to
a reduced H2O signal, offered clear proof that the H2O molecules had dissociated and a new material made of H2 and O2
molecules had been formed.
To gain a better understanding of the structure of this new
material, the group performed a series of ORS and x-ray diffraction (XRD) experiments to study the effects of beam intensity
and exposure times. The precise fingerprinting offered by their
experimental technique ruled out the possibility that this material was an exotic mix of hexagonally close-packed (hcp)-H2 and
εO2 and showed that the material was an alloy with approximate
chemical formula (O2)(H2)2. The XRD studies of the H2-O2 alloy,
carried out at beamline 16-ID-B of the High Pressure
Collaborative Access Team at the APS, revealed that the material is a well-crystallized solid and, apparently, a very stable one
at ambient temperature and high pressures. The researchers’
original interest in studying ice, beyond gaining a better understanding of the complete phase diagram, was to investigate the
possibility of using ice to store hydrogen in fuel cells. But this
discovery opens the door to many new and exciting directions
in radiation chemistry. — Luis Nasser

The NSF–Division of Materials Research (DMR-0508988),
NSF–Division of Earth Sciences (EAR) Petrology and Geochemistry,
NSF-EAR Geophysics, and NSF-EAR Instrumentation and Facility
Programs provided financial support, and HP-CAT provided synchrotron
beam time. GeoSoilEnviro Consortium for Advanced Radiation Sources
(GSECARS) is supported by the NSF-EAR (EAR-0217473), U.S.
Department of Energy (DOE)–Geosciences (DE-FG02-94ER14466),
and State of Illinois. HP-CAT is supported by the DOE–Office of Basic
Energy Sciences (BES), DOE–National Nuclear Security
Administration, Carnegie DOE Alliance Center, NSF, Department of
Defense–Tank-Automotive and Armaments Command, and W. M. Keck
Foundation. The work performed at BL12XU, SPring-8, is partly supported by the National Synchrotron Radiation Research Center and
National Science Center of Taiwan. 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. W-31109-ENG-38.

See: Wendy L. Mao1*, Ho-kwang Mao2, Yue Meng2, Peter J.
Eng3, Michael Y. Hu2, Paul Chow2, Yong Q. Cai4, Jinfu Shu2,
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Reaching for Answers to Questions about the Hear t
Michael Reedy (Duke University) and Tanya
Bekyarova (Illinois Institute of Technology [IIT]) in action
on the Bio-CAT beamline 18-ID at the APS. They are
studying mechanisms of stretch activation in insect
flight muscle.
Stretch activation is very important in
human heart muscle when contraction of one part of
the heart stretches adjacent muscle tissue causing it to
respond a moment later by generating more force,
aiding cardiac "ejection," i.e., the amount of blood
pumped per beat. Muscle structure and function can
be studied using high-brilliance x-ray beams from the
APS and the experimental technique, time-resolved
small-angle fiber diffraction.
Unfortunately, cardiac
muscle is relatively poorly ordered and the diffraction
patterns relatively uninformative. Fortunately, because
of its physiological properties, the flight muscle of insects can be a good model system for cardiac
muscle, and because of its high degree of structural order, produce rich and informative (not to say
beautiful) diffraction patterns (right). Muscle contracts by the cyclical action of motor proteins called myosin that bind to particular
sites on the actin protein. This interaction is normally prevented by tropomyosin, a large, rodlike protein that blocks the myosin binding site on actin turning the system "off." Reedy and Bekyarova are carrying out experiments aimed at determining the motion of
tropomyosin and how it turns the muscle "on" and "off " during the process of stretch activation. (Photo and contact: Tom Irving, IIT)
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he macroscopic flow properties of a wide assortment of disordered soft materials―such as foams, concentrated emulsions, and colloidal suspensions―can change dramatically from fluid-like to solid-like with subtle
changes in microscopic characteristics. This behavior bears strong resemblance to the liquid-glass transition
that occurs in molecular fluids. The theoretical concept of jamming was developed to unify a range of fluidsolid transitions in disordered soft materials and to connect them to the glass transition. As part of the jamming phase
diagram, solids can be made fluid by sufficiently large shear stress, a feature that is shared by many disordered soft
materials. A central and challenging feature of liquids cooled into glass is the extremely slow subsequent evolution of
their properties, a process known as “aging.” An important question is whether other routes to creating disordered
solids—e.g., changes in shear stress—lead to materials that evolve in the same way. Understanding the recoveryfrom-shear of disordered soft solids would provide important insights into the fundamental physics of these materials,
give new insights into the reasons glass ages, and could also help improve technologies that exploit substances that
are gel-like at rest and fluid after agitation, such as paints, foods, and personal-care products, to name a few. To investigate the microscopic mechanisms of recovery from shear in disordered soft solid materials and compare it with aging
in glasses, researchers combined multispeckle x-ray photon correlation spectroscopy (XPCS)—carried out at the XOR
8-ID beamline at the APS—and diffusing wave spectroscopy (DWS) studies on concentrated colloidal gels subjected
to strong shear. Their results call into question the connection between aging in glasses and the slow equilibration that
various disordered soft solids display and should motivate a rethinking of models that seek to unify these phenomena.

The gels used in this experiment comprised solutions of
nanometer-scale silica particles (~30% volume fraction)
jammed by an entropically driven attractive force due to added
polymer in the solution. These depletion gels can be transiently
fluidized by the application of strong shear, as shown schematically in Fig. 1. The experiments carried out by the
researchers—from Johns Hopkins University, the University of
Ottawa, the University of Illinois at Urbana-Champaign, and
Florida State University and Florida A&M University—monitored the particle-scale motions in the gels following the cessation of a fluidizing shear in order to search for an evolution in
the dynamics that might be associated with aging. The use of
both the XPCS and DWS techniques allowed for the study of
dynamics over a wide range of length and time scales.
The XPCS experiments at the 8-ID beamline employed a
silicon monochromator and precision slits to select a micronscale cross section of the incident beam in order to produce a
partially coherent source of x-rays incident on the sample. Xrays scattered from the concentrated gels were collected in a
charge-coupled device (CCD) area detector configured for a
range of wave vectors from 0.04 nm-1 to 0.39 nm-1—a range
tuned for the distance between nearest-neighbor spheres in
the concentrated gel. Sequences of CCD images were analyzed to determine the intensity autocorrelation function for cor-

Fig. 1. Sketch of a sheared depletion gel of concentrated
45-nm-radius silica nanoparticles (0.25< φ <0.36) in a decalin
solution of R g = 3.5-nm polystyrene coils.

Continued on page 53
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THE L3 PHASE OF A
J A M M E D P O LY M E R B L E N D
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he L3 phase is a complicated isotropic fluid solution containing a multiply-connected, random, bi-layer membrane that extends throughout the three-dimensional space. Such a spatial arrangement divides space into
two subvolumes, giving it a structure that appears similar to a sponge. Recently, the attention directed toward
L3 phases has dramatically increased, primarily because of their prevalence in systems containing
amphiphilic molecules. In the past, researchers have found it difficult to experimentally determine the relaxation of
equilibrium fluctuations at wave vectors around the peak of the static scattering, which corresponds to the characteristic length scales of the L3 phase. Now, researchers from Yale University, the Massachusetts Institute of Technology,
and Argonne used multispeckle x-ray photon correlation spectroscopy (XPCS) to study a triblock copolymerhomopolymer blend, revealing the dynamics of spontaneous thermal fluctuations in the L3 (sponge) phase of the blend
as a function of wave vector and temperature. A surprise result of these measurements, however, is the observation
of a crossover from stretched- to compressed-exponential relaxation as temperatures decrease from 180° C to
120° C. They believe such behavior has not previously been observed. More importantly, such behavior indicates that
the L3 phase may thermally transition from high-temperature fluid states to low-temperature jammed states.

A polymer blend consisting of a symmetric poly(styreneethylene/butylene-styrene) tri-block copolymer (PSEBS) and a
polystyrene homopolymer (PS) was used in this experiment.
The blend was prepared from one part of PSEBS and four parts
of PS, by volume. It was then annealed over several days
under vacuum conditions at a constant temperature of 160° C.
XPCS measurements of the intermediate scattering function
from the samples were then taken at XOR beamline 8-ID at the
APS.
The small-angle x-ray-scattering profiles show peaks at
zero wave vector and non-zero wave vector that together are
distinctive of the L3 phase. The measured intermediate scattering functions (ISFs), which quantify the relaxation of fluctuations and are measured by XPCS, show a positive curvature at
180° C (Fig. 1), which indicates stretched-exponential behavior.
However, at 120° C, the plot shows a negative curvature, which
points to a compressed-exponential pattern.
The collaborators explain this change in behavior by suggesting that it is the result of “jamming,” and suggest that in this
case the origin of jamming (sometimes called dynamical
arrest—when soft matter such as gels, foams, and emulsions
go from a fluid to a solid-like state after many of the particles
stop moving in unison) involves the arrest of topological relaxation.
Although the static structure of the samples is similar at the
different temperatures studied, the collaborators hypothesize
that a temperature change causes an alteration in the equilibrium topology, and that, for instance, such an alteration could
result from a modest change in the equilibrium mean separation between membranes and the equilibrium thickness of the
Continued on next page
membrane.

Fig. 1. Intermediate scattering functions obtained via XPCS at
180° C for several wave vectors (Q) for PSEBS-PS blends that realize an L3 (sponge) phase.
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relation delay times of 2.6 to 1,000 s at various stages following
the cessation of shear, as illustrated in Fig. 2. Combined with
the DWS experiments, these results provide a quantitatively
coherent picture of the dynamics that, indeed, displayed a
seemingly perpetual evolution strongly reminiscent of aging in
glasses. However, analysis of the correlation functions demonstrates that these dynamics of recovery from shear are not
directly related to traditional aging phenomena in glasses.
Rather, they belong to a new type of slow, non-diffusive motion
that is apparently universal to a range of disordered soft solids
and that can be modeled as strain in response to heterogeneous local stress.
The conclusion arrived at by these researchers calls into
question the connection between aging in glasses and the slow
equilibration that various disordered soft solids display. Their
conclusion should also motivate a rethinking of models that
seek to unify these phenomena, and connect them with general
paradigms for the behavior of soft and hard glassy materials.
— William Arthur Atkins

Fig. 2. XPCS intensity autocorrelation functions as a function of
time since shearing for a silica-polystyrene depletion gel (silica
volume fraction φ = 0.28 and polystyrene concentration cp = 32
g/l) in decalin.

See: B. Chung1, S. Ramakrishnan2, R. Bandyopadhyay1, D.
Liang1, C.F. Zukoski3, J.L. Harden1,4*, and R.L. Leheny1**,
“Microscopic Dynamics of Recovery in Sheared Depletion
Gels,” Phys. Rev. Lett. 96, 228301 (2006).
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In addition, the collaborators hypothesize that at temperatures of 140° C and above, the membrane topology is able to
equilibrate during the experiment. However, at around 120° C,
the membrane topology does not equilibrate because topological equilibration is activated—and, thus, is increasingly slow at
lower temperatures—and collective diffusion is slowed due to
larger viscosity within the PS. Consequently, the L3 structure is
subjected to increased internal stresses associated with its
topological frustration. Specifically, the deformations that occur,
due to these internal stresses, are the origin of the ISF relaxation recorded at 120° C. The collaborators also state that, at
the three temperatures of 140, 160, and 180° C, the current
data represent the initial ascertainment of the equilibrium
dynamics of a polymer L3 (sponge) phase. Finally, a crossover
from stretched to compressed exponential relaxations is not
unique to the sponge phase in polymer systems. Recently,
Balsara and co-workers have observed similar behavior in a
closely-related polymer microemulsion [1].
— William Arthur Atkins
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S T R E S S V S . S T R U C T U R E R E L A X AT I O N :
WHICH COMES FIRST?
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ne can learn a lot about a person by
observing how they react to stress and
how they relax. The same principle holds
true in materials science, where, for
instance, studying the stress relaxation behavior of
polymers can yield valuable information on molecular
structure and organization, clues to the ways a material
will perform in application. Relatively large-scale phenomena, such as structural and stress relaxation, provide a picture of what’s happening at much smaller
molecular-level scales. But the relaxation of stress in
polymer structures does not necessarily happen all at
once, nor is it always a simple process. In more complex structures, such as a disordered block-copolymer
melt, factors such as differences in concentration and
the transient formation of structures including
micelles—small aggregates of polymeric molecules—
can make it difficult to determine just when everything
has finally settled into a peaceful equilibrium.
Researchers from the University of California, Berkeley;
Argonne; Yale University; Polytechnic University; Kyoto
University; and Lawrence Berkeley National Laboratory
investigated some of these complications, using the
XOR 8-ID beamline at the APS to study the relationship
between structural relaxation and stress relaxation in a
block-copolymer melt and obtaining the first quantitative measurements of both processes. As it happens,
the two are not necessarily the same.
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Fig. 1. Structural and terminal stress relaxation times, Tstruc and Ttr,
of the block copolymer melt measured by XPCS and rheology,
respectively. Note that macroscopic stress relaxation occurs
much more rapidly than microscopic structural relaxation.

used an ARES Rheometer for rheological measurements in a
frequency range from 0.1 to 100 rad s-1. The Tstruc, or structural
relaxation time, proved to be 1-2 orders of magnitude larger
than Ttr, the rheological terminal relaxation time, with Ttr showing a greater dependence on decreasing temperature than
Tstruc. Frederick-Larson theory confirms this correlation
between Tstruc and Ttr.
The structure of a perturbed micelle-containing phase
can relax in one of two ways: either the micelles themselves
dissolve and reappear in arrangements that are closer to
equilibrium, or intact micelles can migrate around and
approach equilibrium. The research team’s XPCS data
demonstrate that in the SI(7-27) block-copolymer melt, it is
the latter process—the diffusion of intact micelles—that dominates the structural relaxation. Meanwhile, rheological observations show that the stress relaxation occurs on much faster
time scales because it is dominated by the dynamics of disordered fluctuations in concentration.
In achieving the first quantitative measurements of stress
and structural relaxation in a block-copolymer melt, the
researchers have demonstrated that there is a significant difference between the two, meaning that the common term “longest
relaxation time” applied to these types of polymer structures is
Continued on next page

The team subjected a polystyrene-block-polyisoprene
copolymer, SI(7-27), to small-angle x-ray scattering (SAXS)
and x-ray photon correlation spectroscopy (XPCS) static and
dynamic measurements on the XOR 8-ID beamline at the APS.
Previous work had demonstrated that at 70 ± 2° C, the blockcopolymer melt transitioned from order to disorder with molecules in hexagonally-packed cylinders yielding to disordered
micelles. These micelles show very strong x-ray scattering
under SAXS.
The XPCS technique allows structural relaxation to be
quantified not at the 500-nm scale limit of light photon correlation spectroscopy, but at the molecular scale of ~20 nm, providing better differentiation between terminal stress relaxation and
molecular structural relaxation phenomena. The team also
54
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“ Stress vs. Structure” continued from page 54
perhaps more than a little oversimplified. More than this, the
team’s experiment provides an effective example of how the
study of equilibrium dynamics on the molecular scale can point
the way to greater understanding of other processes that affect
polymer structure. Sometimes there is more going on than one
simple measurement technique (such as rheology) might indicate, so that a finer analytic technique (e.g., XPCS) might be
needed. The team’s use of XPCS adds another tool to the
materials scientist’s arsenal. — Mark Wolverton

Relaxation in a Block-Copolymer Melt,” Phys. Rev. Lett. 96,
257801 (2006). DOI: 10.1103/PhysRevLett.96.257801
Author affiliations: 1University of California, Berkeley;
2Argonne National Laboratory; 3Yale University; 4Polytechnic
University; 5Kyoto University; 6Lawrence Berkeley National
Laboratory
Correspondence: *nbalsara@berkeley.edu
Financial support was provided by the National Science Foundation
(DECS 0103297 and DMR 0504122). A.J.P. gratefully acknowledges
additional support from Tyco Electronics. S.G.J.M. was supported by
NSF DMR 0453856. 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. W-31-109-ENG-38.

See: Amish J. Pate1, Suresh Narayanan2, Alec Sandy2, Simon
G.J. Mochrie3, Bruce A. Garetz4, Hiroshi Watanabe5, and Nitash
P. Balsara1,6*, “Relationship between Structural and Stress
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t its most fundamental level, most of the action taking place at cell membranes depends on ions: positive,
negative, in various combinations and concentrations, controlling what goes in and out of a cell, the recognition of one cell by another, and other vital processes of molecular biology. Many of these phenomena are
still poorly understood, among them charge inversion, which comes about when ions somehow attract so
many of their oppositely-charged counterparts that the result is not neutralization but an effective reversal of the local
charge density. A team of researchers from Carnegie Mellon University, Iowa State University, the NIST Center for
Neutron Research, and Leipzig University peered into the process of charge inversion at charged interfaces in an electrolytic solution, using the Ames Laboratory Liquid Surface Diffractometer at the MU-CAT 6-ID-B beamline of the APS.
What they found could lead to a better understanding of the basic physics of cell membranes and interfaces, which
are essential to the integrity and functionality of the cells themselves.

The experimenters spread films of an acidic lipid (DMPA)
on LaCl3 solutions of varying concentrations on a Langmuir
trough—an instrument that allows control of the area density of
the lipid and thus the charge density at the interface—and performed isotherm and x-ray scattering studies. Utilizing the
capability of the APS synchrotron to produce intense x-ray
beams of precisely-selected photon energy, resonant x-ray
spectra were obtained at 5.486 keV (the La LIII absorption
edge) on the Ames Laboratory horizontal surface diffractometer
and compared with spectra at other, off-resonance x-ray energies. The spectra contain information on the electron distribution near the surface, and hence the molecular organization of
the 2-nm-thick organic surface film. The comparison of resonant and off-resonance spectra enabled the team to identify
specifically the distribution of highly charged La3+ ions near the
charge interface.
Isotherm studies show that multivalent ions condense the
liquid/hexatic lipid monolayer into hexatic domains at exceedingly low salt concentrations, but the detailed role of the highly
charged cations in that process remained unclear. The unique

capabilities of the APS synchrotron radiation allowed these
researchers to solve that puzzle. Between bulk LaCl3 concentrations of 100 to 500 nM, off-resonance and on-resonance
reflectivities were similar, but above 500-nM LaCl3, the offresonance reflectivities, in particular, were much higher,
whereas the increase in resonant scattering remained modest. This is conclusive evidence that La3+ cations condense at
the acidic interface; the surprise was the low concentration at
which this condensation was observed. Off-resonance reflectivity measurements over a wider range of salt concentrations
between 100 nM and 10 µM at higher pressures corroborated
these findings.
A qualitative comparison between the resonant and offresonant scattering length density profiles of the surface layer
revealed what was happening in a 10-nm-thick layer at the surface. Because the experimenters tuned the resonant x-ray
beam specifically to the La3+ cations, they were able to precisely relate the cation distribution to the area density of the
anionic surface charges. When the number of La3+ ions per
Continued on page 56
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“Flipping the Charges” continued from page 55
DMPA headgroup (nLa3+) is plotted as a function of
the salt content in the electrolytic subphase, the
data fall into two distinct regimes of high and low
bulk LaCl3 concentrations separated by a transition regime. The first regime corresponds to ~1
La3+ that binds to 3 DMPA- at the interface. The
sharp transition regime occurs when the accumulation of La3+ ions near the interface triggers the
further deprotonation of phosphate groups,
thereby doubling the interfacial charge density.
This is an expected result in interface chemistry.
However, the third regime—and specifically the
amount of cation condensation in that regime—
cannot be explained by standard surface chemistry. The team observed a binding stochiometry of
1:1 between anions and cations, indicating that
ion-ion correlations must play an important role in
the reorganization of the interface. Since thermal
disorder, i.e., entropy, is the natural enemy of correlated states, other interfacial effects must be
active to overcome the associated increase in surface free energy. The research team offers two
possible explanations: (1) a “molten salt” state with
La3+ ions intercalated between negative charges
on the phosphate oxygens, and/or (2) enhanced
nonelectrostatic interactions that help stabilize the
correlated state.
The team’s work demonstrates evidence of
charge inversion in acidic DMPA monolayers at
exceedingly small electrolyte concentrations, at
least two orders of magnitude lower than expected
from current theory. These experimental results
suggest that correlations between mobile ions and
interfacial charges (also known as interfacial
Bjerrum pairing), which have so far been somewhat overlooked in theories of charged interfaces
in biology, may play a major role in the charge
inversion process. If this observation could be further substantiated in future work, it holds significant implications for the basic physics of cell membranes and interfaces. — Mark Wolverton
See: J. Pittler1, W. Bu2, D. Vaknin2, A. Travesset2,
D.J. McGillivray3, and M. Lösche3,4*, “Charge
Inversion at Minute Electrolyte Concentrations,”
Phys. Rev. Lett. 97, 046102 (28 July 2006).
DOI: 10.1103/PhysRevLett.97.046102
Author affiliations: 1University of Leipzig, 2Iowa
State University, 3NIST, 4Carnegie Mellon
University
Correspondence: *quench@cmu.edu
The MU-CAT sector at the APS is supported by the U.S.
DOE, Office of Science, Office of Basic Energy Sciences
under Contract No. W-7405-ENG-82. M.L. was supported by the NSF (Grant No. CTS-0555201), the NIH
(Grant No. 1 RO1 RR14812), the Regents of the

Fig. 1. Surface-sensitive x-ray scattering from acidic lipid surface layers on electrolytic solutions of highly charged cations. Main panel: The non-resonant reflection (red) of x-rays, sensitive to the top-most ~10-nm-thick layer on an aqueous
subphase that is covered by an organic monolayer, which attracts La3+ cations,
is compared with x-ray reflection (black) in which the photon energy is resonant
with La. (Note that the scattering power of La at resonance is lower than off-resonance.) Clearly, a jump in the contribution of La to the scattering is observed
at below 1 µm ion concentration in the subphase. A compilation of similar results
at various salt concentrations (inset) reveals different regimes of ion condensation at the interface. The observed jump to charge overcompensation (~1 La3+
per DMPA2–) at around 0.5 µm occurs at a concentration that is about 2–4 orders
of magnitude lower than previously thought.

University of California, and the Volkswagen Foundation (Grant No. I/77709). A.T. is partially supported by NSF (Grant No. DMR-0426597). 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. W-31-109-ENG-38.
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ovel materials that behave
strangely by contracting when
they are heated, instead of
expanding as one would
expect, could solve numerous problems
in engineering. Mixed with a conventional
material, these negative thermal expansion (NTE) materials could be used to
make composites that neither expand nor
contract when the temperature changes.
Such designer NTE materials, which
might be used in aeronautics, adhesives,
and electronics are a step closer to application thanks to work by scientists from
the University of Sydney and Argonne
using XOR/BESSRC beamline 11-ID-B at
the APS. The researchers used the light
source to study in detail the structure of a
range of NTE materials based on the compound Prussian blue.
Fig. 1. Unlike most materials, Prussian blue and its analogs, including this cadmium-platinum material, contract on heating. (Three-dimensional rendering by
David Bradley from a CIF data file supplied by Cameron Kepert.)

Most materials expand when heated; steel rails expand on
hot days and buckle, while the effects of pouring a very hot
drink into a cold glass are immediately apparent as the glass
expands unevenly and shatters. There are, however, a few
materials that do not follow the rules. Water, for instance, contracts when melted, which is why ice floats in a jug of water.
There are a small number of other compounds that undergo
this negative thermal expansion, too. Such materials might be
used to compensate for the normal expansion of other materials when they get hot in engineering applications, such as aeronautics and space exploration, construction, and transport.
Mixing an expanding with a contracting material would result in
a zero-expansion composite. Such a composite would solve
many engineering problems and could be used in dental fillings
that do not expand or contract when hot or cold foods are
chewed, thereby reducing the risk of tooth damage and pain.

The vivid blue pigment Prussian blue, discovered three
centuries ago in boiling pig's blood, undergoes negative thermal expansion. It has been used in pharmaceuticals and as the
blue in blueprints, and it was the pigment of choice during
Picasso's “blue period.” Prussian blue, iron(III) hexacyanoferrate(II), contains two iron atoms linked by cyano (CN) bridges,
while analogs can contain two different pairs of metals.
These researchers studied a new series of Prussian blue
compounds in which one of the pair of metal atoms is platinum
and the other manganese, iron, cobalt, nickel, copper, zinc,
and cadmium. The researchers have investigated the structures of these materials to see whether they might correlate
structure with expansion properties.
Previous work has led to a theory to explain how such
materials might contract when they are heated rather than
Continued on page 58
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“Prussian Blue” continued from page 57
bonds between the cyano groups and the metals means less
opportunity for contraction, with the most tightly bound material
having almost zero thermal expansion properties.
— David Bradley

expand like other materials. Normally, due to the fact that atoms
vibrate more with heating, the atoms in a material are pushed
farther apart at higher temperatures, with the net result that the
substance as a whole expands. However, this simplistic view
does not take into account complex bond linkages that might be
present between the atoms in framework complexes, for
instance.
In such materials, light elements (e.g., oxygen, carbon and
nitrogen) commonly form bridges between the metal atoms.
These lighter elements undergo transverse “skipping rope”-type
movements that increase in amplitude as the temperature rises.
Such vibrations actually pull the metal atoms closer together,
resulting in a net contraction of the material.
Kepert and colleagues have found that by varying the second metal in their Prussian blue analogs, they could tune the
materials’ negative thermal expansion. Each second metal in
the series alters the energy of the transverse vibrations by
changing how tightly the cyanide units are bound, analogous to
tightening a violin string and so increasing its vibrational energy.
This means that the degree to which the metal atoms are
pulled together with increasing temperature differs. Stronger
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See: Karena W. Chapman1, Peter J. Chupas2, and Cameron J.
Kepert1*, “Compositional Dependence of Negative Thermal
Expansion in the Prussian Blue Analogues MIIPtIV(CN)6 (M =
Mn, Fe, Co, Ni, Cu, Zn, Cd),” J. Am. Chem. Soc. 128, 7009
(2006). DOI: 10.1021/ja060916r
Author affiliations: 1University of Sydney, 2Argonne National
Laboratory
Correspondence: *c.kepert@chem.usyd.edu.au
This work was supported by the Australian Research Council and the
Australian Synchrotron Research Program, which is funded by the
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Facilities. K.W.C. acknowledges a Joan R. Clark Research Scholarship.
Use of the Advanced Photon Source was supported by the U.S.
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EXPERIMENT HALL

The 2006 Sidhu Award to Peter Chupas
Peter Chupas of the X-ray Science Science Division (XSD) Chemistry, Environmental,
and Polymer Science Group was named the 2006 recipient of the Sidhu Award, given each
year by the Pittsburgh Diffraction Society “for the best contribution to crystallography or diffraction by an investigator within five years of the Ph.D.” Chupas was recognized for his
work on studies leading to the development of a new method for rapid collection of pairdistribution-function (PDF) data. This is now the method of choice for PDF measurements
and forms the basis of the first and only dedicated pair distribution function beamline in the
U.S., XOR 11-ID-B at the APS, for which Peter is the beamline scientist. The Sidhu awardee
receives $500 and a certificate. A condition of the Award requires the recipient to deliver
the Sidhu Award Lecture at the Pittsburgh Diffraction Conference, held each year at
Duquesne University in Pittsburgh, PA, which Chupas did in October 2006.
The Sidhu
Award is made in memory of Professor Surhain Sidhu, who was a founding member of the
Pittsburgh Diffraction Conference. At the time (1942), he was Professor of Physics and
Director of the X-ray Laboratory at the University of Pittsburgh. Later, he moved to
Argonne, where he pioneered the use of the null matrix in neutron diffraction. This
involves choosing isotopes of an element in the proportion that gives a zero net coherent scattering factor. The procedure has been widely used for studying biological materials in which the isotopic ratio of H to D is appropriately adjusted. Past winners of the
Sidhu Award include Qun Shen (1988) and Jin Wang (1994). Both are now group leaders
in XSD, Shen for the X-ray Microscopy and Imaging Group and Wang for the Time
Resolved Research Group.
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GIVING NITROGEN
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SHAKES

earning about the vibrations of an enzyme vital to life on Earth may reveal a chemical “X-factor” that has puzzled scientists for years. The identity of the mysterious X atom will improve our understanding of how bacteria
extract nitrogen from the air and might lead to new catalysts for the chemical industry. Researchers from
Lawrence Berkeley National Laboratory; the University of California, Davis; Virginia Polytechnic Institute and
State University; the Scripps Research Institute; Argonne National Laboratory; and the Japan Synchrotron Radiation
Research Institute have used XOR beamline 3-ID at the APS and beamline 9-XU at SPring-8 (Japan) to uncover new
information about the behavior of atoms at the core of a critical nitrogen-fixing enzyme.

Nitrogenase is one of the most important enzymes on the
planet. It is produced by microbes known as diazotrophs, some
of which are free-living in the ground and oceans, while others
reside in root nodules found in leguminous plants such as soybeans. Nitrogenase has the unique ability to pluck nitrogen (N2)
from the atmosphere and make it react. This process of nitrogen fixation is still something of a mystery, although we know
that nitrogen molecules are split and hydrogen is added to
make ammonia (NH3). This fixed nitrogen is used by plants to
make amino acids and proteins and so lies at the root of life's
food chains.
At the core of most nitrogenase enzymes is an active site
containing the so-called iron-molybdenum cofactor. This is a
“biological nanoparticle” consisting of a cluster of atoms—1
molybdenum (Mo), 7 iron (Fe), and 9 sulfur (S) atoms—held in
place by protein side-chains and homocitrate. Previous work by
crystallographer Douglas Rees of the Howard Hughes Medical
Institute and co-workers revealed a detailed map of the electron
density in the nitrogenase found in the bacterium Azotobacter
vinelandii, Av1. This particular nitrogen-fixing species is readily
grown in laboratory culture and so provides an archetypal system for study. Rees and his colleagues revealed an unknown
light atom “X” at the heart of this enzyme and pointed to the
identity of the X-factor as a nitrogen, carbon, or oxygen atom.
The researchers used APS and SPring-8 beamlines to
carry out an iron57 nuclear resonance vibrational spectroscopy
(NRVS) study of this active center of nitrogenase. The study
revealed the first spectroscopic evidence about how the atoms
of the FeMo-cofactor vibrate, both when it sits in the protein or
after extraction as “FeMoco” into organic solvents.
The NRVS technique is sensitive to the motion of the iron
atoms; the more the atoms vibrate, the stronger the NRVS signal. The key discovery from the NRVS so far is that atom X acts
Continued on page 60

Fig. 1. Simplified FeMoco breathing mode at 198
cm-1, arrows indicate relative atomic motions.
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See: Yuming Xiao1, Karl Fisher3, Matt C. Smith1, William E.
Newton**3, David A. Case***4, Simon J. George2, Hongxin
Wang1,2, Wolfgang Sturhahn5, Ercan E. Alp5, Jiyong Zhao5,
Yoshitaka Yoda6, and Stephen P. Cramer*1,2, “How Nitro-genase
Shakes—Initial Information about P-Cluster and FeMo-cofactor
Normal Modes from Nuclear Resonance Vibrational
Spectroscopy (NRVS),” J. Am. Chem. Soc. 128, 7608 (2006).
DOI: 10.1021/ja0603655
Author affiliations: 1University of California, Davis; 2Lawrence
Berkeley National Laboratory; 3Virginia Polytechnic Institute
and State University; 4The Scripps Research Institute; 5Argonne
National Laboratory; 6Japan Synchrotron Radiation Research
Institute
Correspondence: *cramer@lbl.gov, **wenewton@vt.edu,
***case@scripps.edu

as sort of a “glue” for the cluster. This has the effect of making
the vibrational breathing modes that involve expansion of the
central 6Fe core more rigid than expected. By comparing the
observed vibrational frequencies with theoretical density functional theory (DFT) calculations, these researchers have shown
that carbon and nitrogen were viable candidates for X, while
oxygen or an empty core was not in good agreement with the
DFT simulations.
In the future, the group hope to determine whether or not
small changes in the spectra can be induced by substituting the
X atom with an isotope of carbon or nitrogen, 13C or 15N. This
would settle the identity of X once and for all. The team is also
working with a Utah State University researcher to study the
binding of N2 and other small molecules in the active site. The
researchers hope that NRVS will allow them to characterize the
steps involved in nitrogen fixation in more detail.
Determining the identity of X in the nitrogenase enzymes
would improve our understanding of the underlying mechanism
of nitrogen fixation and how the cofactor is synthesized by the
bacteria. Such understanding might help chemists create novel
catalysts that mimic the co-factors and so make industrial nitrogen fixation much more efficient. — David Bradley
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Ten Years of Spectroscopy at APS Beamline 3-ID
The excitement expressed by a group of scientists at
the APS on January 24, 1996, was the culmination of
years of preparation and signaled an end to a nomadic
existence at various synchrotron radiation centers
around the world. "First beam" filled the station of APS
sector 3-ID and within a few months, scientific experiments with sub-meV energy resolution were under way.
A team from the then-Synchrotron Radiation
Instrumentation group, with support from APS engineering personnel and management, created and perfected a novel x-ray spectroscopy, now known as
nuclear resonant inelastic x-ray scattering (or nuclear
resonant vibrational spectroscopy).
Over the next
decade, scientists working at XOR sector 3-ID discovered the Nuclear Lighthouse Effect, invented nuclear
resonant magnetometry, designed the highest resolution x-ray monochromators (which still hold the world
record), and pioneered inelastic spectroscopy at
mega-bar pressures and thousands of Kelvin. More
than a dozen students have prepared doctoral dissertations based on their work at sector 3-ID. Today,
the beamline is operated by the Inelastic X-ray and Nuclear Resonant Scattering Group. It serves the biophysics, inorganic biochemistry, geophysics, materials science, and condensed matter physics communities.
Ten years later, on February 17, 2006,
many of those original scientists, as well as new colleagues and users, gathered in the APS experiment hall to celebrate the past
and future of sector 3-ID (and to have their picture taken). Contact: Wolfgang Sturhahn (sturhahn@aps.anl.gov)
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ny time we move our arms, billions of protein molecules work in unison to contract one
muscle while letting another muscle relax. The mechanical details of muscle contraction
have been known for a long time, deduced from experiments with frog legs, reconstruction of the proteins involved in crystallographic studies, and many other kinds of
research. But no one has ever taken such detailed time-lapse molecular pictures of the proteins
at work within living muscle. Researchers from Brandeis University, the University of Florence,
and Illinois Institute of Technology investigated whether the muscle-contracting proteins work the
same way inside muscles as they do inside laboratories. But muscle cells are full of water and
the proteins don't line up quite as regularly as they would purified in crystals. So rather than spend
30 to 40 hours collecting data with a typical x-ray tube, the researchers turned to the Bio-CAT
beamline 18-ID at the APS. With a million times more intensity than a “home source” x-ray tube—
and the ability to focus the x-ray beam into a narrow line—the team got a detailed view of the proteins at work (Fig. 1). Not only did they measure the degree of movement of the proteins, but they
saw that the proteins synchronized themselves in living muscle much better than anticipated.

Although muscles look like a long single unit to the eye, they are actually made up of small
segments called sarcomeres, linked together along the length of a single cell. Every sarcomere
contracts at about the same time, shortening the overall length of the muscle. Proteins are the
workhorses behind the contraction. One row of proteins—known as actin—forms a kind of stiff
track along which other proteins—called myosin—attach. Myosin molecules have long handles
that wrap around each other to form a connected, rigid backbone. From this backbone rise lever
arms, which are topped by flexible heads that grab onto the actin track. As the lever arm swings
on its pivot, the heads pull the actin filaments, shortening the sarcomere.
To view this activity in a living muscle, the team first stimulated the thigh muscle of a Rana
pipiens (commonly known as the Northern Leopard Frog) to make the muscle contract, and then
kept the muscle tense. They then released the muscle quickly and briefly—within a millisecond—
so that it shortened by about 1% of its length. At the same time, the extreme brilliance of APS xray beams allowed the researchers to take “snapshots” of the proteins. From the scattering of xrays by the actin and myosin, the team could reconstruct the positions of the different parts of the
proteins: the track, the heads, the handles and lever arms.
The myosin heads start out almost perpendicular to the actin track: about 10º to 15º off, with
a group of myosin heads every 14 nm. Then, when the muscle shortens, the arms swing a full 60º
through the perpendicular axis, moving the heads a total distance of 10 nm.
In addition, the more in-sync the myosin proteins moved with each other, the clearer the data
were that the team collected. The researchers expected the myosin heads to be at a variety of
angles. But the lever arms only differed by a few tens of degrees from each other. Because most
other data on actin and myosin have been collected from purified muscle proteins, this work
reveals a more accurate image of what's going on in active, intact muscles. — Mary Beckman
See: Hugh Huxley1*, Massimo Reconditi2, Alex Stewart1**, and Tom Irving3, "X-ray interference
studies of crossbridge action in muscle contraction: evidence from quick releases," J. Mol. Biol.
363, 743 (May 2006). DOI: 10.1016/j.jmb.2006.08.075
Author affiliations: 1Brandeis University, 2University of Florence, 3Illinois Institute of Technology
Correspondence: *huxley@brandeis.edu; **alex@brandeis.edu
Bio-CAT is a National Institutes of Health-supported Research Center RR- 08630. H.E.H. received support
during part of this work from NIH Grant no. AR43733. 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. W31-109-ENG-38.

Fig. 1. Reflection (shown in false
color) from an intact contracting frog thigh muscle.
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ou are what you eat is just another way of saying that input determines output, after some
metabolic messing around in between. It’s the “in between” that interests biologists,
because that is where the difference between healthy and diseased cells can originate.
If the normal sequence of intermediate steps between the beginning and end of a biochemical pathway is disrupted, the disruption can lead to major changes in cellular functioning.
A better understanding of the input-output relationships is critical to medical progress. The steps
necessary for producing the right output can be numerous and complex, and some pathways
have taken decades to unravel. In one of the identified mechanisms, called “two-component
signal transduction,” the input causes a receiver domain to be phosphorylated, a step that governs what happens to the output modules. By employing x-ray scattering and electron microscopy
researchers from Pennsylvania State University; the University of California, Berkeley; Lawrence Berkeley National
Laboratory; The University of Georgia; and the Illinois Institute of Technology using the BioCAT 18-ID beamline at the
APS were able to describe—in stunning detail—a novel two-component mechanism for assembling a protein associated with bacterial transcription. This work greatly advances our understanding of what happens in normal and, by
inference, diseased cells.

Transcription is the process by which the cell’s DNA is read
to make RNA, which is in turn translated into protein. The DNAto-RNA transition is, naturally, quite complex and intricately regulated, because the cell can only function normally if DNA is
translated to protein at the exact right moment. RNA polymerases—those enzymes responsible for creating RNA from
DNA—are many and varied. One RNA polymerase will function
normally only with the help of enhancer-binding proteins, such
as the nitrogen-regulatory protein C of enteric bacteria (NtrC).
NtrC is believed to be involved in regulating transcription for up
to 2% of the genome, so determining its structure is of great
importance.
The structures of the enhancer-binding proteins like NtrC
are quite complex—in addition to their ATPase and DNA-binding domains, they have a regulatory domain, which (in half the
cases) has been found to be a receiver domain for a two-component signal transduction system. Until now, available structural data on NtrC-like proteins, while suggestive of how the “in
between” steps could occur, did not provide a complete model.
The researchers in this study, with the help of beamline 18-ID,
Continued on next page
Fig. 1. Top: NtrC structure by SAXS, showing juxtaposition of the
receiver (yellow), ATPase (red), and DNA binding (blue)
domains. Bottom: Image reconstructions of EM, revealing
nucleotide-directed order-disorder transitions in the DNA-binding and GAFTGA loop regions of the protein.
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used small- and wide-angle x-ray scattering
(SAXS/WAXS) and electron microscopy (EM) to
develop structures for the full-length NtrC from
Salmonella typhimurium. These new data not only
provide a complete picture of how the individual
domains of the protein fit into the activated enzyme,
but they also reveal a new mechanism for using twocomponent signal transduction in regulating AAA+
ATPase domains. The group was also able to identify additional structural features—the ordering of
the DNA binding domain and an outward extension
of a GAFTGA loop region—that could be important
in the hydrolysis-activation process and may suggest avenues for further study.
The new mechanism discovered by the
research group involves juxtaposition of the receiver
domains and the ATPase ring. The beautiful structure of the NtrC revealed by this study shows a central ATPase domain, with six receiver domains
packed tightly around it (Fig. 1). Three dimers of
DNA-binding domains lie underneath the main
ring—these domains become flexible and are
believed to detach from the central ring when inorganic phosphate is released. In addition, by using
the NtrC structure and previous biochemical data,
the researchers were able to postulate contact
between the activated receiver domain of one subunit and the ATPase domain of another, thus
explaining how the NtrC receiver domains play a
positive role in regulating assembly of the ATPase
domains into their functional ring form (Fig. 2). This
configuration of receiver and ATPase domains differs markedly from previous models proposed for
how two-component signal transduction “negatively”
regulates assembly of AAA+ ATPase rings in a
related protein called NtrC1. By using the new
model, researchers can identify structural differences underlying positive versus negative regulation for this family of enhancer-binding proteins. The
structure also allows hypotheses about how specific
changes in NtrC amino acids and in order-disorder
of the GAFTGA loop and DNA-binding domains
could affect assembly, thereby suggesting explanations for disease states, drug-design possibilities,
and, in the broad view, how input affects output.
— Mona Mort
See: S. De Carlo1, B. Chen3, T.R. Hoover4, E.
Kondrashkina5, E. Nogales1,2**, and B.T. Nixon3*,
“The Structural Basis for Regulated Assembly and
Function of the Transcriptional Activator NtrC,”
Gene. Dev. 20, 1485 (2006).
DOI: 10.1101/gad.1418306
Author affiliations: 1University of California,
Berkeley; 2Lawrence Berkeley National Laboratory;

Fig. 2. A model for the “positive” mechanism of ring assembly by the NtrC
AAA+ ATPase, showing surface representations of NtrC changing from its
inactive dimer (upper right) to active oligomer (lower left) form; receiver
and ATPase domains of partners (yellow or red); DNA binding domains
(blue).

3The Pennsylvania State University; 4University of Georgia; 5Illinois
Institute of Technology
Correspondence: *btn1@psu.edu for SAXS/WAXS, **enogales@lbl.gov
for EM
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Department of Energy, Office of Science, Office of Basic Energy Sciences, under
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U N D E R S TA N D I N G P R OT E I N B E H AV I O R

M

any biological phenomena, both normal and pathological, involve protein molecules that trigger key
events by attaching themselves to the outer membranes of cells. Understanding the functioning of cells,
as well as developing new drugs and biomaterials, depends on a deep understanding of the changes
that take place when proteins associate with these lipid membranes. Proteins may link to membranes
by a variety of binding mechanisms and important conformational changes may occur during the attachment, but the
full details of such processes are not clear. Recently, researchers from Sandia National Laboratories, the University of
Delaware, Los Alamos National Laboratory (LANL), and the National Institute of Standards and Technology (NIST)
revealed key structural aspects of lipid membrane changes during protein binding using the x-ray facilities at the APS
and at HASYLAB in Germany. The cellular processes involved in such diseases as botulism, cholera, and tetanus
involve multiple binding sites, so understanding the role of binding site multiplicity on cell membrane structure is crucial and studies such as this promise to help in understanding the nature of these interactions.

When proteins interact with natural cell membranes that
consist of lipid layers, the membrane organization can undergo
structural rearrangements. These alterations can depend on
the complexity of the protein binding, and in particular whether
the binding is via multiple or single sites. To study this process
under controlled conditions requires use of a suitable model
system to mimic the cell membrane. Real cell membranes
expand and contract, so a realistic artificial system with similar
properties must be employed. Langmuir monolayers, in which
carefully chosen lipid molecules are floated on an aqueous
substrate, offer a system in which surface area and pressure
can be controlled and monitored during protein adsorption.
The research team studied structural changes in the metalchelating lipid 1,2-distearyl-rac-glycero-3-triethyleneoxide iminodiacetatic acid (DSIDA) during interactions with myoglobin
and egg-white lysozyme proteins. When the chelating sites of
the lipid are loaded with copper or nickel ions, they will bind to
the histidine residues on the protein molecules with known
binding energies, depending on the ion. Myoglobin has five
exposed histidines, whereas lysozyme has only one, making it
possible to observe differences between single and multiple
site binding.
X-ray reflection (XR) and grazing incidence x-ray diffraction (GIXD) studies were carried out at the XOR/CMC 9-ID
beamline at the APS and at HASYLAB (Germany) beamline
BW1. X-ray reflection measurements are useful for providing
information about the amount of adsorbed protein and electron
density profile within the monolayer normal to the interface,
while GIXD can probe the structural changes in the plane of the
membrane caused by protein binding. Neutron reflection studies at NIST and LANL provided data to complement the XR
results. To create the lipid membrane samples, DSIDA was
floated on a phosphate buffer solution in a Teflon© trough
equipped with a moveable barrier to establish constant surface
pressure. Protein was introduced behind the barrier and flowed
into the buffer solution underneath the lipid monolayer.

Fig. 1. Bragg peaks from GIXD data for DSIDA/Cu2+ films prior to
injecting myoglobin and at various times after injection. Before
injection, the sharp peak shows the ordering of the lipid membrane. Upon injection, the peak disappears, signaling breakup
of the ordering. Several hours later an ordering, with a different
hexagonal packing of the lipid molecules, appears.

The GIXD data show the rapid breakup of the ordered
DSIDA packing after introduction of myoglobin onto a copperloaded lipid membrane. After several hours a modified ordering
emerged that indicated an increase in the size of the hexagonal unit cell of the lipid (Fig. 1). Nickel-loaded DSIDA showed a
similar behavior, but over a longer time scale consistent with
the weaker binding between the lipid system and the histidines.
Continued on page 66
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FILLING THE GAPS
IN COLLAGEN STRUCTURE

C

ollagens—we might take them for granted, but without them there would be no way to build tissues of the
heart, skin, cornea, or bones. In much the same way that wood is used to frame a house and form a structure for the overlying construction materials, collagens are proteins used in the framing of mammalian tissues, but gaining an accurate picture of their three-dimensional structure in the body has proven more difficult. Knowing more about the structure of collagens could help biochemists improve their understanding of heart disease and cancer. Thanks to work by a research group based at the Illinois Institute of Technology and using the BioCAT 18-ID beamline at the APS, a complete structure for a collagen molecule—as it actually appears in the extracellular matrix (ECM)—is now available. This new knowledge of collagen structure provides important insights about several molecules involved in human disease.

The research group was able to determine a three-dimensional structure for a collagen (Type I from intact rat-tail tendons) as it would actually appear in the ECM. The structure is
breathtakingly complex. The entire super-unit of collagen contains collagen segments packed together such that neighboring
molecules, known as microfibrils, are super-twisted and then
interdigitated with each other (Fig. 1). The interdigitation
appears to be responsible for the super-lattice, which is constructed of quasi-hexagonally packed collagen molecules. The
researchers constructed a new electron density map that, for
the first time, clearly shows how all of the molecular segments,
including the previously unresolved gap region, are situated
(Fig. 1C). Also for the first time, the complete path of each collagen molecule can be visualized, including how the interdigitated microfibrils are arranged. And, perhaps most importantly,
these data (Fig. 2) all pertain to the native structure of the collagen—how it would actually appear in living tissue.
The term “microfibril” has been used to name the basic
units, or boards, of the frame created by the collagen molecules. The exact structure of the microfibril itself has been elusive—until now. By tracing the path of a single collagen molecule through several unit cells, the researchers solved this mystery. What their analysis reveals is that the microfibril is constructed of five one-dimensional, pleated collagen molecules,
with a right-handed super-twist. This microfibril unit then packs
with its neighbor to form the observed interdigitation. This intricate packing explains why individual microfibrils could not be
isolated—it is not possible to remove them from the superstructure without destroying their own structure.
This new information about how the collagen molecules
are stacked and connected makes it possible to develop
hypotheses about how two molecules related to human disease—decorin and the Matrix Metallo-Proteinase (MMP)—
behave. Decorin appears to be important in proper tissue construction via microfibrillar and fibrillar packing; when the gene

(A)

(E)
(B)

(C)
(D)

Fig. 1. (A) Cross-section of multiple unit cells of the crystalline lattice. (B) Overlap region of the 1-D repeat, with the triple helical
backbone of the pre-refined model (red). (C) Same as B, except
for the gap region where the super-twist occurs. (D) Two microfibrils, colored differently to easily identify the helical nature of the
microfibril twist. (E) Same as D, except three microfibrillar structures are shown, packed together to reveal the interdigitation.

for decorin is disrupted, fragile skin and connective tissue diseases, such as Ehlers-Danlos syndrome, can ensue. The new
collagen structure provided by the research group shows sharp
turns in a gap region, freeing up molecular space that could be
used for decorin binding, especially on the surface of the strucContinued on page 66
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“Protein Behavior” continued from page 64

See: H. Yim1, M.S. Kent1*, D.Y. Sasaki1, B.D. Polizzotti2, K.L.
Kiick2, J. Majewski3, and S. Satjia4, “Rearrangement of Lipid
Ordered Phases Upon Protein Adsorption Due to Multiple Site
Binding,” Phys. Rev. Lett. 96, 198101 (2006).
DOI: 10.1103/PhysRevLett.96.198101
Author affiliations: 1Sandia National Laboratories, 2University
of Delaware, 3Los Alamos National Laboratory, 4National
Institute of Standards and Technology
Correspondence: *mskent@sandia.gov

Upon injection of lysozyme, no change in the Bragg peak was
observed, indicating the strong effect of binding site multiplicity
on membrane reorganization. Synthetic peptides with two histidines also resulted in breakup of the membrane order, adding
further weight to the picture of multiple site binding.
Several important disease processes, such as the binding
of botulinum, cholera, and tetanus toxins, involve multiple binding sites, so the stakes are high for understanding the role of
binding site multiplicity on cell membrane structure. Studies
such as this may help elucidate the nature of these interactions.
Moreover, the results show the key role that third-generation xray sources can play in providing high-brightness-input beams
for precision structural analysis of biomembranes.
— David Voss

Sandia is a multiprogram laboratory operated by Sandia Corporation, a
Lockheed Martin Company, for the United States Department of Energy
under Contract No. DEAC04-94AL85000. 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. W-31109-ENG-38.

“Collagen” continued from page 65

Fig. 2. Background subtracted off-meridian diffraction pattern of rat-tail tendon (left) and simulated diffraction pattern from model-derived
intensities (right); the similarity between patterns shows the accuracy of the final model.

9001 (2006). DOI: 10.1073pnas.0502718103
Author affiliations: 1Illinois Institute of Technology, 2Rosalind
Franklin University of Medicine and Science, 3University of
Stirling, 4Cardiff University
Correspondence: *orgel@iit.edu

ture. Collagenase (MMP1), which is active in the extra-cellular
matrix (and, when malfunctioning, is implicated in heart disease
and cancer), is thought to rely on the superstructure of the collagen molecule for normal binding and activation. Now that this
three-dimensional collagen structure can be clearly envisioned,
exactly what happens when MMP functioning goes awry can be
postulated.
The newly published collagen structure is especially important because it is specific with respect to the microfibrillar substructure, as well as the overall superstructure, which leads to
important insights into the way collagen binds other extra-cellular matrix molecules. These data will fill in several gaps for
researchers studying the biology of the extracellular matrix and
related tissue disease, where framing is all-important in enduring stability. — Mona Mort

Thanks to the staffs of the Biophysical Collaborative Access Team, a
National Institutes of Health-supported Research Center RR08630; the
Structural Biology Center Collaborative Access Team, which is supported by U.S. Department of Energy Grant W-31-109-ENG-38; and the
Southeast Regional Collaborative Access Team (supporting institutions
may be found at www.ser-cat.orgmembers.html) for their assistance in
the development of this project. This work was supported by American
Heart Association Greater Midwest Affiliate Grant 0435339Z (to
J.P.R.O.O.). A.M was supported by a Leverhulme Emeritus Research
Fellowship. T.J.W. was supported by Biotechnology and Biological
Sciences Research Council Grant BBS_B_09643. 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. W-31109-ENG-38.

See: J.P.R.O. Orgel1,2*, T.C. Irving1, A. Miller3, T.J. Wess4,
“Microfibrillar Structure of Type I Collagen in situ,” PNAS 103,
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PUMP THOSE DRUGS
RIGHT OUT OF THE CELL

M

elanoma skin cancer cells are notorious for warding off anti-cancer drugs, especially those that head
straight for the chromosomes or architectural scaffolding in cells. These drugs break up the DNA or
demolish the internal support structures, thereby destroying dangerous cells. But melanoma cells are
trained for destructive forces. After all, the healthy skin cells from which they arise have to deal with the
harmful effects of radiation or nasty chemicals in their day-to-day task of protecting the body. Researchers from the
National Cancer Institute, the National Institutes of Health, and Argonne decided to take advantage of XOR beamline
2-ID-D at the APS to probe the inner environment of skin cancer cells and determine where they hide a metal-containing drug that kills other kinds of cancer cells. The researchers found the drug compartmentalized in a spot where the
drug would not have access to chromosomes and could be exported from the cell. Disrupting this system might disable melanoma's ability to deflect anti-cancer therapies.

Fig. 1. A melanoma cell (electron micrograph, left) accumulates cisplatin (green and light blue dots, right) outside of
the nucleus (Nu) in melanosomes.

The drug cisplatin destroys many kinds of cancer cells. But
skin cancers called melanomas can withstand the drug's
attack. Previous research at the National Cancer Institute suggested that cisplatin hides out in tiny structures in cells, called
organelles. Some skin cells contain organelles called
melanosomes, which under normal conditions make pigment.
Because melanosomes are unique to cells that cause
melanomas, the researchers decided to look in the melanosomes. Cisplatin contains a bit of the metal platinum, so the
team could take advantage of Argonne's expertise with x-rays
on biological systems to probe in cells and light up metal atoms.

To find out what the skin cancer cells are doing differently
from other malignancies, the team compared where cisplatin
settled in cultured melanoma cells to cultured non-melanoma,
lung cancer cells, which are susceptible to the drug. The team
added high concentrations of the drug to the growth medium of
the two types of cells and determined the drug's location.
Within cervical cancer cells, the drug moved into the nucleus,
where the chromosomes reside. But far less cisplatin found its
way into the skin cancer cells' nuclei. To get a less cluttered
look, the team added a much lower concentration of cisplatin to
Continued on page 69
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VERIFYING THE ACCURACY
OF MOLECULAR TOOLS

M

any cellular processes—from reproduction of our chromosomes to the ability of cells to respond to the
environment—rely on the shape of DNA. Drugs that work by contacting DNA may not be effective on
DNA molecules of unexpected shape. But when researchers study DNA, their conclusions are only as
good as the tools they use. Because many such tools have been developed from rigid DNA molecules,
researchers from Argonne, the University of Florida, and Northwestern University wanted to see how well such tools
determined the form of the same molecules floating in solution, which can flex and more closely represent reality. But
liquids add a lot of background noise to data collection in some kinds of experiments, so the researchers utilized the
XOR/BESSRC 12-ID and 12-BM beamlines at the APS, where extremely stable x-ray beams and high-precision detectors let the researchers find their DNA molecules amid the fluidic cacophony.

DNA—the molecule that encodes
genetic information in every living thing—is a
relatively uncomplicated entity. Essentially
the shape of a ladder whose stiles twist,
packing the rungs to varying degrees of
tightness, DNA molecules nevertheless take
on several forms depending on which direction they turn and how tightly. Genes are
encoded in so-called B form DNA. Some
repetitious DNA sequences take up the
slightly more tightly packed B′ form. Many
tools that have been developed over the
years to determine the form that DNA
sequences take have been drawn from crystallized, immobilized DNA. This information
is like a static photo. In reality, DNA molecules breathe and move, so researchers
might be missing pieces of the puzzle. For
example, experiments on fibrous DNA
(which does not pack neatly into crystals nor
float freely) indicated the B′ form exists, but
researchers have never been able to crystallize B′ DNA. Therefore, the tools used to
study DNA might lack representation of B′
form.
To determine how big a problem this
might be, these researchers measured different sequences of DNA floating freely in
solution, using the solution x-ray diffraction
(SXD) technique. One sequence of DNA
Continued on next page

Simulated solution structure ensemble of a DNA molecule.

68

L IFE S CIENCE

“Drugs” continued from page 67

novel compounds that trip up the melanosomes might help
drugs like cisplatin poison skin cancer cells. — Mary Beckman

the melanoma cells. Most of the drug within the cells was outside of the nucleus. Then the team marked the melanosomes
with zinc. More than 50% of the cisplatin resided with the zinc
in melanosomes, which remain outside of the nucleus.
Normally, pigment-producing skin cells send the pigment
out to other skin cells, so the researchers wondered if the
melanosomes dumped the cisplatin to prevent the accumulation
of dangerous amounts. The researchers added the lower concentration of cisplatin to skin cancer cells. After two weeks, the
team measured the amount of pigment the cells spit into the culture medium. The cells discharged seven times as much pigment in the presence of cisplatin than without, showing that the
drug stimulated the melanosomes to work harder. Additional
experiments showed that skin cancer cells with melanosomes
already geared up to work overtime could withstand higher concentrations of the toxic drug. Lastly, the researchers determined
that the pigment itself did not contribute to the drug resistance,
as some data previously suggested. The work suggests that

See: Kevin G. Chen1, Julio C. Valencia1, Barry Lai2, Guofeng
Zhang3, Jill K. Paterson1, François Rouzaud1, Werner Berens1,
Stephen M. Wincovitch1, Susan H. Garfield1, Richard D.
Leapman3, Vincent J. Hearing1, and Michael M. Gottesman1*,
"Melanosomal sequestration of cytotoxic drugs contributes to
the intractability of malignant melanomas," Proc. Nat. Acad. Sci.
USA 103, 9903 (June 27, 2006).
DOI: 10.1073pnas.0600213103
Author affiliations: 1National Cancer Institute, 2Argonne
National Laboratory, 3National Institutes of Health
Correspondence: *mgottesman@nih.gov.
This work was supported by the Intramural Research Program of the
National Institutes of Health, National Cancer Institute, Center for
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criminate the closely related duplex DNA B and B′ forms in
solution, the researchers are working to extend SXD methods
to more accurately determine the structure of pliant molecules.
— Mary Beckman

was composed entirely of adenosine building blocks on one
strand, which makes up one stile of the twisted ladder, and
thymidine on the other (polyA). Another sequence of DNA consisted of alternating adenosine and thymidine building blocks
along each strand (polyAT). Fibrous DNA experiments showed
that polyA shapes up as B′ and polyAT settles comfortably as B
form.
Analyzing the data using SXD showed that the polyA molecules are indeed of the B′ form, while the polyAT took B form.
But when the team analyzed the data with a more common
structural determination method—molecular dynamics (MD)
simulations—they found MD identified both polyA and polyAT
molecules as existing in B form DNA, indicating these computer
programs can skew toward B form.
But these experiments are performed on a group of molecules, not just one. So the final result is a composite of the
structures of the individual molecules. To determine whether
MD completely missed the B′ forms of polyA, the team looked
at more than 2,000 individual MD snapshots, each representing
an individual molecule. They found that even though the overall MD picture of polyA was B form, about 20% of the individual
snapshots were form B′. Having demonstrated the ability to dis-

See: Xiaobing Zuo1, Guanglei Cui2, Kenneth M. Merz, Jr.2,
Ligang Zhang3, Frederick D. Lewis3, and D. M. Tiede1*, “X-ray
diffraction 'fingerprinting' of DNA structure in solution for quantitative evaluation of molecular dynamics simulation,” Proc. Nat.
Acad. Sci. U.S.A. 103(10), 3534 (March 7, 2006).
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S E C R E T S O F A S E C R E T I O N A P PA R AT U S
IN BACTERIAL INFECTION

A

significant percentage
of cystic fibrosis patients have
lung infections caused by the bacterium
Pseudomonas aeruginosa. The infections can
be chronic or acute and are the main cause of
death in patients afflicted with the disease. Figuring
out just how the bacterium is able to wreak such havoc on
lung tissue would be a major advance in fighting cystic fibrosis. Because disease-causing bacteria often use a secretion
apparatus to invade the host, much recent work has focused on
understanding the link between a virulence gene and a protein
secretion apparatus in P. aeruginosa. The Midwest Center for
Structural Genomics at Argonne—a program funded by the National
Institutes of Health’s Protein Structure Initiative—selected the protein
called Hcp1 (a component of a secretion apparatus from P. aeruginosa) for structure determination. With the help of the SBC-CAT 19ID beamline at the APS, fine details of this system have now been
discovered by a research team from the Harvard Medical School,
Argonne, and The University of Chicago. The group identified a
protein important for proper functioning of the secretion apparatus, detected that protein in lung secretions from cystic fibrosis patients, and determined its three-dimensional structure. Not only is this finding of major importance in
knowing how to treat cystic fibrosis, but it will also
help in understanding how other diseasecausing bacteria produce successful
infections.
Continued on next page
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The researchers focused on the known capacity for P. aeruginosa to create both acute and
chronic infections, a feature that gives it some versatility as a pathogen. In an acute infection, the host
can be debilitated and perhaps killed within a short
period of time, whereas a chronic infection occurs at
a lower level and would likely afflict the host over a
longer period. Genes coding for factors known as
“global virulence regulators” appear to govern
whether the infection will be chronic or acute. In
studying these virulence regulators, a previously
undescribed virulence locus came to light. The
investigators found that this gene was necessary for
chronic P. aeruginosa infection of rat lung. In addition, they found the locus to be very similar to genes
that mediate infection from other pathogenic bacteria by facilitating extracellular protein secretion.
Armed with these facts, the research group set
out to test how making subtle changes in the gene
complex would affect protein secretion. Using a
series of analyses, the group identified the P. aeruginosa gene responsible for encoding the protein
known as Hcp1. The gene is found within a locus
regulated by the global virulence regulators, so the
investigators have named it the “Hcp1 secretion
island” within P. aeruginosa.
Through a series of careful analyses, including determination of the x-ray crystal structure of P. aeruginosa Hcp1, the
experimenters definitively determined both the genetic locus
and the protein essential for effective operation of the secretion apparatus. Interestingly, Hcp appears to be similar to the
disease-causing organisms known as Gram-negative proteobacteria—including P. aeruginosa—but is very different
from other proteins for which structures have been determined. The intriguing structure of Hcp1 is formed when six
monomers assemble into hexameric rings with a pore-like
structure (Fig. 1). The rings appear to be important physiologically and are the main form of the protein when it is in solution. Because the hexameric form of Hcp1 has a large diameter, the researchers propose that assembly of the intact particle most likely occurs after secretion.
The research group further refined the structural model by
investigating which regions of Hcp1 would be important in making it biologically active. This analysis involved comparing the
structure of 107 Hcp1 proteins from 43 bacterial species to find
parts of the structure that were conserved. It appears that the
top and bottom faces need to stay the same and are highly conserved, whereas those on the inner and outer circumferences
are not conserved. This knowledge will be of particular importance in finding promising drug targets for foiling the bacterial
secretion apparatus.
The extensive evidence—both biochemical and genetic—
collected by the research group presents a very clear picture of
how the HSI-I locus of P. aeruginosa encodes a protein secretion apparatus and plays an important role in chronic infections.
These essential data will be used in developing vaccines and

Fig. 1. Ribbon representation (top view) of the crystallographic
Hcp1 hexamer, with individual subunits highlighted in different
colors.

therapies for treatments of chronic P. aeruginosa infections in
cystic fibrosis patients. The results of this work will also
undoubtedly be applied to understanding the protein secretion
apparatus of other related pathogenic bacteria, as well as to a
general understanding of how disease-causing bacteria successfully invade their hosts. — Mona Mort
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A P A C -M A N - L I K E P R OT E I N T H AT
C H E W S U P I N S U L I N A N D A M Y LO I D -B E TA

T

he three-dimensional structure of insulin-degrading enzyme (IDE), a protein that breaks down insulin and
amyloid-beta—the molecule implicated in Alzheimer's disease—has been determined by researchers from
The University of Chicago and Argonne using beamlines 14-BM-C (BioCARS) and 19-ID (SBC-CAT) at the
APS. The protein seems to alternate between two states—an open form that recognizes other proteins and
a closed form that clamps shut around them and chops them up. The result may help in designing better drugs to treat
diabetes and Alzheimer's.

Biologists have wondered how IDE recognizes and breaks
down a wide variety of smaller proteins (called substrates) without
molesting other proteins that have similar shapes. To find out, the
University of Chicago-Argonne group made crystals of human IDE
mixed with one of four substrates: insulin and amylin, hormones
that lower blood sugar; glucagon, a hormone that raises blood
sugar; and the brain protein amyloid-beta, a major component of
protein plaques found in patients with Alzheimer's disease.
When the researchers determined IDE's structure from x-ray
diffraction patterns obtained at 14-BM-C and 19-ID, they found
that IDE consists of two large pieces—connected by a short
loop—that close (Fig. 1) to form a chamber shaped like a prism.
The enclosed chamber prevents substrates from entering or
leaving, meaning the two pieces of IDE must open to let in substrate. Once inside, the substrate must wedge itself into a cavity
that breaks apart specific bonds holding the substrate together.
The enzyme structure showed that the substrates twisted from
their normal helix shape into a zigzag shape by the chamber, giving the enzyme better access to the bonds between substrate
molecules.
The researchers identified several factors that allow IDE to
recognize its substrates. Its bond-breaking cavity is relatively
small—just large enough to accommodate insulin—and lined with
positively charged molecules, which repel positively charged substrates. The precise shape of the substrate must also match up
with those of the enclosed chamber and cavity.
The ability of IDE to break the bonds of its substrates seems
to depend on the speed at which it can open and close. The
researchers created mutant versions of the protein designed to
loosen the connections between its two halves, or to solidify the
link. The looser forms of the protein degraded substrate 30 to 40
times more rapidly, suggesting that the mutant protein is quicker
to release chopped up substrates and accept new molecules. A
stronger link between the two halves of IDE, in contrast, took
away the enzyme's ability to degrade its substrates.
The researchers propose that certain chemicals could, in
principle, change the rate at which IDE breaks down substrate. If
so, they note, such compounds might help the body get rid of
excess amyloid-beta, which seems to accumulate as plaque in the
brains of people with Alzheimer's disease and may contribute to

Fig. 1. The proposed degradation cycle of IDE, which has two
domains (blue and red). Separation of these domains allows the
capture of the brain protein fragment amyloid-beta (orange).
The entrapment of amyloid-beta leads to its degradation.

the memory loss that defines the condition. Similarly, the right
compound might alter IDE's effect on insulin and help people
with diabetes better regulate the concentration of sugar in their
blood. — JR Minkel
See: Yuequan Shen1, Andrzej Joachimiak2, Marsha Rich
Rosner1, and Wei-Jen Tang1*, “Structures of human insulindegrading enzyme reveal a new substrate recognition mechanism,” Nature 443, 870 (19 October 2006).
DOI:10.1038/nature05143
Author affiliations: 1The University of Chicago, 2Argonne
National Laboratory
Correspondence: *wtang@uchicago.edu
This research supported by NIH and The University of Chicago
Diabetes Center grants to W.T. Use of the Advanced Photon Source
supported by the U.S. Department of Energy, Office of Science, Office
of Basic Energy Sciences, under Contract No. W-31-109-ENG-38.
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A P O S S I B L E P A R K I N S O N ’ S P R OT E I N
HINGES OPEN AND SHUT

D

egenerative brain disorders—such as Parkinson’s and Alzheimer’s—refuse to give up their secrets easily.
To piece together the pathways that cause such conditions, one potentially informative method is to study
the shapes of proteins involved in damaging or protecting brain cells. A team of researchers from Brandeis
University and the Brigham and Women’s Hospital and Harvard Medical School recently solved the threedimensional (3-D) structure of a largely unstudied protein implicated in Parkinson’s disease. Called ubiquitin C-terminal hydrolase (UCH-L1), it shows signs of being able to bend open and closed, and it is likely kept under tight control
by a still mysterious partner protein, the team concluded. To begin shedding light on its exact biological role, the
researchers reconstructed the structure of UCH-L1 on the basis of x-ray diffraction patterns obtained at GM/CA beamline 23-ID at the APS.

Parkinson’s disease, like other progressive brain disorders, tends to leave deposits of unruly protein in the brain.
UCH-L1 is an extremely abundant protein catalyst, or
enzyme, in the brain, where it plays a role in removing
proteins that have built up in cells and are no longer
needed. Biologists believe it does so by severing a
chemical bond between a protein called ubiquitin and
another unknown protein, or substrate. Investigators
have tied different forms of UCH-L1 to genetic
propensities to develop or be resistant to
Parkinson’s, presumably because of the enzyme’s ability to regulate protein buildup. UCH-L1 remains mysterious, however.
The researchers in this study found that UCH-L1 consists of two lobes. Between the lobes is a cleft containing
several amino acids that are characteristic of an active
site—the place on an enzyme that catalyzes a reaction.
This study revealed that, by itself, UCH-L1 does not
appear to be an active enzyme, because the key amino
acids in its active site are too far apart to effectively
work together, and the cleft is covered by a loop of
protein.
Instead, this study shows that UCH-L1 is probably
activated by its substrate. Viewed from one angle, the
protein looks like a pie missing a single wedge where the
substrate likely binds (Fig. 1). If any sizable protein
inserted itself into this trough, its walls would bulge outward,
disrupting some of the bonds that prevent the active site from
adopting a more favorable shape, the researchers maintain. As
a result, the loop covering the active site should get pushed out
of the way. Consistent with this idea, the loop contains a hinge
region in which two strands of protein seem to complement
each other like a Velcro strap, suggesting that the hinge could
unravel and become more flexible when jostled.
Although the structure suggests a mechanism of action for
UCH-L1, it gives scant clue as to the protein’s substrate and
Continued on page 75

Fig. 1. The 3-D structure of UCH-L1 (brown ribbon diagram), a
brain enzyme implicated in Parkinson’s disease, overlaid with a
schematic representation of the protein. UCH-L1 probably catalyzes a chemical reaction on another protein in a cleft between
its two lobes (notch at left).
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H O W A N A M A Z I N G H OT - D O G - F O L D
E N Z Y M E S M OT E T H E A R O M AT I C

B

acteria are usually thought of in a negative, disease-causing context. But these simple microorganisms are
playing a positive role in cleaning up environmental pollution. Employing naturally occurring biota to help
clean up pollutants, a strategy known as bioremediation, is receiving increasing attention, mainly because it
is a relatively safe approach and does not introduce chemicals that themselves need to be cleaned up. The
bacteria used for eating aromatic compounds, which form carbon rings and are common in petroleum and many other
sources of contamination, actually use the aromatics as sources of energy. In much the same way as wine makers
use microorganisms to metabolize the sugars in crushed grapes and turn them into a desired by-product—alcohol—
some bacteria have a biochemistry that allows them to use the aromatics as a source of nutrition and turn them into
benign molecules. So, it makes sense to at least try to clean up an oil spill by inoculating it with bacteria that would
naturally utilize the offending chemicals. But before bacteria can become bioremediation stars, we need to know more
about how they metabolize pollutants. To that end, a research group from the University of New Mexico, SloanKettering Institute, and Cornell University—employing the SGX-CAT beamline 31-ID at the APS—studied a bacterial
enzyme used in degrading aromatics. Their work reveals important new details about the bacterias’ structure and function, knowledge that not only provides much-needed basic biochemical details, but will also make it easier for
researchers for researchers to predict how the bacteria will behave in the course of environmental cleanups.

The research group zeroed in on a particular
enzyme system involved in degrading phenylacetate,
which is important in pathways for breaking down a
wide variety of natural and synthetic aromatics.
Previous work had shown that, in the bacterium
Escherichia coli, a gene cluster controlled 14 different
proteins involved in the complex process of degrading
phenylacetate. Within that group of 14, one gene—
known as PaaI—had not been characterized with
respect to its role in the degradation pathway. The
product of the gene is a PaaI protein, which, because
of characteristics including its final shape, belongs to
the hot-dog-fold enzyme superfamily. Through careful
analyses, the investigators were able to provide critical information about the structure and biochemical
Fig. 1. PaaI catalyzed reactions (black) support the phenylacetate degrafunction of this enzyme (a thioesterase).
dation pathway (blue) by releasing coenzyme A (CoASH) from the first
First, the researchers used biochemical assays
intermediate of the pathway—when downstream pathway enzymes are
to show that PaaI was active in degrading phenylaclacking—and from the spontaneous dehydration (dead end) product of
etate in the bacteria Arthrobacter evansii and E. coli.
the second pathway intermediate.
Having shown that this enzyme plays an important
role in this biochemical process, they were then able
to pinpoint the role of PaaI by testing it on various intermediate
structure makes it much easier to understand chemical behavproducts in the pathway. This work led them to rule out PaaI’s
ior and to predict the binding and mechanistic attributes of the
role in the lower pathway and to find where in the upper pathenzyme (Fig. 2). Without a definitive structure, such predictions
way its presence is critical. Locating that step, which is associare mere guesses.
ated with the ring-hydroxylated thioesters, meant that the
Once they had a structure, the researchers could then preresearchers could, at last, definitively assign a role for Paal in
dict how the enzyme would facilitate the recognizing and bindthe degradation of phenylacetate (Fig. 1).
ing necessary at that particular point in the phenylacetate
Next, the group went on to determine the x-ray crystal
degradation pathway. Using mutant proteins that were specifiContinued on next page
structure of the PaaI thioesterase from E. coli. Knowing the
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therefore its possible role in Parkinson’s. The substrate’s structure should fit with the binding site of the protein, the
researchers noted. They also speculated that the mutant forms
of the protein—thought to protect against or confer susceptibility to the disease—probably have the same overall structure.
The mutation linked to disease susceptibility affects the active
site of the amino acids and would slightly change the structure
there, perhaps reducing or enhancing the protein’s affinity for
its unknown substrate. The protective mutation alters amino
acids on the surface of the protein and perhaps changes its
interaction with other proteins. — JR Minkel

Proc. Nat. Acad. Sci. USA 103, 4675 (March 21, 2006).
DOI: 10.1073pnas.0510403103
Author affiliations: 1Brandeis University, 2Brigham and
Women’s Hospital and Harvard Medical School
Correspondence: *petsko@brandeis.edu
GM/CA-CAT is funded in whole or in part with federal funds from
National Cancer Institute Grant Y1-CO-1020 and National Institute of
General Medical Science Grant Y1-GM-1104. Portions of this research
were carried out at the Stanford Synchrotron Radiation Laboratory, a
national user facility operated by Stanford University on behalf of the
U.S. Department of Energy, Office of Basic Energy Sciences. G.A.P. is
a Duvoisin Fellow of the American Parkinson’s Disease Association.
G.A.P. and D.R. are recipients of an award from the McKnight
Endowment Fund for Neuroscience. Parkinson’s disease work at
Brandeis University was initiated with generous support from the Ellison
Medical Foundation. 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. W-31-109-ENG-38.

See: Chittaranjan Das1,2, Quyen Q. Hoang1,2, Cheryl A.
Kreinbring1, Sarah J. Luchansky2, Robin K. Meray2, Soumya S.
Ray2, Peter T. Lansbury2, Dagmar Ringe1,2, and Gregory A.
Petsko1,2*, “Structural basis for conformational plasticity of the
Parkinson’s disease-associated ubiquitin hydrolase UCH-L1,”
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Fig. 2. A stereo picture of the PaaI tetrameric enzyme.

See: Feng Song1, Zhihao Zhuang1, Lorenzo Finci1, Debra
Dunaway-Mariano1*, Ryan Kniewel2, John A. Buglino2, Veronica
Solorzano2, Jin Wu3, and Christopher D. Lima2, “Structure,
Function, and Mechanism of the Phenylacetate Pathway Hot
Dog-fold Thioesterase PaaI,” J. Biol. Chem. 281(16), 11028
(April 21, 2006). DOI: 10.1074/jbc.M513896200
Author affiliations: 1University of New Mexico, 2SloanKettering Institute, 3Weill Medical College of Cornell University
Correspondence: *dd39@unm.edu

cally designed to answer questions about specifics, the investigators could provide beautiful detail about PaaI, where it is
active in the pathway, and how it behaves.
The researchers performed further analyses to determine
how PaaI fits into the evolutionary tree of the hot-dog-fold
thioesterase superfamily. Interestingly, the structure of PaaI has
diverged so that it specifically recognizes and is most active
with certain intermediates and can liberate a molecule known
as CoA. The present research reveals a function for PaaI to
which it is well suited by its structure. The mystery of where
PaaI acts in the phenylacetate degradation pathway has now
been solved. In addition, these data provide critical information
for the field of bioremediation, making it easier to use bacteria
to smite aromatics before these pollutants can do significant
environmental damage. — Mona Mort.

Use of the SGX-CAT beamline facilities at sector 31 of the Advanced
Photon Source was provided by SGX Pharmaceuticals, Inc., which constructed and operates the facility. 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. W-31-109-ENG-38.
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A V I TA L B R A I N R E C E P TO R

T

IN

3-D

hroughout the brain and spinal cord, whenever one nerve cell wants to excite a neighboring nerve cell into
sending an electrical signal, the molecule that kicks off that process is usually an amino acid called “glutamate.” In the last five years researchers have made strides in understanding how glutamate causes receptor proteins on the surface of nerve cells to wink open and allow ions to flow inside the cell, a key step in creating that electrical signal pulse. Much of that progress has come from researchers solving the three-dimensional
(3-D) structures of these glutamate receptors.

Glutamate receptors respond only to the amino acid
glutamate and related molecules. Although one glutamate
receptor-blocking drug exists for the treatment of dementia, so far the proteins are primarily a window into evolutionary history and basic biology. Evolution seems to have
assembled the receptor from several pieces that can still
be found in bacteria. The protein consists of three major
domains, like scoops on an ice-cream cone. Within the cell
membrane sits the ion channel domain, the component
that opens to let ions through. The core domain contains a
pocket for binding glutamate and is the engine that drives
ion channel activation. The topmost domain controls
assembly so that four subunits combine to form a functional dimer of dimers.
The most exciting recent advances have come from
3-D structures of the core domains bound to a large variety of different molecules, derived from studies at the
SER-CAT 22-ID beamline at the APS and elsewhere [1].
These structures have allowed researchers to explore
general models for how glutamate activates the receptor
and how that activity is dialed up or down. In general, glutamate molecules wedge into two clamshell-like clefts on
either side of the core domain (see Fig. 1). The core
responds by pinching in the middle and thereby clamping
down on glutamate. By inserting molecules of various
sizes and shapes into the core and studying the resulting
structure, groups have found that different molecules
cause the core to pinch shut to varying degrees. The
degree of clamping, in turn, determines how well the
receptor is activated.
A broad-brush model for receptor activation has
emerged based on these findings. When the core domain
pinches in on itself, the dimers shorten and widen, pulling
open the ion channel domain, somewhat like a pair of scissors. Researchers have identified crystal structures that
correspond to this state. Chemicals that block the receptor
jam the core domain in its resting position by physically
obstructing the clefts and thereby preventing the core from
pinching shut. The receptors can also become desensitized while still bound to glutamate. In this case, the pair of
subunits in a dimer fall apart after briefly applying tension
to the ion channel before closing the scissors again.

Fig. 1. The amino acid D-serine (inset) buries itself deep in a glutamate
receptor called NR3A in this schematic representation of the receptor's
3-D structure. D-serine lodges in a clamshell-like structure formed from two
opposing domains of NR3A. Hydrogen bonds between the receptor and
water molecules (groups of green circles) stabilize the clamshell's closure.

Researchers have recently obtained 3-D structures for the
desensitized state. The ongoing challenge is to determine the
structure of the ion channel domain in an intact receptor.
— JR Minkel
See: [1] Mark L. Mayer, “Glutamate receptors at atomic resolution,”
Nature 440, 456 (23 March 2006). DOI: 10.1038/nature04709
Author affiliation: National Institutes of Health
Correspondence: mayerm@mail.nih.gov
Work in the author’s laboratory is supported by the intramural research program of NICHD, NIH, DHHS. Synchrotron diffraction data were collected at
the SER-CAT facility, which is operated by the University of Georgia on
behalf of 25 academic, industrial, state, and federal institutions. 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. W31-109-ENG-38.
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C E L LU L A R M A C H I N E S
F O R B R E A K I N G D O W N RNA

G

enes are stored as DNA, but when a cell needs a certain gene, it copies the DNA sequence into a closely
related molecule of RNA, which is usually translated into a protein molecule that plays some important
function in the cell. To prevent RNA molecules from being active for too long and interfering with each
other's functions, the cell must rapidly chew up or degrade RNA molecules. In organisms such as yeast
and humans, one major system for degrading RNA is the exosome, a poorly understood cluster of proteins that can
grab onto RNA molecules to chop them up. To gain a better understanding of these cellular machines, researchers
using the GM/CA-CAT 23-ID and NE-CAT 24-ID beamlines at the APS have solved the structure of a cluster of human
proteins that breaks down RNA. The study is aimed at understanding how exosomes maintain the cell's balance of
RNA, which is crucial for almost every aspect of a cell's life, including its growth and its ability to respond to the outside world in a timely manner.

Fig. 1. Surface representation of the human RNA exosome using
different colors for each of the nine protein subunits. Graphics
prepared with PYMOL (DeLano Scientific, San Carlos, CA, USA.
http://www.pymol.org).

The researchers, from the Sloan-Kettering Institute, reconstituted one human exosome and three exosomes from yeast.
They were able to crystallize the human exosome, which consists of nine different proteins, and determine its structure by xray crystallography. Similar to related RNA-degrading bacterial
proteins, the human exosome has a donut shape (Fig. 1) that
may allow it to bring RNA molecules inside, where it can break
their atomic bonds. The exosome's nine subunits fit together
like a jigsaw puzzle, the team noted, which is consistent with
the fact that all nine proteins were necessary to assemble a
working exosome.

The researchers have been unable to determine the structure of
the exosome when it is attached to RNA, so they cannot say exactly
how the protein cluster performs that task. However, they did find
that two of its subunits, when joined into a pair, were able to break
down RNA. Combined with other experiments, the finding suggests
that these two subunits were responsible for the exosome's RNAdegrading activity. The whole exosome was able to chew up RNA
more rapidly than the pair of subunits alone, indicating that the other
subunits may help hold RNA molecules in place or may stick to other
proteins in the cell that help the exosome do its job.
The human and yeast exosomes contained different subunits
and differed in their ability to break down RNA, which may help
researchers identify roles for those subunits. One yeast exosome
had nine subunits, like the human form, but was unable to degrade
RNA. However, a yeast exosome with one additional protein was
able to break down RNA, suggesting that yeast and human cells use
different exosome subunits to break down RNA. The researchers
also observed that an 11-subunit yeast exosome was able to chew
up a different variety of RNA molecules. Taken together, these data
suggest that yeast and human exosomes contain individual subunits
with different activities, but that each set cooperates to target RNA
molecules for destruction. — JR Minkel
See: Quansheng Liu, Jaclyn C. Greimann, and Christopher D.
Lima*, “Reconstitution, Activities, and Structure of the Eukaryotic
RNA Exosome,” Cell 127, 1223 (December 15, 2006).
DOI: 10.1016/j.cell.2006.10.037
Author affiliation: Sloan-Kettering Institute
Correspondence: *limac@mskcc.org
Use of the NE-CAT beamline is based upon research conducted at the
Northeastern Collaborative Access Team beamlines of the APS, which is supported by award RR-15301 from the NCRR at the NIH. GM/CA-CAT has been
funded in whole or in part with Federal funds from the NCI (Y1-CO-1020) and
the NIGMS (Y1-GM-1104). C.D.L. is a Rita Allen Foundation Scholar. 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.
W-31-109-ENG-38.
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ur immune system protects us from invading germs and microbes, but to do so it must be able to tell the
difference between ourselves (the “self”) and the outside world. Some viruses elude destruction by our
immune systems by mimicking parts of the self. Researchers from Monash University, the University of
Melbourne, Istituto Giannina Gaslini, and the University of Genova took a close look at how the immune
system can distinguish between proteins that are of the self and those that are of foreign proteins. Using the BioCARS
beamline 14-BM-C at the APS, the research team found that certain immune cells can distinguish a foreign protein
from a self protein by identifying a single methyl group—a mere molecular bump on any protein.

While antibodies can efficiently mop up viruses before they
infect cells, once a virus is inside a cell it is beyond the reach
of antibodies. But the immune system has developed a way to
recognize cells that harbor viruses. Almost all cells in the body
express proteins on their surfaces that act as a flag for the
immune system. Sometimes the flag denotes a healthy protein,
and other times the flag calls attention to a virus that must be
eradicated. Essentially, this flag is a bite off a larger protein
from the cell, a small fragment called a peptide. Normally these
peptides come from self proteins, but if a virus has invaded the
cell, the cell displays a peptide from one of the virus's proteins
instead. Immune cells (T cells) can recognize the viral peptide
as foreign and kill the virus-carrying cell.
But cytomegalovirus—or CMV, a relatively harmless virus
that infects most of the population but only causes problems in
immune-suppressed people—fools the T cells by displaying a
peptide that looks like self. In 90% of people, CMV gets away
with this. But in the other 10%, CMV does not succeed and the
CMV-carrying cells are killed off. Previous research suggests
this is due to differences in the proteins (called the T cell receptor) on T cells that recognize the peptide.
To determine why the T cells from 10% of the population
manage to stop CMV, the research team crystallized the proteins that negotiate the recognition. A protein called HLA-E
holds the peptide like a sausage in a hot dog bun, showing off
the peptide to T cells. The T cell receptor then feels the HLA-E
and peptide combination. If the combination feels like self
(whether it is self or CMV pretending to be self), the T cell goes
on its merry way. But if the T cell receptor finds something odd,
the T cell will destroy the cell.
The team made T cell receptors from a person (code
named KK) in the 10% of the population that is not fooled by
CMV's fake peptide, and used those T cell receptors in their
crystals, together with HLA-E bound to the CMV mimic. With
the high resolution afforded by the BioCARS beamline, the
researchers could determine the features of the HLA-E/peptide
combination the T cell receptor recognized.
The team found that certain finger-like projections of the T
cell receptor contacted a methyl group at one particular spot on
the CMV peptide (Fig. 1). Self peptides do not have this methyl
group and so the T cell receptor does not recognize them. The
results support the team's biochemical studies, which showed

Fig. 1. A portion of the ribbon diagram of CMV. The methyl
group (or “bump”) is shown in pink.

that KK's T cell receptors bind more tightly to the CMV peptide
than to the self peptides, allowing the T cell to tell whether the
peptide was foreign. — Mary Beckman
See: Hilary L. Hoare1, Lucy C. Sullivan2, Gabriella Pietra3,4,
Craig S. Clements1, Eleanor J. Lee2, Lauren K. Ely1, Travis
Beddoe1, Michela Falco3, Lars Kjer-Nielsen2, Hugh H. Reid1,
James McCluskey2, Lorenzo Moretta3,4, Jamie Rossjohn1*, and
Andrew G. Brooks2**, “Structural basis for a major histocompatibility complex class Ib-restricted T cell response,” Nat.
Immunol. 7(3), 256 (March 2006). DOI: 10.1038/ni1312
Author affiliations: 1Monash University, 2University of
Melbourne, 3Istituto Giannina Gaslini, 4University of Genova
Correspondence: *jamie.rossjohn@med.monash.edu.au,
**agbrooks@unimelb.edu.au
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(DECS 0103297 and DMR 0504122). A.J.P. gratefully acknowledges
additional support from Tyco Electronics. S.G.J.M. was supported by
NSF DMR 0453856. Use of the Advanced Photon Source was supported by the U.S. Department of Energy, Office of Science, Office of
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TRANSPORTING OFFENDERS
O N T H E C E L LU L A R H I G H WAY

P

ackaging matters. Just imagine being seduced by a beautiful label into buying a bottle of wine, even though
you know you should not judge a wine by its label. Or moving a box of wine glasses to find half of them broken because they were not properly packed. In the world of the cell, just as in the macro-space inhabited by
humans, packaging is critically important, especially when it comes to evicting foreign bodies such as viruses
trying to establish and infect. In fact, one reason that the acquired immune deficiency syndrome-causing human
immunodeficiency virus (HIV) is so successful is because it hijacks the cellular process that tries to isolate it and move
it out of the cell, and then uses this system for its own reproductive cycle. Other viruses, including Ebola, are also
known to operate in this manner. Knowing more about the packaging machinery—and the conveyor belt it creates in
the cell—will help science in finding ways to combat viral infection and understand other metabolic defects caused by
cellular packaging gone awry. A new study carried out by researchers from the National Institutes of Health with the
help of the SER-CAT 22-ID beamline at the APS and beamline 9-2 at the Stanford Synchrotron Radiation Laboratory
(SSRL), provides elegant details that bring a critical cellular trafficking step into clear focus, thereby advancing our
understanding of certain viral infections, and how to combat them.

The researchers chose to study a middle section of the cellular conveyor belt called the endosomal sorting complex
required for transport (ESCRT), which had already been
shown to be critical for down-regulating receptors, creating lysosomes—the cellular trash baskets—and for
proper budding of HIV. Focusing on ESCRT-I in yeast
cells, the team studied three of the vacuolar protein
sorting (Vps) proteins (Vps23, Vps28, and Vps37)
that are involved in assembling the ESCRT-I
core, a previously unsolved structure.
Through a series of careful analyses, the
research group determined the crystal
structures of the Vps23:Vps28 subcomplex and of the Vps23:Vps28:
Vps37 core.
The beautiful architecture of this
section of the ESCRT-I complex arises
from the dance between function and
form. The core complex of ESCRT-I is
a heterotrimer: it contains one unit
each of Vps23, Vps28, and Vps37
(Fig. 1). Specific sections of the proteins, such as the C-terminal steadiness box of Vps23, the N-terminal half
of Vps28, and the C-terminal half of
Vps37, participate in assembly of the
ESCRT-I complex. To correctly perFig. 1. Ribbon diagram of the ESCRT-I core complex, showing spatial relationships of the
form these functions, the underlying,
Vps37 (green), Vps23 (orange), and Vps28 (blue) helices.
or subunit, structure of each protein
Continued on page 81
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T RY I N G T O K E E P H E R P E S V I R U S E S
OUT OF NERVE CELLS

H

Herpes viruses are huge (by viral standards), and are coated in the same material
that makes up cell membranes. This coat, a
so-called “viral envelope,” melts into cell
membranes, creates a pore, and allows the
virus to spill its contents—its genes and
supporting proteins—into the cell, where it
can cause disease while it reproduces
itself. Embedded in that envelope are a
variety of glycoproteins, some of which
help the envelope fuse with cells. Scientists
who want to develop drugs to keep these
germs out are trying to understand the
steps the glycoproteins take in molecular
detail. Previous work has shown that all the
viruses in the herpes virus family need at
least three glycoproteins, gB, gH, and gL,
to fuse. Of the three, gB has the most in
common within the family.
To determine the physical structure of
gB, the researchers first needed to coax
the glycoprotein into crystallizing. However,
the “glyco” portion of gB—sugar molecules
attached to the protein—flop around and
are of assorted sizes, making crystallization difficult. With only a handful of notvery-well-shaped crystals, the team turned
to the 24-ID beamline, which provided a
small-focus x-ray beam and required a
short exposure time, allowing the team to
collect significant amounts of data before
the crystals were damaged beyond use.
Continued on next page

Fig. 1. Left: Ribbon diagram of the gB trimer.
Bottom: Schematic model of gB, illustrating how
it could refold in an umbrella-like fashion. (a)
Structure determined in this work. Domains are
shown schematically by using the color scheme
in Fig. 1. The membraneproximal regions are
shown as brown lines. Transmembrane regions
are shown as brown cylinders. (b) The linkers
leading into and out of the domain I-II module
would permit a large-amplitude rotation. The
structure described here might represent either
the starting point or the endpoint of such a
translocation, and thus it might have either a
prefusion or a postfusion conformation (doubleheaded arrow).
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erpes simplex virus type 1, the scourge of kindergartens everywhere, is the culprit behind those ugly cold
sores so many people grow up with. But it also represents a family of other herpes viruses that cause
chickenpox, mononucleosis, and genital herpes, among other problems. Most people get infected with
these kinds of viruses while quite young; afterwards, the viruses lie dormant in nerve cells for the rest of
the person's life (some come back in adulthood, such as when chickenpox virus re-emerges as shingles). The viruses
use a combination of proteins called glycoproteins to enter cells. Researchers from the Howard Hughes Harvard
Medical Institute and the University of Pennsylvania used high-brilliance x-ray beams at the NE-CAT beamline 24-ID
at the APS to probe the structure of HSV-1's glycoprotein B. Glycoprotein B surprised the researchers by looking quite
a bit like the glycoprotein of an unrelated virus—a protein that can gets its virus inside cells without any help.
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“Herpes Viruses” continued from page 80

whether the gB they crystallized is the before-fusion shape or
the post-fusion gB. They will need to determine that before
using the structure to design anti-fusion drugs—drugs that
might help with those ugly cold sores. — Mary Beckman

Often, crystallographers will be able to map the data they
collect onto a previously determined structure of a related protein. But gB was the first of its kind, according to its sequence of
amino acid building blocks, so the researchers had to start from
scratch. After the painstaking work of translating the raw data
into a physical structure, the researchers found that gB looked
remarkably like an unrelated glycoprotein—glycoprotein G from
vesicular stomatitis virus, a germ that causes fluid-filled blisters
in animals and whose amino acid sequence differs radically
from gB. And unlike gB, VSV G is all that's needed for the virus
to get into cells. Comparing gB to VSV might help the
researchers determine why gB needs the help of gH and gL.
The team also learned details about how gB might do its
fusion job. To fuse viral envelopes with cell membranes, glycoproteins need to change shape, which enables the glycoprotein
sitting on the virus to grab the cell and bring the virus and membrane together. The scientists found that gB looks like it could
open like an umbrella does: fixed portions of gB are connected
by flexible linkers. However, the team has yet to determine
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process is essential to understanding how foreign bodies (such
as viruses) are moved along in the cell toward the lysosome,
where they are then treated as trash and degraded. Knowing
how this process is supposed to work makes it much easier to
understand how things can go wrong in both the normal metabolic cycle of the cell, and in allowing a virus to take over this
cellular highway for its own purposes of procreating and eventually destroying its host. — Mona Mort

has a common element: a core consisting of two helices, while
also exhibiting differences critical to their different duties. For
example, a hydrophobic binding site on the surface of the N-terminal domain of Vps28 allows it to undergo critical changes in
shape that permit correct assembly of the complex. In this same
protein, Vps28, the C-terminal domain binds another endosomal sorting complex, ESCRT-II.
The research team then went on to use their detailed structure of ESCRT-I to produce a model for assembly of these very
important trafficking molecules. From the compact core of
ESCRT-I, domains from Vps23, Vps28—and from other proteins—project to bind additional components needed in this particular section of the cellular conveyor belt. To validate their
model, the researchers demonstrated that the subunit interfaces evident in the crystal structure were essential for assembly and proper functioning of ESCRT-I in living yeast cells.
The discovery of essential structural details was critical to
postulating how assembly actually occurs in yeast and,
because of the similarities in protein structure, in humans. The
human ESCRT-I complex is expected to have a similar architecture, including the hydrophobic hole on its surface. Since the
human ESCRT-I complex is essential to HIV budding, the
hydrophobic hole is an attractive target for anti-HIV therapies
involving small molecule inhibitors that would prevent the
domain’s ability to undergo necessary conformational changes.
Having a model for how the ESCRT-I assembles and
makes itself available for binding other partners in the trafficking
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A B I R D F LU P R OT E I N L I N K
TO V I R U L E N C E

S

mart viruses infect without killing the host, at least in the short term. In such low-level infections, the virus
gains time to persist, reproduce, infect other individuals, and spread through the population. Some viruses
persist in certain host populations without killing them, but in other hosts they have a rapid and deadly effect.
The H5N1 virus strains responsible for recent lethal outbreaks of bird flu apparently existed for quite some
time in wild goose populations without doing much harm. But when the same strains infected chickens, the results
were disastrous, leading to high chicken mortality and a health risk for humans living in proximity. In fact, the risk of
epidemic was considered high enough to lead China to institute large-scale killing of poultry to stop the spread of
H5N1 influenza. Understanding just how this influenza virus succeeds in its virulent attack on chicken cells will not
only help keep poultry healthy, but will also ultimately aid in combating the infection in humans. To that end,
researchers from Baylor College of Medicine used the SBC-CAT 19-ID beamline at the APS to produce a detailed
structure for an H5N1 protein linked to virulence. Their work—which was confirmed by a research group from the
Chinese Academy of Agricultural Sciences—clearly links a section of the protein to increased virulence in chickens
and represents great progress in understanding how to make the virus less effective in killing its hosts—including
humans.

Left: Fig. 1. The x-ray structure of the effector domain of influenza
virus NS1 protein. Each monomer subunit of the dimeric structure
is depicted in rainbow colors from blue (N-terminus) to red (C-terminus). Right: Fig. 2. The x-ray structure of the effector domain of
influenza virus NS1 protein, rotated by 90 degrees relative to Fig. 1.

The researchers from Baylor College of Medicine studied
a protein—known as NS1—that had already been linked to the
process that allows the H5N1 influenza virus to cripple the
host’s immune responses and thus become more deadly. The
protein is thought to act by interfering with the double-stranded
RNA activation of the host immune response, as well as blocking the mechanism by which host RNA is processed, thus
destroying the cellular avenues used for fighting the virus. Until
now, the exact details of how the protein carried out this dismantling of the host’s immune system had been a mystery.
Because lethal H5N1 strains had been found to have
mutations in the NS1 protein, this molecule has been of primary
interest to the Baylor researchers. Genetic work done by the

Chinese Academy of Agricultural Sciences team has definitively
identified the NS1 gene as being responsible for the virulence
of the lethal H5N1 strains in chickens [1]. So, a clear picture of
the NS1 protein was urgently needed and has now been provided by the Baylor team.
The NS1 protein consists of two domains. One domain is
known as the RNA-binding domain (RBD). The second domain
Continued on next page
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Zachary A. Bornholdt (foreground) and B. V. Venkataram Prasad in the SBC-CAT 19-ID research station.

concentrate on identifying additional functions of the effector
domain and on identifying parts of the structure that would
respond to antiviral drugs. The search for a way to make the
bird flu virus less virulent has just become more focused.
— Mona Mort
REFERENCE

is an effector domain that is important for proper RBD function,
nuclear export, and sequestering of messenger RNA-processing proteins. It is this second domain—the effector domain—
that the Baylor team found to be linked to virulence. Through
careful analyses, the research team was able to determine the
structure of the effector domain (Figs. 1 and 2). The structural
data revealed a novel fold in the effector domain and also suggest how the H5N1 strains become more deadly in chickens.
In living cells, the NS1 effector domain most likely occurs
as a dimer—i.e., with two monomeric subunits—and a fold, or
cleft, that is structurally dynamic and probably linked to virulence. By analyzing the details of the structure, the Baylor team
was able to propose that the known mutations in the NS1 protein lead to increased virulence by lowering the efficiency of
phosphorylation of certain residues.
The team proposed a series of steps by which changes in
the NS1 protein could lead to the virus having a more deadly
impact on the host’s immune response. Their data also allowed
identification of important binding sites in the protein and made
it much easier to understand how the effector domain is able to
antagonize the host’s interferon response. Future work can now

[1] Z. Li et al., “The NS1 Gene Contributes to the Virulence of
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he world held its breath in 2002 and 2003 as hundreds of people, primarily in Asia and North America, contracted Severe Acute Respiratory Syndrome (SARS), a never-before-seen, flu-like disease. Researchers
identified the cause of the illness as a member of the coronavirus CoV family, which includes viruses that
cause the common cold and a rodent form of hepatitis. SARS has not reappeared since 2004, but public
health officials are keen on being prepared should it return. Scientists are making steady progress in solving the threedimensional structures of proteins produced by the SARS virus. Cataloging the structures of these viral proteins
should help in the effort to design drugs to disable them. Researchers from The Scripps Research Institute, using the
GM/CA-CAT 23-ID beamline at the APS, as well as beamlines at two other U.S. Department of Energy light-source
facilities, are trying to determine the structures and functions of all the virus’s proteins and map their interactions with
human cells. Their latest success is the structure of a small protein, nsp10, which likely plays a supporting role in the
process by which the SARS virus reproduces itself.

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Including nsp10, investigators have deduced the structures
of part or all of 12 SARS CoV proteins, and 9 of them contain
shapes that have not been observed before. To determine the
structure of nsp10, the Scripps team crystallized the protein and
obtained its x-ray diffraction patterns at the GM/CA-CAT beamline 23-ID at the APS ( Argonne National Laboratory), the 8.2.1
beamline at the Advanced Light Source (Lawrence Berkeley
National Laboratory) and the BL-11.1 beamline at the Stanford
Synchrotron Radiation Laboratory (Stanford Linear Accelerator
Center). Like several other SARS CoV proteins, nsp10 is folded
into a shape that researchers have not observed in other protein
structures. Mutations in a protein similar to nsp10 prevent the
closely related rodent hepatitis virus from copying its genome,
suggesting that nsp10 plays a role in the SARS CoV copying
process. The protein’s structure is consistent with its presumed
role. Nsp10 adopts a novel oblong shape (Fig. 1) with two zinc
atoms on its surface. These so-called zinc fingers are most often
involved in binding to DNA or RNA—likely the latter in nsp10,
because the SARS virus uses RNA for its genetic material. One
side of the protein also has a positively charged patch on its surface, which, along with the zinc atoms, might help nsp10 stick to
negatively charged RNA molecules during the copying process.
Previous studies have found that two other SARS CoV proteins, nsp7 and nsp8, combine to form a large cylinder-like
assembly that threads RNA and is probably the core of the virus’s
copying machinery. Inside infected cells, nsp10 tends to associate with these proteins and others implicated in the copying
process. The Scripps group suggested that nsp10 probably joins
with the cylinder and other protein factors to direct RNA toward
the enzyme that copies it.
These researchers have, to date, determined the partial or
complete structures of six SARS CoV proteins, five of which have
novel shapes. — JR Minkel
Continued on page 87

Fig. 1. The 3-D structure of nsp10, a protein that likely contributes
to the ability of the deadly SARS CoV virus to copy itself.
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P ROPER P ROTEIN D ELIVERY

C

onsider the relay race. Each runner on each relay team must be coached—pointed in the right direction and
kept going in the right direction—in order to assure that the finish line is reached by the last runner in the
team. Wrong turns or backtracking usually spell defeat. Similar events happen in a cell, but timing is even
more critical. Molecules must end up in the right place at the right time, sometimes within nanoseconds, in
order for metabolism to run well. There is a “coach”-like molecule called ubiquitin, because it seems to be everywhere
and involved in lots of different relays. Ubiquitin and ubiquitin-like molecules are attached to proteins, most often on
lysine residues, helping to ensure that those proteins end up in the right part of the cell. This is an important process;
dire consequences can arise if it doesn’t work properly and the proteins get lost. Much current research focuses on
unraveling the fine details of ubiquitin’s biochemistry. To that end, a research team from Sloan-Kettering Institute, using
the SGX-CAT 31-ID and NE-CAT 24-ID beamlines at the APS, and National Synchrotron Light Source beamline X29A,
studied a biochemical pathway for a small ubiquitin-like modifier called SUMO in order to understand how it behaves
in cellular metabolism and how that behavior compares to what is known about ubiquitin. This study reveals important
details about how proteins are modified with SUMO, making it easier to understand SUMO’s roles in nuclear metabolism, cell-cycle control, and potential disease states caused by the absence of these important coaches.

The researchers focused on elucidating certain mechanisms in SUMO processing by determining crystal structures for SUMO precursors and SUMO-conjugated
substrates in complex with a protease called
SENP2 that can process SUMO precursors or
cut SUMO off a substrate (Fig. 1). Using the
structural data, the researchers could
clearly model the steps by which the
SENP2 protease interacts with
SUMO and the substrate
lysine, creating optimal conditions to liberate SUMO
from the substrate.
Since the SENP2 protease is central to this
process, the team
went on to study this
enzyme in detail.
What they found
underscores
how
easily things can go
wrong.
On the surface of the protease are amino acids that are
responsible for making sure that the correct substrate is recognized—in this case
SUMO attached to the substrate lysine. The researchers
showed that, under certain conditions, specificity could be modified and even reversed.
To further understand the relationship between SUMO and
the SENP2 protease, the research team performed mutational
analysis and biochemistry. These data allowed the group to fur-

ther explain why this protease is so
good at releasing SUMO from substrate lysine residues, especially
in comparison to other
SENP2 reactions.
Using their detailed
structural work, combined
with biochemical analyses,
the research team constructed a badly needed
model for how the SENP2
protease
interacts
with
SUMO, whether in a precursor form or when attached to a
protein substrate. From this, we
now have a much clearer picture
of how the ubiquitin-like molecules
detach from the load that they are
ushering through the cell and leave it
closer to the finish line. The end result of
this process is that the ubiquitin-like molecules are then free to attach to the next molecule that needs guiding. Continued on page 87

Fig. 1. Ribbon diagram representing the structure of the SENP2
protease (blue) in complex with SUMO (yellow) conjugated to
RanGAP1 (red). SUMO is attached to a RanGAP1 lysine side
chain within the SENP2 active site (center of the image).
Graphics prepared with PYMOL (DeLano Scientific, San Carlos,
CA, USA. http://www.pymol.org).
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HOW BACTERIA SUCCEED
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ighting bacterial infection is not easy—although it seemed so when antibiotics were first discovered—because
the existing bacterial strains seemed to be rapidly eliminated by treatment with antibiotics. But then the ability
of bacteria to develop resistance to commonly used antibiotics started to outpace our ability to discover new
ones, resulting in the current critical situation: the existence of bacterial strains, such as some that cause
tuberculosis, that have multiple drug resistance and leave the medical community wondering how to treat the infection. Most antibiotics work by interfering with a bacterium’s biochemical machinery. Combining this knowledge with our
increasingly sophisticated ability to design new drugs, the research community is intensely focused on understanding
the particulars of bacterial biochemistry. What is especially critical is identifying the suite of molecules involved in replicating bacterial DNA, a necessary step for growth and reproduction. If bacteria can be prevented from reproducing in
the host, then a bacterial infection can usually be brought under control quite quickly. Data collected by researchers
from Yale University—using beamlines 19-ID (SBC-CAT) and 24-ID (NE-CAT) at the APS and Advanced Light Source
beamlines 8.2.1 and 8.2.2—show the structure of a critical replication enzyme, elucidate its behavior, and point to
promising ways in which to design new antibiotics. The implications of this work infuse hope into the search for treatment of multiple-drug-resistant bacterial infections.

Fig. 1. DNA homology modeled onto the polymerase active site. The
Clamp binding domain, N-terminal domain, and thumb have been repositioned such that they bind the modeled DNA.
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In determining the crystal structure of a DNA polymerase IIIα subunit from the bacterium Thermus aquaticus, the researchers uncovered several previously
unknown and, in some cases surprising, features of the
enzyme (Fig. 1). First, the data revealed that the catalytic,
or active, domain of this bacterial replicative polymerase
is not related to the analogous replication enzyme in
eukaryotes—organisms whose cells have a nucleus,
such as humans. With respect to its structure, the bacterial enzyme belongs to an entirely different enzyme family, the βNT superfamily. That is really good news if one
wants to design an antibiotic that will interfere only with
the DNA replication in the bacterium trying to establish an
infection and not also interfere with DNA replication of its
human host. The replicase appeared to be an unusual
member of its superfamily, where all of the other members are comparatively slow in terms of DNA replication.
The polymerase IIIα, however, is really fast—incorporating thousands of nucleotides per binding event—making
it capable of what is called high processivity, the first time
this trait been shown in an enzyme from this superfamily.
That is more good news for designers of antibiotics that
could disable this enzyme, which is obviously a speed
demon with respect to bacterial replication.
Second, the research team was able to use their
data to model how the polymerase would behave in binding with DNA, which appears to interact with a domain
that contains an internal binding site for attaching it to the
sliding clamp. Their model agreed well with existing biochemical data on how the enzyme functions and the
resulting products of that function.
Continued on next page
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When this system fails, the cellular coaches—the ubiquitin
and ubiquitin-like molecules—are not able to aid in guiding the
new molecules for the next relay race. It is easy to see how
metabolic defects could arise from such a backup, with molecules potentially lost and unable to get to the right place at the
right time for their cellular appointments.
The data collected in this study also make it much easier
to see that, in the cell, protein delivery is anything but free.
— Mona Mort
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biochemistry are related to each other, an activity that will
almost certainly lead to greater insights into how to keep bacteria from successfully infecting their human hosts. — Mona Mort

Third, the data create a new interpretation of biochemical
evolution. The replicative polymerase studied—from a member
of a group known as the eubacteria—is quite different from the
replicase found in both the eukaryotes and another bacterial
group known as the archaea. This finding raises extremely
interesting questions: When did these enzymes emerge? What
was the DNA polymerase in the last common ancestor? Did
replication, and its associated enzymes, evolve independently
in the two divergent lines? The researchers used their extensive
data to develop fascinating hypotheses about possible ancestral enzymes, including an ancestral RNA molecule that served
as an enzyme, also known as a ribozyme.
The surprisingly different structure of this bacterial replicase will require a rethinking of how bacterial and eukaryotic
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B

acteria, unlike viruses, tend to cause infections that can be treated with antibiotics, which act by throwing a
wrench into the biochemical machinery. One hallmark of medical progress in the twentieth century was the
successful use of antibiotics in treating bacteria-caused diseases, ranging from skin infections to pneumonia. The bacteria causing these infections, however, have proved remarkably resourceful in developing
resistance, a phenomenon resulting in strains that are no longer killed by antibiotics commonly in use. Even more serious with respect to curing disease is that certain disease-causing bacteria, such as some strains causing tuberculosis, have developed multiple-resistance and are immune to available treatments. So it was welcome news when a
group of Merck Research Laboratories scientists using the IMCA-CAT 17-ID beamline at the APS announced the discovery of a new class of antibiotics, known as platensimycin, which not only provides additional ways to combat bacterial disease but, most important, works in a unique way to inhibit bacterial infection, such that bacteria will most likely
find it difficult to develop resistance to platensimycin.

By systematically screening 250,000 natural-product
extracts, the Merck research team isolated the new antibiotic
from a strain of Streptomyces platensis found in a soil sample
collected in South Africa. Using the high-brightness x-ray beam
at the 17-ID beamline, the group determined structures for
platensimycin and discovered its unique method of combating
bacterial infection by disrupting bacterial lipid biosynthesis. The
researchers identified the antibiotic properties of platensimycin
by studying its effect on Staphylococcus aureus in mice.
Specifically, platensimycin exerts its antibiotic effect by selectively targeting an enzyme, known as FabF/B, in the biochemical pathway for synthesis of fatty acids. The investigators were
able to fine-tune this knowledge of platensimycin’s mode of
action by using binding assays to show exactly where the
platensimycin interacts with the target protein (Fig. 1). They
then used x-ray crystallography to show that a conformational
change must take place before platensimycin, consisting of two
structural elements connected by an amide bond, can bind in
such a way as to inhibit bacterial growth. Not only is the effect
of platensimycin on the tested bacterial infection potent—it
completely eliminated the S. aureus infection in mice—but it
appears to act in a way that will make it difficult for bacteria to
develop resistance to its inhibitory effects. Because of the complex way in which platensimycin interacts with FabF, the
researchers propose that it would be unlikely that resistance
could develop by mutation of the target protein.
The mode of action of platensimycin is considered to be
unique in that no previously discovered antibiotics act by disrupting fatty acid synthesis. The selective mode of platensimycin’s action was demonstrated by showing that it appeared
to have no effect on the synthesis of DNA, RNA, protein, or the
cell wall—strategies by which other antibiotics inhibit bacterial
action. Platensimycin was also a strong inhibitor of important
antibiotic-resistant strains tested, such as methicillin-resistant
S. aureus, vanomycin-intermediate S. aureus, and vanomycinresistant enterococci, and thus can be considered a broad-

spectrum anti-bacterial agent. In addition, this new class of
antibiotics appears to perform well in mice and show no
observable toxicity in the treated mice.
The careful and detailed work by the researchers has
identified an important new class of antibiotics and a new biochemical mechanism by which antibiotics can disrupt bacterial
metabolism to inhibit their infection of mammalian hosts. Their
work most certainly provides new tools for treating infections
caused by bacteria showing multiple-resistance to antibiotics
already in use. And, possibly even more important, the novel
anti-bacterial mechanism discovered provides a new way to
search for antibiotics that will be much more difficult for bacteria to resist. — Mona Mort
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< Fig. 1. Background image: a culture of Streptomyces platensis. Superimposed, clockwise from top: platensimycin bound to its specific target; a scientist looking at antibiotic-treated pathogenic bacteria; interaction of FabF protein with the amide link and ketolide of platensimycin.
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H O W A D E A D LY V I R U S
ENTERS A CELL

S

ome viruses are simply strands of DNA or RNA and protein, while others are enveloped—they have their own
membrane that must fuse with the host cell membrane to start entry. Some of the enveloped viruses, including those causing mumps and measles, belong to a family called the “paramyxoviruses.” This group also contains many other human pathogens, such as the newly emergent—and deadly—Nipah and Hendra viruses.
Knowing more about how these viruses get into cells is key to finding ways to combat the resulting infections. What is
already known about the mechanism is elegant and involves two main players: an attachment protein, which varies
among viruses and interacts with different cellular receptors, and a more conserved fusion (F) protein. The attachment
protein drives and properly times F-mediated membrane fusion. Previous work on the F protein pointed to a tricky and
irreversible refolding necessary for fusing the viral and host membranes, a progression making the best of jazz-fusion
seem simple. For the first time, the intricate structural changes in a parainfluenza virus F protein have been visualized, thanks to painstaking work by a research team from Northwestern University using the DND-CAT 5-ID beamline
at the APS and the Howard Hughes Medical Institute (HHMI) beamlines at the Advanced Light Source. Because of
these new data, the search for a way to prevent viral entry is many steps ahead.

Fig. 1. Paramyxovirus F protein: structures of the prefusion and postfusion forms, shown progressing from left to right, with the prefusion SV5 F protein (shown as the biological trimeric form), the
HRA region (magenta), and the HRB region (orange). The individual SV5 and hPIV3 F monomer
structures are shown to the right of the trimers. The starting residues of the F1 and F2 regions
present—after activating cleavage of the F protein—are labeled and key residues that
change location are indicated. The numbers with the h prefix refer to the hPIV3 (postfusion)
structure and are included in parentheses in the SV5 F monomer to enable comparison of the
two structures.
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The researchers already knew that
the F protein looked markedly different
before and after fusion. They wanted to
know more about the exact structural
changes and which of these were important to fusing the viral membrane with the
host membrane. To answer these questions, the group determined the structure
of the parainfluenza virus 5, known as
SV5, F protein in its prefusion state, which
was stabilized by adding a protein domain.
Viruses specialize in pleasing architecture, and this F protein is no exception.
The F protein has a stalk formed by helical
segments (called HRB) from each of three
subunits, making a coiled-coil atop which
rests a globular head. Within the head are
three domains, two of which are rigid, with
the third undergoing the main refolding as
the F protein dances toward fusion. Within
this third head domain is another segment
(called HRA) that has the potential to form
another long, three-stranded coiled-coil,
but this segment is trapped in a condensed
form in the head of the prefusion F protein.
The investigators were able to identify a
scaffold that controls the timing of changes
in the HRA region so that the complex
does not achieve its postfusion state
before all other players are assembled. So
Continued on page 92

S TRUCTURAL B IOLOGY

B R E A K I N G T H E G R I D LO C K
I N RNA S Y N T H E S I S

W

hen the information contained in DNA is transcribed into RNA for further processing, a complex suite of
associated molecules usually keeps the reaction chugging along smoothly and quickly. But, just like
traffic flowing on a freeway can come to a sudden stop because of a wreck, an injury in the DNA strand
can stall the reading of its message and create a backup. Because reading the DNA message in a
timely manner is critical to normal metabolic functioning, elaborate and rapid repair mechanisms exist, ones that act
like very efficient tow trucks, arriving to remove the cause of the blocked flow and get traffic moving again. The process
is so efficient that a certain repair mechanism, known as transcription-coupled repair (TCR), specifically targets
actively transcribing regions of DNA, where maintaining the flow is most important. The TCR mechanism kicks in when
the transcribing enzyme, the RNA polymerase, stalls at lesions in the DNA template. With the help of the NE-CAT 8BM and SBC-CAT 19-ID beamlines at the APS, researchers from the Rockefeller University, the University of Bristol,
Harvard Medical School, and the University of Cambridge discovered important new details about the TCR process in
bacteria. Their work begins to shed light on how “pile-ups” are prevented and, ultimately, how to keep DNA transcription from going awry to cause mutation and disease.

The researchers studied the transcription-repair
coupling factor (TRCF) in the bacterium Escherichia
coli because this protein, produced by the mfd gene,
had already been shown to be critical for proper
functioning of the TCR system. TRCF acts by
removing RNA polymerase molecules (the machinery reading the DNA sequence and synthesizing the
RNA) stalled at the site of the DNA lesion—much as
a tow truck can take stalled cars away. At the same
time, TRCF brings in the repair crew, the DNA excision repair machinery, to rectify the lesion in the
DNA. TRCF also works in other metabolic reactions
where RNA polymerase stalls at roadblocks and
conflicts between transcription and DNA replication
need to be dealt with. Despite such important roles,
a detailed structural analysis of TRCF had been
missing, until now.
Given these complex assignments, it is fitting
that TRCF would have an elegant structure consisting of eight tightly packed domains. By comparing
the TRCF structure to similar molecules, the investigators were able to envision how TRCF interacts
with the RNA polymerase to terminate transcription
and initiate excision repair. It seems that major
changes in conformation have to occur in order for
TRCF to perform its intricate duties. Using their
carefully collected data, the group was able to
develop a detailed model for how TRCF acts.
The complexity of the eight-domain TRCF
structure is intriguing (Fig. 1). The researchers
Continued on page 92

Fig. 1. Structure of E. coli TRCF: (A) Top and side views showing the hook and
Relay Helix (RH), with color-coding as a ramp from the N-terminus (blue) to the
C-terminus (red); (B) Top, schematic of TRCF domain architecture; Bottom center, top view of E. coli TRCF, color-coded as in the schematic above.
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metastable—prone to transitioning to a more stable state—and
that the folding necessary to achieve that stability actually
drives fusion. Perhaps most important, however, is that the
structural changes observed in the F protein are quite different
from those observed in the influenza virus HA, the only other Flike viral fusion protein for which both prefusion and postfusion
structures exist. This last observation suggests that fusion
mechanisms cannot be generalized among viruses. Thanks to
the present study, future work on fusion strategies can move
forward apace. — Mona Mort

many changes occur in the F protein during this move from prefusion to postfusion that all of the inter-subunit contacts were
found to be different.
Using their carefully collected data, the researchers constructed a five-step model, in which discrete refolding intermediates are integral to activating and driving F-mediated membrane fusion (Fig. 1). The first step involves melting the three
HRB helices in the stalk to produce what the investigators call
the “open-stalk” form. The research group mutated certain
amino acids that confirm the importance of this intermediate.
This opening of the stalk is thought to be involved in activation
of the F protein. In the next step, that all-important third domain
of the head region refolds and, by doing so, moves the fusion
peptide toward the cell membrane of the host, eventually ending up in what is called a pre-hairpin state, with insertion of the
fusion peptide into the cell membrane. Next, linkers stabilize the
viral and cell membranes into the right orientation for fusion. In
the postfusion state, the observed conformation is critical to
membrane fusion and pore formation.
Many other interesting aspects of the fusion process
emerged. Among these is that parts of the F protein could temporarily dissociate, a phenomenon observed in fusion proteins
from other viruses. Also, the proposed intermediate states fit
well with previous observations about how the fusion protein
behaves chemically to promote fusion. Key to understanding
the process is that the fold in the prefusion F protein is

See: Hsien-Sheng Yin1,2, Xiaolin Wen2, Reay G. Paterson2,
Robert A. Lamb1,2, and Theodore S. Jardetzky2*, “Structure of
the parainfluenza virus 5 Fprotein in its metastable, prefusion
conformation,” Nature 439, 38 (January 2006).
DOI:10.1038/nature04322
Author affiliations: 1Howard Hughes Medical Institute,
2Northwestern University
Correspondence: *tedj@northwestern.edu
Support for the Northwestern Center for Structural Biology from the
R.H. Lurie Cancer Center is acknowledged. This research was supported in part by NIH research grants (to T.S.J. and R.A.L.). H.-S.Y. is
an Associate and R.A.L. is an investigator of the HHMI, and T.S.J. is a
Scholar of the Leukemia and Lymphoma Society of America. 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. W-31-109-ENG-38.

“Breaking the Gridlock” continued from page 91

The reported structure and proposed mechanism for TRCF
function show how it is able to, quickly and efficiently, remove
the RNA polymerase stalled at the lesion and then call in the
enzymes necessary to remove the lesion—quite a remarkable
feat for a single protein. Future research can now concentrate
on the timing of events in TRCF’s functional cycle and the relative importance of various steps, leading to an even greater
understanding of how to keep DNA transcription flowing and
accurate. — Mona Mort

describe the structure as resembling a tripod vessel, with legs
formed by elements of three domains and one domain serving
as a “handle.” All of the domains meet in the concave surface
of the molecule. The individual domains can be grouped
according to a main function, such as RNA-polymerase
Interacting Domain or Translocation-Domain, yet most are interconnected by flexible linkers, suggesting that all are acting in
synergy for any given function and that large-scale conformational changes are necessary for the cycle of events.
Certain structural features make TRCF stand out. One is a
long helix—dubbed the relay helix—that connects the RNA
polymerase interacting domain to the translocation module.
Another is that, despite intense effort by the research group, a
crystal structure for the TRCF bound to nucleotides could not
be produced. So, to identify the conformational changes that
occur during binding, the investigators compared the translocation module of unbound TRCF to that of similar systems in other
bacteria. The group was able to produce a satisfying picture,
one that is consistent with their data sets and those of other
research groups, about what happens when TRCF is on duty.
The graceful structure of TRCF, with its long and flexible
linkers, appears to make it particularly well suited for the largescale conformational changes that accompany its activity cycle.

See: Alexandra M. Deaconescu1, Anna L. Chambers2,4, Abigail
J. Smith2, Bryce E. Nickels3, Ann Hochschild3, Nigel J. Savery2,
and Seth A. Darst1*, “Structural Basis for Bacterial
Transcription-Coupled DNA Repair,” Cell 124, 507 (February
10, 2006). DOI: 10.1016/j.cell.2005.11.045
Author affiliations: 1The Rockefeller University, 2University of
Bristol, 3Harvard Medical School, 4University of Cambridge
Correspondence: *darst@rockefeller.edu
A.L.C. was supported by a studentship from the BBSRC. This work was
supported by BBSRC research grant BB/C507053/1 to N.J.S. and
NIH grants GM44025 to A.H. and GM073829 to S.A.D. 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. W-31-109-ENG-38.
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o find food, or to evade destruction by human immune cells, bacteria have developed a very sensitive system
that detects chemicals in the environment. A bacterium responds to such stimuli by either moving toward or
away from the stimuli using a built-in propeller, better known as a flagellum. Because mammalian cells like ours
do nothing like this, the bacterial system is ripe as a target for antibiotic drugs. But the system is somewhat complicated, employing multiple copies of at least four different kinds of proteins, and the connection between all the protein
components has so far been unclear. Researchers from Cornell University decided to determine the
structure of the components as if they were all assembled in one unit. Certain proteins form complexes that make their
three-dimensional structure difficult to determine, so the researchers turned to the NE-CAT 8-BM beamline at the APS. With
additional biochemical experiments, the team pieced together a picture of how a nutrient tickling the sensing
system of a cell at one end could get its message passed down to the flagellum, spurring the cell into self-preservation mode.

Every bacterial species has a protein
network that allows it to respond to stimuli in the environment. The stimulus can
be a nutrient the bacterium requires (e.g.,
sugars or protein building blocks), or it
can be a molecule given off by animal tissue the bacterium wants to infect.
Hundreds to thousands of the sensing
proteins, called receptors, are clustered
together on the cell surface and work
cooperatively; if one of them is stimulated, dozens jump on board to help the
first pass on its message. The message
travels through components—called coupling proteins—to kinases proteins that
switch other elements off and on, which
ultimately alter the speed or direction of
the flagellum. Scientists know what each
of the individual components look like but
do not know how they all fit together.
Many cousins of bacterial species share
this same sensing system, including the
common intestinal bacteria E. coli, various pathogens, and bacteria that live in
extreme environments, such as the hotFig. 1. Micrograph of T. maritima showing its flagella at the poles and a blow up of the
water-dwelling Thermo-toga maritima.
receptor arrays (as viewed perpendicular to the membrane)—which sit in the cytoplasmic
Due to the stability of its proteins, T. marmembrane—also at the poles. (Micrograph courtesy of Reinhard Rachel and Karl Stetter,
itima makes an excellent model for
University of Regensburg.)
studying the molecular components of
the process, called chemotaxis.
The Cornell researchers expected the first component—
the researchers view the helices (Fig. 1). These receptors, they
the receptors—to form long helices that sit across a cell's
found, are packed in an arrangement that resembles a
membrane. In crystal form, these helices diffract light differhedgerow and could, as expected, stretch across a cell memently based on the direction from which the light is coming. The
brane. This arrangement allows the proteins more contact
focused, high-brightness x-ray beams from the NE-CAT 8-BM
between each other compared to the three-pack of receptor
Continued on page 95
beamline provided neat, tidy diffraction patterns that helped
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HOW CELLS STICK TOGETHER

Fig. 1. Crystal structure of cadherin 11 EC1-EC2 dimer; highlighted are
the four tryptophan side chains that are being swapped (two per
monomer) and the calcium ions (green) that bind at the linker region
between the EC1 and EC2 domains.

C

ells cannot build tissues and organs until the cells find a
way to stick together, and in such a way that the right cells
end up in the right place at the right time. In animal cells,
this adhesive specificity is achieved in part by a class of
proteins called “cadherins,” which lie across the cell membrane and
can communicate with both the inside and outside of the cell via cadherin-cadherin interactions. There are many members of the cadherin family, from which two distinct groups emerge. The Type I cadherins, the generalists of the family, are distributed across many different tissue types. Type II cadherins tend to be specialists and are
of prime importance in situations such as the developing nervous
system. The type II cadherins have also proved more difficult to
study, tightly shielding the secrets of their specificity from the eyes of
curious investigators. Undaunted, researchers from Columbia
University, the Howard Hughes Medical Institute, and University
College London (with help from the SGX-CAT 31-ID beamline at the
APS and beamlines X4 and X29 at the National Synchrotron Light
Source) have painstakingly collected structural data on three different
type II cadherins. Their work shows that a strand exchange between
type II cadherin molecules, much like one that had been previously
discovered in the type I cadherins, is important for determining specificity in living cells. This discovery brings us several steps closer to
understanding how nervous system and other tissues assemble.
94

The researchers were interested in
knowing more about what happens between
the type II cadherin molecules on different
cells that causes those cells to become
bound to each other. Because of this, they
focused on what is known as the
ectodomain—the part of the cadherin that
mediates cell-to-cell adhesion and would
interact with molecules outside the cell. The
group used x-ray crystallography to tease
out the three-dimensional structures of five
different fragments from type II cadherin
ectodomains. To even more finely focus their
work, they studied a specific part of the
ectodomain—the N-terminal EC1 domain—
because previous work on type I cadherins
showed that this region was important for
adhesive binding and that the individual
domains yielded crystals that diffract to high
resolution.
The researchers were able to use their
data to construct a model for adhesion—one
driven by a swapping of partner domains
between cadherins, much like exchanging
partners at a square dance (Fig. 1). The
result of the partner exchange is that adheContinued on next page

S TRUCTURAL B IOLOGY

“Hedgerow of Receptors” continued from page 93

bends or twists a little bit, causing the rest of the scaffold to also
shift. In this way, a bustle in the hedgerow of receptors can
amplify the level of a very small signal in the environment.
— Mary Beckman

clusters proposed in E. coli. The tight associations within the
hedgerow likely contribute to the cooperative nature of the
receptors' behavior.
To elucidate the rest of the sensing conglomerate's architecture, the research team not only determined the threedimensional structures of the coupling proteins and kinases
rooted in crystals, but also used biochemical and spectroscopic
techniques that allowed them to measure distances between
molecules within flexible proteins in solution.
Putting all of this information together, the Cornell scientists
found that duos of one coupling protein plus one kinase pair up
with each other. The coupling proteins sit next to each other in
these pairs and can clamp onto the tips of the receptors poking
through the membrane. Because the neighboring kinases can
also hang onto each other, the coupling protein-kinase groups
form long chains, combining with the hedgerows of receptors to
form scaffolds. When a stimulus tickles a receptor, the receptor

See: Sang-Youn Park, Peter P. Borbat, Gabriela GonzalezBonet, Jaya Bhatnagar, Abiola M. Pollard, Jack H. Freed,
Alexandrine M. Bilwes, and Brian R. Crane*, “Reconstruction of
the chemotaxis receptor-kinase assembly,” Nat. Struct. Mol.
Biol. 13(5) 400 (May 2006). DOI: 10.1038/nsmb1085
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Correspondence: *bc69@cornell.edu
This article was the cover story in the issue of Nature Structural &
Molecular Biology.
This work was supported by U.S. National Institutes of Health grants
GM:R01066775 (to B.R.C.) and NCRR:P41-RR016292 (to J.H.F.). 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. W-31-109-ENG-38.

“Cells” continued from page 94

bind to their structurally different type II cousins expressed in
neurons could underlie the ability of neurons to migrate through
large regions of non-neural tissue to reach their targets. The
current study also advances general knowledge of domain
swapping, which may be driving other kinds of adhesion, such
as that in the immunoglobulin proteins. Knowing more about
how tissues assemble—which starts when cells find themselves
in sticky situations—will also greatly interest biomedical
research teams developing artificial tissues. — Mona Mort

sive pairs of proteins, or dimers, form via the exchange of the
N-terminal strands of extracellular cadherin-1 (EC1) domains
presented from apposing cells. The group further refined the
model by identifying how the swapped strands were
anchored—using tryptophan side chains—and determining
that this anchor mechanism is different than that found in type
I cadherins. And, in a feature unique to the type II cadherin
interface, the anchoring includes large hydrophobic regions.
The investigators were able to compare their newly
described mechanism for specificity in type II cadherins with
what had previously been gleaned from studying the type I cadherins. One outcome of this comparison is the identification of
the EC1 domains—of both type I and type II cadherins—as the
primary encoders of cell adhesive specificity, at least in the laboratory. The group further tested this hypothesis by using
chimeric cadherins to perturb motor neuron segregation in
chick embryos, and they found that the identity of the EC1
domain is the controlling variable in determining adhesive
specificity.
By identifying the particular protein regions responsible for
adhesive specificity in the type II cadherins, the researchers
have learned at least some of the previously elusive adhesion
secrets of this subfamily of molecules. In addition, their data
reveal similarities, but also important differences, between
adhesion mechanisms in the type I and type II cadherins,
paving the way for a better understanding of why the subfamilies differ in terms of where they appear in tissues. For example, the fact that broadly expressed type I cadherins do not

See: Saurabh D. Patel1, Carlo Ciatto1, Chien Peter Chen1,
Fabiana Bahna1, Manisha Rajebhosale3, Natalie Arkus1, Ira
Schieren2, Thomas M. Jessell1,2, Barry Honig1,2, Stephen R.
Price3*, and Lawrence Shapiro1,4**, “Type II Cadherin
Ectodomain Structures: Implications for Classical Cadherin
Specificity,” Science 311, 216 (2006).
DOI: 10.1016/j.cell.2005.12.046
Author affiliations: 1Columbia University; 2Howard Hughes
Medical Institute, Columbia University; 3University College;
4Edward S. Harkness Eye Institute, Columbia University
Correspondence: *ucgaspr@ucl.ac.uk, **lss8@columbia.edu
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any proteins change shape while doing their jobs. For example, hemoglobin in red blood cells must pick
up oxygen in the lungs and drop it off at various locations around the body. Like a person's arms around
a shopping bag, the protein has a slightly different shape when it is oxygen-laden. To determine how
hemoglobin morphs in different ways, researchers take snapshots of the protein structure with and without its parcel. However, multiple steps occur between the before and after shots, and scientists have been unable to
resolve the order of key events. So researchers from the University of Massachusetts Medical School and The
University of Chicago used the BioCARS 14-ID beamline at the APS to gather nanosecond-time-scale data on hemoglobin molecules that were losing their baggage. They found an unexpected first step that occurs very rapidly, and
they also found that water molecules take a more active role in the process.

Structural biologists normally want crystallized
proteins to be in a static lattice framework: the more
proteins in exactly the same position, the more accurate the picture of the overall protein. But often there is
some “wiggle room” in crystals where different parts of
the proteins can move around. To delineate the first
steps that happen to hemoglobin as oxygen detaches
from its mount, the research team needed to be able to
take snapshots as quickly as 5 ns (5 billionths of a second) after oxygen starts to fall off and, at the same time,
maintain good resolution. The BioCARS facility provides a
pulsed laser to start the process and short, extremely bright
x-ray pulses with which to take snapshots.
To do the experiment, the team started with crystals of
hemoglobin from the mollusk Scapharca inaequivalvis, which
is simpler than human hemoglobin. They infused the crystals,
not with oxygen, but with carbon monoxide, which binds to
the heme within the protein in the same way as oxygen (and
is why carbon monoxide kills). They flashed the crystals with
the laser and took images between 5 ns and 80 µs (Fig.1).
After translating the raw data to molecular structures, the first
Continued on page 98

Fig. 1. A ribbon diagram of the HbI-CO dimer (gray) with side
chains for His F8 (cyan), Phe F4 (yellow), and key interface water
molecules (small cyan spheres) at time delays of 5 ns (left) and
60 µs right) for the entire dimer.
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utations are often a mystery, making it difficult to determine just exactly what caused a protein—and the
organism in which it is active—to come out different than the norm. Although single-base synthesis mistakes, or point mutations, in the coding DNA have been known to cause mutant proteins, much more
dramatic effects—and evolutionary changes—usually result from insertions and deletions of base pairs
into the normal coding sequence. These insertion and deletion events, nicknamed “indels,” appear to be a prevalent
cause of genetic differences and can be significant in effect, as in the known insertion that leads to Huntington’s disease. Recently, protein engineering and design have taken advantage of the new functions created by indels to create new enzymes. Yet, the understanding of just how indels operate on protein structure is still in its infancy. A research
group from the University of Iowa, with the help of the IMCA-CAT beamline 17-ID at the APS and beamline 4.2.2 at
the Advanced Light Source at Lawrence Berkeley National Laboratory, has greatly enhanced the known effects of
indels by reporting the behavior of insertion mutants in the important metabolic protein ubiquitin. Their work provides
substantial evidence suggesting that what may be most important about an insertion mutation is where it inserts, with
its specific base sequence being only second in importance. Such a discovery is of vast importance for understanding both natural and engineered mutations.

The research group had previously created
and studied, using NMR chemical shifts, insertional mutants of ubiquitin to find that when different mutants—that is, those having different base
sequences—were inserted into a region of the
protein known as the 9-10 loop, the structural
changes were minimal. When the insertions went
into the region known as the 35-36 loop, however, the structural changes were quite marked,
although still similar among the different types of
mutants used (Fig. 1). These data led the investigators to propose what they called a “reflex
response”: Where you get the effect on the protein depends primarily on where you hit it with the
insertion and not so much on what you hit it with.
The model is especially important in understanding whether indels have been important to major
structural divergence observed in the family of
ubiquitin-like proteins.
In the present work, the group went on to
fine-tune their understanding about what exactly
happened at the 35-36 loop to create such major
changes in the protein and to actually envision
what happened during the reflex response. Much
like when a knee is hit with a medical hammer,
Continued on page 98

Fig. 1. Global alignments of loop insertion mutants (green) to wild type ubiquitin (blue); (a),( b): 9-10 mutants; (c),(d): 35-36 mutants.

97

S TRUCTURAL B IOLOGY

longer time points are needed to follow the reversal, which
occurred more slowly than expected. — Mary Beckman

“Heme in ‘globin” continued from page 96
thing the team noticed was that the heme groups, which normally hang onto the carbon monoxide, had moved just a touch
at 5 ns and remained there for a whole microsecond, instead of
moving to their final resting place immediately. At around 1 µs,
a particular amino acid flipped into its final spot and appeared
to kick out water molecules that had been taking up space.
Kicking out the water molecules allowed the heme groups to
move into their final positions, suggesting that the water molecules were not just “taking up space,” but were, in fact, keeping
the protein from morphing too early.
Because the researchers could not keep the carbon
monoxide from squeezing back into the crystal, the team could
see the carbon monoxide taking up residence within the protein
and the hemoglobin slowly morphing back into the shape it
started in, which has a secure hold on its baggage. They had
time points out to 80 µsec, but even with all that time, some of
the hemoglobins loaded with carbon monoxide had not fully
grasped their passengers. Hence, the researchers believe
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“Insertion Mutants” continued from page 97

The crystal structures provide strong evidence to support
the reflex response and now allow future work on protein engineering to focus more on where in the protein changes are
attempted and less on what is actually used to produce the
change. — Mona Mort

the helix of the ubiquitin protein bends away from the insertion
site. Then, near the insertion, the hydrogen bonds that connect
strands of the protein sheet lengthen and compress away from
the insertion.
Using an array of data sets, including the crystal structures
of four loop-insertion mutants, the researchers are now able to
describe, with incredible accuracy, the effects of the insertions
on the final structure of ubiquitin. Two types of structural
changes in the mutants relative to wild-type ubiquitin emerged
from the data. In the first, called a loop shift, the change is limited, so that on either side of the insertion region, the structure
is similar to wild-type ubiquitin. The second kind of structural
change is called a rigid body shift—a structural shift with one
pivot point beyond which the mutant and wild-type structures
diverge.
To look more closely at how specific insertions affected the
protein structure, the group designed two insertions from proteins that had similar structures. With these insertions, a new
protein was born, and in the insertion region, the secondary
structure was the same as in the original ubiquitin molecule.
The group used their data to study how well structure prediction
tools can simulate the structural changes actually observed in
their careful analyses. They found that the models were not
able to predict the fine details of the observed structures, which
is another useful piece of information for protein engineers.
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K E E P I N G T H E B A C T E R I A L V I TA M I N
B12 T R A N S P O R T E R M O V I N G

T

he recently discovered structure of a particular bacterial protein complex may offer researchers a new route to antibiotic
candidates. In order to survive, bacteria—E. coli, for
instance—require scarce nutrients, such as vitamin B12 and
iron, that the bacteria take from their environment. Hoping to better
understand the process by which bacteria ingest these nutrients,
University of Virginia investigators using the SER-CAT 22-ID beamline
at the APS solved the three-dimensional (3-D) structure of two proteins
that cooperate to bring vitamin B12 across the cell membranes of
many common bacteria. The structure might help in designing drugs
that slow down bacterial growth by deactivating this nutrient transport.

Vitamin B12 is too big to simply wiggle through the two
concentric membranes that surround the microbes. Instead, a
specialized protein transporter—BtuB—creates a hole in the
bacterium's outer membrane and pulls the nutrient through.
Related transport proteins, using a similar mechanism, pull
large iron-containing complexes across the outer membrane.
To supply energy for the transport process, another protein—TonB—tethers BtuB to a cluster of motor-like proteins on
the inner membrane. It was suspected that TonB somehow tugs
on BtuB to open it up and let vitamin B12 through. No experiments had as yet provided compelling evidence for this view.
Based on their x-ray crystallography work at SER-CAT, the
University of Virginia researchers found that the structure of
BtuB bound to one end of TonB is consistent with a pulling
model . BtuB consists of a series of parallel strands rolled into
a barrel shape. Obstructing the middle of this channel is a plug
also made of four parallel strands and a tail that extends outside of the barrel, toward what would be the interior of a bacterial cell. This tail recognizes and sticks to the TonB fragment.
The structure of the plug suggests that an inward pulling
force on the BtuB tail, called the Ton-box, would be enough to
pull the plug apart, giving vitamin B12 and similar molecules a
path through the channel, these researchers contend. The
plug's four strands are perpendicular to the barrel that encloses
them. Experiments on similar proteins have found that such a
grouping of strands maintains its shape well if pulled parallel to
the strands, but comes apart more easily if pulled in the perpendicular direction like an accordion, the group found. TonB is like
a hand grasping and pulling the Ton-box rope, which would
apply the needed perpendicular force to pull some or part of the
plug from the channel.
The structure of the Ton-box may help researchers discover drugs that inactivate B12 or iron transport. Such a drug

Fig. 1. Schematic diagram of the BtuB-TonB complex, which transports vitamin B12 into bacteria. A plug-like piece of protein
(orange) obstructs the barrel-shaped BtuB channel (green). To
open the channel, the TonB protein (cyan) pulls on another piece
of BtuB (pink), allowing B12 (red spheres) to pass through.

might fight infections, because bacteria that have trouble absorbing nutrients are less able to grow and divide. Experimentally
interfering with the Ton-box disturbs bacterial infectiousness, suggesting that a well-designed compound might help control bacterial infections in people. — JR Minkel
See: David D. Shultis, Michael D. Purdy, Christian N. Banchs,
and Michael C. Wiener*, “Outer Membrane Active Transport:
Structure of the BtuB:TonB Complex,” Science 312, 1396 (2006).
DOI: 10.1126/science.1127694
Author affiliation: University of Virginia
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and M.C.W.) and GM00Z055 (to D.D.S.). 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. W-31-109ENG-38.
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ARSENIC
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W AT E R S U P P LY

IN THE

uite possibly the largest environmental disaster the world has seen—affecting far more people than the
accident at Chernobyl—is the arsenic contamination of ground water in Bangladesh. Some 57 million of
the country's 125 million inhabitants are at risk of drinking dangerous levels of arsenic that have seeped
into the nation’s web of water wells, many of which were built in the 1960s and 1970s in order to protect
against drinking contaminated surface water. Since the ground-well initiative, water-borne diseases have indeed
decreased, but recent incidences of arsenicosis and cancer from arsenic poisoning have caused serious concern.
Although the source of arsenic came to be understood, the critical question was: How did that arsenic migrate to the
water supply? Researchers from Stanford University, the Massachusetts Institute of Technology, Bangladesh
University, and The University of Chicago, using the GSECARS 13-ID-C beamline at the APS, have uncovered new
information on the way toxins such as arsenic are released into soil and from there into water supplies.

The source of the arsenic is understood to be natural
arsenic from the age-old Himalayan sediments on which
Bangladesh sits, but the process of how it mobilizes into
the water is still being debated. The most widely accepted
explanation is that arsenic is released from aquifer sediments when microbes break down ferric (hydr)oxides. The
researchers in this study, however, see no evidence for
this process within the aquifer, or that ferric (hydr)oxides
are present at measurable levels in the aquifer. Instead
these data suggest that arsenic is released near the surface via redox cycling and is later transported to welldepth.
Sediment samples were obtained from the
Munshiganj district of Bangladesh—a field site typical of
the region in that it includes clay on the surface, a
Holocene aquifer of gray sand, an aquitard of marine clay,
and a deep burnt-orange sandy Pleistocene aquifer.
The sediments were examined at 13-ID-C using micro
x-ray fluorescence (µ-XRF) elemental mapping combined with µ-x-ray absorption near-edge structure (µXANES) spectroscopy of the Holocene and Pleistocene
aquifer sediments. the results showed arsenic-bearing
grains with diameters of anywhere from 5 µm to 100 µm,
in varying oxidation states. In fact, more than 60% of the
arsenic was found in sulfide grains throughout the sample.
As for iron, the gray Holocene layer showed a fairly even
iron distribution, but with no evidence for ferric
(hydr)oxides. Sediments from the orange Pleistocene
aquifer, on the other hand, do contain ferric (hydr)oxides.
Spectroscopy of the surface soil showed different distributions than those found in the aquifers. Here, concentrations of solid-phase arsenic were much higher. While
the aquifers had less than 3 µg/g of arsenic, the surface
showed 25 µg/g, diminishing to 10 µg/g at 36-cm depth.
Iron too, was more reduced deeper in the surface soil.
Continued on next page

Arsenic contamination in Bangladesh. (Source and ©: Bangladesh
Sustainable Development Networking Programme.)
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Fig. 1. (A) Dissolved arsenic peaks at 30-40-m depth in a Holocene aquifer at the field site. They are not
detected in a deeper Pleistocene aquifer. (B) Iron EXAFS linear-combination fitting of aquifer sediment
samples indicate that Fe mineralogy is constant with depth within the Holocene aquifer, but Fe(III)
(hydr)oxides are not detected, despite the fact that they have been suggested as a source of arsenic.
(C) Arsenic is found in a host of oxidation states within the solid-phase. Arsenic-bearing sulfide minerals,
a previously unrecognized source of arsenic, are found throughout the sediment profile, most commonly
as 10-35-µm grains, and may account for up to 60% of the total solid-phase arsenic.

unreactive in the strongly reducing aquifer. The arsenic
released from the surface, however, binds only weakly to the silicate minerals, which dominate the aquifer sediments, so they
would be easily transported to well depth.
In conclusion, the results of this paper suggest that remediation of the arsenic problem in Bangladesh requires monitoring the soil environments above the aquifers for arsenic, as well
as developing a better understanding of arsenic transport.
— Karen Fox

In order to examine the process of arsenic release, sediments were incubated with deionized water. Approximately 15%
of the total arsenic was released. Irradiating the sediments with
gamma rays did not appreciably change the amount of arsenic
released, suggesting that biotic activity is not a factor in the
process. A third version—in which ferrihydrite-coated sand was
introduced in order to examine the effects of Fe (III) on arsenic
release—showed lowered amount of arsenic release, further
indicating that ferric hydr(oxides) do not control arsenic retention in aquifers. Throughout all of these experiments, arsenic
release was strongly correlated with phosphorous release; that
was the only elemental correlation the research team found.
Given the lack of ferric (hydr)oxides in the Holocene
aquifer, as well as its ability to control arsenic release in positive controls, the authors conclude that these are not contributing to arsenic mobility at well-water levels. In the lower
Pleistocene aquifer, the arsenic is likely kept out of solution by
adsorption to the increased level of ferric (hydr)oxides found
there. Surface soils, on the other hand, undergo at least two
major reduction-oxidation cycles each year—and possibly more
based on irrigation and crop cycling. These surface soils contain higher arsenic concentrations than deeper sediments,
which is due to annual sediment deposition that brings additional arsenic into the soil.
Based on their studies, these researchers propose an
alternate scenario. At least 15% of the solid-phase arsenic is
rapidly desorbed, while 60% is bound in sulfides and therefore

See: Matthew L. Polizzotto1, Charles F. Harvey2, Guangchao
Li1, Borhan Badruzzman3, Ashraf Ali3, Matthew Newville4,
Steven Sutton4, and Scott Fendorf1*, “Solid-phases and desorption processes of arsenic within Bangladesh sediments,” Chem.
Geol. 228, 97 (2006). DOI: 10.1016/j.chemgeo.2005.11.026
Author affiliations: 1Stanford University, 2Massachusetts
Institute of Technology, 3Bangladesh University of Engineering
and Technology, 4The University of Chicago
Correspondence: *fendorf@stanford.edu
Portions of this research were carried out at the Stanford Synchrotron
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I R O N I T E : A P OT E N T I A L LY F E R T I L E
S O U R C E O F S O I L C O N TA M I N AT I O N

I

ronite fertilizer is a common source of iron and nitrogen for lawns, gardens, and agricultural crops. The fertilizer
is made from processed mine tailings left over from an inactive silver mine in Humboldt, Arizona. While the beneficial reuse of mine tailings are—by U.S. law under the Bevill Exemption—not defined as hazardous waste,
there are concerns that this fertilizer could leave dangerous amounts of arsenic and lead in the ground. Previous
studies by the manufacturer found that better than 95% of the arsenic was bound with iron and sulfide into the mineral arsenopyrite (FeAsS), and that this is further insulated when surrounded by pyrite (FeS). The manufacturer's
study also found that most of the lead is safely bound in the mineral galena (PbS). However, researchers from the
U.S. Environmental Protection Agency (EPA), utilizing the MR-CAT 10-ID and XOR/PNC 20-BM beamlines at the APS,
found that by the time the fertilizer gets from the factory to the store, the arsenopyrite and the galena have decomposed, leaving arsenic bound to ferric oxides, and lead bound into anglesite. Both of these states could result in
arsenic and lead leaching into the soil and being bioavailable to living creatures, human and otherwise.

3

Normalizedxμ (E)

To study the composition of Ironite, the EPA researchers
bought bags of the fertilizer from commercial retail stores—two
in Ohio and one in Florida—in order to test the composition of
the fertilizers as sold to a user, not simply after recovery from
the mine wastes. The researchers used x-ray absorption spectroscopy (XAS) at 20-BM and 10-ID to study the granular fertilizer both as bought and after having been crushed to less than
44 µm. Mössbauer spectra of the samples were also collected
in order to study the iron chemical content. Lastly, the EPA
researchers put the Ironite through aging studies to see how it
degraded.
The dominant peak provided by x-ray absorption spectroscopy showed the arsenic in Ironite to be 1.57 Å from its
nearest neighbor. This is indicative of the arsenic-oxygen bond
distance in scorodite (FeAsO4•2H2O), as opposed to the
~2.35-Å bond arsenic has to sulfur in arsenopyrite. A secondary, less intense peak, however, was consistent with this
arsenic-sulfur bond, suggesting the Ironite has a mix of both
types of bonds. The researchers' analysis shows that 60% to
70% of the arsenic is bound by oxygen in either scorodite or
with iron oxides and the rest is bound in arsenopyrite (Fig. 1).
Because the studies done by the manufacturers found much
more arsenopyrite, the EPA researchers offer the explanation
that scorodite is more stable in oxygenated environments than
arsenopyrite. The original arsenopyrite likely decomposed over
time once packaged for retail.
The studies performed on behalf of the manufacturer also
showed that lead is found in Ironite, reporting that 82% to 91%
of the lead exists in the form of galena (PbS) and 6% to 17%
exists as anglesite (PbSO4). However, x-ray absorption near
edge structure analysis done by the EPA researchers indicates
Continued on next page
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Fig. 1. Linear combination fit of an Ironite 1-0-0 sample purchased
in Ohio, demonstrating an Fe-O-As-type structure similar to
scorodite as the dominant As environment (60%-70%) in Ironite.
Arsenopyrite, an Fe-S-As-type structure, accounts for the balance
of As in Ironite.
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The Ironite facility at Humboldt, AZ. The orange mountain in the background is the pile of mine waste from
which Ironite is derived.

the EPA team emphasized that while the idea of using waste
products from mines for beneficial products is a good one,
careful consideration and scrutiny must be applied to determine
if the benefits outweigh the environmental cost and risks posed
by accidental ingestion and contamination of water resources.
Specifically, because a January 2006 EPA regulation limits the
amount of arsenic in drinking water to 10 µg/liter, the benefits
of applying a potential source of arsenic need to be carefully
evaluated. — Karen Fox

that anglesite is the dominant phase. The EPA group offers a
similar explanation as for the arsenic: During storage for commercial sale, the parent material containing lead undergoes further oxidation and transformation to mineral phases that are
more stable under atmospheric conditions.
Mössbauer spectroscopy was used to examine the iron
chemistry that might be controlling the arsenic availability to the
environment. At room temperature, there was a clear identification of pyrite, but other phases were hard to identify. Once the
samples were cooled to 4.2K, however, a peak for ferrihydrite
could be seen. There was not substantial evidence for
scorodite, so on the basis of the high proportion of arsenic associated with iron oxides as identified with the XAS, the most
probable explanation is that arsenic reacts with ferrihydrite by
sorption, coprecitpitation, or both.
The EPA scientists also wanted to study how arsenopyrite
ages in the environments where Ironite is used. While the manufacturer's studies show that 95% of the arsenic is in arsenopyrite, the mineral can degrade further when placed in oxygenated
environments, such as on a lawn. These researchers studied
Ironite after it sat in buffered water for one day and for a month.
After the one-day period, both arsenopyrite and arsenic associated with ferric oxides were present. After a month, no
arsenopyrite was present. Sitting in buffered water is not the
equivalent of being used as a fertilizer—but this nonetheless
shows that arsenopyrite is susceptible to chemical transformation in regularly watered lawns.
Having shown that the arsenic and lead in Ironite sold in
stores does not remain in the same mineral state as at the factory, and that it can degrade even further once placed on a lawn,

See: Aaron G.B. Williams, Kirk G. Scheckel*, Thabet Tolaymat,
and Christopher A. Impellitteri, “Mineralogy and
Characterization of Arsenic, Iron, and Lead in a Mine WasteDerived Fertilizer,” Environ. Sci. Technol. 40, 4874 (2006).
DOI: 10.1021/es060853c
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B A C T E R I A L C LU E S

TO

M E TA L L I C C L E A N U P

A

quatic environments the world over are often contaminated with toxic metals, such as cadmium, copper, and
lead, either dissolved in the water or bound to particles or bacteria. The latter determines the fate of these
metals and whether or not they are bioavailable, so understanding how bacteria process metals is important
from an environmental and health perspective. One such metal is manganese, an industrially important element. Layered manganese oxides are used throughout industry, in particular as the cathode in "lithium" batteries.
These oxides also have potential as environmental remediation agents for removing other metals from waterways and
contaminated land. The way in which certain aquatic bacteria handle this element could provide important clues as to
its behavior in the environment. For instance, manganese oxide is inextricably linked to the uptake by shellfish of toxic
metals such as lead and cadmium. It is also an excellent scavenger for cobalt in aquatic systems. Studies could point
to new approaches to remediation as well as applications in industrial catalysis and in chemical separation technologies. One such study carried out by researchers using DND-CAT beamline 5-BM-D at the APS looked for parallels
between industrial manganese oxides and the chemistry and structure of their natural counterparts.

The researchers from Northwestern University and the
Pontificia Universidad Católica de Chile (PUC), used transmission
electron microscopy, x-ray absorption spectroscopy (including full
multiple-scattering analysis), and powder x-ray diffraction at the
DND-CAT beamline to determine the structure of a manganese
oxide from the freshwater bacterium Leptothrix discophora SP6,
with the aim of finding parallels between industrial manganese
oxides and the chemistry and structure of their natural counterparts. Their results would also settle an almost decade-old ambiguity in earlier studies of this important material.
Bacteria such as L. discophora, Pseudomonas putida strain
MnB1, and spore-forming marine Bacillus sp. strain SG-1 are
known generally as manganese oxidizers. These bacteria can convert the soluble Mn2+ oxidation state of the metal into its insoluble
Mn3+/Mn4+ mixed oxide state—MnOx in water systems. The latter
two bacteria produce similar MnOx structures, but controversy surrounded the structural determination of the SP6-MnOx produced by
this freshwater microbe.
In 2003, Kim et al. used ultraviolet Raman spectroscopy to
study the structure of biogenic manganese oxide produced by L.
104

Fig. 1. Structure and morphology of MnOx
produced by Leptothrix discophora SP6.
Left: The transmission electron micrograph
of an SP6 cell with associated MnOx illustrates extracellular formation of high surface area oxide fibrils. X-ray absorption
spectroscopy reveals that SP6-MnOx is a
layered, mixed-valent MnIII/MnIV oxide.
Right: SP6-MnOx layers are comprised of
edge-sharing MnIVO6 octahedra (blue).
MnIII cations (green) reside above/below
MnIV layer vacancies.

discophora [1, 2]. They discovered a tunnel-like structure
resembling the mineral todorokite found in deep ocean-floor
nodules. In contrast, Jürgensen et al. (using the PNC-CAT
facility at the APS) demonstrated that SP6-MnOx has a layered
topology [3]. Obviously, these two structural forms are mutually
exclusive. However, it is possible that the sample in the Kim
and Stair spectroscopic experiment was simply transformed to
todorokite because of the laser—perhaps via heating.
The Northwestern-PUC researchers carried out a thorough investigation to determine conclusively the detailed
atomic structure of the oxide formed by the bacteria. It was this
Continued on next page
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[3] A. Jürgensen et al., Am. Mineral. 89, 1110 (2004).

analysis and comparison to a variety of model manganese
oxides that allowed the researchers to determine the vacancy
(missing cations in the layers) model in a convincing way and so
provide useful information about the various industrially important manganese oxides.
The team found that the manganese oxide precipitate
made by the bacteria consists of tiny particles just 10 nm to
100 nm in diameter. These fiber-like particles resemble twisted
sheets. Closer inspection using the x-ray studies revealed that
the MnOx is composed of sheets of edge-sharing octahedra
stacked in layers. This would confirm the findings of the
Jürgensen et al. study [3] as opposed to the tunnel-like structure
reported by the Kim et al. study [1, 2]. The structure also hints
that the bacteria have no control over the crystalline form of this
mineral; it simply accumulates in this form.
Although it is not known why bacteria encrust themselves
in manganese oxides, determination of biogenic oxide structures hints at their role in immobilizing metals that are otherwise
mobile through aquatic environments. As a result, researchers
are investigating synthetic analogs of these materials for use as
metal remediation materials. — David Bradley
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Francesco De Carlo (center, XSD) makes a point to visiting
researchers Rosalie Hocking (left) and Robert Hough, both of the
Australian Commonwealth Scientific and Industrial Research
Organisation Division of Exploration and Mining and Division of
Land & Water, during data taking in the XOR beamline 2-BM
control room on the APS experiment hall floor. Hough: “We're
collecting x-ray tomography data to look at things like the threedimensional (3-D) microstructure of native Australian plants that
grow above ore deposits and so have metals in them. For these
plants, we have already collected element maps using synchrotron x-ray fluorescence at XOR/PNC sector 20 at the APS in a
previous run. Those data showed that we had things like zinc in
the leaf tissue and calcium oxalate in voids, so the tomography
enables us to see in three dimensions how these tissues and
voids are distributed, and more generally what the internal
structure of leaves and twigs of Australian Acacia plants look
like. ”Here at sector 2, we are able to run many samples in a
short time, so we can collect a huge amount of data in our beam-time allocation
and return to Australia with heaps to work on. Hopefully, we can then bring the element maps and 3-D images together to visualize the relationships and this will answer
a lot of questions we have about the metal uptake mechanisms in these plants. This
has important implications for environmental background studies, bioremediation,
and even mineral exploration.” The Hough and Hocking visit to the APS was funded
through the Australian Synchrotron Research Program. At right: One of the tomographic projections of an Acacia leaf obtained at the APS.
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H OW C HARGED I ONS
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W

ater streaming through the environment is the single largest form of mineral transport through the soil.
In an effort to track the movement of toxins, researchers need to know how moving water picks up ions
adsorbed onto stationary minerals. Previous models of how charged ions adsorb in an aqueous environment have been fairly simple: there were thought to be two types of mechanisms. The first kind, the
strong adsorption—in which the ion is directly bonded to the mineral—is known as “inner-sphere.” The second, weaker
adsorbed ions are named “outer sphere” and have a layer of water between the ions and the substrate. Researchers
from Argonne and the University of Illinois at Chicago examined rubidium and strontium cations at one of the simplest
models of a solid-liquid interface—a mica-water interface—and found evidence to contradict this simple description.
In this study, the strontium adsorbed with both kinds of bonds simultaneously, leading to a new description of adsorption based on balancing the energy cost of disrupting ion and interface hydration with electrostatic attraction between
the cation and the charged surface.

Experiments were conducted on the XOR/
BESSRC 11-ID-D and 12-BM-B beamlines at the
APS. The researchers studied samples of 0.01 M
RbCl and Sr(NO3)2 at a pH of ~5.5. Laterally-averaged total and element-specific electron density
profiles along the surface normal direction of the
mica (001) surface were determined using high-resolution x-ray reflectivity and resonant anomalous xray reflectivity, respectively.
Comparison of the Rb+ and Sr2+ distributions
showed fundamental differences. The Rb+ adsorbs
as a single discrete layer, while the Sr2+ adsorbs
over a broader region with two distinct heights
above the mica surface. The residual interfacial
hydration structures are also different: a distinct
hydration layer is observed in the Rb+ with a lessdistinct hydration structure in the presence of the
Sr2+. However, both hydration profiles are dissimilar
to that of pure deionized water, suggesting that the
adsorbed cations play a critical role in altering the
hydrogen bonding network near the mineral surface.
The interfacial structures for Sr2+ were quite
distinct from those of rubidium. The Rb+ distance
from the surface is fairly even at 2.33 ± 0.10 Å. The
first Sr2+ distance (1.26 ± 0.22 Å) corresponds to
that of a classical inner-sphere—or partially
hydrated—adsorption. The second adsorbed Sr2+
layer is at a significantly larger height (4.52 ± 0.24
Å), suggesting it is a fully hydrated ion, or a classical outer-sphere adsorption. The coexistence of
Continued on page 108

Fig. 1. Pictorial models of Rb+ and Sr2+ aqueous complexes on the muscovite surface and schematic drawings of expected potential distributions
as a function of height, based on measured ion adsorption profiles and
known ion-hydration structures in bulk solution. These potentials should be
configured by balancing ion and interface hydration energies with the
electrostatic attraction between the cation and charged surface. Note
that the two potential minima of Sr2+ are comparable and the second distinct minimum is due to strong ion hydration.
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T H E E V O LU T I O N O F U R A N Y L
I N TO A N O R G A N I C - R I C H C A L C I T E

T

he Earth's crust contains some 4% by weight of the mineral calcite, making it one of the most common materials in the crust. While the mechanism was not understood, it has been shown that calcite (CaCO3) can
incorporate hexavalent uranium (U(VI)) into its chemical composition. This leads to two important effects:
first, uranium bound in a calcite could be used for geological dating; second, calcite that incorporates excess
uranium—perhaps from a contaminated site—will keep that uranium out of groundwater over the long term. By studying an ancient 298-million-year-old organic-rich calcite (calcrete), researchers from Argonne and SUNY Stony Brook
have, for the first time, shown the mineral's chemical composition around a stable uranyl—the most common form of
U(VI)—contained therein. The researchers believe that the uranyl environment may evolve over long time scales,
becoming more calcite-like and even more stable. This is good news for those interested in remediation and dating
techniques alike.

The researchers studied a calcrete sample that was
precisely dated at 298 ± 1 millennia. The sample shows
no evidence of loss of uranium over its lifetime and is
believed to have been formed near a water table with
some exposure to a reducing environment. Using the MRCAT sector 10-ID beamline at the APS, the team examined the calcrete with x-ray fluorescence (XRF), microprobe x-ray absorption near-edge spectra (μXANES), and
microprobe x-ray absorption fine structure (μEXAFS) data
processing.
Previous laboratory studies failed to show how uranium is incorporated into calcite, suggesting that the
UO22+ didn't substitute for the Ca2+ in the calcite's crystal
structure. It was hypothesized that perhaps the linear
UO22+ moiety could not substitute for the spherically
shaped Ca2+ and in changing its symmetry from the
hexagonal bipyramidal structure of aqueous uranyl
triscarbonate to the square bipyramidal structure of the
solid calcite, the UO22+ simply became randomly oriented
in the Ca2+ site within the calcite.
With the use of the brilliant x-ray beams from the
APS, however, the researchers in this study were able to
spot the low concentration of uranium and show a different reality. The researchers found that UO22+ is indeed
incorporated at the Ca2+ site within the calcite structure,
within a well-ordered square bipyramidal geometry. Inside
the crystal, one calcium and two carbonate groups are
replaced with one uranium and two oxygen of the uranyl
structure. The calcite showed three coordination shells of
calcium atoms surrounding this uranyl at a distance of
approximately 6.5 Å. The presence of the Ca signals at
such a large distance attests to the well incorporated
uranyl within the calcite structure.

Fig. 1. Schematic of two calcites. The left diagram shows calcium
(small dark blue) at the center, and the right diagram has uranyl
(large light blue) at the center. Surrounding the centers are oxygen (small red) and carbon (small grey) atoms.

The mechanism of uranium incorporation is still unknown.
Biological processes, organic matter, or other impurities may
be necessary to incorporate the uranyl into calcite, and understanding this process is certainly not trivial. While this study
shows that uranium can be incorporated into calcite under natural conditions, knowing the details of uranium uptake and its
stability under different atomic environments is crucial for
remediation purposes. This calcite does, however, show a path
towards reliable long-term sequestration of uranium. In addition, the stability of the uranium confirms its usefulness as a
geological dating technique. — Karen Fox
Continued on page 108
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See: Shelly D. Kelly1*, E. Troy Rasbury2, Soma
Chattopadhyay1, A. Jeremy Kropf1, and Kenneth M. Kemner1,
“Evidence of a Stable Uranyl Site in Ancient Organic-Rich
Calcite,” Environ. Sci. Tech. 40, 2262 (2006).
DOI: 10.1021/es051970v
Author affiliations: 1Argonne National Laboratory, 2SUNY
Stony Brook
Correspondence: *skelly@anl.gov.
This work is supported by the Environmental Remediation Science
Program, Office of Biological and Environmental Research, Office of
Science, U.S. Department of Energy (DOE), under contract W-31-109Eng-38. The MR-CAT operations are supported by DOE and the MR-CAT
member institutions. 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. W-31-109-ENG-38.
Fig. 2 (A): The centimeter-sized calcrete with dark traces representing the remains of dark organic-rich matter around lighter circular regions left from the cross sections of roots. Fig. 2 (B). Shown
at the top, the U μ -XRF signal, for a spatial distribution of uranium
concentration, was determined in the dark organic-rich region
outlined with a large square. Within this region, a relatively
enriched location was selected for μ-EXAFS measurement. The
measured spectrum was determined to be consistent with full
incorporation of uranium into the calcite structure, as shown by
the μ-EXAFS spectra, model, model components, and molecular
diagram at the bottom of the figure. Fig. 3 (C). In another region,
outlined by the smaller rectangle in Figure 1a, the μ -XANES structure was imaged (shown at the top). These measurements indicate that the coordination environment of uranium in this region
is similar to that where the μ-EXAFS signal was collected, as
shown by the Gaussian distribution (shown in the middle) of the
absorption signal at the valence state energy above the absorption edge. An example of the full XANES spectra is shown at the
bottom of the figure.

“Charged Ions” continued from page 106

butions. Direct determination of such structures, therefore, must
be incorporated into theoretical descriptions. — Karen Fox

Sr2+

fully and partially hydrated
provides an unprecedented
description of ion adsorption at mineral-water interfaces.
The distribution of the Sr2+ in two different interfacial sites
involves a balance between the energy needed to remove water
molecules form the ion's hydration shell and the energy
released by compensating the surface charge. The authors theorize that the total structure represents a dynamic equilibrium
between partially and fully hydrated species of Sr2+. Therefore
the adsorption strengths for the inner and outer spheres must
be comparable, contrary to the common assumption that the
outer-sphere type is inherently weaker. Ion-hydration energies
alone are not, however, able to explain the results given the
electrostatic energy difference between the two adsorbed divalent cation species, since the reduction in energy is not large
enough. Thus, the difference in hydration energies for Rb+ and
Sr2+ can explain their different distributions, but the interfacial
hydration structure must also play a role in stabilizing the distri-

See: Changyong Park1*, Paul A. Fenter1, Kathryn L. Nagy2, and
Neil C. Sturchio2, “Hydration and Distribution of Ions at the
Mica-Water Interface,” Phys. Rev. Lett. 97, 016101 (7 July
2006). DOI: 10.1103/PhysRevLett.97.016101
Author affiliations: 1Argonne National Laboratory, 2University
of Illinois at Chicago
Correspondence: *cypark@anl.gov
This work was supported by the Geosciences Research Program of the
Office of Basic Energy Sciences, U.S. Department of Energy, through
Contract No. W-31-109-ENG-38 to Argonne National Laboratory and
DOE Grants No. FG02-03ER15381 and No. FG02-02ER15364 to the
University of Illinois at Chicago. 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. W-31-109-ENG-38.
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Snapping at nuclear waste separation. DMDOHEMA is shown
dragging down americium into the organic layer, while HDHP
tugs at ytterbium.
© The Royal Society of Chemistry 2006

F

inding a safe and efficient way to separate the components of nuclear waste has been a
technological problem since the advent of the nuclear power industry. Of particular difficulty is how to separate the long-lived radioactive elements, such as americium, from
chemically similar non-radioactive elements, which include europium. Now, researchers
from Argonne, the Commissariat à l'Energie Atomique (CEA), and the Ecole Nationale
Supérieure de Chimie de Paris have used XOR/BESSRC beamline 12-BM-B to obtain detailed
structural information that could improve a novel process for separating ions of these elements.
Continued on page 110

109

E NVIRONMENTAL , G EOLOGICAL , & P LANETARY S CIENCE

“Europium” continued from page 109

process and IR spectra, the team could work out the details of
the chemistry taking place, the actual numbers of molecules
involved, and the stoichiometries. This information helps
improve understanding of the structural basis of the additive
assisted liquid-liquid extraction.
This research suggests that the partitioning of Am(3+) in
the process is facilitated by the presence of DMDOHEMA and
HDHP molecules, which allow more freedom of movement during binding to the M ions. Supramolecular organization of the
M–molecular complexes also likely assists in this process. The
researchers still face many challenges before they can improve
the extraction process significantly; they plan to continue the xray research at the APS in order to determine whether or not
the two extractants act independently or if aggregated species
act in concert.
The researchers anticipate that their results will stimulate
theoretical studies of the molecular structures by providing a
benchmark against which molecular simulations of the complex
liquid-liquid separations systems can be studied. Such simulations could provide new insights into how to fine-tune the
extraction additives and so improve the process still further. A
better separation process would be of benefit to the environment by providing a more effective means of recycling nuclear
waste. — David Bradley

Liquid-liquid extraction—one approach for nuclear waste
component separation—uses water and an organic solvent
containing additives to selectively trap americium and carry it
into the organic phase, leaving europium dissolved in the water.
Finding the most effective additives is, however, a difficult
process. The ions of these elements have the same charge and
are almost the same size, which makes them almost indistinguishable, chemically speaking.
A new approach developed at CEA-Valrhô uses two
molecular extractants—a diamide (N,N′-dimethyl-N,N′-dioctylhexylethoxymalonamide, DMDOHEMA) and a dialkylphosphoric acid (di-n-hexylphosphoric acid, HDHP). However,
despite their potential for separating radioactive from nonradioactive materials, there is a dearth of structural information
about how these additives interact with lanthanides and
actinides. Atomic-level insights could be pivotal in understanding and improving the process.
The Franco-American research team synthesized complexes of the trivalent (3+) actinide and lanthanide ions—
neodymium, europium, ytterbium, and americium—with the two
organic additives DMDOHEMA and HDHP. They then studied
each individual structure at atomic detail, using x-ray absorption (EXAFS) and infrared (IR) spectroscopies.
By varying the extraction conditions and the concentrations of each additive to the process and then analyzing the
complexes formed, the researchers were able to elucidate particular characteristics of each and to make several generalizations about the results. They found that the HDHP complexes
with the 3+ ions (M) resulted in the coordination of six oxygen
atoms to the M ions, forming MO6 structures. They also
observed distant interactions between the M ions and either
three or six phosphorus atoms from the HDHP.
In contrast, DMDOHEMA complexes with the 3+ ions to
form an MO8 structure, in which pairs of oxygen atoms from the
carbonyl (C=O) groups of two DMDOHEMA molecules—as
well as oxygen atoms from three charge-balancing nitrate ions
(NO3-)—bind to the M ions.
The EXAFS results do not provide detailed three-dimensional information about the shape of the complexes. However,
by combining the EXAFS results with data on the extraction

See: Benoît Gannaz1, Mark R. Antonio2*, Renato Chiarizia2,
Clément Hill1, and Gérard Cote3, “Structural study of trivalent
lanthanide and actinide complexes formed upon solvent
extraction,” Dalton Trans. 4553 (2006).
DOI: 10.1039/b609492a
Author affiliations: 1CEA-Valrhô, 2Argonne National
Laboratory, 3Université Pierre et Marie Curie-Paris 6
Correspondence: *mantonio@anl.gov
This work is supported by the U.S. DOE, BES-Chemical Sciences and
Materials Sciences under contract number W-31–109-ENG-38, for the
part performed at Argonne National Laboratory; and by the CEA,
DRCP/SCPS, for the part performed at Marcoule. This collaboration
was realized in the framework of the CEA-DOE agreement (C5096).
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. W-31-109-ENG-38.
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tardust, NASA’s comet sample return mission, forever changes the way scientists are able to study the
makeup of the outer Solar System. The mission spacecraft collected samples from the Wild 2 comet and delivered them to teams of researchers from various scientific disciplines using a variety of experimental techniques. Among these are scientists utilizing synchrotron light sources around the world, including four at the
national laboratories funded by the U.S. Department of Energy (DOE). At the Argonne APS, the synchrotron-based xray microprobe afforded by GSECARS beamline 13-ID-C was used to characterize the elemental composition of these
materials from the outer reaches of the Solar System.

Until the remarkable Stardust
mission, scientists had only been
able to study the outer Solar System
through telescopes, spectroscopes,
and the camera lenses of visiting
spacecraft. American and Russian
spacecraft and astronauts had
brought back pieces of the Moon,
while meteorites gave us random
samples of the asteroid belt, the
Moon, and even the surface of Mars.
Dust particles, collected by NASA
from the Earth’s atmosphere, sampled comets and asteroids, but no
individual particle can be associated
with a particular source. Before
Stardust, scientists had never been
able to get up close and personal with
actual physical samples known to
come from the reaches of the outer
Solar System, material that could hold
vital clues to the origins of the planets,
our sun, and life itself.
The Stardust spacecraft changed
all that by collecting particles of the
Wild 2 comet and delivering them to
Earth, bringing planetary scientists an
unprecedented bonanza of new knowledge. Reaping that
knowledge requires the work of an interdisciplinary team of
researchers from hundreds of institutions, using a myriad of
techniques to probe the secrets of the Stardust samples. One
team focused on studying the elemental composition of a group
of samples, using advanced techniques of microscopy and
spectroscopy, including synchrotron-based x-ray microprobes
(SXRM) at the GSECARS 13-ID-C beamline at the APS.
Stardust caught pieces of the Wild 2 comet mainly through
two ingenious tools: a specially-developed silica aerogel
designed to slow down and trap speeding particles without
destroying them, and the aluminum-foil-covered frame holding
the aerogel, in which particles left residue in tiny impact craters
like microscopic meteors. The synchrotron-based x-ray micro-

Fig. 1. Stardust Track 19 is 890 µm long. The visible light
image (left; NASA-JSC) shows a carrot-like morphology
with the entry hole at the top and terminal particles at
the bottom. The center image is the Fe map (highest
concentrations are bright) obtained at 13-ID-C (GSECARS) showing that the particle disaggregated during
the capture process. The element abundance patterns (normalized to Fe and the concentration in CI
meteorites) for the whole track and main terminal particle (right) show that the whole track is depleted in Ca
and Ge and enriched in moderately volatile elements
(Cu, Zn, Ga, Se) with the terminal particle exhibiting a
composition distinct from that of the whole track. Inset:
Artist’s rendering of Stardust encounter with Wild 2
(NASA-JSC).

probe was used to study the tracks left by particles in 23 sample wedges of aerogel (called “keystones”) at the APS and five
other synchrotron facilities (the DOE’s Advanced Light Source,
the National Synchrotron Light Source, the Stanford
Synchrotron Radiation Laboratory; SPring-8 in Japan, and the
European Synchrotron Radiation Facility in France).
Continued on page 112
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“Stardust” continued from page 111
The powerful SXRM beam can completely penetrate an
entire keystone, causing fluorescence throughout the particle
track that indicates the signature presence of various elements.
The experimenters compared the Wild 2 samples with the composition of CI meteorites (a class of carbonaceous [C] meteorites whose type specimen is the Ivuna [I] meteorite and that
are generally thought to be the most primitive), which, like
comets, are believed to consist of material from the early Solar
System. Most tracks contained material throughout their
lengths, as the slowing particle broke up and scattered pieces
of itself, so that the composition of the terminal particle at the
end of the track is generally different than the composition of
material throughout the entire track.
Two different basic methods were used to analyze the
tracks: either a fluorescence spectrum of the whole track was
collected by raster scan over an extended time, or a quick scan
was performed to identify “hot spots” of elements that were then
subjected to more intensive scrutiny. The first strategy gives a
good picture of the distribution of abundant elements, while the
second is more sensitive for finding scant amounts of trace elements.
One closely-analyzed representative track, number 19,
showed iron deposited along almost its entire path with only a
small amount remaining in the final particle (Fig. 1). Other
detected elements in the Stardust material include calcium,
chromium, gallium, selenium, nickel, potassium, sulfur, manganese, zinc, and copper. Because the aerogel material consists mainly of silicon and oxygen, these elements could not be
separated from the particle tracks. Ratios between certain elements are similar to the CI composition in some cases, but
lower or higher in others. The most commonly detected elements were iron (in all 23 tracks), nickel, and sulfur.
The team found that the Wild 2 particle samples are consistent with the CI meteorite composition and with spectrometry
taken of Halley’s comet from spacecraft in 1986. Of course, the
direct measurements made of the Wild 2 physical samples provide a much clearer picture of cometary composition than the
remote Halley spectroscopy results. Compared to CI meteorites, the Wild 2 samples are depleted in sulfur and iron relative to silicon, and enriched in copper, zinc, and gallium. This
suggests that the CI meteorite composition may not accurately
reflect the distribution of these moderately volatile elements in
the early Solar System. A more accurate determination of the
amounts of these elements in the Sun’s photosphere might better account for this difference. — Mark Wolverton

Four synchrotrons used in this effort are national user facilities supported in part by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences, under contract numbers (with managing institutions in parentheses) DE-AC02-05CH11231 (Advanced Light
Source, University of California), DE-AC02-06CH11357 (Advanced
Photon Source, University of Chicago Argonne, LLC), DE-AC0298CH10886 (National Synchrotron Light Source, Brookhaven Science
Associates), and DE-AC03- 765F00515 (Stanford Synchrotron
Radiation Laboratory, Stanford University). Experiments were performed at the BL47XU in the SPring-8 with the approval of the Japan
Synchrotron Radiation Research Institute. The European Synchrotron
Radiation Facility provided synchrotron radiation facilities. Stardust was
the fourth flight project of NASA’s Discovery Program.
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Benton C. Clark10, Zu Rong Dai4, Charles P. Daghlian11, Zahia
Djouadi3, Sirine Fakra12, Tristan Ferroir13, Christine Floss14, Ian
A. Franchi7, Zack Gainsforth15, Jean-Paul Gallien16, Philippe
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Faustine Grossemy3, Philipp R. Heck17, Gregory F. Herzog18,

112

E NVIRONMENTAL , G EOLOGICAL , & P LANETARY S CIENCE

I S AN I RON - RICH S ILICATE THE
K EY TO U LTRA - LOW - VELOCITY Z ONES ?

D

113

ppv 222
Pt

ppv 133
ppv 151
ppv 114
Pt
ppv 152,062
ppv 200
ppv 044
ppv 025

ppv 132
ppv 113
ppv 004

ppv 131

ppv 042

Pt

ppv 041

ppv 111

Pt
ppv 040

ppv 023

ppv 022

ppv 110

Relative counts

Relative counts

Relative intensity
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to 170 GPa, using synchrotron x-ray diffraction (XRD) at
the GSECARS 13-ID-D and the HP-CAT 16-ID-B beamlines at the APS. The samples were compressed to 130
GPa and laser-heated to 2000K, which converted the
sample into well-crystallized, single-phase ppv silicate.
Pressure was increased incrementally to 170 GPa and
decreased down to 125 GPa, with repeated laser
annealing to 2000K between each increment to release
deviatoric strain. The researchers found that the density
ρ = 6.08 g/cm3, the bulk modulous K = 792 GPa, and the
seismic bulk sound speed Vφ = 11.43 km/s at 130 GPa
for this ppv composition (Fig. 1).
7
8
9
10
11
12
13
14
15
16
17
18
After utilizing a panoramic diamond-anvil cell in an
2-theta
x-ray transparent Be gasket to synthesize the Fs40
Diffraction angle (2θ)
sample at 130 GPa and 2000K, the researchers conFig. 1. X-ray diffraction pattern for Fs40 ppv at 138 GPa (λ = 0.3344 A°).
firmed the formation of post-perovskite by the use of
XRD. The researchers then carried out nuclear resonant
inelastic x-ray scattering measurements at room temperature
agreement. The present results indicate that the addition of iron
on the XOR 3-ID beamline at the APS. The spectra were used
is sufficient to explain the seismic features of the ULVZ, thus
to obtain the iron-related partial phonon density of states
providing an alternative explanation to partial melting.
(DOS). The low-energy portion of the DOS could then be fitted
The vast reservoirs of iron and silicates at the CMB proto a Debye model to give the Debye velocity. In conjunction with
vide favorable chemical-physical conditions for the formation of
the XRD results, this allowed for calculation of the compresiron-rich ppv silicate, which holds the key to understanding the
sional and shear wave velocities. The group determined that
geophysical and geochemical properties of the D” layer.
the compressional wave velocity across Fs40 ppv at 130 GPa
Contrary to previous thinking that the mantle composition was
and 300K was 12.72 ± 0.12 km/s and the shear wave velocity
essentially unchanged by contact with the core—i.e., the comwas 4.86 ± 0.03 km/s.
position of the mantle silicate remains within its iron-poor soluThese room-temperature parameters are close to those in
bility limit—the new scenario calls for a reaction layer of denser
the ULVZ. Temperature correction to the core mantle boundary
silicates with much higher iron content. In regions of downward
(CMB) conditions further reduces the velocities beyond ULVZ
or horizontal movement at the CMB, the thickness of the ironvalues. This may indicate that FeSiO3 contents lower than
rich layer is limited by solid reaction and diffusivity. In upwelling
regions, the iron-rich layer is too heavy to rise and will pile up
40%—or the addition of solid phases such as magneContinued on page 116
siowüstite—would be needed to bring the values back into

© 2006 American Association for the Advancement of Science. All Rights Reserved.

eep beneath the Earth's surface, just above its iron-rich core, lies the D” layer, one of the most poorly
understood portions of our planet. The enigmatic layer was slightly demystified in 2004 and 2005 as scientists discovered a post-perovskite (ppv) transition in MgSiO3, which could explain many of the intriguing seismic features observed in this region. However, one feature that could not be easily explained is
the origin of 5-km- to 40-km-thick patches, known as ultra-low-velocity zones (ULVZs). As seismic waves cross these
regions their velocities are depressed dramatically—the compressional wave velocities drop 5% to 10%, and the shear
wave velocities drop 10% to 30%. Density increases of up to 50% may also be present. Researchers from Los Alamos
National Laboratory, the Carnegie Institution of Washington, Argonne, and The University of Chicago have examined
iron-rich silicate using three beamlines at the APS, and found that it has the low-velocity, high-density signature characteristic of ULVZs, thus providing an alternate explanation for the origin of these zones.
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S O U N D V E LO C I T I E S
IN THE EARTH'S DEEP MANTLE

T

he Earth's lower mantle is thought to be made of approximately 20% ferropericlase and 80% silicate perovskite. Measuring the properties of these two materials at high pressures and temperatures is therefore crucial to understanding the geophysics and geochemistry of the deep mantle. Ferropericlase has a chemical
formula of (Mg, Fe)O and is thought to contain approximately 20% ferrous iron in the lower-mantle. Under
ambient conditions the ferrous iron in ferropericlase has two paired 3d electrons and four unpaired ones (where 3d
electrons, in general, are the electrons that occupy the outermost shell of the iron electron cloud). This configuration
is known as a “high-spin” state. At pressure conditions of 40 to 60 GPa, all six 3d electrons pair up, thus forming a
"low-spin" state, which has very different chemical and physical properties than the former. Until recently, only the highspin state had been studied and the low-spin characteristics were extrapolated or neglected. Now, researchers from
Lawrence Livermore National Laboratory, the Carnegie Institution of Washington, Northwestern University, Argonne,
and the California Institute of Technology have carried out the first successful study of lower-mantle ferropericlase at
pressures up to 110 GPa to describe the seismic velocities across the electronic high-spin to low-spin transition in ferropericlase at conditions similar to that of the lower mantle.

The researchers placed a tiny sample—just
50 µm across—of polycrystalline ferropericlase
[(Mg0.75, Fe0.25)O], with ~95% enrichment of 57Fe
isotope, into a diamond anvil cell on which they
conducted high-pressure nuclear resonant
inelastic x-ray scattering experiments at XOR
beamline 3-ID at the APS. A modified diamond
cell with a beryllium gasket and boron powder
was used for pressures over one megabar. They
used a ruby fluorescence scale (provided by
HP-CAT at APS sector 16) to determine pressures.
Thanks to the very-high-energy resolution
and high photon flux of the APS beamline, the
team was able to extract the partial phonon density of states from the measured energy spectra
and then derive the Debye sound velocities for
the sample under ultrahigh pressures. Together
with the density and incompressibility results of
ferropericlase that had been measured earlier
[1], they derived the compressional and shear
wave velocities of the ferropericlase sample
across the electronic high-spin to low-spin transition. Under higher pressures between 42 GPa
to 58 GPa, the researchers saw abnormal
behavior on the compressional and shear velocities across the electronic spin transition. These
parameters and their pressure derivatives
increase significantly for the low-spin ferropericlase over that of the high-spin state.
Continued on page 116

Fig. 1. Partial phonon density of states of iron in ferropericlase [(Mg0.75, Fe0.25)O] at
high pressures measured by nuclear resonant inelastic x-ray scattering. The samples at
1 MPa and 8 GPa were in the high-spin state and in the low-spin state at 92 GPa and
109 GPa. The initial slopes of the phonon density of states are shifted to much higher
energies due to the spin transition, as well as the pressure effect. The initial slopes of
the spectra are used by the researchers to derive sound velocities of the sample
across the electronic spin transition. A picture of the sample at 8 GPa is shown at the
upper-right corner. The opaque region at the center is the sample.
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ne of the least understood regions of our planet is a mysterious layer—known simply as D"—that lies
between the Earth's core and mantle. Seismic waves crossing this layer have anomalous properties—an
effect that is inconsistent with (Mg, Fe)SiO3 in a perovskite phase, the material thought to make up the
bulk of the Earth’s deep mantle. The 2004 discovery of a post-perovskite phase of the material has helped
create a new paradigm. A post-perovskite layer might indeed account for this ultra-low-velocity zone. Experiments and
theories have placed constraints on some physical properties of the layer, including the elastic tensor and the
Clapeyron slope of the transition. Researchers from National Cheng Kung University, Princeton University, The
University of Chicago, the Japan Agency for Marine-Earth Science and Technology, the Tokyo Institute of Technology
and the Japan Synchrotron Radiation Research Institute—using the GSECARS 13-ID beamline at the APS, and the
BL10XU beamline at SPring-8 in Japan—have obtained the first experimental studies of the equation of state of perovskite and post-perovskite phases over a broad range of pressures in order to compare them with current theories.

The researchers synthesized samples of combined
perovskite and post-perovskite from an orthopyroxene
sample containing 9 mol. % iron by using a laserheated diamond anvil cell. The samples were examined
with synchrotron x-ray diffraction performed at 13-ID-D
and at BL10XU. The group obtained pressure-volume
data at 300K by gradual decompression of the sample
without additional heating.
Analysis of the data showed that the post-perovskite phase has a bulk modulus Ko of 219 GPa and
an ambient pressure volume Vo of 164.9 Å3 for bulk
modulus pressure derivative, K′o fixed at 4. This agrees
fairly well with theory, and indicates that low concentrations of iron do not strongly affect the bulk modulus of
the post-perovskite phase.
Examining samples combining perovskite and
post-perovskite provides some challenges to obtaining
high-quality diffraction patterns. On the other hand, it
allows for studying the two phases under identical conFig. 1. The equation of state of perovskite and post-perovskite phases. The
ditions. A direct comparison of the volumes of perdashed and dotted curves are the experimentally determined EOS for
ovskite and post-perovskite at 83 to 106 GPa shows
MgSiO3 perovskite and Mg0.95Fe0.05SiO3 post-perovskite, respectively. The
that the post-perovskite has a lower volume than the
solid curve shows a second-order Eulerian finite strain fit (K′0 = 4.0) to the postperovskite by 1.1%. This differs slightly from theoretical
perovskite phase data. Insert: The pressure dependence of the axial ratios of
predictions, which have estimated volume changes of
the post-perovskite phase.
1.4-1.6% at 120 GPa.
By differentiating the pressure-volume equation of
state, the bulk moduli of both phases were computed as a functimes observed in other oxide systems. Combining the results
tion of pressure. The bulk modulus of the post-perovskite
for volume and bulk modulus indicates that at 120 GPa, the
phases is 575 GPa at 100-GPa pressure and 641 GPa at 120bulk sound velocity decreases by 2.3 ± 2.1%. This is compatiGPa pressure. The calculated bulk modulus for perovskite was
ble with theoretical predictions of a <1% velocity change, but
663 GPa at 120 GPa. The bulk moduli of the two phases overalso allows for a larger than 4% velocity change.
lap within mutual uncertainties and this is consistent with theoThese results show that the post-perovskite phase can be
retical calculations. Despite being the high-pressure phase, it is
synthesized at 109 GPa and 2400K for a starting sample with
possible that post-perovskite has a lower bulk modulus than
9 mol. % FeSiO3. When applied to the planet itself, this sugContinued on page 116
perovskite at deep mantle pressures, as this has been some115
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under plumes, resulting in the observed ULVZ. Although comprehensive studies of the equation of state, elastic anisotropy,
diffusivity, rheology, magnetism, and reversible phase relation
of ppv as a function of temperature and iron concentration are
still needed for developing the new paradigm for this most
enigmatic layer in the solid Earth, this study unearths exciting
new clues about the dominating role iron-rich ppv may play in
the D” layer. — Karen Fox
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The dramatic jump of the sound velocities across the electronic spin-pairing transition indicates that previous attempts to
derive models of the lower-mantle sound velocities from highspin ferropericlase and silicate pervoskite alone are insufficient
to correctly model the lower mantle. The bulk of information
about the Earth’s interior is derived by using seismic waves traveling through the Earth to directly measure compressional and
shear wave velocities. However, these velocities no longer correlated well with the model of the Earth’s composition once the
researchers incorporated into the model the characteristics of
the low-spin ferropericlase. On the other hand, the change in
sound velocities across the spin transition could offset the effect
of adding iron to the model of the lower mantle materials. The
researchers conclude that sound velocities of low-spin ferropericlase need to be considered in future geophysical models of the
lower mantle. — Karen Fox
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W-7405-Eng-48. J.F.L. is also supported by the Lawrence Livermore
Fellowship. S.D.J. acknowledges financial support from NSF EAR0440112, a Carnegie Fellowship and CDAC. J.M.J. acknowledges
financial support from a Carnegie Fellowship. 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. W-31109-ENG-38.
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gests the post-perovskite phase will form some 400-550 km
above the core-mantle boundary where the D" layer exists. If
the D" discontinuity is indeed due to the post-perovskite phase,
then the deep lower mantle would require temperatures of
3500-4000K. However, other factors and complications—such
as multicomponent chemical effects, pressure scale uncertainties, Clapeyron slope uncertainties, and the effects of the transformation itself on mantle dynamics—do exist. — Karen Fox
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National Science Foundation, the Department of Energy, and the State
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P R O B I N G T H E B E H AV I O R O F
A TO M S I N S T R O N G L A S E R F I E L D S

A

toms in gaseous states can do fascinating things, especially when zapped with extreme electromagnetic
fields from an ultrashort, intense laser pulse. One example is high-order harmonic generation (HHG),
where ionized atoms produce coherent soft x radiation by recombining with laser-driven electrons. The
coherent x-ray generation process is an in-phase collective response of many ion-electron recombination
events in a plasma environment. To optimize HHG, and to use such phenomena for applications such as imaging
molecular orbitals, one must better understand this process and how similar strong-field processes operate. In the
past, electron energies and charged particle yields could only be determined for isolated atoms and details of the laserproduced plasma could only be simulated. Now, Argonne researchers have developed a synchrotron-based x-ray
microprobe capable of peering into laser-produced plasmas and seeing directly the behavior of atoms in this extreme
environment.

X-ray detectors

Laser
X-rays

Optical field strength
~ 10 V/Â
~ 30-μm laser focus

Jet
Fig. 1. Microfocused x-rays probe atoms in the focus of a high-intensity laser.

X-ray spectra that demonstrate the Kr+ signature were
taken by recording Kα emission as a function of incident x-ray
energy. Because Kα emission occurs within 0.2 fs, it is a collision-free signature of absorption. The Kr+ spectrum shows a
strong resonance at 14.313 keV because of the vacant 4p
orbital created by strong-field ionization. The amplitude of this
1s → 4p resonance of the Kr+ can indicate the orbital alignment
of the 4p hole, and thus shed light on the mechanism of the
strong-field ionization process. The simplest model for strong
field ionization assumes that the electron tunnels out along the
polarization axis of the laser, leaving the 4p hole aligned in that
direction. Consequently, with laser and x-ray polarization axes
parallel, one expects a strong absorption resonance, and, for
the perpendicular configuration, a suppressed resonance. In
Continued on page 119

In a triple-beam arrangement, the researchers placed a
micron-sized x-ray beam from the XOR 7-ID beamline at the
APS within a focused optical laser beam, which intersected a
third beam formed by a room-temperature jet of krypton gas.
The strong optical field from the laser ionized the krypton atoms
creating a localized plasma. Ionized krypton (Kr+) has a background-free x-ray absorption signature, allowing the tunable xrays to probe specifically the Kr+ ions in time and space. In
addition, by controlling the orientation of the laser polarization
axis with respect to that of the x-rays, the researchers are able
to probe the alignment direction of the empty orbital produced
by the laser ionization process. The microfocus setup of the
x-ray probe (Fig. 1) increases the x-ray flux density by 104 over
standard laser/x-ray pump/probe configurations, enabling
effective measurements with fewer atoms and less laser power.
117
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C

hemists are using biologically inspired materials as useful tools in non-biological applications. For example,
computing and communications are two applications that can benefit from modeling after nature's accomplishments. Potentially useful biological tools are bits of proteins called peptides, which can be designed
and constructed easily. Researchers from Argonne and the University of Pennsylvania are investigating
whether thin layers of peptides, augmented by molecules that endow the layers with optical properties, could serve as
nonlinear optical materials. The researchers have taken advantage of the XOR/CMC beamline 9-ID at the APS and
the X22-B beamline at the National Synchrotron Light Source to examine the structures of thin layers of peptides into
which have been inserted different kinds of synthesized, optically responsive molecules. The team found they could
insert molecules with nonlinear optical properties into peptide layers while maintaining the integrity of the layers themselves. This sets the foundation for tests of the materials’ nonlinear optical properties, such as second harmonic generation—the conversion of light at one frequency to light at twice that frequency.

Qz

Qxy
vapor

x-rays

liquid
Fig. 1. Cofactors with nonlinear optical properties snuggle between peptide helices, creating a
film whose structure can be determined by x-rays bouncing off the thin layer. (Illustration courtesy
of J. Strzalka.)

To custom-build nonlinear optical materials, the
researchers started with small peptide proteins, which they
designed to form a structure called an alpha helix. Alpha
helices form a nice sausage shape, and can be designed to
interact with each other along their lengths. With a little surface
pressure, the peptides queue up vertically in a single layer,
forming a film as thick as the peptides are long. The team designed the helices to be approximately five times as long as
they are wide, and with different properties at the ends: one end
prefers water and the other prefers anything but. In this way,
the researchers created a film with different properties on the
top and bottom, a film that can bridge interfaces between unlike

media. To add an optical capacity to the thin film, the team
added a cofactor: a metal-containing molecule designed with
non-linear optical properties. These cofactors need to be oriented along the same direction and isolated from one another
in order to work properly. Groups of four peptides can bundle
the cofactors within their cores, keeping the cofactors oriented
and protected from each other.
After some preliminary work at Brookhaven National
Laboratory to determine conditions for their experiments, the
researchers tested various cofactors with their thin film at
Argonne. One contained zinc and the other contained rutheContinued on next page
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ity to control and better understand the behavior of atoms under
extreme conditions in a plasma could also allow the realization
of experiments at relativistic intensities where electron trajectories are influenced by both the magnetic component of the light
pulse and the electric component which dominates at lower
intensities. Finally, the efficient use of laser and x-ray energy in
the microprobe geometry will allow x-ray tracking of timeresolved phenomena that are initiated by infrared or ultraviolet
excitations where laser pulse energy is limited.
— Mark Wolverton & Linda Young

the simple tunneling model, the ratio of the amplitude of the 1s
→ 4p resonance in the parallel:perpendicular laser/x-ray polarization configurations is predicted to be a whopping 38:1.
Instead the researchers find a ratio of ~2:1. The observed ratio
can be explained by models that include spin-orbit coupling, an
ingredient left out of the simple, but oft-used, tunneling model.
The team’s work sheds important light on the mechanism
of ionization of atoms exposed to strong AC fields (1 billion
V/cm). When a freed electron is driven back to its residual ion
(after half an optical cycle, 2.8 fs) the presence of the laser field
appears to preserve orbital alignment. The actual mechanism of
ionization also strongly affects the x-ray absorption spectrum of
the ion, creating stronger and weaker resonances depending
on the relative polarizations of the pump and probe beams.
These direct observations of orbital alignment have never
before been possible and provide an important example of the
value of the synchrotron-based, time-resolved x-ray microprobe
technique.
Beyond probing orbital alignment in plasmas, the timeresolved x-ray microprobe technique has many other uses. By
lengthening the laser pulses temporally to overlap the x-ray
pulses, molecular alignment processes can be studied. The
hard x-rays used here are especially well suited for experiments
with laser-produced plasmas because of their ability to penetrate plasmas and produce a collision-free response. The abil-
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ear optical properties of the thin film, which can ultimately be
transferred to solid surfaces for potential device applications.
— Mary Beckman

nium and zinc. Because their peptide film rested on a layer of
water and could not be tipped at different orientations to the
beam, the team used the liquid surface spectrometer at
XOR/CMC sector 9, an instrument that can steer the synchrotron x-ray beam toward the surface of the thin film. In addition,
an area detector allowed the team to quickly capture data and
minimize the dose of damaging x-rays.
The team took snapshots of the thin layer structures with
and without the cofactors. Without the cofactors, the peptide
helices formed bundles of fours, with the bundles assembling
into a thin layer, as expected. With the addition of the all-zinc
cofactor, as much as 90% to 95% of the peptides remained in
their proper orientation (Fig. 1). The ruthenium-containing
cofactor is bulkier and disrupted the thin film slightly more,
resulting in a thinner film. Additional experiments with the allzinc cofactor showed that the team could customize the peptides so the cofactor would bind at different places along the
length of the helix. This will allow the scientists to insert the
cofactors at different depths in the thin film.
Measurements taken at the University of Pennsylvania
confirmed that the peptide bundles aligned the cofactors properly within the film. The researchers now plan to test the nonlin-
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he power of ultra-bright, third-generation synchrotron radiation has revealed unprecedented images of
the interior structure of lead (Pb) nanocrystals on a silica substrate. A team of researchers from the
University of Illinois produced these striking three-dimensional (3-D) images at the XOR/UNI 34-ID-C
beamline at the APS. The imaging technique, which relies on a novel way of inverting diffraction patterns
using computational algorithms, paves the way for future exploration of materials at the atomic scale.

The researchers formed the samples under ultrahigh vacuum
conditions in the vacuum chamber of beamline 34-ID-C.
Evaporating Pb nanocrystals onto the wafer created a film about
20 nm thick, which was then heated to near the melting point of
lead and cooled to form crystalline structures. The researchers
then examined the crystals by using APS undulator x-rays at a
wavelength of 1.38 Å, oversampling the diffraction patterns sufficiently that they could be phased. Real-space, three-dimensional
images were produced by inverting the phased diffraction pattern
data. The computational technique to phase and hence invert the
diffraction pattern is based on an input-output algorithm developed by mathematicians in the 1980s.
In this experiment, the researchers have refined earlier techniques that produced real-space 3-D images of a single micrometer-sized gold crystal. X-ray diffraction imaging of an ideal crystal lattice, one with no defects, produces symmetrical patterns.
Embedding a crystal on a substrate, however, was found to produce an internal strain field, registered as asymmetrical diffraction
patterns at each Bragg point (Fig. 1). These defects are of principle interest in much of materials science research because they
determine the inherent characteristics, and ultimate utility, of
nanomaterials. The deformation of the crystal lattice is likely due
to surface defects caused by mechanical forces at the point
where the crystal meets the substrate.
Scanning electron microscope images of isolated crystals
confirmed that the expected structure of the exterior is faceted,
hemispherical, and about 200 nm in size, but the 3-D data
obtained through x-ray diffraction revealed the complexity and
density of the interior under strain in a quantitative way.
Although much of the crystal remained undeformed, the
researchers noted a distinct, egg-shaped interior bulge in the

phase image. This deformation field propagates inwards from
the crystal/substrate interface, suggesting the presence of contact forces emanating from some surface defect where the lead
nucleated on the substrate. This defect creates a strain field
within the crystal analogous to the electric field that results from
electrostatic surface charges.
Lensless imaging—such as coherent x-ray diffraction—is
proving superior to traditional microscopy in many applications:
it is more efficient, is less likely to damage the sample, and
achieves better electromagnetic penetration of materials. The
current resolution is at the 40-nanometer scale. In the future,
as more powerful optic devices and coherent x-ray sources are
developed, achieving 3-D images of the interior of materials at
the atomic scale—using the current oversampled diffraction
and inversion methods applied in this work—will be possible.
The technique will also be useful when x-ray free electron
lasers, which will increase the power of imaging by orders of
magnitude, come on line. — Elise LeQuire
See: Mark A. Pfeifer1, Garth J. Williams1, Ivan A. Vartanyants1,
Ross Harder1, and Ian K. Robinson1*, “Three-dimensional
mapping of a deformation field inside a nanocrystal,” Nature
442 (6 July 2006). DOI: 10.1038/nature04867
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< Fig. 1. A view of the phase isosurface of the strain distribution inside a
lead nanocrystal using coherent x-ray diffraction. The strain (yellow) is
superimposed on a translucent image of the nanocrystal itself (gray).
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t is well known that inorganic nanoparticles can adopt different structures than the equivalent bulk material, but
obtaining detailed descriptions of nanoparticle structure remains challenging for conventional methods of analysis such as electron microscopy and x-ray diffraction. High-energy x-ray scattering, which is more sensitive to
medium-range disorder than conventional diffraction approaches, is proving to be a powerful tool to explore the
structure of nanoscale materials [1]. Researchers from the University of California, Berkeley (UCB), and the Chinese
Academy of Sciences (CAS) used two beamlines at the APS and a third beamline at the Stanford Synchrotron
Radiation Laboratory (SSRL) to study surface coating molecules on zinc-sulfide nanoparticles. This study indicates
that a wide range of strain and disorder results from the different ways in which ligands interact with a surface.

The researchers used smallmedium, the size was similar, within a
angle x-ray scattering (SAXS) at
range of radii between 14.3 Å and
DND-CAT beamline 5-ID-D at the
17.6 Å. These analyses confirmed
APS and beamline 1-4 at the SSRL,
that the trends in the PDF data may
and wide-angle x-ray scattering at
be interpreted as differences in strucXOR/BESSRC beamline 11-1D-B at
tural disorder, rather than size.
APS, to observe in real space the
Fourier transform infrared specstructural consequences of the intertroscopy was used to analyze the suractions of surface coating molecules
face chemistry and showed evidence
on zinc-sulfide nanoparticles (ZnS)
of a relationship between the surface
measuring 3.2 nm to 3.5 nm in diamcoating and interior structure.
eter. Their findings indicate that a
Stronger chemical interactions at the
wide range of strain and disorder
nanoparticle surface (covalent or
results from the different ways in
electrostatic bonds) produced the
which ligands interact with the surmost crystalline nanoparticles. In the
face. Independent research has
absence of strong surface interacshown that such structural differtions, the nanoparticle surface
ences significantly alter the materials
restructures itself to a lower energy
properties of ZnS nanoparticles [2].
configuration, disrupting the structure
Fig. 1. Pair distribution function analysis of ZnS
In this effort, the team used realof the entire particle.
nanoparticles synthesized with different surface
space pair distribution function (PDF)
The current study—focused on
chemical environments. The synthesis methods
analysis to obtain atomic-scale strucZnS nanoparticles—builds upon preproduce nanoparticles with approximately the
tural information and observe interior
vious research on the disorder and
same mean diameters, shown next to each
disorder (Fig. 1). The PDF analysis
strain of nanoparticles by a group at
curve. However, the different synthesis methods
found dramatic differences in the
the Department of Earth and
produce nanoparticles that possess considerably
crystallinity of a suite of ZnS
Planetary Sciences at the University
different interior strain and disorder, identified by
nanoparticles synthesized at room
of California, Berkeley, and helps prothe rate at which the PDF intensity is truncated at
temperature with methods that provide a clearer picture of the structure
larger distances.
duced nanoparticles with different
of nanoparticles less than 5 nm in
surface chemistry: hydroxylated surdiameter. Not only does size affect
face in water, mercaptoethanol ligand coated surface in water,
the relative crystallinity of nanoparticles, which tend to become
water adsorption from methanol, and pure methanol.
more disordered with smaller size, surface chemistry has an
To rule out particle size as a factor in structural disorder,
effect on the structure: the stronger the surface chemical
the team used the transmission electron microscopy measurebonds, the higher the interior crystallinity. The UCB/CAS team
ments obtained at the National Center for Electron Microscopy
believes that these conclusions are relevant to other inorganic
at Lawrence Berkeley National Laboratory and the SAXS data
nanoparticles. — Elise LeQuire
Continued on next page
at APS to measure the size of the nanoparticles. In each
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H O W Q UA N T U M S I Z E E F F E C T S
R E G U L AT E N A N O C RY S TA L L I N E I S L A N D S

T

he unique electrical, mechanical, and thermal properties of many nanomaterials promise a dazzling array of
new commercial applications. But to realize this potential, scientists must identify robust and reproducible
methods for controlling the production of nanostructures made from these materials on an atomic scale. An
important step in this direction was taken by researchers from the University of Missouri–Columbia, the
Georgia Institute of Technology, Iowa State University, and Kyunghee University, who studied the unexpected spontaneous behavior of nanocrystalline islands of lead deposited on epitaxial silicon substrates. This investigation clarified
the role of the quantum size effect (QSE) in the nucleation, growth, and coarsening of the islands. The observations
showed the existence of novel and efficient pathways to self-organization that not only operate at much lower temperature but also result in sharper size distributions than those achievable through classical Ostwald ripening.

The x-ray scattering experiments were performed in the in
situ growth chamber at the MU-CAT 6-ID-C beamline at the
APS, at a 12.4-keV x-ray energy. The Pb films were prepared
in situ in ultrahigh vacuum using an e-beam evaporator, and the
surface of the Si(111)-(7 × 7) substrate was prepared using
standard techniques. Island densities were determined by
measuring the splitting of the diffuse scattering lobes (Henzler
rings) around the Pb(111) Bragg point. Scanning tunneling
microscopy (STM) experiments were carried out using a variable-temperature STM.
The conventional nucleation, growth, and coarsening of
large-scale islands have been extensively described in terms of
the classical Gibbs-Thomson analysis. With large-scale
islands, initial island nucleation is established by a steady-state
concentration of adatoms on the surface. Once the deposition
flux is turned off, the island density slowly begins to decrease
due to coarsening (Ostwald ripening), whereby a critical island
radius is established such that islands having larger radii slowly
grow as the radii of islands having smaller radii shrink.
The experiments revealed that the nanocrystalline islands
exhibit novel coarsening behavior whereby the island density

does not converge to a single coarsening curve, as would be
predicted by the classical Ostwald ripening picture, when the
initial density is varied by using different growth fluxes. Instead,
as shown in Fig. 1, the curves actually diverge at long times.
Moreover, the island relaxation rates were found to be orders
of magnitude faster than expected from studies on larger crystals, and the relaxation rate was observed to be proportional to
the growth flux, which is not expected from the classical theory.
The results suggest the following picture for the growth of
QSE nanocrystals. Initial island nucleation exhibits a weak
dependence on the deposition flux, as in standard nucleation
theory. The types of islands that are produced, however,
depend strongly on the flux rate, and this is what leads to the
breakdown of the Gibbs-Thomson effect. High flux rates generate a broader range of island heights (having a broader range
of stability), presumably because of the larger adatom concentration that drives a higher chemical potential. Thus, many of
the islands are unstable and decay once the deposition flux is
turned off. This quickly leads to a significantly lower island density. Conversely, lower flux rates generate a narrower height
Continued on page 125
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magine trying to rack up billions of billiard balls on a flat surface so that they form a regular pattern. Now, imagine that each of those balls is just a few billionths of a meter across—a nanoparticle, in other words. The task
would be seemingly impossible. However, finding a method to organize gold nanoparticles into just such a twodimensional (2-D) array on a surface could open up a range of possibilities for exploiting the unique optical, electronic and chemical properties of nanoparticles by allowing them to be manipulated more readily. Researchers from
The University of Chicago and Argonne are working to uncover the secrets of the self-organization processes involved
in forming such 2-D arrays. Their research is not only improving our understanding of the behavior of monolayers and
how they might be formed more effectively, but could shed new light on the natural analogs in biology.

One way to produce such 2-D arrays
from a solution of uniform-size nanoparticles is via the Langmuir-Blodgett (LB)
technique, developed about a century ago.
The idea is to spread hydrophobic
nanoparticles on top of water so they float
on the surface and can be squeezed to
form a compact layer. Many researchers
have been successful in making such
monolayers and transferring them onto various solid
surfaces, including glass and silicon. But a deep
understanding of the structure of monolayers of
gold nanoparticles on a liquid surface is lacking.
The University of Chicago-Argonne team hope to
uncover the secrets of this self-organization
process in LB monolayers.
To make nano-particles, the team began with a
gold salt dissolved in tiny water cages (inverse
micelles) formed by adding a surfactant didodecyldimethylammonium bromide (DDAB) to toluene.
The gold salt was then converted into gold nanoparFig. 1. Diagram of a uniform monolayer of gold nanoparticles (depicted in the
ticles using a chemical reducing agent. The
inset) on the surface of pure water, prepared using the LB technique.
researchers next swapped the DDAB coating using
sulfur-containing dodecanethiol, which binds to the surface
much tighter than DDAB. Next, a process of digestive
with what symmetry. The researchers could also measure the
ripening—in which the mixture is heated with excess
distances between the particles in the layer and any organizathiol—was used to make the whole ensemble more unition perpendicular to the layer using this method.
form. Finally, the nanoparticles were given a good wash
The most interesting discovery was that the hexagonally
and suspended in heptane. The resulting suspension conordered nanoparticle monolayer could fold like a piece of paper
tains 1015 particles per ml of solvent.
when it is squeezed hard enough. The wrinkles unfold—once
the pressure is subsequently released—only in the presence of
The University of Chicago-Argonne team carried out
enough excess dodecanethiol in the solution to prevent neighin situ optical microscopy and x-ray scattering experiments
boring particles from sticking together. In addition, the team
at ChemMatCARS beamline 15-ID at the APS to investifound that squeezing the monolayer does not change the spacgate the formation of the nanocrystal monolayer with the
ing between the nanoparticles, indicating the molecular coating
LB technique. The optical microscopy experiment revealed
is quite rigid. The combination of optical microscopy and x-ray
macroscopic information about the monolayers. The x-ray
scattering has proven to be crucial in understanding the comscattering study, on the other hand, yielded detailed inforplex structural evolution under different conditions.
mation on the small length scale, showing how the
Continued on next page
nanoparticles pack to-gether locally in the monolayer and
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distribution of the more stable islands that decay slowly in
time. To account for the extremely fast decay times
observed at high flux rates, the researchers postulated that
collective effects must be operating whereby the detachment of a single atom can trigger the highly correlated
detachment of many more atoms. Although the microscopic origin of such processes still needs to be identified,
the new results have tremendous implications about the
self-organization in the epitaxial growth of nanocrystals.
The novel coarsening behavior of QSE nanocrystals
can have important practical implications. For example, the
nanocrystalline islands exhibit improved height and size
distributions along with a much lower island density after
deposition at high rather than low flux rates, contrary to
what occurs with the large-scale islands described by the
classical scaling theory of nucleation and Ostwald ripening.
These experiments also illustrate the crucial role that
surface x-ray scattering plays in exploring phenomena that
involve statistical distributions. Bright undulator radiation
produces sufficient scattered signal to obtain statistically
meaningful data during real-time in situ experiments and,
in this case, over nearly three decades of time scale.
— Vic Comello
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See: C.A. Jeffrey1, E.H. Conrad2, R. Feng2, M. Hupalo3, C.
Kim4, P.J. Ryan5, P.F. Miceli1, and M.C. Tringides3,
“Influence of quantum size effects on island coarsening,”
Phys. Rev. Lett. 96, 106105 (2006).
Author affiliations: 1University of Missouri–Columbia,
2Georgia Institute of Technology, 3Iowa State University,
4Kyunghee University, 5MU-CAT
Correspondence: micelip@missouri.edu
The MU-CAT beamline is supported through Ames Laboratory,
and operated for the DOE by Iowa State University under Contract
No. W 7405-Eng-82. Research funding was supported, in part, by
Ames Laboratory (M.C.T.), Canim Scientific Group (E.H.C.), the
Missouri University Research Board, the National Science
Foundation DMR-0405742, and the Petroleum Research Fund
No. 41792AC10 (P.F.M., C.A.J., C.K.), the Natural Sciences and
Engineering Research Council (NSERC) of Canada (C.A.J.), the
Center for Nanostructured Materials Technology under 21st

Growth flux2 ML/min
0.1
1

Fig. 1. The density of Pb islands was determined from x-ray diffuse
scattering about the Pb(111) Bragg position as a function of time
after 1.2 monolayers of Pb were deposited on Si(111)-(7 × 7) at
208K. The curves, obtained using different deposition fluxes, do
not approach each other at long times, which is contrary to the
predictions of classical Ostwald ripening. The solid curves are a fit
of the data to n(t)=n0/(1+t/τ), from which the initial island density
n0 and the island relaxation time τ were obtained. Both n0 and τ
are plotted in the inset. Although the initial island density changes
little with flux rate, the relaxation time exhibits an unusual 1/flux
dependence and it is orders of magnitude faster than expected.

Century Frontier R&D Programs of the Ministry of Science and Technology (No.
05K1501-02520), Korea (C.K.). 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. W-31-109-ENG-38.
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“Structure, Wrinkling, and Reversibility of Langmuir Monolayers
of Gold Nanoparticles,” J. Phys. Chem. B 110, 24522 (2006).
DOI: 10.1021/jp063820s
Author affiliations: 1The University of Chicago, 2Argonne
National Laboratory
Correspondence: *lin@cars.uchicago.edu.

Understanding the behavior of nanoparticle monolayers
could lead to practical applications in making novel devices
using the LB technique. The phenomenon of folding could
improve our understanding of the behavior of thin molecular layers, such as cell membranes. Even though the chemistry is very
different, the underlying physics could be similar.
— David Bradley

ChemMatCARS is principally supported by the National Science
Foundation and Department of Energy under Grant No. CHE0565344.
This work and the APS are supported by the U.S. Department of
Energy, Office of Science, Office of Basic Energy Sciences, under
Contract No. W-31-109-ENG-38.

See: David G. Schultz1, Xiao-Min Lin2, Dongxu Li1, Jeff
Gebhardt1, Mati Meron1, P. James Viccaro1, and Binhua Lin1*,
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NANOSECOND DOMAIN DYNAMICS
IN FERROELECTRIC OXIDES

F

erroelectric materials have an intrinsic electrical polarization that can be reversed by large electric fields.
Although the steady-state properties of these materials are well understood—thanks to detailed theoretical
and experimental analysis—the rapid changes that occur at nanometer scales have been difficult to capture
experimentally. Manipulating the polarization of ferroelectric materials already forms the basis for non-volatile
memories, and could lead to a new generation of electronic, optical, and acoustic devices. Understanding the dynamics of how this polarization switches in nanoscale structures is essential to developing these applications, as well as
to sorting out the fundamental physics of ferroelectrics. Researchers from the University of Wisconsin and Argonne
have adapted x-ray microscopy techniques with high spatial and temporal resolution to track polarization switching in
ferroelectric thin films.

Ferroelectric switching is
scales. Specifically, the
widely thought to occur in
Wisconsin-Argonne group
three steps following the
used the time-resolved sigapplication of an external field
nature of polarization switchpulse. First, small regions of
ing in the intensity and
reversed polarization begin
motion in reciprocal space of
nucleating in response to the
the (002) and (002̄) x-ray
switching pulse. These initial
Bragg reflections of PZT.
domains then grow in the
These reflections correspond
direction of the applied electo opposite polarization
tric field and span the disstates and have different
tance between the elecintensities, and respond to
trodes. Finally, the domain
applied electric fields with
walls grow laterally in a direcopposite signs of the piezotion perpendicular to the
electric response. The microswitching field. The dynamics
diffraction experiments were
at high applied field, howcarried out with 10-keV x-ray
ever, have not been adepulses from the XOR 7-ID-C
quately visualized, owing to
beamline at the APS. The xthe very fast time scales and
ray pulses arrived at the fersmall length scales involved.
roelectric devices in a stream
Time-resolved microdiffracof pulses with ~100-ps duraFig. 1. Polarization switching in a 20 × 20 μm2 area of a thin-film ferrotion with picosecond x-ray
tions separated by 153 ns. Xelectric capacitor. The polarization-up and polarization-down
pulses from the APS provides
rays scattered from the samdomains are red and blue, respectively. The dashed area shows the
a detailed picture of ferroelecple were detected with a fast
domain boundary advancement during 100 ns; the arrows show the
tric domain wall dynamics at a
avalanche photodiode. By
advancement direction. Inset diagrams show the lattice configuraspatial resolution of 115 nm
synchronizing the electrical
tions in the two ferroelectric polarization states.
and a temporal resolution of
pulses applied to the sample
less than 1 ns.
to induce ferroelectric polarization reversal with the x-rays from
The ferroelectric devices studied here consisted of 400a single circulating electron bunch, the experimenters were
nm-thick films of Pb(Zr0.45Ti0.55) (PZT) between conducting
able to probe particular times in the polarization switching
process.
SrRuO3 electrodes. In PZT, the remnant polarization arises
An upper limit of the time resolution of the experiment was
from a structural effect that can be can be probed using techobtained using the piezoelectric effect, which is the fastest of
niques such as diffraction. The time dependence of these structural signals can be used to follow the domain walls at small
Continued on page 128
126

N ANOSCIENCE

PEERING

O

UNDER THE

S U R FA C E

ne of the greatest challenges of nanoscience arises out of its very nature: the difficulty in seeing what is
really going on when dealing with things that are so incredibly tiny. But if scientists and engineers are to
make nanotechnology applications—such as molecular electronics—a practical reality, they must
develop ways of seeing at the molecular level. This problem is even more difficult when studying the
structure of surfaces buried within other materials, such as at the junctions of electrodes. Techniques such as electron
microscopy simply do not permit the Ångstrom resolution necessary to characterize nanostructures for molecular electronics applications. A team of researchers has used high-energy x-ray reflectivity at the XOR/CMC 9-ID beamline at
the APS, in conjunction with the X22A beamline at the National Synchrotron Light Source, to obtain direct Å-resolution
measurements of the molecular structure of electronic junctions buried deep in interface monolayers. These results
show that high-energy x-ray reflectivity can be usd to study a variety of differing molecular layers at different surfaces.

The investigators, from Argonne
National
Laboratory,
Columbia
Fig. 1. The experimental apparatus
University,
Brookhaven
National
(top), with closeup views (inset) of
the x-ray reflectivity geometry in
Laboratory, Bar-Ilan University, and
the buried layers.
Harvard University, examined alkyl-thiol
(octadecanethiol, C18SH) and alkylsilane (octadecyltrichlorosilane, OTS)
self-assembled monolayer films, as well
as a bilayer film, between a mercury
droplet and a solid silicon substrate.
The team chose these particular molecules because their qualities—chiefly
their simple molecular structure and
their electron conduction properties—
are of fundamental interest to
researchers in the field of molecular
electronics.
When x-rays are reflected from
organic layer interfaces, the x-rays
reflected at different depths give rise to
an interference pattern. The measured
amplitude of the fringes reveals the
electron densities at the buried junction,
and the fringe period provides the
organic film’s average thickness. By
analyzing the x-ray scattering data, the
researchers discovered that the organic molecules are densely
packed together, with most of the molecules positioned vertically.
For the Si-thiol-Hg interface, the best fit to the x-ray reflectivity was obtained with a monolayer thickness of 29.6 ± 0.4 Å
corresponding to the C18 layer. This thickness is found to be
larger than the corresponding 25.2-Å thickness of the standingup phase of C18SH for self-assembled monolayers on mercury
at the air interface. This difference can be accounted for by
considering three factors: the C-H bond length of the terminal
Continued on page 128
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“Domain Dynamics” continued from page 126

demonstrate the potential of microdiffraction tools made possible by high-brightness, third-generation synchrotron sources
such as APS in understanding basic phenomena of great technological interest. — David Voss

the structural responses of ferroelectrics to applied electric
fields. With electrical pulses of a single polarity the transient
piezoelectric response occurred with a risetime of 620 ps.
Electrical pulses of alternating polarity lead to polarization
switching. X-ray microdiffraction indicated that at the start of
each pulse the lattice of the PZT contracted and shifted the
Bragg reflection in reciprocal space. Several hundred nanoseconds after this shift, the Bragg peak abruptly shifted in the opposite direction, indicating the start of polarization reversal. The
time at which this switching event happened at various locations
in the thin-film structure corresponded to the time required for a
domain wall to move from the nucleation site to that location.
With these data, it is possible to construct a map of polarization
switching times over the area of the film, showing how the
domain walls move across the sample (Fig. 1).
The domain wall velocities obtained with this technique
show that the wall motion is not near the limit set by elastic
deformation. This suggests that more optimal structures and
higher fields should permit faster switching. The results also

See: Alexei Grigoriev1, Dal-Hyun Do1, Dong Min Kim1, ChangBeom Eom1, Bernhard Adams2, Eric M. Dufresne2, and Paul G.
Evans1*, “Nanosecond Domain Wall Dynamics in Ferroelectric
PbZr; TiO3 Thin Films,” Phys. Rev. Lett. 96, 187601 (12 May
2006). DOI: 10.1103/PhysRevLett.96.187601
Author affiliations: 1University of Wisconsin, 2Argonne
National Laboratory
Correspondence: *evans@engr.wisc.edu
This work was supported by the U.S. Department of Energy, Office of
Basic Energy Sciences, under Grant No. DE-FG02-04ER46147. C. B.
E. acknowledges support from NSF DMR-0313764 and ECS-0210449.
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. W-31-109-ENG-38.

“Under the Surface” continued from page 127

NOTE: In June 2006, Brookhaven scientist Julian Baumert,
one of the lead authors of this study, died of melanoma at the
age of 31.

methyl group and the van der Waals (vdW) radii of both the terminal hydrogen atom and the silicon oxide, all of which do not
contribute to the measured thickness of the films at the air interface. Taking into account these factors, the agreement clearly
shows that the alkyl chains in these buried junctions are standing straight up. The electron density profile of the bilayer junction shows a near-doubling in the thickness, as expected, compared to the monolayer.
These researchers also studied the structure of the buried
bilayer junction under applied potentials. The x-ray reflectivity at
several sample voltages and the current-voltage dependence at
several fixed qz positions were also measured. In these measurements, no structural changes were observed when a potential of up to 1 V was applied across the junction. This finding
indicates a highly stable molecular structure, something quite
handy if such molecular junctions are to be eventually developed for practical uses.
In the exacting world of nanoscience, the movement and
location of a single molecule can be critical, particularly if scientists are going to control what is going on in the nanoworld. By
demonstrating the power and versatility of this technique, the
research team has opened up a new window that will allow
future nanoelectronics designers to see and know what is happening deep inside their inventions—and make molecules
dance to whatever tune they call. — Mark Wolverton

See: Michael Lefenfeld1, Julian Baumert2, Eli Sloutskin3, Ivan
Kuzmenko4, Peter Pershan5, Moshe Deutsch3, Colin Nuckolls1,
and Benjamin M. Ocko2*, “Direct structural observation of a
molecular junction by high-energy x-ray reflectometry,” Proc.
Natl. Acad. Sci. USA 103(8), 2541 (2006).
DOI: 10.1073pnas.0508070103
Author affiliations: 1Columbia University, 2Brookhaven
National Laboratory, 3Bar-Ilan University, 4Argonne National
Laboratory, 5Harvard University
Correspondence: *ocko@bnl.gov
M.L. and C.N. acknowledge financial support from the Nanoscale
Science and Engineering Initiative of the National Science Foundation
under National Science Foundation Award No. CHE-0117752 and
from the New York State Office of Science, Technology, and Academic
Research. Work at Brookhaven National Laboratory is supported by the
U.S. Department of Energy, Division of Materials Science, under
Contract DE-AC02–98CH10886. Support to M.D. by the
German–Israeli Foundation, Jerusalem (GIF), is gratefully acknowledged. P.P. acknowledges support from the National Science
Foundation under Grant NIRT 03-03916. 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. W-31109-ENG-38.
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R E S E A R C H AT T H E APS A N D
U.S. E C O N O M I C C O M P E T I T I V E N E S S
Our nation’s national laboratories and their national user facilities, under the auspices of the U.S. Department of Energy
(DOE), are uniquely suited to meeting a variety of challenges, including the pursuit of technological advances that spur economic prosperity and national security. User facilities such as the APS, the Intense Pulsed Neutron Source, the Electron
Microscopy Center, the Center for Nanoscale Materials, the Argonne Tandem-Linac Accelerator System, and the
Atmospheric Radiation Measurement Climate Research Facility—all at Argonne—bring unique capabilities and talented
people to bear on the missions of the DOE in advancing science and technology for the nation: increasing the storehouse
of fundamental knowledge, dealing with problems whose solutions are scientific, bettering lives, and maintaining forward
progress in an increasingly competitive technological and economic global arena.
The latter is made clear by looking at light-source research in terms of the gross domestic product (GDP), the primary
engine for U.S. economic competitiveness. The (real) gross domestic product, according to the U.S. Bureau of Economic
Analysis (BEA), is “the output of goods and services produced by labor and property located in the United States.” [1]
Much of synchrotron x-ray science at the APS can be readily mapped onto the GDP. Here are some of the GDP categories compiled by the BEA and corresponding APS research:

Medical care: APS x-rays played an essential role in the development of Abbott Labs’
Kaletra®—the most-prescribed pharmaceutical in its class for AIDS therapy. See:
www.anl.gov/Media_Center/News/2006/APS060901.html

Gasoline, fuel oil, other energy goods: The APS enabled a study of bacteria used to convert
methane to methanol at room temperature, which may help improve methanol synthesis; and
revealed new information on the structure of high-speed fuel injector sprays, which can help
improve injector efficiency. See: R.L. Lieberman and A.C. Rosenzweig, Nature 434, 177 (March
2005); A.G. MacPhee et al., Science 295, 5558, 1261 (2002).
Electricity and gas: APS x-rays gave researchers the first look at the composition of the
plasma arcs that produce the glow in energy-efficient halide arc lamps, an important step in
improving the lamps’ efficiency even more. See: J.J. Curry et al., “J. Appl. Phys. 93(5), 2359
(1 March 2003).
Information processing equipment and software: APS studies of alloys in DVDs could help “fine
tune” the alloys, advancing the state of data storage devices and remote-programmable computers.
See: D. A. Baker et al., Phys. Rev. Lett. 96, 255501 (2006).

Industrial equipment: The first x-ray images of the internal structure of the flow from a highspeed industrial paint sprayer could aid in improving sprayer efficiency. See: Y.J. Wang et
al., Appl. Phys. Lett. 89, 151913 (9 October 2006) and page 42 of this report.

Structures: Studies at the APS are refining our understanding of how to make cement more
durable. See: N.N. Naik et al., Cement Concrete Res. 36, 144 (2006) and page 36 of this report.

Each day that researchers gather experiment data at the APS brings the real possibility of new information that can move
our nation forward. These and other research breakthroughs are highlighted on the constantly-updated APS Website science highlights index at www.aps.anl.gov/Science/Highlights/ index.htm.
REFERENCE
[1] www.bea.gov/newsreleases/national/gdp/gdpnewsrelease.htm

APS B E A M S P R O B E

A

THE

NANOSCALE

t Argonne, you can now not only characterize a nanomaterial, but also build it. That is the elegantly simple mission statement
for nanoscience at the Argonne user facilities supported by the U.S. Department of Energy’s Office of Basic Energy Sciences
(DOS-BES). The Center for Nanoscale Materials (CNM)—one of five new BES Nanoscale Science Research Centers at DOE
national laboratories—is the cornerstone for nanoscience at Argonne. The CNM joins the Argonne Intense Pulsed Neutron
Source and Electron Microscopy Center facilities, as well as the many researchers from Argonne divisions who are exploring the nanorealm. The CNM adjoins the APS experiment hall, where a new hard x-ray nanoprobe at APS sector 26 is coming on line, and a plethora
of nanoscience capabilities are being developed at five other sectors on the experiment hall floor (see facing page). It all starts with the
sample. The CNM will allow researchers to “build” any amount of nanomaterials, and then swiftly and efficiently move those samples to
one or more of the superb Argonne characterization tools best suited to the purpose at hand: an integrated approach to nanocharacterization, which also applies to researchers bringing their samples to Argonne.
APS x-rays will be a vital resource for nanoscience researchers. By dedicating certain beamlines to different nanocharacterization
techniques, the APS will enable rapid-access for a minimum of 10% of available beam time at those sectors. All of these tools are nothing without the right people in place to make them work. Because they are engaged in a relatively new field of investigation, nanoscience
users will come to the APS seeking answers to questions that may never have been asked before. A tried-and-true measurement technique may be right for a particular problem, but it is just as likely that something may need to be measured in some entirely new way.
The beamline staff at the APS, because of their immersion in the science at hand, can create new methods of measurement that will
allow users to leave with answers. Taken together, the nanoscience capabilities at Argonne follow the “Centers of Excellence” model,
where excellent machines, tools, and, most crucially, people are concentrated to create an intensely creative and productive resource
for the advancement of science and the national interest. Contact: Gabrielle Long (gglong@aps.anl.gov)
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Grazing incidence small-angle x-ray scattering 1-BM, 8-ID-E, 12-ID Grazing incidence small-angle scattering (GISAXS)
measurements are sensitive to the surface morphology and the internal structure of films, and provide information lateral and normal to
the surface on length scales from 1 to 100 nm. It is an excellent complement to such probes as atomic force microscopy and transmission electron microscopy. An increasingly important structural-characterization technique, GISAXS finds applications in studies of nanostructures and nanocomposites at surfaces and interfaces. Most significantly, it serves as a complementary method to conventional surface-sensitive tools such as scanning probe microscopy and electron microscopy, GISAXS can be used in situ and in real time to monitor the formation of a nanostructure or nanocomposite, which makes it especially suitable for studying the kinetics of nanoassembly
processes. The structural information that can be obtained includes particle size distribution or shape, particle composition, the internal
surface area per unit volume, the volume fraction, and characteristic length of ordered structures. GISAXS averages over macroscopic
regions to provide statistically significant information on the nanometer scale, and provides information on particle geometry, size distributions, and spatial correlations.
X-ray reflectometry 1-BM When x-rays strike a surface at glancing incidence they can reflect off the surface. However, if the surface is
rough or covered by a film, then the x-ray reflectivity of a surface can change. X-ray reflectivity (XRR) experiments take advantage of this effect
by measuring the intensity of x-rays reflected from a surface as a function of angle. Thin films on a surface can give rise to oscillations of the xray intensity with angle. XRR can provide information on the thickness, roughness, and density of thin films on a surface. Thus, it probes the
structure of surfaces, thin films, or buried interfaces, as well as processes occurring at surfaces and interfaces such as adsorption, adhesion
and interdiffusion. Applications include photosensitive films, electrochemical and catalytic interfaces, surfactant layers, polymer coatings and
biological membranes. The increasing importance of hybrid materials, the properties of which are determined by their interfaces and the rapid
development in the field of thin-film technology provides a strong demand for x-ray reflectometry.
Small-angle x-ray scattering 12-ID, 15-ID ● Ultra-small-angle x-ray scattering 32-ID-B

Small-angle x-ray scattering
(SAXS) is widely used for the nanoscale structural characterization of composite materials, polymers, and nanoparticles. Areas of high
current interest include protein solutions, fibers, vesicles, micelles, biopolymers, liquid crystals, polymer films and fibers, micro- (and
nano-) emulsions, and quantum dots. In particular, SAXS and ultra-small-angle x-ray scattering together bridge the gap between atomic
level and micrometer-level structures.

Surface and interface scattering 12-ID, 33-ID Knowledge of nanoscale structural arrangements and composition at surfaces
and buried interfaces is fundamental to understanding the function and properties of many synthetic structures and reactive interfaces
found in nature. X-rays from the APS offer a unique opportunity to penetrate through overlayers to probe the structure and chemistry of
surfaces and internal boundaries from the nanoscale down to the atomic level. The APS source enables in situ studies, permits real-time
investigations to elucidate thin-film growth mechanisms, and allows molecular-scale studies of chemical interactions at internal boundaries.
Micro/nanodiffraction 2-BM, 2-ID-D, 8-ID-E, 34-ID ● Microdiffraction under high pressure 16-ID, 16-BM

X-ray
diffraction is routinely used to investigate materials structure. With x-rays focused to a spot size of one micron or less, one can perform
x-ray diffraction experiments with very high spatial resolution. X-ray microdiffraction is providing new insights in the fields of materials and
environmental science. X-ray microdiffraction can measure local variations in stress, orientation, and plastic deformation between grains
and within individual grains, helping us understand mechanical properties at this critical length scale. With x-ray microdiffraction, we can
measure local characteristics such as texture and stress within individual devices, offering an experimental counterpart to computer simulations. X-ray microdiffraction also allows structural identification of small amounts of phases imbedded in a heterogeneous matrix.

Scanning x-ray microscopy 2-ID-B ● Fluorescence microscopy 2-ID-D

Scanning transmission x-ray microscopy is a
popular probe that can map functional groups in cells as well as environmental samples. Very small (a few tens of nanometers) beams
are created using Fresnel zone plates, enabling detailed mapping of nanoscale structures in biology, polymer science, electronic nanostructures, magnetic materials, and meteorites.

Photoemission electron microscopy 4-ID-C In photoemission electron microscopy (PEEM), linearly or circularly polarized x
rays are used for real-space imaging with simultaneous chemical and magnetic contrast. In imaging of magnetic domains, it is complementary to Kerr microscopy. PEEM is currently used to image a broad range of materials such as magnetic nanostructures, magnetic
domains in epitaxial films, antiferromagnetic structures, spin transport, chemical and magnetic properties of complex materials, multiferroics, and the surface chemistry of polymer films and protein adsorbates.
Spectroscopy for nanomagnetism studies 4-ID-C

X-ray magnetic circular dichroism (XMCD) is an x-ray absorption spectroscopy technique that plays a key role in the study of nanomagnetic materials. The major strength of XMCD is its capacity to deduce
orbital-projected magnetic moments both in magnitude and direction with the full benefit of the element selectivity inherent to x-ray
absorption spectroscopy. It is now widely used to unravel the microscopic origin of magnetism in ferromagnetic and ferrimagnetic systems. XMCD could be recorded from paramagnetic systems subjected to a high magnetic field, and it is a remarkable element-specific
magnetometry tool for heteromagnetic systems. It is unique for the study of the magnetic properties of reduced-dimensionality structures
such as thin magnetic films and multilayers, magnetic quantum wires, and dots.

X-ray excited optical luminescence 4-ID-C

The x-ray excited optical luminescence technique is particularly sensitive to structures less than 10 nm in size due to quantum confinement phenomena. One can chemically map sites responsible for producing lowenergy (1-eV to 6-eV) fluorescence. An intriguing application makes use of the time structure of the x-ray pulses, which enables investigations of the dynamic behavior of the states involved in the luminescence.

X-ray nanoprobe 26-ID The Center for Nanoscale Materials nanoprobe will advance the state of the art in x-ray microscopy by providing the highest spatial resolution in the world. This unique suite of instruments will be key to the specific research areas of the CNM,
and it will also be of general utility to the broader science community in studying nanomaterials and nanostructures, particularly for
embedded structures. See next page.
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T HE H ARD X- RAY N ANOPROBE
X-rays

High-heat-load
focusing mirror

APS experiment hall
Nanoprobe (sector 26)
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Nanoscale
Materials

Not to scale

A double-mirror system serves as high-heat load components of the nanoprobe beamline. It provides reduction of total power, reduction of power density on the
crystal monochromator, and harmonics filtering. It also
acts as focusing components of a spatial filter. Doublemirror design allows adjustment of the grazing angle
without changing the angle of the doubly reflected
beam. The first component is a mechanically bent, horizontally focusing, water-cooled mirror with a length of
460 mm, shown above. X-rays from two collinear undulators enter the mirror system from the right.

Scanning probe mode

X-rays

Sample
Zone plate

Flexure-based
fine scanning stage
Full-field transmission
mode
Schematic of the nanoprobe beamline showing the major techical components.
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For acquisition of high-resolution data in scanning
probe mode, the zone plate will be raster-scanned in
x and y. To that effect, a high-resolution, flexure-based
scanning stage is used to position the zone plate.
Coarse motion of both zone plate and specimen will
be provided by stepping motors. The photo above
shows the zone plates and specimen module with
related laser optics.

T

he Center for Nanoscale Materials (CNM, http://nano.anl.gov/) at Argonne National Laboratory is a U.S. Department of
Energy user facility for nanoscience research located adjacent to the APS experiment hall on the west side of the ring.
The CNM has become operational in the past year, and provides facilities for the synthesis, processing, characterization, and modeling of new generations of nanoscale materials and devices. As part of its suite of characterization tools
for the nanoscience community, CNM has constructed the Hard X-ray Nanoprobe Beamline at APS sector 26 [1]. Commissioning
of the Nanoprobe will begin in July 2007, and it will support full user operations in 2008.
The Hard X-ray Nanoprobe Beamline will utilize x-ray energies from 3 to 30 keV to produce the world’s highest-resolution
hard x-ray images. The beamline takes advantage of the high brilliance at high photon energy provided by the APS to produce
diffraction-limited focal spots for scanning probe microscopy. Photon energies in the hard x-ray portion of the electromagnetic
spectrum are ideally suited for imaging with contrast mechanisms such as x-ray fluorescence and x-ray diffraction. These contrast
mechanisms allow researchers to characterize and quantify elemental constituents of materials with sensitivity to individual
nanoparticles, and to observe atomic-scale structural properties of nanoscale materials and systems, such as crystal structure and
strain. Hard x-rays also allow penetration of overlayers, environments, and fields for in situ studies. Using Fresnel zone plates as
focusing and imaging optics, the nanoprobe will provide an initial spatial resolution of 30 nm—the size of 100 atoms. (One meter
is to one nanometer as the diameter of the Earth is to a hazelnut.) It is anticipated that significantly higher spatial resolution will
be reached over the lifetime of the nanoprobe as x-ray optics continue to improve. For example, a novel type of x-ray optic known
as a Multilayer Laue Lens being developed by Argonne researchers [2, 3], can potentially efficiently focus hard x-rays to 5 nm or
smaller.
The instrumentation at the Hard X-ray Nanoprobe Beamline provides, for the first time, a combination of scanning-probe and
full-field transmission imaging. Full-field imaging will allow efficient three-dimensional visualization of complex systems and
devices. Scanning probe imaging provides sensitive, quantitative analysis of elemental composition, chemical states, crystallographic phase, and strain. Using x-ray fluorescence radiation of K and L atomic states, the system will be suitable for spectroscopic studies of elements with Z >18; elemental mapping, which requires excitation energies above electron binding energies,
can also be pursued for elements with smaller atomic numbers. Strain-contrast imaging will be a powerful tool to study systems
such as ferroelectrics and ferroelastics. Linearly and circularly polarized x-rays will allow the study of magnetic materials. A beam
chopper will allow extraction of single x-ray pulses from the APS, providing a time resolution of 100 ps that, combined with small
focal sizes, will allow qualitatively new studies of dynamics at the nanoscale.
The Hard X-ray Nanoprobe Beamline will be operated jointly by CNM and APS. Access to the nanoprobe will be available to
users through the coordinated proposal systems of CNM and APS.
Contact: Brian Stephenson (stephenson@anl.gov)

HARD

X - R AY N A N O P R O B E C A PA B I L I T I E S

• Study of nanoscale materials and devices through a variety of contrast mechanisms to image elemental composition,
chemical state, crystallographic phase, strain, and magnetism
• High penetration power (10 µm to 10 mm) for in situ studies
• High sensitivity to trace elements

HARD
•
•
•
•
•
•
•

X - R AY N A N O P R O B E C H A R A C T E R I Z AT I O N T E C H N I Q U E S

Fluorescence and diffraction in scanning probe mode
Absorption and phase contrast in full-field transmission mode
X-ray fluorescence radiation of K and L atomic states suitable for spectroscopic studies of chemical states of elements with Z >18
Efficient elemental mapping for elements with Z >11
Diffraction contrast imaging of crystal structure and strain
Circularly polarized x-rays for the study of magnetic materials
Stroboscopic time-resolved experiments using a beam chopper
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Tim Fister (University of Washington) at the LERIX detector
installed on the XOR/PNC 20 I-D beamline.

N

ineteen measurements are better than one—especially when using nonresonant x-ray Raman scattering
(XRS) techniques to study certain low-Z elements. The problem is that XRS yields a low cross section, so
obtaining measurements at differing momentum transfer q values is tedious and time-consuming because
the instrumentation must be repeatedly retuned or realigned for the different q levels. Obviously, the ability to measure XRS simultaneously at many different values of q would be a boon for researchers using XRS and
would improve counting statistics. An instrument capable of doing just that—the lower-energy-resolution inelastic scattering (LERIX) spectrometer—has been developed by a group of researchers from the University of Washington;
Argonne National Laboratory; the University of California, Davis; the New Jersey Institute of Technology; and the NJXRSTECH Company. The LERIX detector is now available to general users of the APS.

X-ray Raman scattering encompasses a variety of inelastic
x-ray scattering (IXS) techniques and IXS is one of the most
useful tools available to the researcher studying condensed
matter. Although XRS is especially handy for the examination of
scattering from the core shells of low-Z elements and heavier
elements with less tightly-bound shells, its low cross section is
one reason that XRS has not been used as frequently as other,
more established core shell spectroscopy methods such as x-

ray absorption fine structure (XAFS) or electron energy loss
spectroscopy (EELS). However, for electronic shells with low
binding energy, XAFS and EELS are not very effective for studying samples in certain extreme conditions, e.g., in high-pressure
chambers that soft x-rays or electron beams cannot penetrate.
X-ray Raman scattering, on the other hand, utilizes high-energy,
better-penetrating x-rays that can avoid such limitations.
Continued on next page
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with clean data on boron-carbide ceramics used for coating
industrial tools and also on silicon-oxide glasses to be used in
improved solar cell technology.
The multielement spectrometer developed by the research
team promises to be a useful addition to APS capabilities,
allowing high-energy, nonresonant IXS experiments with a
great deal of versatility and adaptability to the needs of individual users. It opens the door to the further development of XRS
as a powerful research technique for the 21st century.
— Mark Wolverton

With all this in mind, the research team set out to create the
LERIX instrument to make the use of XRS more practical and
versatile. They designed a multielement spectrometer (Fig. 1)
consisting of (originally 10 and now 19) analyzers arranged in a
semicircle and mounted in an aluminum frame. An incident
x-ray beam enters horizontally from one side of the base to
focus on the sample enclosure at the center of the semicircle.
At each end of the base is a gas ionization chamber for measuring the incident and transmitted energy of the x-ray beam.
The arrangement of the analyzers in a semicircle allows the
simultaneous measurement of XRS from the sample ranging
from the low-q dipole limit to a high-q multipole limit near
backscattering. Surrounding the sample enclosure at the center
of the semicircle are 19 NaI scintillation detectors. The sample
enclosure, like the area inside the semicircle between the sample and the analyzers and detectors, is filled with He to reduce
air scattering. The instrument was carefully designed to minimize background signal from stray x-ray scattering. For example, with nearly 1013 photons/s incident on the sample, there are
typically only a few-photons-per-second of stray background
counts at each detector.
After previous work developing the LERIX spectrometer at
the APS, the team has conducted numerous experiments to
demonstrate the versatility of the instrument. These include
measurements (at the XOR/PNC 20-ID beamline) of both the
LiC6 and the Li-metal oxide electrode materials in Li-ion batteries; of the isomers of a carborane molecule, which may be a
novel component in future cancer therapies; and of carbon
“nano-onions,” which have been proposed as an important constituent of interstellar dust. Preliminary data from the first two
general user groups for LERIX have also been very promising,
Fig. 1. Selected components of the LERIX
spectrometer: (A) baseplate of the support
frame; (B) incident x-ray beam; (C) gas ionization chamber for monitoring the incident intensity; (D) analyzer module for
energy loss measurements at high momentum transfer, corresponding to near backscattering from the sample; (E) vertical
back plate of the support frame; (F) hoist
rings; (G) analyzer module for energy loss
measurements at low momentum transfer,
corresponding to a relatively small scattering angle from the sample; (H) gas ionization chamber for monitoring the transmitted intensity; (I) transmitted x-ray beam;
(J) detector assembly; (K) helium-filled
flight path. For scale, the outer radius of (K)
is approximately 95 cm. The sample is
located on the rotation axis of the inner,
cylindrical region bounded by (J) and (K).
Under usual operation, the location of the
10 analyzer modules correspond to
momentum transfers ranging from 0.8 Å−1
(G) to 10.1 Å−1 (D) when working at an incident photon energy of ~10 keV.

See: T.T. Fisher1, G.T. Seidler1*, L. Wharton2, A.R. Battle1, T.B.
Ellis1, J.O. Cross3, A.T. Macrander3, W.T. Elam1, T.A. Tyson4,
and Q. Qian5, “Multielement spectrometer for efficient measurement of the momentum transfer dependence of inelastic x-ray
scattering,” Rev. Sci. Instrum. 77, 063901 (2006).
DOI: 10.1063/1.2204581
Author affiliations: 1University of Washington; 2University of
California, Davis; 3Argonne National Laboratory; 4New Jersey
Institute of Technology; 5NJ-XRSTECH Company
Correspondence: *seidler@phys.washington.edu
This research was supported by the U.S. DOE Office of Science, Office
of Basic Energy Sciences Contracts Nos. DE-FGE03-97ER45628 and
W-31-109-ENG-38; ONR Grant No. N00014-05-1-0843; and the
Summer Research Institute program at the Pacific Northwest National
Laboratory. The operation of XOR/PNC is supported by DOE Basic
Energy Sciences Contract No. DEFG03-97ER45629, the University of
Washington, and grants from the Natural Sciences and Engineering
Research Council of Canada. 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. W-31-109-ENG-38.
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any important things happen at interfaces: adsorption, corrosion, and catalysis, to name just a few.
Understanding how such processes operate is of critical importance in many scientific areas ranging
from geochemistry to physics, but observing phenomena at such tiny scales is not easy. Conventional
techniques such as electron- and atomic-force microscopy and optical interferometry have inherent limitations that can compromise the resolution and quality of the observations. X-ray microscopy (XRM) has been hampered by its resolving power of about 10–20 nm. This is a problem for interfacial science, in which the reactivity
depends on the topography (e.g., distinguishing subnanometer-high steps from flat terrace regions). Without the ability to make direct observations at the molecular level, interfacial scientists have been limited in many systems to broad
descriptions and generalized averaging approaches that can only approximate what is really happening. Is there a better way? Can molecular-scale features be somehow imaged utilizing current microscopic methods? Researchers from
Argonne and Xradia, Inc., have found a solution by developing a novel form of XRM: reflecting x-rays off a surface and
using phase contrast of the reflected rays to detect monomolecular steps in the (001) surface of orthoclase. For the
first time, the technique (x-ray reflection interface microscopy, or XRIM) presents the ability to observe subnanometer
features that are smaller than the optical resolution of the x-ray microscope—in this case, some 300 times smaller.

All XRM work to date has been centered on getting as
small a focus spot as possible—or the best resolution possible—and then looking at objects that size or bigger. The state
of the art in terms of resolution is approximately 20 nm. That
effectively restricts x-ray microscopy from looking at any molecular-scale phenomena, which are important for many areas of
study; scientists ultimately want to be able to see the fundamental response of a material as layers are added or removed.
The research team’s XRIM technique uses a monochromatic x-ray undulator beam from the XOR/BESSRC 12-ID-D
beamline at the APS, focused by a condenser Fresnel zone
Continued on page 138

Fig. 1. X-ray reflection interface microscopy is shown schematically. A
monochromatic x-ray beam from the synchrotron source is focused
onto the sample using a condenser lens in the form of an FZP, and the
focused beam is selected using an order sorting aperture. An objective FZP lens is then used to image the variation of the reflected x-ray
intensity across the sample onto an x-ray CCD camera. Changes in
the surface topography due to the presence of elementary steps
(shown in the inset on the left) are observed as changes to the x-ray
intensity in the magnified image (inset on the right).
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S I M U LTA N E O U S X- R AY M E A S U R E M E N T S
O F D E N S I T Y A N D A C O U S T I C V E LO C I T Y

U

nderstanding the composition of the Earth requires studies of the characteristics of various minerals under
pressures and temperatures consistent with those at our planet’s interior. One such study involves comparing the densities and seismic velocities of such materials to the known seismic velocities and densities
inside the Earth. In an effort to enhance this kind of data collection by finding densities and velocities of
samples simultaneously—a method that assures that the characteristics are measured at the exact same temperature
and pressure—researchers from the University of Illinois at Urbana-Champaign, The University of Chicago, and the
Carnegie Institution of Washington have built a Brillouin spectrometer that can interface successfully with x-ray diffraction techniques. This instrument is now installed at the GSECARS 13-BM-D beamline at the APS.

Brillouin spectroscopy is used to measure acoustic velocity by sending a laser to
bounce off the vibrating atoms in a sample
and then measuring the Doppler shift of the
laser's scattered light. But in order to accommodate simultaneous use of x-ray diffraction
to measure sample density, the researchers
in this study had to modify the traditional setup. Among many considerations, the spectrometer had to assemble and break down
easily, it had to be compact, and it had to
keep its laser beam safely enclosed. It was
crucial that the spectrometer optics be movable, because x-ray diffraction often requires
changing the placement of the sample—a
tricky requirement as Brillouin spectrometers
usually need a stable set-up to ensure exact
knowledge of the angle between the incident
laser and the reflected signal.
The team's instrument (Fig. 1) is built on
two levels, with the sample sitting on the
lower one, lined up with the incident x-ray
beam. The laser for the Brillouin spectrometer begins its route on the top level and iniFig. 1. Schematic diagram of the combined Brillouin–x-ray system at GSECARS. The
tially passes through several optical compomotorized translation components (those fully controllable from outside the hatch)
nents to control and condition the laser
are labeled as HMTS (horizontal motorized translation stage), VMTS (vertical motorized
beam. For safety's sake, all of these compotranslation stage), LFA (motorized laser focusing assembly), SCA (motorized signal colnents can be controlled from outside of the
lecting assembly), SPOA (sample positioning and orientation assembly), and OM
enclosure. The beam then travels to the
(removable online microscope). X-ray components are MAR 345 IP (MAR imaging
lower portion through a focusing assembly to
plate), XBS (x-ray beam stop), and CP (cleanup pinhole). Other labeled components
the sample, and then the scattered signal is
are DAC (diamond anvil cell), M (mirror), and ID (iris diaphragm).
brought back to the top level and is analyzed
by a six-pass, Sandercock-type, piezoelectrically scanning tanTo test the new Brillouin spectrometer's operation, the
dem Fabry-Perot interferometer. The focusing and collecting
researchers examined several typical crystal and polycryspaths of the spectrometer can translate independently and thus
talline samples at various pressure and temperature condibe moved around to accommodate different placements of the
tions. They found their system is ideally suited for measuring
sample if need be, depending on the positioning required by the
single-crystal elastic moduli of materials in a diamond anvil cell.
Continued on page 138
incoming x-ray.
137

N OVEL X- RAY T ECHNIQUES & I NSTRUMENTATION

“Smallest Steps” continued from page 136

of the liquid-solid interface where there are many processes
that are difficult to observe with traditional techniques. The
researchers are aiming for the ability to observe interfacial reactivity under liquids. Other possible applications include probing
interfacial processes that have never before been accessible to
direct observation (including buried interfaces) and observing
processes including ion adsorption, corrosion, catalytic reactions, particle nucleation, and the formation and switching of ferromagnetic domains.
The team is confident that the XRIM technique will prove to
be a valuable addition to the imaging arsenal of interfacial
chemists and physicists. They hope these first steps will carry
them to the point where XRIM becomes a standard technique
for probing interfaces. — Mark Wolverton

plate (FZP) lens onto the sample surface. Reflected x-rays are
magnified by another FZP lens into a charge-coupled device
(CCD) camera to obtain images in full-field imaging mode. The
differences in vertical topography across the surface are indicated by changes in the reflected intensity across the image
due to phase contrast, revealing the locations of individual
steps. The results do not show the atomic structure of the step,
but they do image the step itself. That is an important advance
for interfacial science, because interfacial reactivity is often controlled by steps, which tend to be more reactive.
The XRIM technique thus enhances and expands the traditional capabilities of x-ray microscopy and changes the way
forward for the XRM community by extending the reach of what
can be studied at a much smaller length scale—down to molecular-scale features.
A key inspiration for the group was the insight that, even
though the portion of the x-ray beam that is reflected by the
interface is perhaps only a millionth of the incident beam flux,
the intensity reduction of x-rays reflected from the monomolecular steps (with respect to other parts of the surface) is still sufficiently large to allow the subnanometer steps to be detected,
and enough to compensate for the weak surface x-ray reflectivity. Even so, an extremely bright and strong x-ray source is
needed for the technique, and the team found the APS, the
brightest x-ray source in the Western Hemisphere, to be the
perfect tool for their work.
Now that these researchers have proven the feasibility of
the technique, the next step is to apply this technique to studies

See: Paul Fenter1*, Changyong Park1, Zhan Zhang1, and Steve
Wang2, “Observation of subnanometre-high surface topography
with X-ray reflection phase-contrast microscopy,” Nat. Phys. 2,
700 (October 2006). DOI: 10.1038/nphys419
Author affiliations: 1Argonne National Laboratory, 2Xradia, Inc.
Correspondence: *fenter@anl.gov
This work was supported by the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences, Division of Chemical
Sciences, Geosciences and Biosciences, Geosciences Research
Program through contract No. W-31-109-ENG-38 to Argonne National
Laboratory. XOR/BESSRC at the APS is supported by the U.S.
Department of Energy, Office of Basic Energy Sciences. 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. W-31-109-ENG-38.

“Acoustic Velocity” continued from page 137

poses for combing the two instruments was to perform accurate
calibration of the pressure-temperature-volume equations-ofstate of materials, which can then be used as accurate pressure
sensors in high-pressure, high-temperature experiments.
— Karen Fox

The combined Brillouin scattering and x-ray diffraction provided
unambiguous identification of the orientation and phonon direction in the sample and direct measurements of single-crystal
and aggregate elastic moduli of materials. The stress state of
the crystal and its deformation could be assessed from analysis
of the diffraction image and integrated spectra. And last, the lattice parameters could easily be determined.
The instrument’s advantage on polycrystalline samples is
that the angle-dispersive x-rays provide a direct measurement
of lattice parameters (and therefore the density of the sample),
while simultaneous Brillouin measurements provide a direct
measurement of the aggregate compressional and shear velocities. From these the adiabatic bulk and shear moduli can be
calculated. On the other hand, the quality and accuracy of polycrystalline Brillouin measurements depend on the elastic
anisotropy of the sample: too high and the Brillouin peaks are
too broad and hard to interpret. However, because the elastic
anisotropy decreases with pressure for many materials, the
polycrystalline Brillouin measurements at high pressures are
more reliable.
In addition, the combined techniques provide much more
accurate determination of pressure at high temperatures than
the current standards. Indeed, one of the researchers' main pur-

See: Stanislav Sinogeikin1,3*, Jay Bass1, Vitali Prakapenka2,
Dmitry Lakshtanov1, Guoyin Shen2,3, Carmen Sanchez-Valle1,
Mark Rivers2, “Brillouin spectrometer interfaced with synchrotron radiation for simultaneous x-ray density and acoustic velocity measurements, ” Rev. Sci. Instrum. 77, 103905 (2006).
DOI: 10.1063/1.2360884
Author affiliations: 1University of Illinois at UrbanaChampaign, 2GSECARS, The University of Chicago, 3HP-CAT,
Carnegie Institution of Washington
Correspondence: *ssinog@hpcat.aps.anl.gov
This research was partially supported by COMPRES, the Consortium
for Materials Properties Research in Earth Sciences under NSF
Cooperative Agreement EAR 01-35554. GeoSoilEnviroCARS is supported by the National Science Foundation-Earth Sciences EAR0622171 and Department of Energy-Geosciences DE-FG0294ER14466. 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. W-31-109-ENG-38.
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A N E W C H A N N E L - C U T M O N O C H R O M ATO R
FOR COHERENCE-BASED TECHNIQUES

T

hird-generation synchrotron sources such as the APS have enabled development of coherence-based experimental tools, among them coherent x-ray diffraction and x-ray photon correlation spectroscopy (XPCS),
which require monochromatic x-ray beams while being brilliance-limited. The monochromators for these
techniques must preserve beam brilliance by employing highly polished diffracting faces. While there are
decided advantages to the “traditional” channel-cut monochromator (TCCM) utilized on X-ray Operations and
Research beamline 8-ID, there is also a disadvantage in that the crystal surface cannot be appropriately polished to
avoid producing a spatially inhomogeneous beam. Researchers from the X-ray Science Division’s Time Resolved
Research Group, and Mechanical and Interlock Systems in the APS Experimental Support Division (AES) have developed a new channel-cut monochromator design that overcomes this problem.

X-ray Operations and Research beamline 8-ID-I, which
hosts the XPCS program at the APS, requires a double-bounce
germanium monochromator with the necessary brilliance
preservation, stability, and longitudinal coherence for XPCS
measurements in the small-angle regime. In the past, the 8-ID
beamline used a TCCM because the monochromator’s diffracting planes are inherently parallel, yielding a fairly simple
mechanical design. Because reflecting crystal faces of the
TCCM design cannot be adequately polished, the large surface roughness introduces unwanted phase modulation into
the x-ray beam, producing a spatially inhomogeneous beam.
To overcome this, the Time Resolved Research Group
embarked on a new “artificial” channel-cut monochromator
(ACCM) design that facilitates polishing of the diffracting faces
while retaining the mechanical stability provided by the TCCM.
The ACCM incorporates a novel, in-vacuum, sine-bar drive
mechanism for the combined pitch motion of the two crystals.
Further, to develop a stable mechanism that facilitates aligning
an assembly of two crystals to achieve the same performance
as a single channel-cut crystal, the group developed a UHVcompatible, high-stiffness, flexure-based weak-link mechanism
for fine tuning the pitch and roll of the second crystal relative to
the first crystal.
Ge(111) crystals of 25 mm × 25 mm × 20 mm were polished to state-of-the-art surface finish, root mean square surface roughness of sub-angstroms, and flatness of λ/25 (λ =
638 nm). A relatively small gap of 3 mm was chosen for the
ACCM so as to have a compact mechanical design, a small offset in the monochromatic beam height, and maximum angular
range for a given linear travel of the sine bar. Figures 1(a) and
1(b), respectively, show the monochromatic beam produced by
the TCCM and the ACCM as two-dimensional intensity maps
measured using a charge-coupled-device detector (CCD).
Improvement in beam uniformity with the ACCM is evident. The intensity in Fig. 1(a) varies by more than 50% over
considerably smaller length scales (~50 µm, the typical aperture size used for XPCS) with negative implications for the stability of the overall setup. With the ACCM, the variation in inten-

Fig. 1. Monochromatic beam imaged using a CCD detector from
(a) the traditional channel-cut monochromator, and (b) the artificial channel-cut monochromator.

sity over the beam area is less than 10%. A significant contribution to the intensity variation, the broad vertical band in Fig. 1(b),
is attributed to imperfections in the side-bounce mirror in the first
optics enclosure. The horizontal and vertical stripes at the edges
are due to Fraunhofer diffraction from the beam-defining slits.
The rocking curve measurements carried out at several energies in the range of 6-11 keV indicate that the crystals are perfect and strain-free, and that the two crystals—once aligned parallel to each other at one energy—remained parallel over the
entire energy range. The error in the absolute energy, defined as
the difference in the measured and calculated photon energy,
was found to be less than ±2 eV over the energy range of 6-11
keV, with no measurable hysteresis. The monochromator delivers an exceptionally uniform and stable beam and improved brilliance preservation.
Contact: Suresh Narayanan (sureshn@aps.anl.gov),
Alec Sandy (asandy@aps.anl.gov), Deming Shu
(shud@aps.anl.gov), Michael Sprung (sprung@aps.anl.gov)
A significant portion of the construction costs of the monochromator was
provided by an X-ray Operations and Research Beamline Competition
Award. 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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U S I N G CXD TO D E T E R M I N E
3-D C RY S TA L S T R U C T U R E

Fig. 1. An example of a coherent x-ray
diffraction pattern recorded from a small
gold crystal. The diagonal streak arises
from interference between opposite
faces of the crystal. The pattern is characteristically asymmetric because the
center of the peak is not exactly lying on
the Ewald sphere.

T

he three-dimensional (3-D) characterization of small Au crystals has been successfully resolved by the coherent x-ray diffraction (CXD) technique, which employs the direct inversion of diffraction patterns through computation methods. In an earlier paper, collaborators from the University of Illinois at Urbana-Champaign
described an effective method for resolving the 3-D shape of small crystals from a CXD pattern [1]. Based
on this result, the collaborators further refined their studies by describing the experimental conditions and computational methods used to recover the 3-D shape of nanocrystals of Au from diffraction data near a high-angle Bragg peak.
Using the XOR/UNI beamline 33-ID-D at the APS, the collaborators performed only a small-angle scan of the sample
with a two-dimensional (2-D) measurement at each angle.

In the CXD technique, the scattering from the sample of a
very coherent x-ray beam is measured. Conventional x-ray diffraction (XRD) techniques only yield information about the
structure that is averaged over many coherent volumes.
However, with CXD the 3-D sample shape is determined
by (1) reconstructing the phase of the diffracted wave in the far
field using iterative algorithms based on oversampling to
obtain a general solution of the diffraction phase problem and
(2) recognizing the intricate connection between the sample’s
electron density and the diffracted wave’s amplitude.
In preparation for the experiment, the collaborators prepared a small Si wafer on which Au film was deposited while in
vacuum. The film/substrate sample was centrally positioned
within an atmospheric-stabilized chamber. The chamber, constructed of two cured ceramic pieces and four quartz slides

containing Au film, was heated to a constant temperature of
1,050º C for 10 h. Then, the sample was cooled to a temperature of 850º C for another 10 h. Finally, the chamber’s temperature was quickly dropped to room temperature.
The sample was removed from the chamber and held in
place inside a closed steel cylinder containing entrance and
exit apertures covered with a DuPont™ Kapton® high-performance polyimide film. A halogen light bulb was attached as a
heat source. With the experiment ready to proceed, the entire
apparatus was placed on the diffractometer at the XOR/UNI
beamline.
The CXD pattern was collected from the sample at 950º C
in a grazing-exit geometry. As the sample was heated, it separated from its substrate and formed small single crystals. As a
Continued on next page
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function of the sample angle, a large number of diffraction
peaks was detected, caused by the illumination of approximately 100 to 120 crystals within the beam. Nevertheless,
because of large separations between reflections, the collaborators were able to individually select the pattern from a single
sample grain.
A charge-coupled-device detector set at a Bragg point
measured a 2-D CXD pattern (Fig. 1). This corresponds to a
slice through the diffraction by a plane placed tangentially to the
Ewald sphere—a geometric construction specifying the relationship between the angle of diffraction for a given reflection.
The sample was then rocked in steps of 0.002 degrees, rotating the Ewald sphere through the Bragg point. The full 3-D pattern was measured by stacking the planes.
To recover the complex amplitude of the diffracted wave,
an inversion procedure was used, with alternating periods of a
certain number of iterations of a particular algorithm with a predetermined set of constant parameters.
Oversampling produced approximately 20 pixels for each
fringe along the diagonal flare, about 10 pixels per fringe
around the central maxima, and, due to estimation difficulties,
more than half the total number of slices in the third direction.
The collaborators feel that three distinct effects (Fig. 2) are
apparent in the reconstructed images: (1) Extremely high density is found near the crystal’s center, (2) very fine lines of
apparent low density appear as diagonal dark stripes from topleft to bottom-right, and (3) misorientation is seen from some
sections of the crystal.
This study demonstrates that solutions involving various
beginning points result in almost identical results when considering data uncertainty. However, the electron density that is
recovered did contain unexpected variations at the nanometer
scale. This result is explained as natural deformation within the
crystal. — William Arthur Atkins

Fig. 2. One section of the 3-D reconstruction of the density of
the gold crystal, showing the bright center and striped internal
structure.

Author affiliation: University of Illinois at Urbana-Champaign
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R AMPING U P R EMOTE A CCESS
AT SER-CAT

S

triving to give its users the best possible synchrotron data collection experience, and to increase the productivity of its beamlines, SER-CAT at APS sector 22 has embarked on an aggressive program in beamline
automation and remote access that has significantly reduced both data collection time and user effort. As part
of this approach, SER-CAT has recently made available to its users the SGXPro Crystallographers Workbench
(SGXPro), a powerful cluster-based parallel workflow engine for automated structure determination developed at the
University of Georgia [1]. SGXPro will allow SER-CAT users to quickly analyze their data and carry out initial phasing
while still on-site, and is aimed at improving productivity by providing users with both high-quality data and initial structural results, as well as feedback to the data collection process.

SGXPro offers a user-friendly, easily
extendable computational environment that
incorporates transparent links to many popular
crystallographic programs. It uses a pseudo-parallel workflow engine to automatically manage
communication among different processes and
to build sophisticated searches of algorithm, program, and/or program parameter space to
increase the likelihood of a successful structure
solution. This is done by providing the user with
a palette of programs and techniques commonly used in x-ray structure determination, in
an environment that lets the user pick programs
in a mix-and-match manner (without worrying
about interprogram communication and file formats) during the structure determination
process. SGXPro incorporates a number of
commonly used programs for (a) data quality
evaluation (3DSCALE, which includes Ras
analysis); (b) heavy-atom site identification
(SHELXD, SOLVE); (c) initial phasing (SOLVE,
ISAS); (d) electron density improvement (DM,
SOLOMON, DMMULTI); (e) visualization (XFIT,
Fig. 1. The SGXPro general-user interface showing the setup page for the Novel
COOT); (f) auto-tracing (ARP/wARP, RESOLVE,
Structure Solution workflow. Most of the required information (white space) is autoMAID); and (g) molecular replacement with
generated from the corresponding structure factor and sequence files.
BLAST assisted (AMORE and EPMR).
A new feature of SGXPro designed specifically for SER-CAT users, who may be strapped for time, is the
content is presented to the user. The user then selects the
Novel Structure Solution workflow (Fig. 1) for de novo structure
approximate solvent content from the list provided, inputs the
determination from multiwavelength anomalous dispersion
energy (or wavelength) of x-rays used to record the data, the
(MAD) or single-wavelength anomalous scattering (SAS) data.
type and number of anomalous scatterers to be found (or ΔF'
Here the user need only select the appropriate reflection file
and ΔF" values for MAD phasing) and whether SAS or MAD
(SCALE-PACK format) and sequence file (FASTA format)
phasing will be employed. If MAD phasing is selected, the curusing the browser. Alternatively, the user can generate a
rent version of the program allows the user to load two-to-four
polyalanine chain of appropriate length if the FASTA sequence
data sets with their corresponding energies to be used in the
is unavailable. Based on the space group, unit cell volume, and
analysis. Once input is complete and saved, the workflow is
molecular weight, an estimate of the number of molecules per
executed using the RUN command.
Continued on next page
crystallographic asymmetric unit and corresponding solvent
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Fig. 2. Upon completion of the SGXPro Novel Structure Solution workflow, the solution having the
highest probability of being correct (i.e., the solution having the largest chain traced from
RESOLVE) is displayed together with the corresponding electron density map. This allows the user
to confirm the quality of the phases, the resulting electron density map, and the structure.

The Novel Structure Solution workflow consists of the following tasks: (a) Identification of the anomalous scattering
substructure using both a parallelized version of SHELXD [2]
and SOLVE running simultaneously on the SER-CAT 32processor Linux cluster; (b) determination of the correct hand
of the anomalous scattering substructure using ISAS; (c) initial phasing using ISAS and SOLVE; (d) automated chain tracing using RESOLVE, MAID, or ARP/wARP (depending on data
resolution); and (e) visualization of results using COOT
(COOT will automatically choose and display the model and
electron density map corresponding to the top solution, as
shown in Fig. 2).
More than 20 research groups have now used SGXPro for
fast and efficient structure determination. For example, during a
recent trip to SER-CAT, a team from the University of Georgia
headed by Dr. Lirong Chen was able to solve five structures onsite using the SGXPro Crystallographers Workbench, most in a

matter of minutes using the Novel Structure Solution workflow
(Table 1). Contact: John Rose (rose@bcl4.bmb.uga.edu)
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Table 1. UGA structures solved using the SGXpro Crystallographers Workbench.
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TRXEOL

AT

XOR 4-ID - C

T

he normal operating mode of the APS produces x-ray beams with pulse widths of 80 ps, with 153-ns gaps
between pulses. Much like a strobe light, these pulses can be used to “freeze” events in time, allowing the
measurement of times-of-flight of a variety of particles. If the particles are electrons, one can determine their
kinetic energies; if the particles are ions, one can determine their mass; if the particles are optical photons,
one can determine the lifetime of the excited state that emits the photon. It is the latter aspect that is utilized for timeresolved x-ray excited optical luminescence (TRXEOL), a technique that has been developed in the X-ray Science
Division’s Magnetic Materials Group at 4-ID-C. Applications of luminescent materials range from coatings for CRTs and
watch dials to lasers. For coatings, one would like to have a material that has a long luminescence lifetime (phosphorescence, approximately minutes), while for lasers, the initially excited level should have a short lifetime (<nsec), while
the lasing level should have a relatively long lifetime in order to achieve population inversion. The time structure of the
x-ray beam from the APS permits the determination of lifetimes from <1 ns to >1 µs.

Fig. 1. Schematic diagram of the experimental setup for performing TRXEOL.
Also shown are a typical counts-vs-time spectrum (decay curve) and the
time-gated XEOL spectrum of CdSe-Si nanowires (red = 0-20 ns, blue = 20-150
ns, black = ungated).

X-ray absorption near edge spectroscopy (XANES) is a
powerful tool for determining the atom-specific structure of a
material. By performing XANES measurements, using the optical luminescence as a signal, it is possible to determine the
local environment of the sites responsible for the emitted light,
as well as their time response. This technique has recently
been used by the author to show that the sites responsible for
the defect luminescence in ZnS nanowires have a zinc-blende
structure, even though the overall structure of the nanowire is
wurtzite [1].
The experimental setup for TRXEOL is shown schematically in Fig. 1; a photo is shown in Fig. 2. X-rays from the APS
irradiate a sample and the resulting optical luminescence is collected by an objective lens and then focused by another lens
onto the entrance slit of a monochromator. After being dis-

persed the monochromatic light is detected by a fast photomultiplier tube (PMT). The output signal is then amplified and discriminated, and used to trigger the “Start” channel of a time-toamplitude converter (TAC). A bunch clock signal, originating
from the storage ring, is used to provide the “Stop” signal to the
TAC. The output signal from the TAC is then directed into a
multi-channel analyzer (MCA) operating in the pulse-height
analysis mode. An example of the resulting counts-vs-time
spectrum is also shown in Fig. 1.
An example of the power of TRXEOL was demonstrated in
a recent study of CdSe-Si heterostructured nanowires [2].
Silicon nanowires (NWs) are important in nanotechnology
because Si-based nanoelectronics are compatible with the Sibased microelectronics. Si NWs exhibit quantum confinement
Continued on next page
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< Fig. 2. Photograph of the apparatus (with R. Rosenberg): (A)
spectrometer, (B) electron energy analyzer; (C) MCP detector.

(B)

effects and are expected to play a key role as interconnects and
functional components in future nanosized electronic and optical devices. CdSe is an important II-VI semiconductor for optoelectronics as well. With a direct band gap of 1.76 eV (704 nm),
zero-dimensional CdSe quantum dots have been intensively
studied and widely used for laser diodes, nanosensing, biomedical imaging, etc. Si-based one-dimensonal nano-heterostructures will be the desired building blocks for nanoscale electronics and optoelectronics.
The nanowires have a coaxial structure with a Si core
encased by a CdSe sheath, with diameters of 30-80 nm and
lengths of up to tens of µm. The time-gated x-ray excited optical luminescence (XEOL) spectra of the heterostructure,
excited at 1000 eV, are shown in Fig. 1. The ungated (solid line,
black) spectrum consists of a sharp peak at 637 nm and a
broader structure centered at 530 nm. By applying different time
gates it is possible to determine the relative lifetimes of the two
peaks. In the fast time window (0-20 ns, dots, red) the 637-nm
band is accentuated, while in the slow window (20-150 ns,
squares, blue) the 530-nm peak dominates. We assign the 637nm peak to near-edge emission from the CdSe sheath and the
530-nm peak to levels in the Si core. The broadband emission
peak is similar in energy and shape to that observed in silicon
nanowires, and the energy of the sharp emission band at 637
nm (1.93 eV) is close to the band gap of 1.76 eV for bulk
wurtzite CdSe, except for a blue shift.
By performing x-ray absorption measurements using the
various luminescence signals as probes, one is able to confirm
the aforementioned assignments. Figure 3 shows the Se L3
edge excitation spectra, which are compared to the total electron yield (TEY, the overall absorption coefficient). The data are
shown in terms of the “edge jump” where the pre-edge (14201425-eV) signal is normalized to 1. This allows for a quantitative
comparison among the various channels. Spectra shown in Fig.
3(a) were obtained using undispersed, zero-order light from the
luminescence spectrometer and different time gates. The spectrum obtained using the short (0-20 ns) time gate is qualitatively
and quantitatively similar to the TEY. No edge jump is observed
in the long time gate spectrum while the ungated curve lies

1.4
(a)
1.3

Edge jump

(A)

> Fig. 3. Se L3 edge optical
luminescence yield spectra: (a) spectra obtained
using
undispersed
(0
order) luminescence but
with different time gates
(as indicated) and compared to the TEY spectrum; (b) spectra obtained
with no time gates but dispersed luminescence (as
indicated). The ordinate
units are the edge jump
where the pre-edge signal
is normalized to one.

Ungated
0-20 ns
20-150 ns
TEY

1.2

1.1

1.0
1.4
(b)
1.3

Edge jump

(C)

530 nm
637 nm
TEY

1.2

1.1

between the short and
long time gate spectra.
1.0
This comparison demon1420
1430
1440
1450
1460
strates that the short-lived
Photon energy (eV)
luminescence emanates
from the CdSe layer and the long-lived component does not.
The data obtained using ungated, monochromatic luminescence [Fig. 3(b)] further supports this assignment. The 637-nm excitation curve quantitatively matches the absorption spectrum (TEY)
of the CdSe layer, while the 530-nm data show no contrast. These
results are further proof of the assignments based on the time-gated
excitation spectra in Fig. 3(a).
The relative life times of the states giving rise to the two bands
in Fig. 2 are in contrast with typical homostructured semiconductor
luminescence temporal behavior, where a sharp, short-lived, nearedge emission is found at relatively short wavelengths, and broad,
long-lived, defect luminescence occurs at longer wavelengths. In
homogenous systems, higher energy states have relatively short
lifetimes as a result of efficient coupling to lower lying levels. The
fact that such behavior is not seen in Si-CdSe nano-heterostructures
indicates that there are no efficient pathways to couple the higherlying, excited electronic levels in the Si core to the lower ones in the
CdSe sheath. Contact: Richard A. Rosenberg (rar@aps.anl.gov)
REFERENCES
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A NEW TOOL FOR STRUCTURE STUDIES
AT H I G H P R E S S U R E S W I T H A DAC

A

scanning-angle energy-dispersive x-ray diffraction (SA-EDXD) technique employing an energy-dispersive
solid-state detector and white synchrotron radiation has been developed for high-pressure structure studies
using a diamond anvil cell (DAC). The main feature of the technique is well-defined collimation in the beam
pass to the detector, which improves the signal-to-noise ratio significantly compared to routine monochromatic angle-dispersive powder diffraction. This is particularly useful and essential for low-scattering materials, as well
as amorphous and liquid diffraction/scattering studies using a DAC.

The diamond anvil cell is one of the most
common devices used for high-pressure structure studies. Due to the thin sample used in a
DAC at high pressure, the background from the
diamond and from pressure-transmitting media
is often significant for routine angle-dispersive
powder diffraction. Combining a solid-state
point detector with a scanning diffraction angle,
one can establish a good detecting collimation
using only the diffraction signals from a sample
(Fig. 1). A similar technique has been developed for the large-volume press for use in powder diffraction by Wang et al. (2004). A group at
the HP-CAT, sector 16 at the
APS, has extended the tech(a)
nique, making it suitable for
DAC experiments by employing
high-precision stages with a
sphere-of-confusion that is less
than 5 µm. Together with the
software developed for automation control and data analysis,
this technique is now available
for general users. The diffraction intensity is sorted to 4,000
channels by the energy-dispersive detector. When the multichannel energy data is converted to constant-energy
angle-dispersive data, only a
coarse 2θ scan is required to
achieve the regular angle-dispersive diffraction resolution.
One example of Fe2O3 powder
diffraction is shown in Fig. 2(a),
with the intensity plotted in two
dimensions as a function of difContinued on page 148

Fig. 1. Schematic of data acquisition with the SA-EDXD technique.

Fig. 2. (a) Two-dimensional image
of intensity as a function of angle
and energy from a Fe2O3 sample
in a DAC. The angle-dispersive
(b) and energy-dispersive (c)
data are plotted at fixed energy
and angle, respectively.
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H I G H - P R E S S U R E XMCD C A PA B I L I T Y
AT XOR 4-ID -D

M

agnetic ordering of electronic spins is intimately connected to the overlap between their electronic
orbitals. Altering this overlap by the application of pressure, for example, has profound effects on the
magnetic interactions, whether they are mediated by direct or indirect exchange (i.e., whether the wavefunctions of spin-carrying electrons overlap directly, or indirectly through hybridization with non-magnetic
ions or conduction electrons). When combined with the element- and orbital-specificity of x-ray magnetic circular
dichroism (XMCD), high-pressure studies of magnetism provide a unique tool for understanding magnetic interactions
at the atomic level. Members of the X-ray Science Division Magnetic Materials Group have developed a high-pressure, low-temperature, high magnetic field XMCD capability at XOR beamline 4-ID-D.

(b)
(B)
(A)

Fig. 1 (above). (A): DAC assembly at
the end of the cryostat’s cold-finger
extension. The DAC is shown outside
the magnet poles with the vacuum
shroud removed. (B) Schematic of
the diamond anvils. The total diamond thickness seen by the x-ray
beam is 0.8 mm.
Fig. 2 (right). Pressure-induced
changes in magnetic ordering temperature in a Gd5Si2Ge2 magnetocaloric material measured with
this setup.

1

0.8

M(T)/M s(0)

The setup, shown in Fig. 1, uses a copperberyllium diamond-anvil cell (DAC) suitable for
low-temperature measurements. The DAC features perforated diamond anvils that allow high
transmission of the relatively low-energy x-rays
(5-9 keV) associated with K-absorption edges
of transition metals and L-absorption edges of
rare-earth elements. The phase-retarding
optics at 4-ID-D is optimized for delivering circularly-polarized x-rays in this energy range. In
addition, the beamline’s toroidal focusing mirror
provides a 200-µm2 × 100-µm2 x-ray beam at
the sample position. This almost matches the
smallest aperture in the diamond perforation, of
about 150 µm2. The piston’s motion, and hence
the sample pressure, can be controlled
remotely by regulating the He gas pressure in
an expanding membrane, thus allowing in situ
pressure changes at low temperature. The
DAC attaches to the cold finger of an He-flow
cryostat and reaches a base temperature of
9K. The cryostat is mounted on high-resolution
translation stages for sample positioning with
micron resolution. In addition, a rotation stage
is utilized to avoid unwanted diamond diffraction that introduces glitches in the absorption
spectra.
The cryostat is placed between the pole
pieces of an electromagnet delivering a magnetic flux density of about 0.7 T. The DAC’s size
and surrounding vacuum shroud limit the magnetic field strength, while the pressure is limited
by the size of the diamonds. Currently, 450-µm
diamond culets are being used, reaching sample pressures of about 16 GPa. Pressure calibration is done from x-ray absorption fine strucContinued on page 148
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“Structure Studies” continued from page 146
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Fig. 3. Data obtained by the SA-EDXD technique for an Ni-Nb amorphous material at 20 GPa in a DAC. Nine angle-dispersive data (a), with
energies from 24 keV to 74 keV, are used to obtain the full structural factor S(Q) (b). Multiple-energy data can also be used to get partial
structural factors for multi-element amorphous/liquid samples (in progress).

fraction angle and energy. One can achieve an angle-dispersive diffraction pattern at certain energies [Fig. 2(b)], and
energy-dispersive diffraction pattern at certain angles [Fig.
2(c)], for structure analysis and refinement.
Recently, amorphous and liquid structure studies under
extreme conditions have attracted significant interest. The SAEDXD technique provides an important new tool in this area for
a number of reasons. The well-defined collimation ensures the
necessary signal-to-noise ratio for weak signals from amorphous and liquid materials in a DAC. The use of white beam up
to 110 keV covers a large Q-range (>20 Å-1). The intensity data
collected by the SA-EDXD technique are a function of energy
and angle, from which one can obtain angle-dispersive data
from different energies, and energy-dispersive data at different
angles as well. Figure 3 is an example of a binary amorphous
Ni60Nb40 sample at 20 GPa measured in a DAC. The structure
factor, S(Q), can be calculated from the angle-dispersive pattern at different energies [shown in Fig. 3(a)], while each one

has a different Q-range. A combined S(Q) can be obtained for
a large Q-range [Fig. 3(b)]. For multi-element amorphous, Fig.
3(b) only represents a total structural factor. The work for partial structural factors is in progress.
Contact: Wenge Yang (wyang@hpcat.aps.anl.gov)

“XMCD” continued from page 147

~250 µm. Future work will include incorporation of a Ruby system and modified vacuum shroud for additional in situ pressure
calibration, extension to higher pressures by reducing both the
diamond culet size and the x-ray beam size with additional
focusing optics, and measurements at higher magnetic fields
using a smaller, screw-type DAC in a superconducting magnet.
Contact: Daniel Haskel (haskel@aps.anl.gov)

REFERENCES:
W. Yang, G. Shen, Y. Wang, and H-k. Mao, Rev. Sci. Instrum.
(to be submitted)
Y. Wang et al., J. App. Cryst. 37, 947 (2004).
Y. Waseda, The structure of non-crystalline materials, liquids
and amorphous solids. McGraw-Hill Inc. (1980).
This work is supported by the U.S. DOE-Basic Energy Sciences, DOENational Nuclear Security Administration, NSF, DOD-TACOM, and the
W.M. Keck Foundation. 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. W-31-109-ENG-38.

ture measurements of the lattice parameter of Cu powders
loaded with the sample (in situ) and from the energy shift of fluorescence from Ruby powders also loaded with the sample (ex
situ).
Figure 2 shows the temperature dependence of the Gd L3
XMCD signal taken on the magnetocaloric material Gd5Si2Ge2
at ambient pressure and at P = 2.5 GPa. The shift to a higher
magnetic transition temperature with pressure is clearly seen.
For these measurements, the focused beam was further slit
down to ~50 × 50 µm2 and the sample size (gasket hole) was

This work was supported by the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences, under Contract No. DEAC02-06CH11357.
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A D E D I C AT E D H I G H - E N E R G Y
B E A M L I N E AT XOR 1-ID

U

pgrading XOR beamline 1-ID to a dedicated,
optimized, high-energy beamline is a threephase process. Members of the Materials
Characterization Group in the X-ray Science
Division have now completed Phase I, including installation of new high-energy instrumentation.

Photo above, front to back): Yifei Jaski (AES),
Sarvjit Shastri, Ali Mashayekhi, and Dean
Haeffner (all XSD) in the XOR 1-ID-A first-optics
enclosure, next to the newly installed highenergy monochromator. At right is a rendering
of the high-energy monochromator tank and
support seen in the photo above.

Phase I of upgrading the 1-ID beamline to an optimized
beamline dedicated to high-energy operations is now complete.
Low-energy (6-40 keV) operations at 1-ID were phased out and
the instrumentation for the high-energy (45-130 keV) monochromator and three-dimensional x-ray diffraction (3DXRD)
microscope were upgraded. The bent double-Laue high-energy
monochromator was relocated from 1-ID-B, where it had been
developed as part of a high-energy x-ray optics project, to a
permanent location in the 1-ID-A enclosure. As part of this
move, a new vacuum chamber and support table were
designed, purchased, and installed.
The 3DXRD microscope is part of a project to measure the
diffraction properties of the individual single grains that make
up polycrystalline materials. This is of great interest because
the mechanical behavior of most structural materials is largely
determined by a complex combination of the mechanical
behavior of individual grains and the interaction between individual grains. Nearly all measurements of the mechanical properties of materials are made on bulk material as a whole (i.e.,
the aggregate of the single grains) and only average information is obtained. Following changes in materials grain-by-grain
while they are exposed to physical transformations validates
and extends our understanding of fundamental materials properties and has many implications for manufacturing.
Phase II of the 1-ID upgrade will see the current 1-ID-C
monochromatic station replaced by two white-beam stations
and associated transport. The two new stations (1-ID-D and 1ID-E) will provide sufficient room for several dedicated instruments and improve the microfocusing performance by increasing the demagnification ratio of the focusing optics.
Phase III will be a project to put a side-bounce monochromator and monochromatic side station and transport (1-ID-F)
on the 1-ID beamline. This will allow simultaneous operations
for high-energy x-ray experiments
and, hopefully, somewhat alleviate the very high oversubscription
rate for high-energy experiments
at 1-ID. Implementation of Phase
II and III will be pursued when
funding is available.
Contact: Dean Haeffner
(haeffner@aps.anl.gov)
This work was supported by the U. S.
Department of Energy, Office of
Science, Office of Basic Energy
Sciences, under Contract No. DEAC02-06CH11357.
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uring fiscal year (FY) 2006, the APS user
program continued to grow, as measured by
a variety of different metrics: the number of
users coming to the APS to conduct
research, the number of samples sent to the APS for
measurement, the number of beam-time requests submitted through the General User Program (GUP), and the
number of beamlines and shifts available to general
users.
The upward trend in the number of APS users continued for the tenth straight year, with 3,274 individuals
(861 of whom were first-time users) coming to the APS
one or more times during 2006 to conduct research (Fig.
1). In addition, almost 100 individuals sent samples to the
APS to be measured by beamline staff. The number of
users visiting the APS multiple times also increased, with
10,830 user visits recorded during the year—a 12%
increase over FY 2005 (Fig. 2). As shown in Fig. 3, the
proportion of general user visits also continued to
increase.
Almost 90% of this year’s users came from U.S.
institutions (Fig. 4), a slight increase from last year.
Approximately 46% of FY06 users conducted
research in life sciences, with a similar percentage conducting research in the combined disciplines of materials
science, physics, chemistry, geology, and environmental
sciences (Fig. 5).
More than 70% of FY 2006 users were from colleges
and universities, with the next largest groups coming from
government laboratories (17%) and industry (6%) (Fig.
6). More than 25% of all users were students (Fig. 7).
Opportunities for users also increased this year, with
five new beamlines becoming available to general users
through the general user peer-review proposal process.
At the end of 2006, 49 APS beamlines were hosting general users. The number of 8-h shifts available for general
users increased from 11,009 in 2005 to 14,716 in 2006, a
33% increase, as shown in Fig. 8. Despite the increased
number of available shifts, the APS continues to be oversubscribed, as underscored by Fig. 9, which shows the
total number of general user beam-time requests vs.
those receiving time for the past four years. Over this 4year period, only 62% of all beam-time requests actually
received time.
The end result: more than 1,000 publications again
in calendar year (CY) 2006 (Fig. 10).
Contact: Susan Strasser (strasser@aps.anl.gov)
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Fig. 1. APS unique user visits, by fiscal year.
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Fig. 2. Total user visits to the APS, by fiscal year.
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Fig. 3. Visits to the APS by user type, by fiscal year.
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Asia & Far East: 56
Europe: 151
Middle East: 18
Pacific: 9

South America: 11
Mexico: 2
Canada: 81

Fig. 4. Users who visited the APS at least once in FY 2006, by geographic distribution.
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Fig. 10. APS publications in CY 2006.
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ALL TOGETHER

AT T H E

ollaboration between the four U.S. Department of Energy,
Office of Basic Energy Sciences (DOE-BES) user facilities at Argonne is increasing. In 2006, for the first time, all
four facilities (APS, Center for Nanoscale Materials
[CNM], Electron Microscopy Center, and Intense Pulsed Neutron
Source) were involved in a week of sequential and joint user meetings.
The first two days of the combined meetings—which spanned
May 1-5—focused primarily on the CNM, while the remaining three
days comprised a series of plenary science sessions, poster sessions, and workshops directed to users of one or more of the
Argonne DOE-BES-supported facilities. The week began with a welcome from Al Sattelberger (Argonne Associate Laboratory Director
for Physical Sciences) and the “View from the Hill,” courtesy of
Representative Judy Biggert (R-IL 13th).
The APS portion of the meeting was opened on Wednesday,
May 3, by Carol Thompson (Northern Illinois University and thenChair, APS Users Organization), followed by Roger Klaffky (Program
Manager, X-ray and Neutron User Facilities, Division of Scientific
User Facilities, DOE-BES) who offered attendees the “DOE
Perspective.” Murray Gibson (Argonne Associate Laboratory
Director for Scientific User Facilities and APS Director) then presented the traditional “Advanced Photon Source Update.”
After Michael Borland (ASD) discussed the APS upgrade, the
user-science talks commenced with Michelle Buchanan, Oak Ridge
National Laboratory’s Associate Director for Physical Sciences (and
a new member of the APS Scientific Advisory Committee) on
“Addressing Energy Grand Challenges through Advanced Materials.”
Wendy Mao, winner of the 2006 Advanced Photon Source Users
Organization “Rosalind Franklin Young Investigator Award” (see
sidebar, next page), delivered a plenary talk describing her use of
integrated synchrotron techniques to address and solve a 50-yearold problem involving the behavior of graphite when compressed at
room temperature. Amy Rosenzweig (Northwestern University) delivered a talk on “Biological Methane Oxidation,” followed by Mark
Sutton (McGill University) on “Using X-ray Speckle to Test Dynamical
Scaling,” Scott Chambers (Pacific Northwest National Laboratory) on
“Synchrotron-Based Measurements of Magnetically Doped
Transition Metal Oxides,” and Ken Kemner (Argonne) on “From Xrays to Biogeochemistry to Beethoven.”
The 11 user meeting workshops ranged from those primarily for
nanoscience users to those for users of multiple facilities, such as
“Texture and Strain Mapping with X-rays, Neutrons, and Electrons”
and “Diffuse Scattering: Emerging Opportunities with Advanced Xray and Neutron Sources.” Further information about the workshops
can be found on the Web at:
http://www.aps.anl.gov/Users/Meeting/2006/index.html
Other meeting highlights included the largest-ever congregation
of suppliers (43), the largest number of poster entries (180, of which
32 were from students), and a number of social events, including a
banquet (“Chicago Blues”) with entertainment by the APS’s own
Blues Band.
Contact: Susan Strasser (strasser@aps.anl.gov)
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Clockwise from directly above: Carol Thompson (left), Wendy
Mao, and Murray Gibson at the presentation of the Franklin
award; a user meeting poster session in the lobby of the new
CNM building; another poster session in a CNM conference
room; the Hon. Judy Biggert; Roger Klaffky of DOE-BES; the APS
Blues Band finds a groove.
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DOE-BES U S E R F A C I L I T I E S M E E T I N G
THE 2006 ROSALIND FRANKLIN YOUNG
INVESTIGATOR AWARD TO WENDY MAO
Wendy L. Mao (Los Alamos
National Laboratory) relieved
the 2006 Rosalind Franklin
Young Investigator Award presented by the APS Users
Organization in recognition of
an important technical or scientific accomplishment by a young
investigator that depends on, or
is beneficial to, the APS.
Mao received her bachelor’s degree from MIT in 1998
and her Ph.D. from The
Wendy Mao
University of Chicago in 2005.
She has made contributions to
an exceptionally broad range of topics, from the structure of
graphite under pressure, to the properties of iron-rich materials at
the boundary between the Earth’s core and mantle, to the synthesis and characterization of a new family of hydrogen storage materials based on molecular compounds. In her work on graphite, she
looked at a half-century-old problem: the behavior of graphite when
it is compressed at room temperature. It turns, not into diamond,
but into an unusual and unexpected phase. The structure and
bonding of this phase remained stubbornly enigmatic because
existing techniques could not probe electronic structure at high
pressure. At the APS, Mao applied x-ray Raman scattering (XRS)
spectroscopy to map the detailed changes in the carbon K-edge
that give a signature of the bonding. For graphite at high pressure,
XRS revealed an unusual bonding arrangement that explained the
material’s properties. An additional hydrostatic x-ray diffraction
study identified its structure. The high photon flux of the APS made
the XRS technique feasible in this case. In fact, with this application
of XRS, Mao has opened a new field—investigation of the electronic structure of light elements under pressure. She later
exploited the strange properties of this graphite material—its hardness is both pressure-dependent and reversible—for experimental
hardware that helped her achieve new results at the APS in a different field: studies of deep-Earth minerals. In that work, she discovered an iron-rich silicate that occurs at deep-mantle conditions.
The material properties of this new phase may explain the strange
seismic features of the D” zone—the lower 300 kilometers of the
mantle, just outside the Earth’s molten core.
The Rosalind Franklin Young Investigator Award is open to
senior graduate students and those whose Ph.D. was awarded no
more than two years prior to nomination. Franklin pioneered the
use of x-ray diffraction in analyzing complex, unorganized matter
such as large biological molecules and not just single crystals. In
1951, she went to work as a research associate for John Randall at
King's College. While in her early 30s, Franklin performed x-ray
crystallographic studies of DNA that were a critical contribution to
the solution of the molecule's structure. J.D. Bernal called her
images of DNA "the most beautiful x-ray photographs of any substance ever taken." Franklin's career was cut short by her untimely
death at age 37.
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TOMORROW’S USERS
T H E 2006 APS XAFS S U M M E R S C H O O L

S

ixty graduate students
from U.S. universities
majoring in physics,
chemistry, earth sciences, materials science, and
related fields spent two weeks,
from August 13 to the 27, 2006,
at the eighth edition of the
National School for Neutron
and X-ray Scattering at
Argonne. The 60, who were
selected to participate in an
intensive general background
course in neutron and x-ray
techniques, were given lectures by top senior scientists
from academia, industry, and
national laboratories, including
basic tutorials on the principles
The National School for Neutron and X-ray Scattering, class of 2006.
of scattering theory and the
characteristics of neutron and
National Laboratory); “Real/Reciprocal Space Complementx-ray sources, as well as seminars on the application of scatterarity,” J.M. Gibson (Argonne); “Applications of Powder
ing methods to a variety of scientific subjects. The school is
Diffraction Methods,” J.J. Rhyne (Los Alamos National
supported each year by the U.S. Department of Energy’s
Laboratory); “Diffuse Scattering,” G.E. Ice (Oak Ridge National
(DOE’s) Office of Basic Energy Sciences in the DOE Office of
Laboratory); “Coherent X-ray Scattering,” L.B. Lurio (Northern
Science.
Illinois University); “Nanoscience with X-rays and Neutrons,”
The students also availed themselves of the opportunity to
E.D. Isaacs (Argonne); “Imaging,” S.R. Stock (Northwestern
carry out four hands-on experiments at Argonne’s Intense
University); “Understanding Materials Behavior Using Neutron
Pulsed Neutron Source (IPNS) and APS (Argonne is the only
Diffraction,” D.W. Brown (Los Alamos National Laboratory);
U.S. national laboratory with both a synchrotron source and a
“Nuclear Resonant Inelastic X-ray Scattering,” W. Sturhahn
neutron source). The experiment topics (18 altogether) ranged
(Argonne); “Spin Echo,” R. Pynn (Indiana University Cyclotron
from “Neutron Spectroscopy of Molecular Crystals” and
Facility); and others. (See http://www.dep.anl.gov/nx/ for a com“Neutron Powder Diffraction, Experimental: SEPD and GPPD,”
to “Internal Strain, Stress and Texture Measurements Using
plete list.)
High-energy X-rays” and “Small-angle X-ray Scattering from
The school, under Scientific Directors Dean Haeffner (X-ray
Biomaterials.”
Science Division [XSD]) and Raymond Osborn (Materials
Lectures included “Interaction of X-rays and Neutrons with
Science Division [MSD]), is a collaborative effort among several
Matter,” S.K. Sinha (University of California, San Diego; Los
Argonne divisions: XSD, IPNS, MSD, and Educational ProAlamos National Laboratory); “Neutron Generation/ Detection,”
=grams (DEP), and has support for experiments from several of
T.E. Mason (Oak Ridge National Laboratory); “Single Crystal
the APS sectors and collaborative access teams.
Diffraction,” T.F. Koetzle (Argonne); “X-ray Optics for
In addition to Haeffner and Osborn, the Local Organizing
Synchrotron Radiation,” D.M. Mills (Argonne); “Inelastic
Committee comprised Raymond Teller (IPNS); Education
Scattering,” R. Osborn (Argonne); “Magnetic Scattering,” C.F.
Division Director Harold Myron (DEP), George Crabtree (MSD),
Majkrzak (National Institute of Standards and Technology);
Dennis Mills (Scientific User Facilities), Experiment Coordin“Extended X-ray Absroption Fine Structure (EXAFS),” E.A.
ators Jonathan Lang (XSD) and Alexander I. Kolesnikov (IPNS),
Stern (University of Washington); “Small Angle Scattering
and Conference Secretary Carol Reynolds (DEP).
(SAS),” P. Thiyagarajan (Argonne); “Understanding Materials
Contact: Dean Haeffner (haeffner@aps.anl.gov)
Behavior Using Neutron Diffraction,” D.W. Brown (Los Alamos
Raymond Osborn (rosborn@anl.gov)
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T H E 2006 ACA S U M M E R S C H O O L
I N M A C R O M O L E C U L A R C RY S TA L L O G R A P H Y

A

select group of tomorrow’s structural biologists were
taken deep into the finer points of their chosen field
by the organizers, lecturers, and support personnel
who carried out the 2006 American Crystallography
Association (ACA) Summer School in Macromolecular
Crystallography. 2006 was the fourth year the Illinois Institute of
Technology (IIT) and the APS collaborated on this two-week
course designed for upper-level graduate students, postdoctoral researchers, lower-level graduate students, and industry
scientists. Eighteen students attended the 2006 school. They
were drawn from every part of the U.S. and from Canada,
Croatia, and Poland. All applicants were accepted for admission to the ACA Summer School this year.
The 2006 school included 22 lectures by eminent crystallographers and qualified graduates of previous IIT/APS ACA
Summer Schools programs, plus extensive chemistry and crystallographic lab work, and a minimum of three visits per student
to macromolecular crystallographic beamlines at the APS.
Students worked on crystallizing their own proteins and learned
crystallization techniques using commercial proteins; they also
collected diffraction data at the APS from their actual research
samples and from test crystals.
Most of the first week was spent at IIT, with time divided
among lectures and lab experiences. The second week was
held partly at IIT and partly at the APS, where students not only
collected data but engaged in training experiences shepherded
by beamline staff scientists. For the first time, the APS visits
included instruction in skills other than beamline and software
usage: students were provided with overviews of cryo-cooling
and heavy-atom derivatization techniques. The schedule and
the content of the lectures, labs, and beamline visits are listed
on the school Website (http://acaschool.iit.edu/). Social events
were included in the school, and the students were allowed free
time to visit Chicago's attractions in the evenings and during
the middle Saturday of the school.
The school's location in Chicago made it easy to recruit
world-class scientists to lecture and lead lab demonstrations;
only two of the featured academic speakers were from outside
the Chicago area, and all the local speakers spoke without
compensation. Several industry scientists gave of their time to
serve as integral members of the teaching team; for their
employers, this school was a marketing opportunity and a
chance to contribute to the scientific community.
Almost all lecturers provided notes that are also available
on the Summer School Website. In addition, almost all the lectures were digitally video-recorded and the video record is now
on file. It will be made available to the ACA and interested participants free of charge, and to others for a modest fee.
The organizers (Andy Howard, Carlo Segre, and Faith
Kancauski, all IIT) hope that the school will continue to be
an important resource for the crystallographic and biochem-

Sean Taylor (Yale Univ.), a 2006 ACA Summer School student,
mounts a sample inside one of the SBC-CAT hutches on the APS
experiment hall floor.

ical communities, and that it can serve to acquaint a wider
circle of scientists with the realities of macromolecular crystallography.
Faculty and support personnel for the school included:
Lectures: Spencer Anderson (BioCARS), Michael Becker
(GM/CA-CAT), Grant Bunker (IIT), Chuck Campana (Bruker
AXS), Jim Cary (Northern Illinois University [NIU]), Chris
Dankulich (Fluidigm), Bill Furey (Pittsburgh VA/University of
Pittsburgh), Andy Howard (IIT), Tom Irving (IIT), Constance
Jeffery (UIC), Jim Kaduk (Innovene), Gocha Khelashvili (IIT),
Allan Myerson (Provost, IIT), Joseph Orgel (IIT), Jim Pflugrath
(Rigaku/MSC), Narayanasami Sukumar (NE-CAT), Jeff Terry
(IIT). Lab facilitation: Jim Cary (NIU), Shih-Chia Chang (IIT),
David Ehle (IIT), Andy Howard (IIT), Rebecca Howard
(University of California, San Francisco [UCCSF]), Sireesha
Ratakonda (IIT), Pauls Reinfelds (IIT), Greg Sahli (IIT)
Administration and Technical Assistance: David Ehle (IIT),
Rebecca Howard (UCSF), Sandra Howard (IIT), Faith
Kancauski (IIT). Beamline science user support: Randy Alkire
(SBC-CAT), Spencer Anderson (BioCARS), Michael Becker
(GM/CA-CAT), Michael Bolbat (BioCARS), Norma Duke (SBCCAT), Albert Fu (SER-CAT), Frank Rotella (SBC-CAT), Ruslan
Sanishvili (GM/CA-CAT), Ward Smith (GM/CA-CAT),
Narayanasami Sukumar (NE-CAT), Zdzislaw Wawrzak (DNDCAT). Contact: Andy Howard (howard@agni.phys.iit.edu)
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T H E 2006 APS XAFS S U M M E R S C H O O L

The students and faculty of the 2006 APS XAFS Summer School, gathered on
the front steps of the APS central lab/office building.

T

he second annual APS XAFS Summer School was held at
Argonne from July 26-28, 2006. The school welcomed 20 participants from around the U.S. and from as far away as Israel,
Germany, and Switzerland. Unlike previous x-ray absorption fine
structure (XAFS) courses at the APS, which were aimed at novice practitioners and included hands-on lab work and data collection, this year's
course targeted intermediate-to-advanced XAFS users and focused primarily on analysis techniques. The course was organized by Julie Cross
(Argonne), Matt Newville (The University of Chicago), and Robert Gordon
(Simon Fraser University), and taught by Newville, Bruce Ravel and Shelly
Kelly (both Argonne), and Scott Calvin (Sarah Lawrence College).
After an introduction, by Ravel, to the data analysis programs IFEFFIT,
ATHENA, and ARTEMIS, the curriculum covered advanced data modeling
and analysis concepts. Newville presented a lecture on statistics in
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extended x-ray absorption fine structure (EXAFS)
analysis. Kelly demonstrated the use of IFEFFIT and
ARTEMIS to solve two complex environmental science problems. Her first example showed how to
determine the cation coordination in biomineralized
uranyl complexes. Her second example showed how
to distinguish surface lead complexes on iron oxide
substrates from co-precipitated iron/lead minerals.
Calvin demonstrated the solution to a complicated materials science question. The magnetic properties of zinc manganese ferrite nanoparticles depend
strongly on the distribution of the cations among the
tetrahedral and octahedral sites in the spinel structure
of these nanoscale materials. By co-refining EXAFS
data made at all three cation edges, Calvin showed
how to determine the proportions of each cation in
each site. Finally, Ravel demonstrated the use of linear combination x-ray absorption near-edge structure
(XANES) analysis to determine the kinetics of a gold
reduction from gold chloride mediated by cyanobacteria and monitored by XAFS, and to identify a previously unknown intermediate state in this reaction.
The students had plenty of time to work with the
data analysis software and to solicit help and advice
from the instructors. On the third day of the course,
several students gave short presentations on their
own research and discussed the ways they incorporated XAFS measurements into their research projects. These presentations prompted considerable discussion among the participants, just one factor contributing to the consensus among students and
instructors alike that this year's XAFS Summer School
was a huge success.
For more on the XAFS Summer School, see:
http://cars9.uchicago.edu/xafs_school/index.html
Contact: Julie O. Cross (jox@aps.anl.gov)

LINKS
For current APS users:
www.aps.anl.gov/Users/Welcome/Current_User/index.html

For new APS users:
www.aps.anl.gov/Users/Welcome/New_User/index.html

For prospective APS users:
www.aps.anl.gov/Users/Welcome/Prospective_User/index.html

Quick links for users:
www.aps.anl.gov/Users/General_Reference/Database_Systems
/index.html

To learn about the APS:
www.aps.anl.gov/About/APS_Overview/index.html

Safety and training:
www.aps.anl.gov/Safety_and_Training/index.html

Archive of APS science highlights:
www.aps.anl.gov/Science/Highlights/index.html

Back issues of APS Science:
www.aps.anl.gov/News/Annual_Report/index.htm

APS User News-at-a-Glance
www.aps.anl.gov/Users/Communications/User_News/index.html

Courses and summer schools:
www.lightsources.org/cms/?pid=1000510

DOE Office of Science page on experimental
techniques at light source beamlines:
www.sc.doe.gov/bes/synchrotron_techniques/index.htm

E XPLORING THE A RT OF
M ATERIALS S CIENCE AT

SRMS-5

E

very two years, the focus of the synchrotron
materials science community is concentrated
on that place in the world where leading-edge
researchers gather for the International
Conference on Synchrotron Radiation in Materials
Science (SRMS). In 2006, that place was the Drake
Hotel in Chicago, IL, where SRMS-5, hosted by
Argonne and the APS, welcomed more that 250 materials scientists from 22 countries to two-and-a-half days of lectures, breakout sessions, and poster presentations. These highlighted recent breakthroughs in materials science advanced via
synchrotron radiation and pointing the way to future innovation
and discovery. The conference provided an overview of the latest research developments in a broad range of materials areas,
including polymers and biomaterials, magnetic and superconducting materials, glasses and ceramics, engineering materials,
materials under extreme conditions, complex oxides, innovative
instrumentation, membranes, and thin films.
Lectures covered a spectrum of topics, while breakout sessions were typically more focused on a particular research area.
The ever-popular poster presentations followed the topics of
each day’s breakout session and provided an opportunity for
spirited exchanges of information. In all, there were 35 plenary
and invited talks, 37 contributed talks, and 134 poster presentations. Full-color versions of the conference contributions can be
viewed and downloaded from http://www.aps.anl.gov/SRMS5/
Contributions.
A Local Organizing Committee that included representatives from Northwestern University, The University of Chicago,
the Illinois Institute of Technology, Iowa State University, and the
University of Illinois at Urbana-Champaign was invaluable to the
success of the conference, as was the International Advisory
Committee chaired by Professor Neville Greaves (University of
Wales).

Above: A presentation on self-assembly of nanostructures by Jin Wang
(Argonne) in the main meeting room for SRMS-5. Inset: Wang makes a
point.

●

●

●

●
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Just a few of the conference highlights include:
An opening plenary lecture by J.C. Campuzano (Argonne and
the University of Illinois at Chicago) on the challenge of
explaining the electronic structure of high-temperature superconductors determined with angle-resolved photoemission.
H. Dosch (Max Planck Institute for Materials Research) on the
phase behavior of metallic alloys and how its relation to the
physical properties of these alloys in nanoconfined geometries
may be understood in terms of misfit strains.
T.P. Russell (University of Massachusetts) and E.E. Fullerton
(Hitachi Global Storage Technologies) on orienting domains in
block copolymer thin films and magnetic reversal in antiferromagnetically-coupled films, respectively.
C.S. Yoo (Lawrence Livermore National Laboratory) on understanding the exotic states of matter that can be created in
extreme environments, such as nonmolecular phases in simple
molecular solids occurring under high pressure and high temperature.
Continued on next page

● C.S. Nelson (Brookhaven National Laboratory) on orbital ordering in calcium ruthenates, where her x-ray resonant scattering
studies showed some surprising results.
● C.G. (Kees) de Kruif (NIZO Food Research,
and Utrecht University) on synchrotron
methods for food science and soft-matter
investigations into protein-polysaccaride correlations.
● T. Rayment (University of Birmingham) on xray absorption spectroscopy above, below,
and at electrodes—revealing structural and
electronic changes as a function of depth
below the electrode surface.
● A.Q.R. Baron (SPring-8) on electron-phonon
coupling in high-Tc superconductors as
measured by meV-resolved inelastic x-ray
scattering, especially the softening of inplane longitudinal bond-stretching modes
and their dependence on doping.
● P.M. Derlet (Paul Scherrer Institute) on the
use of Green’s functions and molecular
dynamics to understand dislocations and lattice vibrations in small metal grains and grain
boundaries.
● L. Paolasini (European Synchrotron Radiation Facility) on resonant x-ray scattering as
a site- and shell-selective technique for
measuring structural modifications of SmS
and CeFe2 under extreme conditions.
Altogether, the diverse and wide-ranging
nature of the presentations and posters underscored the fact that a significant percentage of
research at synchrotron user facilities continues to
be in the fields of materials science and condensed matter physics. Given the growing
emphasis on membranes, biomaterials, and
nanostructured materials, this percentage can
only continue to increase. It is worth noting that,
among the research papers published in 2005 in
the often-cited journals Nature and Science, 19%
(Nature) and 27% (Science) reported on materials
research; of these, more than 28% and 35%,
respectively, made use of synchrotron radiation.
When it came time to relax, attendees boated
on the Chicago River while hearing about the
city’s famed architecture, attended a mini-operetta
on the subject of chocolate, and attended a reception amid the world-class collection of the Art
Institute of Chicago, followed by a conference
banquet held in the institute’s famed Trading
Room.
Laboratório Nacional de Luz Síncrotron in
Brazil was selected by the International
Organizing Committee to host the 2008 SRMS.
See you in Campinas!
Contact: Gabrielle Long (gglong@aps.anl.gov)

Clockwise from top: Preparing for a
poster session; G.N. Greaves (center,
Univ. of Wales, Chair, SRMS-5 International Advisory Committee); G.G.
Long (center, Argonne, Chair, SRMS-5
Local Organizing Committee); the Art
Institute of Chicago; S.J.L. Billinge
(Michigan State Univ.); J.C. Campuzano (Argonne and the Univ. of Illinois
at Chicago); center: H. Dosch (Max
Planck Institute for Metals Research).
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THE APS LIGHT SOURCE
O P E R AT I O N S
LIGHT SOURCE OPERATIONS

IN

CY 2006

24 Singlets
(3,232 h)
65%

In calendar year (CY) 2006, the APS operated with exceptional reliability and availability, continuing the stellar performance of the previous years. No changes were made in fill patterns this year. However, a new lattice, the Reduced Horizontal
Beamsize (RHB) lattice, was introduced as a special operating
mode (see next page). Accelerator R&D concentrated on shortpulse production using pulsed crab cavities and exploration of
options for the APS upgrade, as discussed in other articles.

BEAM AVAILABILITY & MTBF

IN

1296
singlets
(496 h)
10%

CY 2006

For CY 2006, the APS scheduled 4,986 h for user operations and delivered 4,875 h, giving x-ray availability of 97.78%
for the year, virtually unchanged from CY 2005. The mean time
between faults (MTBF) was 93.8 h, up slightly from CY 2005
owing to fewer faults in CY 2006. Injector availability remained
high at 98.2%, providing reliable beam for top-up. Table 1
shows detailed statistics for CY 2006.
The APS is clearly enjoying a period of mature, stable
operation, characterized by unparalleled reliability. Indeed, the
last run of 2006 was the tenth consecutive run for which the
MTBF exceeded 48 h. The lowest MTBF during that 10-run
period was 55.9 h, which is already very good. However, the
median value was even more impressive, at 88.2 h. The lowest
availability during the same period was 96.9%, with a median
of 98.4%.

324
singlets
(672 h)
13.5%

Hybrid
(576 h)
11.6%

Fig. 1. Calendar year 2006 scheduled times for different APS operating modes. Total scheduled hours: 4,986.1.

2006 (Fig. 1) were the same as those used in CY 2005. (The
standard average beam current for all operating modes is 100
mA.) A description of each operating mode follows:
● 24 uniformly spaced bunches (“24 singlets”) in top-up mode,
used 65.0% of the time. 24 singlets is the most common fill
pattern and features 24 equally-populated bunches separated by 154 ns. The bunch length 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
Continued on next page

FILL PATTERNS
The APS ring has the flexibility to support different fill patterns and lattices for special needs. The fill patterns used in CY

Table 1. Operations statistics: CY 2005 (summary) and CY 2006 (by run and totals).
CY 2005
Run number
Start
End
Scheduled hours
Beam available for users (h)
Beam availability (%)
Total downtime (h)
Average current (mA)
Number of faults
Mean time between faults (h)
Mean time to recovery (h)
Injector availability (%)

5,024.4
4,925.3
98.03
99.2
100.3
57
86.4
1.7
97.28

CY 2006
Run 2006-1
1/31/06
4/24/06
1,655
1,627.6
98.3
27.4
100.1
13
125.2
2.1
98.1
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Run 2006-2
5/30/06
8/25/06
1,752
1,704.3
97.3
47.7
100.4
22
74.1
2.2
98.2

Run 2006-3
10/3/06
12/19/06
1,579.1
1,543.3
98.4
35.8
99.8
17
90.8
2.1
98.2

4986.1
4875.2
97.78
110.9
100.1
52
93.8
2.1
98.2
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Table 2. Comparison of parameters: RHB sectors vs. standard sectors.

Normal
RHB

Horiz. Beta

Horiz. Eta

Horiz. Size

Horiz. Diverg.

Vert. Beta

Vert. Size

(m)

(m)

(µm)

(µrad)

(m)

(µm)

Vert. Diverg.
(µrad)

19.5

0.170

286

12.0

2.9

9.0

3.1

3.2

0.078

120

29.6

5.4

12.3

2.3

for the bunch distribution. Bunch purity is very important in
this mode. Recent improvements to the Particle Accumulator
Ring, one of the injector systems (see “The Particle
Accumulator Ring Gets Cleaner,” APS Science 2005, ANL05/29, p. 178), allows us to consistently maintain bunch
purity at 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 we can stably store up to 164 mA in the 24-singlets mode. Higher-order mode (HOM) dampers installed in
4 of the 16 radio frequency accelerating cavities in 2005
have raised the coupled-bunch instability threshold from
about 100 mA to above 164 mA. The current limitation is not
due to beam instabilities, but rather the heating of a few
accelerator components, including the HOM dampers themselves. The high-current studies were conducted in anticipation of future upgrades to high-heat-load front ends, which
will allow higher current.

● 1,296 uniformly spaced bunches in non-top-up mode, used
10.0% of the time. Calendar year 2006 marks the first year in
which a significant fraction of operating time was devoted to
the 1,296-bunch pattern. This pattern, introduced in CY 2005,
has an extremely long lifetime—on the order of 120 h—so that
even with 12 h between fills, the current never decays below
about 90 mA. The bunch pattern is continuous without any
gaps. In other rings, an ion-clearing gap is required to prevent
the trapping of positive ions in the electron beam, which can
cause beam instabilities; no such effects are observed in the
APS. An alternate injection scheme is employed to achieve
good bunch-current uniformity. Normally, the storage ring
bunches are injected one at a time. For the 1,296-bunch
mode, the Particle Accumulator Ring is bypassed and a bunch
train is injected from the linac directly into the booster, then
into the storage ring. This is called “direct injection.”

THE RHB LATTICE
The standard symmetric low-emittance lattice introduced in
CY 2003 was utilized for almost all user operations during CY
2006. An exception was in Run 2006-03, when, for the first time,
the APS delivered beam to users in the RHB lattice, which is
non-symmetric. In this lattice, the rms horizontal beam size at
beamlines 8-ID and 32-ID is reduced from 280 µm to 120 µm,
at the expense of approximately 10% higher horizontal emittance. 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% coupling. This lattice was used
in 24-singlets mode for 8.7% of the total time. Other periods of
operation with this lattice are planned for CY 2007.
The benefits of the RHB lattice were demonstrated by the
X-ray Microscopy and Imaging Group in X-ray Operations and
Research, using in-line phase-contrast imaging studies (see “Xray Imaging & Optics Development,” APS Science 2002, ANL03/15, p. 93.) Phase-contrast imaging relies on interference
effects, and the source size contributes to geometric blurring.
In the nominal lattice, the blurring due to source size is
~0.6 µm vertically and 9.3 µm horizontally (full width half maximum). The detector resolution is 1-2 µm; thus, the source size
is the limiting factor. The RHB lattice reduces the source-sizeinduced blurring by a factor given by the beam size ratio, in this
case ~2. Figure 2 (next page) shows the source size dependence of the phase-contrast image. The low-beta image clearly
has better resolution and higher contrast.
Continued on page 162

● 324 uniformly spaced bunches in non-top-up mode, used
13.5% 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 accelerator
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 11.6% of the time. In this pattern, 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 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.
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“Operations” continued from page 161

Fig. 2. Phase contrast images of an aluminum stress-crack sample, ~3 mm thick, taken with nominal beta (left) and low beta (right) (30-keV
photons). Both figures show the same grey scale. (Images courtesy of Wah-Keat Lee, XSD.)

S TORAGE R ING PARAMETERS O N L INE
form a living document that is periodically updated to correspond to operational and/or hardware changes. Detailed information is provided on main beam parameters, lattice, orbit stability, source parameters computed in real-time, operation
modes, and hardware such as magnets and power supplies.
These pages will be expanded in the future to include the injectors and any other data requested by users.
Contact: Michael Borland (borland@aps.anl.gov)
Katherine Harkay (harkay@aps.anl.gov)

The APS storage ring has evolved over the years as its performance incrementally improved and as the needs of the users
changed. To meet the challenge of providing accurate and
timely basic beam parameters for users and accelerator physicists, a Web-based tool was developed in 2005 and fully implemented in 2006.
At the APS home page (http://www.aps.anl.gov) one can
use the “Facility” pull-down menu to find “Nominal Storage Ring
Parameters.” This link gives access to a set of Web pages that
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The Rober t R. Wilson Prize to Lee Teng

Lee Teng (ASD) was named the winner of the 2007 American Physical Society's Robert R.
Wilson Prize, recognizing outstanding achievements in the physics of particle accelerators.
Teng, a senior physicist at Argonne, was honored by the society “for invention of resonant
extraction and transition crossing techniques critical to hadron synchrotrons and storage
rings, for early and continued development of linear matrix theory of particle beams, and for
leadership in the realization of a facility for radiation therapy with protons.” The prize includes
$5,000 and will be presented at the annual American Physical Society meeting in April in
Jacksonville, FL, at a special Ceremonial Session, where Teng will deliver a talk based on the
work for which he has been honored. The award is named for the late Robert R. Wilson, founding director of the Department of Energy’s Fermilab in Illinois, and one of the world's leading
experimental physicists and accelerator builders.
Teng came to the United States from
China in 1947 to obtain his Ph.D. in physics at The University of Chicago. He was the first nonU.S. citizen hired by Argonne, where he rose to the position of Director of the Particle
Accelerator Division with responsibility for the Zero Gradient Synchrotron and the associated
beam transport lines and bubble chambers. In 1967, when Fermilab was established, Teng
accepted an appointment (from Robert Wilson) as head of Accelerator Theory. In 1983 he
took a partial leave of absence from Fermilab to serve as the first director of the Synchrotron
Radiation Research Center in Taiwan. In 1989, Teng returned to Argonne to head up the
accelerator physics contingent at the newly-formed 7-GeV Advanced Photon Source
Project. Teng retired in 2004 and is currently serving as a special Emeritus appointee in ASD.
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DESIGN AND TEST
O F U N D U L ATO R S F O R

T

THE

LCLS

he Linac Coherent
Light
Source
(LCLS) will be the
world's first x-ray
free-electron laser when it
becomes operational in
2009. The LCLS, a project
funded by the U.S. Department of Energy (DOE), is
currently under construction
at the Stanford Linear
Accelerator Center (SLAC)
in California. Pulses of x-ray
laser light from the LCLS will
be many orders of magnitude brighter and several
orders of magnitude shorter
than presently-available xrays from existing sources.
These characteristics will
enable frontier new science
Fig. 1. The first production undulator is shown on the prototype support and motion system for the SUT.
in areas that include discovering and probing new states
and engineering requirements to be met. Undulators are
of matter, understanding and following chemical reactions and
mounted on translation stages and can be adjusted horizontally
biological processes in real time, imaging chemical and strucor moved 80 mm out of the beam. The girder that supports over
tural properties of materials on the nanoscale, and imaging non2000 lbs of undulator and quadrupole magnets is moved by a
crystalline biological materials at atomic resolution.
precision, 5-axis, camshaft-mover system. The mover system
Design and construction of the LCLS are being accomenables roll, pitch, and yaw motions for positioning the girder
plished by a partnership of three DOE national laboratories,
and its magnets with submicron accuracy. The combined sysincluding SLAC as home laboratory, the APS at Argonne, and
tem was extensively tested in the SUT during 2006 and found
the Lawrence Livermore National Laboratory. Argonne is
to meet all requirements.
responsible for the design and construction of the 130-m-long
A Long Term Test (LTT) facility is under construction at the
insertion device undulator system, including magnets, supports,
APS. The purpose of the LTT facility is to test the evolving procontrols, vacuum, and beam diagnostics systems.
duction undulator module and associated hardware. The LTT
At the end of 2006, 28 undulators out of a total of 40 had
will initially be constructed using prototype components that will
been produced by two vendors and were accepted by APS. The
eventually be replaced with production components as they
remainder were on schedule for completion by mid-2007. At the
become available. The test area will have a full-scale, 20-fttime of this writing (early 2007), the quadrupole magnet contract
long, half-section mock-up of the LCLS tunnel. The undulator
has been awarded and work is progressing. The support and
components will be positioned and oriented precisely as they
motion systems were put out for bid in early 2007 and under
will be in the Undulator Hall Tunnel at SLAC. It is expected that
construction soon thereafter. Production of the controls, vacthe LTT facility will remain in place through the LCLS commisuum, and beam diagnostics systems will also take place during
sioning stages.
Contact: Geoff Pile (pile@aps.anl.gov)
2007.
Marion White (mwhite@aps.anl.gov)
The first production undulator is shown in Fig. 1, mounted
on the prototype precision support and motion system that was
constructed for the single undulator test (SUT) at the APS. The
This work is supported by the U. S. Department of Energy, Office of
main purpose of the SUT was to verify that the support and
Science, Office of Basic Energy Sciences, under Contract No. DEAC02-06CH11357.
motion system design was adequate to enable all of the physics
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SHORT PULSES

ON A

FA S T T R A C K

O

ccasionally in science, one finds that
something “everyone knows” to be
impossible is, in fact, possible. A case
in point is the production of intense,
short-pulse x-rays from a storage ring, a subject that
is of great interest to some APS users. It is well
known that making short electron bunches in a storage ring is very difficult, unless one is willing to
accept very low bunch current. Proven methods of
making short x-ray pulses from storage rings, such
as laser slicing [1], suffer even more from low intensity, particularly in high-energy rings such as the
APS.
Thus, it seemed that there was no viable way to
provide short, intense x-ray pulses from the APS.
That changed with a presentation by A. Zholents
(Lawrence Berkeley National Labora-tory) at the
APS strategic planning meeting in August 2004. The
scheme [2] that Zholents proposed relies on using
high-frequency transverse deflecting radio frequency (rf) cavities to impart a transverse momentum chirp to the beam. This means that particles in
the head and tail of the beam are deflected in opposite directions, with the degree of deflection proportional in first order to the time offset of each particle
from the bunch's time center. As illustrated in Fig. 1,
a set of these so-called “crab cavities” can be used
with a suitably placed undulator to create an x-ray
pulse with an angle chirp, which in turn allows production of short pulses by slitting or using compression optics.
The minimum achievable x-ray pulse length is
given by a simple formula [3], namely,

where E is the beam energy, V is the crab cavity
voltage, h is the ratio of the crab cavity frequency to
the main rf frequency ƒa, σy',e is the vertical divergence of the electron beam when the crab cavities
are unpowered, and σy',p is the opening angle of the
photons for a zero-emittance electron beam. A study
[4] by APS accelerator physicists and engineers
determined that V = 6 MV and h = 8 were feasible.
Using ƒa = 352 MHz, σy',e ≈ 3 µrad, and σy',p ≈ 5 µ rad
(for 10-keV radiation from a 2.4-m device), we
get σ t,min ≈ 0.4 ps. This number, although just an
estimate, is quite remarkable and indicates why this
concept has generated so much excitement.

Fig. 1. Illustration of Zholents' crab cavity scheme for production of short x-ray
pulses from a storage ring. This example implicitly shows the two deflecting, or
crab, cavities separated by several storage ring sectors. The bunch tilt produced
by the first cavity oscillates due to the focusing properties of the accelerator
magnets. The oscillation is canceled by the second cavity so that other users,
ideally, see no ill effects.

Fig. 2. Schematic of possible arrangement of pulsed crab cavities in a single
straight section along with a standard 2.4-m undulator.

The concept was originally conceived to operate continuously (CW), which
requires the use of superconducting technology. The advantage of superconducting crab cavities is that they provide continuous chirped pulses, so that
users can take advantage of improvements in laser technology to perform
experiments at higher repetition rates. Another advantage is that the CW sysContinued on next page
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tem is compatible with all operating modes. One difficulty with
this concept is that the cavities require considerable space in
straight sections that might otherwise be used for insertion
devices. Development time and cost are also a factor. However,
no satisfactory solution to the space issue seemed forthcoming.
A compelling case was made [5] for pulsed crab cavities,
which can be normal conducting. They are much smaller, about
0.5-m long each, and can deliver similar deflecting voltages [6].
With such small cavities, the entire system can be placed in a
single straight section, as indicated in Fig. 2. The cavities
essentially function as a very fast time-dependent, three-kicker
bump, so the ratios of the cavity strengths are related to the distances between the cavities by simple geometry. With a 6-MV
limit on any one cavity, the geometry constraints of a standard
straight section and undulator results in a 1.4-MV limit on the
first cavity, thus increasing the minimum achievable rms x-ray
pulse duration to 1.7 ps. A future evolution of this concept will
involve a lengthened straight section that can accommodate
four cavities in a 1-2-1 arrangement with equal spacing of the
first/second and third/fourth cavities. This allows for increasing
the voltage of the first cavity to produce even shorter x-ray
pulses or using a longer insertion device for higher flux.
Disadvantages of the normal conducting option is that the
chirped pulses are delivered only during a special operating
mode and the repetition rate is limited to 1 kHz. However, the
advantages for a near-term implementation are compelling.
Although the use of pulsed crab cavities resolves issues
with space, there are several challenges that must be
addressed. Perhaps chief among these is the need to design
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the cavities in such a way that the existing single-bunch and
multi-bunch current limits are not compromised. Advanced
Photon Source staff are collaborating with experts from the
Stanford Linear Accelerator Center on an advanced pulsed cavity design with heavy damping of unwanted modes. Although
the cavities will initially be pulsed at 120 Hz, eventually we wish
to operate at 1 kHz. This presents challenges for the thermal
design. Finally, the rf phase and voltage tolerances are quite
demanding, which presents challenges for timing and rf control.
Steady progress is being made on all of these issues, and there
is good reason to be optimistic that this system for delivering
short pulses will come together in the near future. Longer-term
development includes the design of compression x-ray optics
and superconducting crab cavities.
Contact: M. Borland (borland@aps.anl.gov), J. Carwardine
(carwar@aps.anl.gov), Y. Chae (chae@aps.anl.gov), L. Emery
(emery@aps.anl.gov), K. Harkay (harkay@aps.anl.gov), A.
Nassiri (nassiri@aps.anl.gov), V. Sajaev (sajaev@aps.anl.gov)
REFERENCES
[1] A. Zholents et al., Phys. Rev. Lett. 76, 912 (1996).
[2] A. Zholents, P. Heimann, M. Zolotorev, and J. Byrd, Nucl.
Instrum. Methods Phys. Res., Sect. A 425, 385 (1999).
[3] M. Borland, Phys. Rev. ST Accel. Beams 8, 074001 (2005).
[4] K. Harkay et al., Proc. 2005 Particle Accelerator Conference
(Knoxville, Tennessee, 2005) 668.
[5] P. Anfinrud, private communication.
[6] V. Dolgashev, private communication.

APS

The Four th CW and High Average Power RF Workshop
The fourth international workshop on continuous
and high average power radio frequency (rf) systems, jointly organized by Argonne’s Accelerator
Systems Division and Intense Pulsed Neutron Source,
was held at the APS on May 1-4, 2006. These workshops bring together rf experts from synchrotron
facilities to share their rf experiences, problems, and
solutions. The technology under discussion ranges
from high average power linac rf systems, highpower klystrons, and high-voltage power supplies to
rf cavities, and power couplers and tuners.
More
than 30 participants came to the workshop from
accelerator facilities in Europe and Canada including TRIUMF, DESY, ELETTRA, the European Synchrotron
Radiation Facility, the Swiss Light Source, and SOLEIL,
in addition to the U.S. Department of Energy facilities
at Oak Ridge National Laboratory, Fermilab, the Thomas Jefferson Lab, the Stanford Linear Accelerator Center, Los Alamos National
Laboratory, and of course, Argonne. Presentations and small group discussions were focused on current status and operational
issues of large rf systems. A wide range of topics, including key operational issues, the development of high-power rf power sources,
high-power rf systems upgrades, and exploring and developing new rf technology for future synchrotron facilities were discussed.
To view all of the workshop presentations, go to http://www.aps.anl.gov/News/Conferences/2006/CWHAP06/index.html.
Contact: Ali Nassiri (nassiri@aps.anl.gov)
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T O WA R D 100- nrad - S C A L E
B E A M S TA B I L I T Y AT T H E APS

B

eam stability in the APS machine is, at present, quite good. But in the course of the next
3-to-5 years, it is likely that beam stability will
become a limiting factor for many users’
experiments. In an effort to stay on the leading edge of
machine performance, a new set of beam stability
goals has been developed, and critical efforts toward
those goals have been initiated. The main idea behind
developing these goals was to eliminate the accelerator altogether as a source of beamline instability.
Specifically, the beam position noise and drift resulting in a 100-nrad pointing stability would correspond
to a level of motion that would be transparent, and
thus irrelevant to beamline operation. To achieve
the ultimate 100-nrad-scale beam stability, a
detailed understanding of the limitations and
upgrade paths is necessary. These efforts are
important not only for the present users, but also for
facility upgrades such as the proposed energyrecovery linac
Fig. 1. Prototype broadband rf bpm data acquisition board, with eight digitizMost critical to meeting challenging long-term
ers plus FPGA. (Courtesy R. Laird, AES.)
stability goals is the ability to measure both particle
and x-ray beam trajectories with high conﬁdence in a frequency
urement, and frequency band noise power measurement will
range from DC to several-hundred Hz. The substantial
be included.
improvements needed to accomplish long-term stability goals
The extensive use of insertion device photon bpms for
will rely heavily on the success of several key beam trajectory
closed-loop orbit correction is unique to the APS. This is due to
measurement initiatives, along with efforts to eliminate sources
an effort to eliminate stray radiation sources by means of a 7of beam instability. As a result of more than 10 years of develyear-long accelerator realignment program (the “Decker distoropment on orbit correction, APS dynamic beam stability today
tion,” see APS Science 2004, ANL-05/04, p. 149), and a furis really quite good—at the level of 1.8 µm/300 nrad rms vertither several-year effort to minimize residual gap-dependent
cally in a frequency band from 0.1 to 200 Hz. The long-term
systematic errors. This has been critical to the ability to reprogoals for these measures of beam stability are 0.42 µm and
duce insertion device source angle and position over periods
220 nrad rms, respectively.
ranging from days to months at the few-microradian level.
While progress to date has been signiﬁcant, certain porTo go to the next level, a program was started in 2005 to
tions of the installed orbit correction infrastructure are rapidly
develop a photon bpm sensitive to hard x-rays—in contrast to
approaching the theoretical performance limit. Further, many
the present photon bpms, which are sensitive to ultraviolet
system components have maintenance issues associated with
radiation present at the beam’s periphery. The new detector
a limited stock of now-unobtainable spare parts. Modern techrelies on the principle of hard x-ray back ﬂuorescence, in a
nological advances, speciﬁcally fast digiziters coupled with
fashion similar to what has been done with monochromatic
ﬁeld-programmable gate arrays (FPGAs), provide the potential
beams [1]. A pre-prototype assembly for testing a variety of
for very substantial performance enhancements in addition to
detector conﬁgurations has been installed in a spare monovastly expanded functionality. For example, a prototype data
chromator vacuum tank at beamline 19-ID (SBC-CAT) and
acquisition board using this technology for the broadband radio
extensive studies are ongoing.
frequency (rf) beam position monitor (bpm) system (Fig. 1) is
Contact: Katherine Harkay (harkay@aps.anl.gov)
under development in a cross-divisional collaboration among
Glenn A. Decker (decker@aps.anl.gov)
the APS Controls, Diagnostics, and Operations and Analysis
REFERENCE
groups. In addition to providing a considerable reduction in
noise, new capabilities such as transient turn-by-turn orbit history, postmortem analysis, multi-turn injection trajectory meas-

[1] R. Alkire, G. Rosenbaum, and G. Evans, J. Synch. Rad. 7,
61 (2000).
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H I G H - H E AT - LO A D R&D
F O R T H E APS F R O N T E N D S

G

at higher storage ring current levels. Although Glidcop® samples cracked and failed at temperatures greater than 500° C, a
sample at 450° C survived 20,000 cycles with no visible signs
of damage. Samples still require metallurgical evaluation, but
initial results indicate that operation at levels significantly above
300° C will be possible, doubling the expected operational life
while enabling the use of more powerful x-ray beams.
As a means of tolerating higher total power and power densities, a recent investigation has focused on the use of chemical vapor deposition (CVD)-diamond layers deposited onto
Glidcop® to “spread” thermal loads deposited on the surfaces
of front-end high-heat load components. Figure 1 shows a conceptual design for a multilayered photon shutter with CVD diamond bonded to the beam-strike surface. Although many fabrication details still need to be worked out, initial finite element
analysis results are quite encouraging, indicating allowable
operation at the 300-mA level with this design.
Two new high-heat-load-component designs have recently
been developed, fabricated, and installed for use in the hard xray nanoprobe beamline at sector 26 of the APS, including an
8-mm-diameter, clear-aperture CVD-diamond window and a set
of high-power white-beam slits. Unlike previous beryllium x-ray
window designs, the new CVD-diamond window can withstand
operation with dual inline undulators, or single undulator operation up to 200 mA. The new white-beam slit design incorporates
monolithic Glidcop® slit bodies mounted to commercially available x-y drive systems, making this design very cost effective
and relatively easy to fabricate. The new slit design can tolerate
a peak power density of 763 W/mm2 and allows beamline operation up to 180 mA.
Contact: Jeff Collins (collins@aps.anl.gov)

lidcop®, an aluminum oxide, dispersion-strengthened copper, is a high-strength material with a
thermal conductivity near that of copper. It is widely
used at the APS as the x-ray beam absorbing
material in most of the front-end high-heat load components.
The thermal fatigue properties of Glidcop® are not well characterized and, therefore, the APS adopted conservative design
criteria, allowing a maximum surface temperature of only 300°

(f)
(a)
(b)

(e)
(c)
(d)

See: Y. Jaski and D. Cookson, “Design and Application of CVD
Diamond Windows for X-Rays at the Advanced Photon
Source,” AIP Conference Proceedings 879, 9th International
Conference on Synchrotron Radiation Instrumentation, May 28June 3, 2006, Daegu, Korea (January 2007).

Fig. 1. Multilayered photon shutter with a CVD-diamond layer.
(a): Glidcop®-cooled half; (b): Glidcop® SiC non-cooled half;
(c): SS 304 vacuum flange; (d): CVD SiC substrates (500 mm x 80
mm x 6 mm); (e): CVD-diamond layer; (f): cooling-water ports.

C to limit material movement due to prolonged exposure to high
temperatures or high stresses. Front-end high-heat load components at the APS have been designed to withstand at least
10,000 thermal cycles during normal operation; but increasing
demand for higher power densities and total power have
pushed the design of beam-absorbing components to the limit.
Recent experiments conducted at XOR beamline 26-ID-A
assessed the thermal fatigue properties of Glidcop® exposed to
cyclic thermal loading by the APS x-ray beam. Experimentally
determining the actual maximum surface temperature limit may
allow revision of the design criteria for Glidcop®, increasing the
expected life of existing components and allowing for operation

C. Benson, Y. Jaski, J. Maser, T. Powers, R. Winarski, O.
Schmidt, E. Rossi, and T. Grabinski, “White Beam Slits and Pink
Beam Slits for the Hard X-ray Nanoprobe Beamline at the
Advanced Photon Source,” AIP Conference Proceedings 879,
9th International Conference on Synchrotron Radiation
Instrumentation, May 28-June 3, 2006, Daegu, Korea (January
2007).
V. Ravindranath et al., “Thermal Fatigue Life Prediction of
Glidcop® Al-15,” MEDSI 2006, May 24-26, 2006 Himeji, Hyogo,
Japan. [Online]. http://medsi2006.spring8.or.jp/proc/31_1.pdf
[January 2007].
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THE SMCO INSERTION DEVICE
A N D R A D I AT I O N D A M A G E

T

hrough 10 years of operation, most insertion devices
(IDs) installed in the APS storage ring have shown
minimal changes in their performance over time. In
sectors with narrow-gap (5-mm beam clearance) vacuum chambers, however, the storage-ring radiation due to
beam losses was significantly higher than that seen in a typical
APS sector (7.5- or 8-mm beam clearance). This radiation can
damage the permanent magnets of the undulator, demagnetizing them and producing a non-ideal magnetic profile (see
“Radiation Effects on Insertion Devices,” APS Science 2003,
ANL-04/07, p. 154). To maintain optimum performance, the IDs
in such sectors needed to be periodically removed to remagnetize the magnets and re-tune the device. At present, sector 4 is
the only sector that has a narrow-gap chamber. In an effort to
alleviate the radiation problem, a new device with more radiation-resistant samarium cobalt (SmCo) magnets was installed in
sector 4 in January 2006 (see “A New, Blue SmCo Insertion
Device,” APS Science 2005, ANL-05/29, p. 184).

Fig. 2. Scan of the undulator gap at 35 keV for undulator A (top)
showing the effects of radiation damage and SmCo (bottom)
showing minimal effects.

to increase the field strength there. The taper grew to a few hundred microns difference between the ends. The peak field in the
damaged device shown here is approximately linear along the
undulator, but the dependence of the field on gap is exponential. Although tapering does not provide a perfect correction, it is
a reasonable temporary solution. When the radiation damage
exceeds a certain threshold, tapering is no longer effective and
the device must be removed and remagnetized. The undulator
damage seen in sector 4 was not as linear, so more tuning effort
was required to flatten the field after tapering. Clearly, minimizing or avoiding radiation damage altogether is an obvious
advantage.
The radiation-induced loss of magnetization is most pronounced when measuring the photon flux of higher-order undulator harmonics. Figure 2 shows the flux measured at 35 keV as
the undulator gap was scanned through the fifth harmonic for
both undulator A with neodymium iron boron magnets and the
new undulator with SmCo magnets. After only three months in
the storage ring, the flux obtained with undulator A (red curve in
top panel) is significantly degraded compared to scans taken at
the beginning of a run cycle (blue curve). Nearly all the flux
Continued on next page

Fig. 1. Damage sequence for undulator A installed on a 5-mm
vacuum chamber at the downstream end of sector 3. The
beam travels from right to left relative to the graph; i.e., the
beam exits the undulator at pole #1. This vacuum chamber was
replaced by a 7.5-mm chamber in 2005; no further damage has
been observed in the device.

The cumulative effect of beam-loss-induced radiation damage on an undulator can be seen in Fig. 1. The graph shows the
magnitude of the peak magnetic field under each undulator pole
vs. numerical position along the downstream undulator in sector 3. The first step in keeping this undulator operational was to
redefine "parallel," which was defined as when the magnetic
field was as flat as possible. This was achieved by reducing the
mechanical gap at the undulator end with the weakest magnets
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beam losses from injection, Touschek scattering, and beam
dumps. Inserting the scraper reduced the sector 4 radiation due
to all of these sources, while at the same time not appreciably
affecting the injection efficiency. The scraper has been implemented operationally.
In addition to the user synchrotron radiation output results,
it would be desirable to obtain magnetic measurements of the
SmCo device to compare with the pre-installation measurements. In view of the user results in Fig. 2, there was no immediate need to remove and retune the device. It will be removed
during a future shutdown for re-measurement and retuning, if
required.
Contact: Katherine Harkay (harkay@aps.anl.gov)
Jonathan Lang (lang@aps.anl.gov),
Liz Moog (moog@aps.anl.gov)

could be recovered, however, by tapering the undulator by 0.18
mm (magenta curve). Note that the position of the harmonic is
shifted to a smaller gap. The smaller gap results in the higher
field strength required to achieve 35 keV.
The new SmCo device (bottom panel of Fig. 2), on the
other hand, showed no significant damage even after nine
months of operation in the storage ring. The flux at 35 keV for
this device is ~20% smaller compared to the previous 3.3-cm
device, due to the longer 3.5-cm period of the SmCo device.
Accelerator simulations demonstrated that beam losses at
the undulator were largely resulting from particles being scattered from the stored beam in a process called “Touschek scattering” [1]. This motivated a strategy for protecting the sector 4
undulator from such losses by placing a scraper in a location
with good selection for off-energy particles. A horizontal
scraper was therefore installed at the downstream end of a
straight sector that is occupied by radio frequency accelerating
cavities. Radiation studies were conducted under various
machine conditions using RadFET detectors positioned along
the length of the sector 4 chamber. The detectors responded to
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Damage in the Advanced Photon Source," Proceedings of the
2005 Particle Accelerator Conference, IEEE (2005), 3835.

APS

The 2006 EPICS Collaboration Meeting
In June 2006, the APS hosted a successful meeting of the Experimental
Physics and Industrial Control System
(EPICS) collaboration. EPICS is a set of
software tools and applications that
was jointly developed by Argonne
National Laboratory and Los Alamos
National Laboratory to provide a software infrastructure for use in building distributed control systems to operate
devices such as particle accelerators,
beamlines, large experiments, major telescopes, and large industrial plants.
EPICS continues to be seen as a viable
and desirable control system tool kit and
the last year has seen a number of new
projects in both the U.S. and Asia starting to examine and use EPICS. The collaboration meeting at the APS was attended by more than 140 people from 36 organizations spread over 11 countries. The last
EPICS meeting at the APS was 28 meetings ago in 1994, when the sessions had many fewer attendees. New at the 2006 meeting
were the Special Interest Group Workshops, for discussion of minority-interest topics.
Notable presentations covered the successes of the EPICS-based control systems in the construction and commissioning of the Spallation Neutron Source, the Australian
Synchrotron, and the Diamond Light Source. Future developments to watch include Version 4 Java IOC; and the growing number of client application frameworks that are being worked on, the leading candidate for which appears to be the Eclipse-based
Control System Suite development started at the Deutsches Elektronen Synchrotron in Hamburg, Germany, for use with the XFEL
project. Contact: Andrew Johnson (anj@aps.anl.gov)
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S AV I N G S I N T H E A I R : N O - C O S T
I M P R O V E M E N T S I N B E A M S TA B I L I T Y

E

fficient and reliable delivery of x-ray beams
to APS users is dependent on many factors,
not least of which is the utility infrastructure
that supplies electrical power, space temperature control, and primary cooling water for the
accelerator and storage ring, user beamlines, and
other technical systems and components. One of
the main objectives at the APS has been to enhance
the orbital stability of the storage ring beam.
Temperature stability in the storage ring enclosure is
a factor in meeting this challenge, because fluctuations in temperature can cause dimensional
changes in storage ring components that can substantially affect electron-beam orbit.
Much attention has been paid over the years to
temperature control of the APS water-cooling sysContinued on next page

Top: Example of storage ring air-temperature fluctuations before (red) and
after (blue) air conditioning upgrades. Bottom photo: AES and FMS personnel
conducting an in-progress review of construction activities in preparation for
commissioning of the upgraded storage ring air conditioning system. Left to
right: Rick Janik (AES), Robert Brachle and Glenn Willes (both FMS), and
Marvin Kirshenbaum and Andrew Stevens (both AES).
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tion of colder cooling water as a means of improving temperature stabilization of storage ring magnets and vacuum
chambers. This increased reliance on direct water cooling
resulted in the shifting of heat rejection from the tunnel
space air directly to the cooling water. The excess capacity
in the air conditioning system created by this shift acted to
“drive,” rather than respond to, the tunnel air temperature,
further limiting the existing system’s ability to achieve tighter
temperature control.
The aforementioned study, conducted in 2005, demonstrated that while adjustments to the temperature control
loop tuning parameters could offset some of the increased
gain of the cooling system, this in itself would not result in a
consistent air temperature within the desired range. Further,
under the original design, all air conditioning systems
served the dual role of cooling and ventilating the tunnel
with outdoor air. This coupling of the tunnel space temperature control to variations in the outdoor air temperature was
another cause of air-temperature instability, especially during the transitional seasons when multiple switchovers
between cooling and heating of outdoor air would occur
within a single 24-h period. These findings led to an overall
re-evaluation of the existing space cooling system and the
identification of a number of changes that could be made to
modify the existing system with minimum impact to its physical configuration. These changes included replacement of
the existing air conditioning units’ large cooling-water control valves with smaller valves, optimization of control loop
tuning parameters, and decoupling of the outdoor air influence. All of these improvements, as shown in the 2005 engineering study, would produce remarkable improvements in
tunnel space temperature stability.
At the time of this writing (early calendar year 2007)
after completion of the initial system modifications in
January 2007, the tunnel temperature is being maintained
well within the tighter range of 0.5º C (a four-fold reduction
in temperature variation) and initial operation indicates that
a further reduction in variation can be achieved, yielding
peak-to-peak temperatures of 0.2º C.
The success of this project will serve as a model for
additional work at the APS, allowing the facility to implement
energy recovery to reduce operating costs and finance
needed facility improvements in the future.
Contact: Marvin Kirshenbaum (kirshen@ aps.anl.gov)

tem responsible for the heat rejection and temperature stability of magnets and vacuum chambers. But the temperature
stability of the air around the water-cooled components, girders, and other non-water-cooled structural elements within
the storage ring tunnel is another factor, one that has
recently been addressed by an innovative air-handling system upgrade that was accomplished with no capital expenditure by Argonne or the APS, while promising to yield future
cost savings for the facility.
The Conventional Facilities Group (CFG) in the APS
Engineering Support Division, which has primary responsibility for conventional design and construction at the APS,
along with the role of providing engineering support for monitoring the operation and performance of the utility infrastructure, initiated the upgrade to the APS storage ring air conditioning system. To finance implementation of this work, a
scheme was devised to utilize waste heat from the APS. This
permitted the leveraging of U.S. Department of Energy
(DOE)-sanctioned “performance contracting,” which allows
outside contractors to finance construction with cost recovery for their efforts paid out of a guaranteed energy savings.
Thus, all costs associated with the upgrade of the entire APS
storage ring air conditioning system are being recovered
from the cost reduction in energy usage. Johnson Controls,
Inc., was selected by Argonne from a list of contractors prequalified by the DOE to, upon review and acceptance, provide the financing and construction services required to
implement these changes.
The foundation for this work was a study conducted by
the CFG in cooperation with the Argonne Facilities
Management and Services (FMS) Maintenance Group.
Originally, the storage ring tunnel space air temperature was
specified to be maintained within a 2º C peak-to-peak range.
As user demands on storage ring performance have
increased with the development of more and more beamlines, it became apparent that a more stringent specification
was required to enhance electron-beam orbital stability.
Various simulations and measurements indicated that, at the
very least, the tunnel air temperature variation must be constrained to a peak-to-peak range of 0.5º C.
In the years since facility construction, improvements
have been made in control of the storage ring tunnel air temperatures. But without physical changes to the existing airhandling system, the level of improvement required could not
be achieved. A greater reliance had been placed on utiliza-
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FPGA S

A

AND

IOC S

dvances in semiconductor technology (faster,
smaller, more precise) are being applied to challenging controls problems at the APS in order to continually improve the performance of the accelerator and
beamlines. Two areas where substantial progress has been
seen are the size of the processor required to run the
Experimental Physics and Industrial Control System (EPICS)
software used at the APS, and the use of large field-programmable gate arrays (FPGAs) for high-speed data processing. An
FPGA is an integrated circuit containing an array of simple logic
elements and interconnections. The functions performed by the
logic blocks and the interconnections between them are set as
specified by the system designer rather than by the integrated
circuit manufacturer (i.e., they are “programmable”).
Although the size of the typical processors running EPICS
software has decreased dramatically, the performance of the
units shown is comparable. The small size of the recent microcontrollers, however, allows tight integration with other highperformance integrated circuits in very small enclosures.
Another area where phenomenal performance increases
have been realized is with large-scale FPGA integrated circuits.
Today’s high-end FPGA chips might contain hundreds of thousands of internal gates and over a thousand input/output (I/O)
pins. The FPGAs used in the projects described in this article
contain low-level logic elements as well as memory blocks and
dedicated arithmetic blocks useful for performing digital signal
processing.
The combination of these two technologies (a single-chip
microcontroller module and a large FPGA, Fig. 2) is providing
control system and data acquisition developers at the APS with
a powerful new tool. Several projects based on this technology
are in use or under development at the APS.
The first component [(A) in Fig. 2] of this combination of
electronics is a commercially-available module the same size
as a notebook computer memory module (about the size of a
credit card), containing a single-chip microcontroller, memory,
and Ethernet network interface. This module is capable of functioning as a complete EPICS input/output controller (IOC) and
appears to EPICS clients as a standard IOC. The low cost
(under $200) and high level of integration of this module means
that EPICS IOC capability can be added to an application
quickly and easily. The second component [(B) in Fig. 1] is the
large FPGA chip described above.
The first production use of this technology at the APS is the
Particle Accumulator Ring’s radio frequency (rf) phase adjustment controller. This application began as a quick “proof of principle” test that lent itself to the rapid prototyping environment
provided by the embedded IOC/FPGA combination. The prototype unit proved to operate so successfully that it was immediately put to use on a day-to-day basis. It has functioned without
any problems for well over a year.

AT T H E

APS

(a)
(A)

(B)

Fig. 1. Two technologies in one. An EPICS IOC (A) and a large
FPGA (B).

Another project utilizing the embedded IOC/FPGA combination is the single-bunch beam stabilizer. This device measures the position of a particular bunch of electrons in the storage ring, applies a digital filter computation to the most recent
32 measurements of that bunch’s position, and sends a signal
to stabilize the position of the bunch on the next pass around
the ring. The large number of computation blocks within the
FPGA allows these operations to be performed once for every
fourth bunch—i.e., every 11.26 nsec—resulting in the FPGA
continuously executing 88 million I/O operations per second
and over 5.8 billion multiplications and additions per second.
Both of these values are far beyond what a desktop PC could
perform.
Additional projects under development for the APS include
a nanoprobe positioning controller, a low-level rf measurement
system, a bunch-purity measurement system, a replacement
for the controllers used in many magnet power supplies, and an
improved beam position monitor processor. All of these projects
benefit from the greatly reduced component count, low power
consumption, high data throughput, and tight integration of the
IOC/FPGA solution. New designs can be quickly prototyped,
and the embedded IOC allows for a single-chassis, turn-key,
“EPICS-compliant” instrument delivered to the customer.
Contact: Eric Norum (norume@aps.anl.gov)
Ned Arnold (nda@aps.anl.gov)
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APS S A F E T Y I N N O VAT I O N
Total Recordable Cases Rate
Cases per 100,000 worker-hours

The APS has taken the lead within Argonne
in addressing DOE concerns over the use of
1.4
electrical equipment that has not been type
tested by a nationally recognized testing labora1.2
tory
(e.g.,
Underwriters
Laboratory).
Manufacturers of highly specialized scientific
1
equipment do not always expend the resources
necessary to have each device type tested,
0.8
especially for devices with low production runs.
Also, “home built” devices that users bring to the
0.6
facility may have deficiencies that have not been
2004
2005
2006
recognized by their constructors. The DOE
Fiscal Year
requirement that contractors inspect all unlisted
Fig. 1. Total recordable cases rate for APS employees vs. other Argonne employees
electrical equipment implements specific fea(not including contractors nor APS users). The DOE-SC publishes data that includes
tures of the Occupational Safety and Health
contractors and users. This data yields different values for the three Argonne rates
(OSHA) Act, and of the National Electric Code.
shown (1.5 for fiscal year [FY] 2004 and FY 2005 rather than 1.41, and 1.2 for FY 2006
The Argonne program was piloted at the APS
rather than 1.06). This type of data is presently not readily available for the APS.
and specifically targeted the inspection of userprovided, unlisted electrical equipment.
Being able to identify electrical deficiencies requires multiepartment of Energy (DOE) requirements and
day, hands-on training of personnel familiar with electrical
expectations related to preserving the health and
equipment. The APS arranged for selected personnel to obtain
safety of workers and the general public, as well as
the training and to be certified as inspectors. The experience
protecting the environment, have steadily increased
gained during the pilot program demonstrated that most inspecand have become more detailed. This presents a unique chaltions took 1 to 2 hours to perform, and that slightly more than
lenge to the APS as a large DOE user facility. Along with contin50% of devices inspected failed to pass. Users were not
ued efforts to maintain a safe workplace for employees, the needs
allowed to deploy the equipment until repairs had been comof the many and varied APS users must be balanced with the
pleted and the device passed re-inspection. Most of the repairs
necessity of adhering to the DOE requirements and providing the
were relatively minor, but occasional major rework did occur.
safest possible working environment. The APS has striven to be
The APS has been providing minor repair work to users at a
innovative in addressing DOE concerns in order to not unduly
nominal charge.
inhibit user activities once they have arrived at the APS.
Each DOE contractor is obligated to investigate and report
One example of this innovative approach is the APS Webinjuries that occur on their site. A standard method for reporting
based Experiment Safety Assessment Form (ESAF) process. The
injuries developed by the Department of Labor in administering
ESAF process, which is the responsibility of the APS Engineering
the OSHA Act—and by DOE—classifies certain injuries as
Support Division User ESH Support Group, ensures that pro“recordable,” as defined by OSHA Regulation 1904.7(b)(1). The
posed experimental activities with significant hazards are identiDOE Office of Science (SC) director has issued a set of goals
fied at a sufficiently early stage in order to arrange for proper mitfor reducing the number of injuries occurring at SC-funded sites.
igation before users arrive and the activities are initiated. The
The goals are based on the injury rates reported by companies
ESAF also must support a large number of reviews in an expediperforming R&D activities similar to those at the DOE-SC sites.
tious manner. The key to achieving both is the use of predefined
The intent is to achieve DOE-SC injury rates within the lowest
hazard categories. Each hazard category identifies the minimum
10% of the companies used as a basis (i.e., 90% of the basis
necessary mitigating measures that will be used, such as percompanies will have higher injury rates than DOE-SC sites).
sonal protective equipment, training, and use of formal proceThe APS injury rates are lower than the overall Argonne
dures. The ESAF process requires users to provide sufficient
injury rates. Figure 1 shows the rates for APS and Argonne for
information so that the hazard categories associated with their
the past three years associated with the total number of OSHA
proposed experiment or experimental apparatus can be easily
recordable cases per 100,000 worker-hours. It clearly shows
identified. This process has been finely honed over several years
that both APS and Argonne rates have been decreasing in
of use. The result is an efficient method for screening-out the
accordance with achieving the DOE-SC goals.
numerous proposed experimental activities with negligible hazContact: Tom Barkalow (barkalow@aps.anl.gov)
ards so that the few with significant hazards receive rapid and
proper attention.
1.6

Argonne
APS

D
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AES: A N E F F I C I E N T D I V I S I O N
OF RESOURCES

Fig. 1. The Center for Nanoscale Materials
is in the foreground of this aerial photo
taken in summer 2006. Lab/office module
437, the newest and final APS LOM, is to
the immediate left of the CNM.

A

strategic reorganization of the APS in 2006 brought
clearer focus to the missions of the X-ray Science
Division and the Accelerator Systems Division, and
created a new third division: APS Engineering
Support (AES). The AES Division efficiently and effectively
serves the APS community by centralizing facility services and
consolidating a wide range of support expertise from across the
APS. The result is optimization of the resources allocated for
facility and infrastructure design and maintenance.
During 2006, Conventional Facilities Group personnel, who
reside under Computer Systems (CS) within AES, oversaw the
completion of the Center for Nanoscale Materials (CNM) building adjoining the APS experiment hall, and the construction of
the final lab/office module (LOM 437) next to the CNM (Fig. 1).
The common areas of the 20,000-sq-ft LOM are complete and
the sector support spaces are now available to be built out to
meet the needs of nearby beamlines.
With the goal of providing more-efficient and better-integrated computer support services, the Information Technology,
Information Solutions, Controls, and Beamline Controls and
Data Acquisition groups were brought together under CS.
These groups are responsible for maintaining a high-performContinued on next page

Fig. 2. Christy Dannenberg (foreground) and Mary Westbrook (both
AES) at the Information Technology Support Request System (SRS)
center, which handles requests for computer support from APS personnel, and resident and visiting users. Since statistics were first collected in 1998, requests for computer support to the Web-based SRS
have grown from approximately 1,000 per fiscal year (FY) to more
than 5,500 in FY 2006, keeping pace with the increase in APS beamlines and users, while the response time per request is continually
improving.
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existing facilities. For instance, MIS groups provided mechanical design support to the High Resolution Inelastic X-ray
Spectrometer at sector 30, which was brought into operation in
2006 (see page 129). Mechanical and Interlocks Systems
groups are supporting APS contributions to the Linac Coherent
Light Source at the Stanford Linear Accelerator Center. And
technical personnel from MIS helped ensure another year of
outstanding x-ray source performance, with beam availability at
greater than 97% of scheduled beam time.
Because the AES has been charged with responsibility for
overseeing the beamline experiment safety program, the traditional role of APS floor coordinators, which once included both
technical and operational support for beamline operations and
safety oversight, has been changed. To better focus beamline
support, technical and administrative user support services
were placed in the X-ray Science Division’s Beamline Technical
Support Group. The AES floor coordinators are now dedicated
to ensuring that a safe work environment is maintained in the
beamline experimental facilities (Fig. 3). In 2006, AES was
responsible for the safety of the more than 3,200 users who
came to the APS more than 10,000 times, helping to continue
the excellent experiment safety record at the APS.
Contact: William Ruzicka (ruzicka@aps.anl.gov)

Fig. 2. A typical ICMS “Content Information” page.

ance, highly reliable computing environment (Fig. 2). In 2006,
the Beamline Controls and Data Acquisition Group accelerated
the implementation of a state-of-the-art computing infrastructure
for a growing number of APS beamlines.
Computer Systems groups were also instrumental in the
development of an electronic document management system
(the Integrated Content Management System, or ICMS) for the
APS (Fig. 2). This system, when fully deployed, will provide
tools for efficient document management (e.g., automated
workflows, revision tracking, and a base for Web content management) and ensure that technical and administrative groups
have rapid access operational records and historical references.
The CS Controls Group continued as a leading contributor
to the advancement of accelerator control system technology at
the APS and within the global accelerator community. Their contributions included the development of high-speed controls
applications such as digital radio frequency signal processing
and ongoing support of the EPICS (Experimental Physics and
Industrial Control System) suite of tools by maintaining critical
extensions, providing EPICS release control, and maintaining
the EPICS Web site.
Groups dedicated to safety; mechanical engineering,
design, operations and maintenance; drafting; survey and alignment; and safety interlocks now form an integrated engineering
support services organization under the umbrella of Mechanical
and Interlocks Systems (MIS) within AES. These groups provide
streamlined services for new projects as well as for maintaining

Mark Vukonich (seated), of Bio-CAT at sector 18, and AES floor
coordinator Nena Moonier demonstrate proper use of a portable
biosafety cabinet, one of two recently purchased by the APS. The
cabinets can be deployed around the experiment hall as
needed for work involving hazardous biological material that
would otherwise pose an inhalation risk for APS users and staff.
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TYPICAL APS MACHINE
OPERATIONS PARAMETERS

APS SOURCE PARAMETERS
UNDULATOR A

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
(1–6 pulses, 33.3 ms apart every 0.5 s)

2–12 Hz

Beam pulse length

8–30 ns

Bunch length

1–10 ps FWHM

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 peak brilliance:
5.0 × 1019 ph/s/mrad2/mm2/0.1%bw at 7 keV
Source size and divergence at 8.0 keV:
Σy: 9 μm
Σx: 275 μm
Σx': 12.6 μrad Σy': 6.4 μrad

PARTICLE ACCUMULATOR RING
Nominal energy

325 MeV

Maximum energy

450 MeV

2.30-CM UNDULATOR (SECTOR 14)

Circumference

30.66 m

Cycle time

500 ms

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 peak brilliance:
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

Fundamental rf frequency (RF1)

9.77 MHz

12th harmonic rf frequency (RF12)

117.3 MHz

RMS bunch length
(after compression)

0.34 ns

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

2.70-CM UNDULATOR (SECTORS 3 & 14)

Natural emittance

65 nm-rad

Radio frequency

351.930 MHz

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 peak brilliance:
7.0 × 1019 ph/s/mrad2/mm2/0.1%bw at 8.5 keV
Source size and divergence at 8.0 keV:
Σy: 9 μm
Σx: 275 μm
Σx': 12.6 μrad Σy': 6.4 μrad

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

2.8 nm-rad

RMS momentum spread

0.096%

Effective emittance

3.1 nm-rad

Vertical emittance

0.025 nm-rad

Coupling

1%

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
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3.00-CM UNDULATOR (SECTOR 30)

CIRCULARLY POLARIZED UNDULATOR (SECTOR 4)

Period: 3.00 cm
Length: 2.4 m
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 peak brilliance:
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

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 peak circular brilliance:
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 peak linear brilliance:
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

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 peak brilliance:
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

APS BENDING MAGNET
Critical energy: 19.51 keV
Energy range: 1–100 keV
On-axis peak brilliance:
6.5 × 1015 ph/s/mrad2/mm2/0.1%bw at 16 keV
On-axis peak angular flux density:
9.6 × 1013 ph/s/mrad2/0.1%bw at 16 keV
On-axis peak 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

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 peak brilliance:
2.0 × 1019 ph/s/mrad2/mm2/0.1%bw at 4 keV
Source size and divergence at 4.0 keV:
Σy: 9 μm
Σx: 275 μm
Σx': 13.9 μrad Σy': 8.6 μrad
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PARTNER USER PROPOSALS APPROVED
Investigators

FOR

BEAM TIME*

Partner User Proposal Title
(PUP number)

Beamline

Beam Time Award

Soft X-ray Spectroscopy for the Study of
Complex Magnetic Materials (PUP-1)

4-ID-C

10%/run for three years beginning with
run 2003-3 through 2006-2

Australian Synchrotron Research Program-XOR
Partnership Proposal (PUP-15)

1,3,4

Negotiated each run

Development of Small-Angle X-ray Photon
Correlation Spectroscopy for Studies of the
Dynamics of Soft Matter (PUP-35)

8-ID-I

20% for three years beginning with
run 2004-3 through 2007-2

L. Young, S. Southworth
D. Ederer, E. Landahl
E. Kanter, B. Kraessig
R. Dunford

Ultrafast and Ultrasmall Laser X-ray Techniques (PUP-37)

7-ID

15% for three years beginning with
run 2004-3 through 2007-2

L. Soderholm, P. Burns
J. Neuefeind, M. Beno
S. Skanthakumar

Short-range Order in Solution: Development of a
Dedicated Beamline for Pair-distribution Functions
(PDF) studies at the APS (PUP-52)

11-ID-B

20% beginning 2005-3 through 2008-2

J. Miao, M. Glimcher

Three-dimensional Imaging of Nanoscale Systems
Using Coherent X-rays (PUP-53)

2-ID-B

15% beginning 2005-3 through 2008-2

S. Risbud, J Amonette
I. McNulty, D. Paterson
E. Stern, E.D. Crozier
S. Heald, G. Seidler
D. Brewe, J. Cross

Novel X-ray Spectroscopies and Microscopies for the
Determination of Structure with Atomic Resolution
(extension of PUP-24) (PUP-55)

20-ID

Various allocations for different programs

L. Chen, K. Attenkofer
G. Jennings, D. Tiede

Developing Laser Initiated Time-resolved X-ray Facility
at 11-ID-D for Photochemical Research using
XAS and WAXS (PUP-56)

11-ID-D

20% beginning 2006-2 through 2007-3

Advanced USAXS Studies for Solution-Mediated Nanoscale
Processing, Nanostructural MaterialsImaging, and HighSpatial-Resolved Gradient Microstructure Characterization (PUP-59)

32-ID

10% beginning 2007-1 through 2008-3

Pacific Northwest Consortium Synchrotron Radiation Facility
XOR Bending Magnet Partnership Proposal (PUP-60)

20-BM

10% beginning 2007-1 through 2009-3

B. Ocko, K. Blasie
T. Gog, I. Kuzmenko

Partner User Proposal: Liquid Surface Scattering (LSS)
at Sector 9 (PUP-61)

9-ID

15% beginning 2007-1 through 2009-3

J. Hill, Y.-J. Kim
T. Gog, D. Casa

Partner User Proposal: Inelastic X-ray Scattering (IXS)
at Sector 9 (PUP-62)

9-ID

15% beginning 2007-1 through 2009-3

E. Landahl et al.

Picosecond Science at the Advanced Photon Source,
Partner User Proposal: Sector 7-ID (PUP-63)

7-ID

15% beginning 2007-1 through 2007-3

T.-K. Lee, J.H. Je
G. Margaritondo
K.S. Liang

Short Proposal for Limited Scope Partnership User at the
Advanced Photon Source Phase-Contrast Hard X-ray Microscopy
for Biological and In Situ Materials Science Applications at
Sub 6--nm Spatial Resolution (PUP-64)

T.A. Calcott, D.L. Ederer
J. Freeland, G. Srajer
Richard Garrett
S. Mochrie, A. Sandy
L. Lurio, S. Narayanan

A. Allen, L.E. Levine

E. D. Crozier
T.-K. Sham

E.D. Crozier
T.-K. Sham

Renewal Proposal for PUP-21, Pacific Northwest Consortium
Synchrotron Radiation Facility-XOR Insertion Device
Partnership User Proposal (PUP 65)

32-ID20% of the beam time on 32-ID for 2007-2 through 2010-1

20-ID

10% for 2007-1, 20% for 2007-2,
and 15% for 2007-3 through 2009-3

* As of 4.4.07.
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 Proposalss: 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
Partner user procedure: www.aps.anl.gov/Users/General_Reference/Policy_Procedures/Partner_Users/access_procedures.htm
Partner user policy: www.aps.anl.gov/Users/General_Reference/Policy_Procedures/Partner_Users/access_policy.htm
Partner users are individuals or groups whose work involves a greater degree of collaboration with the APS than is generally
expected of general users.
Collaborative access teams are the most comprehensive type of partner users.
Another type is a collaborative development team, an external partner group that drives the development of a beamline that will be
ultimately operated by the APS. Typically, a partner user requires access to more than 10% of the beam time on a beamline or sector
for two years or more.
(Source: www.aps.anl.gov/Users/Scientific_Access/Partner_User_Information/index.html
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APS B E A M L I N E G U I D E *
*As of 4.4.07. Source: http://beam.aps.anl.gov/pls/apsweb/beamline_display_pkg.beamline_dir

KEY: 2.3, 2.7, 3.0, 3.3, 5.5: undulator period; BM: Bending Magnet; CPU: Circularly Polarized Undulator; CU: Canted undulator; GU: General Users

Beamline

Sector

Discipline

Supported Techniques

Source

Status

1-BM-B,C

XOR

Materials science, physics,
chemistry

Powder diffraction, x-ray reflectivity

BM

Operational/GU

1-ID-C

XOR

Materials science, physics,
chemistry

High-energy x-ray scattering

3.3

Operational/GU

2-BM-B

XOR

Physics, life sciences

Phase-contrast imaging,
tomography, microdiffraction,
general diffraction

BM

Operational/GU

2-ID-B

XOR

Physics

Microfluorescence, phase-contrast imaging,
coherent x-ray scattering

5.5-cm und.

Operational/GU

2-ID-D

XOR

Life sciences, materials
science, enviro. science

Microfluorescence, microdiffraction,
micro-x-ray absorption fine structure(XAFS)

3.3

Operational/GU

2-ID-E

XOR

Life sciences, enviroscience

Microfluorescence

3.3, 5.5

Operational/GU

3-ID-B,C,D

XOR

Physics

Nuclear resonant scattering,
inelastic x-ray scattering

2.7 (x 2)

Operational/GU

4-ID-C

XOR

Physics, materials science

Photoemission electron microscopy,
CPU (canted)
x-ray photoemission spectroscopy,
magnetic circular dichroism (soft x-ray),
x-ray magnetic linear dichroism,
magnetic x-ray scattering,
anomalous & resonant scattering (soft x-ray)

Operational/GU

4-ID-D

XOR

Physics

Magnetic circular dichroism (soft x-ray),
3.5 (canted)
anomalous & resonant scattering (hard x-ray),
magnetic x-ray scattering

Operational/GU

5-BM-C

DND-CAT

Materials science,
polymer science

Tomography, powder diffraction

BM

Operational/GU

5-BM-D

DND-CAT

Materials science,
polymer science

XAFS, high-energy x-ray diffraction

BM

Operational/GU

5-ID

DND-CAT

Materials science,
polymer science

Macromolecular crystallography
powder diffraction, small-angle x-ray scattering
(SAXS), x-ray optics development/techniques,
inorganic crystallography

3.3

Operational/GU

6-ID-B,C

MU-CAT

Materials science

Liquid scattering, magnetic x-ray scattering,
powder diffraction, surface diffraction

3.3

Operational/GU

6-ID-D

MU-CAT

Materials science

High-energy x-ray diffraction, magnetic
x-ray scattering, powder diffraction,
pair-distribution function

3.3

Operational/GU

7-ID-B,C,D

XOR

Materials science,
chemistry, atomic physics

Time-resolved x-ray scattering, radiography,
time-resolved XAFS

3.3

Operational/GU

8-BM-B

NE-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

BM

Operational/GU

8-ID-E

XOR

Materials science, physics
polymer science

Intensity fluctuation spectroscopy,
x-ray reflectivity, x-ray photon correlation
spectroscopy, grazing-incidence SAXS

3.3

Operational/GU

8-ID-I

XOR

Materials science, physics
polymer science

Intensity fluctuation spectroscopy, coherent
x-ray scattering, SAXS,
x-ray photon correlation spectroscopy

3.3

Operational/GU

9-BM-B,C

XOR/CMC

Materials science

XAFS

BM

Operational/GU

9-ID-B,C

XOR/CMC

Materials science

Liquid scattering, SAXS,
general diffraction, inelastic x-ray scattering

3.3

Operational/GU

10-BM-A

MR-CAT

Materials science

TBD

BM

Reprogramming
Continued on page 182
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10-ID-B

MR-CAT

Materials science,
enviro. science, chemistry

Microfluorescence, XAFS,
diffraction anomalous fine structure,
microXAFS

3.3

Operational/GU

11-BM-B

XOR/BESSRC

Materials science,
chemistry, physics

Powder diffraction

BM

Commissioning

11-ID-B

XOR/BESSRC

Materials science,
chemistry, enviro. science

High-energy x-ray diffraction,
pair distribution function

3.3

Operational/GU

11-ID-C

XOR/BESSRC

Materials science, physics,
geoscience, chemistry

High-energy x-ray diffraction

3.3

Operational/GU

11-ID-D

XOR/BESSRC

Materials science,
geoscience

XAFS, general diffraction

3.3

Operational/GU

12-BM-B

XOR/BESSRC

Materials science,
geoscience

XAFS, powder diffraction,
general diffraction

BM

Operational/GU

12-ID-B,C,D

XOR/BESSRC

Materials science,
chemistry, physics

SAXS, wide-angle x-ray scattering,
grazing incidence SAXS

3.3

Operational/GU

13-BM-C,D

GSECARS

Geoscience,
enviro. science

Tomography, XAFS,
high-pressure diamond anvil cell,
high-pressure multi-anvil press

BM

Operational/GU

13-ID-C,D

GSECARS

Geoscience,
enviro. science

Microfluorescence, XAFS,
microdiffraction, surface diffraction,
high-pressure diamond anvil cell,
high-presure multi-anvil press,
inelastic x-ray scatterring

3.3

Operational/GU

14-BM-C

BioCARS

Life sciences

Macromolecular crystallography,
fiber diffraction large unit cell crystallography

BM

Operational/GU

14-BM-D

BioCARS

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

BM

Operational/GU

14-ID-B

BioCARS

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion,
time-resolved x-ray scattering,
Laue crystallography

2.3 & 2.7

Operational/GU

15-ID-B,C,D

ChemMatCARS Materials science,
chemistry

Anomalous & resonant scattering (hard x-ray),
small-angle & wide-angle x-ray scattering,
liquid scattering, time-resolved x-ray
scattering, microdiffraction

3.3

Operational/GU

16-BM-B

HP-CAT

Materials science,
geoscience

Powder diffraction, single-crystal diffraction

BM

Operational/GU

16-ID-B

HP-CAT

Materials science,
geoscience

Microdiffraction, powder diffraction,
single-crystal diffraction, high-pressure
diamond anvil cell

3.3

Operational/GU

16-ID-D

HP-CAT

Materials science,
geoscience

Nuclear resonant scattering, general diffraction,
3.3
inelastic x-ray scattering, x-ray Raman scattering,
x-ray emission spectroscopy

Operational/GU

17-BM-B

IMCA-CAT

Life science, physics

Macromolecular crystallography,
multiwavelength anomalous dispersion

BM

Operational/GU

17-ID-B

IMCA-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

3.3

Operational/GU

18-ID-D

Bio-CAT

Life sciences

Microfluorescence, microdiffraction,
SAXS, microXAFS, fiber diffraction

3.3

Operational/GU

19-BM-D

SBC-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

BM

Operational/GU

19-ID-D

SBC-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

3.3
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20-BM-B

XOR/PNC

Materials science,
enviro. science

Microfluorescence, XAFS, microXAFS

BM

Operational/GU

20-ID-B,C

XOR/PNC

Materials science
enviro. science,
chemistry

Microfluorescence, XAFS, time-resolved XAFS,
microXAFS, x-ray Raman scattering,
surface diffraction

3.3

Operational/GU

21-ID-D

LS-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

CU

Commissioning

21-ID-E

LS-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

CU

Construction

21-ID-F

LS-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

21-ID-G

LS-CAT

Life sciences

multiwavelength anomalous dispersion
multiwavelength anomalous dispersion

22-BM-D

SER-CAT

Life sciences

Macromolecular crystallography

BM

Operational

22-ID-D

SER-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

3.3

Operational

23-BM-B

GM/CA-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

BM

Construction

23-ID-B

GM/CA-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

CU

Operational

23-ID-D

GM/CA-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

CU

Operatiional/GU

24-BM-B

NE-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

BM

Construction

24-ID-C

NE-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

CU

Operational/GU

24-ID-D

NE-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

3.3

Operational/GU

24-ID-E

NE-CAT

Life sciences

Macromolecular crystallography,
multiwavelength anomalous dispersion

CU

Construction

26-ID-C

XOR/CNM

Nanoscience,
energy science,
materials science,
optics development

Fluorescence, diffraction, & transmission
imaging, tomography, SAXS,
polarization dependent scattering

3.3

Commissioning

30-ID-B,C

XOR/IXS

Materials science,
physics, geoscience

Medium-energy resolution inelastic
x-ray scattering, high-energy-resolution
inelastic x-ray scattering, nuclear inelastic
x-ray scattering

3.0

Operational/GU

31-ID-D

SGX-CAT

Life sciences

Macromolecular crystallography

3.3

Operational/GU

32-ID-B

XOR

Materials science

Phase contrast imaging

3.3

Commissioning

33-BM-B,C

XOR/UNI

Materials science,
physics, chemistry

Anomalous & resonant scattering (hard x-ray),
diffuse x-ray scattering, powder diffraction,
x-ray reflectivity, general diffraction, grazing
incidence diffraction

BM

Operational/GU

33-ID-D

XOR/UNI

Materials science,
physics, chemistry

Anomalous & resonant scattering (hard x-ray),
diffuse x-ray scattering, x-ray reflectivity,
surface diffraction, general diffraction,
grazing incidence diffraction

3.3

Operational/GU

34-ID-C

XOR/UNI

Materials science,
physics

Coherent x-ray scattering, microdiffraction

3.3

Operational/GU

34-ID-E

XOR/UNI

Materials science,
physics

Coherent x-ray scattering & diffraction,
microbeam diffraction, microprobe

3.3

Operational/GU

0
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APS S CIENTIFIC A DVISORY C OMMITTEE *

APS U S E R S O R G A N I Z AT I O N
STEERING COMMITTEE*

Jens Als-Nielsen
Professor, Københavns Universitet
Niels Bohr Institutet Ørsted Laboratoriet

Simon Billinge Michigan State University
Keith Brister Northwestern University

Michelle V. Buchanan
Associate Laboratory Director for Physical Sciences;
Director, Molecular and Cellular Systems
Oak Ridge National Laboratory

Paul Evans University of Wisconsin-Madison
Millicent Firestone Argonne National Laboratory
Thomas Gog Argonne National Laboratory
Barbara Golden Purdue University

Slade G. Cargill
Fairchild Professor and Department Chair,
Dept. of Materials Science and Engineering
Lehigh University

Tim Graber The University of Chicago
Gene Ice Oak Ridge National Laboratory (Chair)
Laurence Lurio Northern Illinois University

Howard M. Einspahr
Research Fellow, Bristol-Myers Squibb (retired)

Simon Mochrie Yale University

Patrick D. Gallagher
Director, NIST Center for Neutron Research
National Institute of Standards and Technology

David Reis University of Michigan

Peter Ingram
Department of Pathology
Duke University Medical Center

Carol Thompson, Northern Illinois University

Anne Mulichak The University of Chicago
Ward Smith Argonne National Laboratory
Ex-Officio
Source: http://www.aps.anl.gov/About/Committees/APS_Users_Organization/Members/index.html

PA R T N E R U S E R C O U N C I L *
Miles V. Klein
Research Professor of Physics and
Center for Advanced Study Professor of Physics Emeritus
University of Illinois at Urbana-Champaign

Dean R. Haeffner sector 1, Argonne National Laboratory
Qun Shen sector 2, Argonne National Laboratory
Wolfgang Sturhahn sector 3, Argonne National Laboratory
George Srajer sector 4, Argonne National Laboratory
Denis T. Keane sector 5, Northwestern University
Douglas S. Robinson sector 6, Iowa State University
Roy Clarke sector 7, University of Michigan
Simon G.J. Mochrie sector 8, Yale University
J. Kent Blasie sector 9, University of Pennsylvania
Bruce A. Bunker sector 10, University of Notre Dame (Chair)
Mark A. Beno sector 11, Argonne National Laboratory
Randall E. Winans sector 12, Argonne National Laboratory
Mark L. Rivers sector 13, The University of Chicago
Keith Moffat sector 14, The University of Chicago
P. James Viccaro sector 15, The University of Chicago
David Mao sector 16, Carnegie Institution of Washington
Lisa J. Keefe sector 17, The University of Chicago
Thomas C. Irving sector 18, Illinois Institute of Technology
Andrzej Joachimiak sector 19, Argonne National Laboratory
Edward A. Stern sector 20, University of Washington
Wayne F. Anderson sector 21, Northwestern University
John J. Chrzas sector 22, University of Georgia
Robert F. Fischetti sector 23, Argonne National Laboratory
Malcolm Capel sector 24, Cornell University
G. Brian Stephenson sector 26, Argonne National Laboratory
John P. Hill sector 30, Brookhaven National Laboratory
Kevin L. D'Amico sector 31, SGX Pharmaceuticals, Inc.
Paul Zschack sectors 33-34, Argonne National Laboratory

Richard Leapman
Acting Director; Chief, Supramolecular Structure
and Function Resource, DBEPS, ORS, NIH
National Institutes of Health
Piero A. Pianetta
Professor (Research) of Stanford Synchrotron Radiation
Laboratory (SSRL) and Electrical Engineering
Deputy Director, SSRL
Stanford Linear Accelerator Center
Michael R. Wasielewski
Professor, Department of Chemistry
Northwestern University
Glenn Waychunas
Scientist, Molecular Geochemistry and
Nanogeoscience Group Leader
Lawrence Berkeley National Laboratory
Donald J. Weidner
Professor, Department of Earth and Space Sciences,
State University of New York, Stony Brook
Pierre E. Wiltzius (Chair)
Director, Beckman Institute for Advanced Science
and Technology,
Professor, Departments of Materials Science &
Engineering and Physics
University of Illinois at Urbana-Champaign
Wei Yang
Chief, Structural Biology and Cell Signaling Section
National Institutes of Health Laboratory of Molecular Biology

Source: www.aps.anl.gov/About/Committees/Partner_Users_Council/Members/puc_list.htm

* As of 4.07

Source: www.aps.anl.gov/About/Committees/Scientific_Advisory_Committee/Members/index.html
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P R O P O S A L R E V I E W PA N E L S *

B E A M T I M E A L L O C AT I O N C O M M I T T E E S *

HIGH PRESSURE

M A C R O M O L E C U L A R C RY S TA L L O G R A P H Y

Thomas Duffy Princeton University (Chair)
Dion Heinz The University of Chicago
Kurt Leinenweber Arizona State University
Jie Li University of Illinois at Urbana-Champaign
Guoyin Shen Carnegie Institution of Washington
Viktor Struzhkin Carnegie Institution of Washington

Joseph Brunzelle Northwestern University
Robert Fischetti Argonne National Laboratory (Chair)
Vukica Srajer The University of Chicago

ALL OTHER SCIENCE
Carlo Segre Illinois Institute of Technology
Denis Keane Northwestern University
G. Brian Stephenson Argonne National Laboratory
Jonathan Tischler Oak Ridge National Laboratory (Chair)

I N S T R U M E N TAT I O N
Peter Eng The University of Chicago (Chair)
Sarvjit Shastri Argonne National Laboratory
Don Walko Argonne National Laboratory

Source: http://www.aps.anl.gov/About/Committees/Beam_Time_Allocation_
Committees/index.html

I M A G I N G /M I C R O B E A M
Yong Chu Argonne National Laboratory (Chair)
George Cody Carnegie Institution of Washington
George Flynn State University of New York, Plattsburgh
Tatjana Paunesku Northwestern University
Steve Sutton The University of Chicago

APS I NTER CAT T ECHNICAL W ORKGROUP *

M A C R O M O L E C U L A R C RY S TA L L O G R A P H Y

Beam Stability Subgroup: Paul Zschack,
Argonne National Laboratory

SUBGROUPS:
Top-off Subgroup: John Quintana, \
Argonne National Laboratory

Arnon Lavie University of Illinois at Chicago
Anne Mulichak The University of Chicago
John Rose University of Georgia (Chair)

Detector Subgroup: Thomas Irving,
Illinois Institute of Technology

S C AT T E R I N G /A P P L I E D M AT E R I A L S
Sean Brennan Stanford Linear Accelerator Center (Chair)
Jeff Eastman Argonne National Laboratory
George Fenske Argonne National Laboratory
Ersan Ustundag Iowa State University

Diagnostics Subgroup: Jonathan Lang,
Argonne National Laboratory
Source:
www.aps.anl.gov/About/Committees/InterCAT_Technical_Workgroup/index.html

S C AT T E R I N G /C O N D E N S E D M AT T E R
Peter Abbamonte Brookhaven National Laboratory
Tai-Chang Chiang University of Illinois at Urbana-Champaign
Valery Kiryukhin Rutgers University
Karl Ludwig Boston University (Chair)
Christie Nelson Brookhaven National Laboratory
David Vaknin Iowa State University

SAFETY COMMITTEES
SAFETY OVERVIEW COMMITTEE
SAFETY COMMITTEE

S C AT T E R I N G /C H E M I S T RY /B I O L O G Y /
E N V I R O N M E N TA L S C I E N C E

FOR

DESIGN REVIEWS

R A D I AT I O N S A F E T Y P O L I C Y &
PROCEDURES COMMITTEE

Peter Burns University of Notre Dame
Jean-Francois Gaillard Northwestern University
Ursula Perez-Salas Argonne National Laboratory
Lois Pollack Cornell University
Mark Schlossman University of Illinois at Chicago (Chair)

R A D I AT I O N S A F E T Y S H I E L D I N G
COMMITTEE FOR DESIGN REVIEWS
CHEMICAL SAFETY COMMITTEE

S M A L L - A N G L E S C AT T E R I N G
Yvonne Akpalu Rensselaer Polytechnic Institute
Peter Jemian Argonne National Laboratory (Chair)
Joanna Krueger University of North Carolina at Charlotte
Byeongdu Lee Argonne National Laboratory
Surya K. Mallapragada Ames Laboratory
Hiro Tsuruta Stanford Linear Accelerator Center

ELECTRICAL SAFETY COMMITTEE
LASER SAFETY COMMITTEE
* As of 4.07

S P E C T R O S C O P Y (EXAFS)
Mark Antonio Argonne National Laboratory
Daniel Haskel Argonne National Laboratory (Chair)
Jeff Kortright Lawrence Berkeley National Laboratory
Matt Newville The University of Chicago
Ingrid Pickering University of Saskatchewan
Bruce Ravel Argonne National Laboratory
Source: www.aps.anl.gov/About/Committees/Proposal_Review_Panel/index.html
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