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Access to Beam Time at the Advanced Photon Source
Five types of beam-time proposals are available at the Advanced Photon Source (APS): general user, partner or proj-

ect user, collaborative access team (CAT) member, CAT staff, and APS staff. All beam time at the APS must be requested 
each cycle through the web-based Beam Time Request System.  Each beam-time request (BTR) must be associated with 
one of the proposals mentioned above. 

GENERAL-USER PROPOSALS AND BTRS Proposals are peer reviewed and scored by a General User Proposal Review Panel,

and time is allocated on the basis of scores and feasibility. A new BTR must be submitted each cycle; each cycle, alloca-
tion is competitive. Proposals expire in two years or when the number of shifts recommended in the peer review has been 
utilized, whichever comes first. 

PARTNER- OR PROJECT-USER PROPOSALS AND BTRS Proposals are peer reviewed by a General User Proposal Review Panel

and reviewed further by a subcommittee of the APS Scientific Advisory Committee and by APS senior management.  Al-
though a new BTR must be submitted each cycle, a specific amount of beam time is guaranteed for up to three years. 

CAT-MEMBER PROPOSALS Proposals from CAT members are typically much shorter and are reviewed by processes devel-

oped by individual CATs. Allocation/scheduling is determined by the CAT management. 

CAT- AND APS STAFF-MEMBER PROPOSALS AND BTRS These proposals are also very short and are reviewed through

processes developed by either the CAT or the APS. Each CAT/beamline determines how beam time is allocated/sched-
uled.  Collaborative access team and/or APS staff may submit general user proposals, in which case the rules for general 
user proposals and BTRs are followed. 

In addition to the above, the APS has developed an industrial measurement access mode (MAM) program to provide a 
way for industrial users to gain rapid access for one-time measurements to investigate specific problems.  A MAM pro-
posal expires after one visit. The APS User Information page (www.aps.anl.gov/Users-Information) provides access to com-
prehensive information for prospective and current APS users. 
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The Advanced Photon Source Facility at Argonne National Laboratory 
The APS, a national synchrotron radiation research facility operated by UChicago Argonne, LLC, and Argonne Na-

tional Laborator for the U.S. Department of Energy (DOE) Office of Science-Basic Energy Sciences, Scientific User Facilities 

Division provides this nation’s brightest high-energy x-ray beams for science. Research by APS users extends from the 

center of the Earth to outer space, from new information on batteries, combustion engines and microcircuits, new and im-

proved pharmaceuticals, and nanotechnologies whose scale is measured in billionths of a meter. The APS helps re-

searchers illuminate answers to the challenges of our high-tech world, from developing new forms of energy to sustaining 

our nation’s technological and economic competitiveness to pushing back against the ravages of disease. Research at the 

APS promises to have far-reaching impact on our technology, our economy, our health, and fundamental knowledge of 

the materials that make up our world.  

The APS occupies an 80-acre site on the Argonne campus, about 25 miles from downtown Chicago, Illinois. It shares 

the site with the Center for Nanoscale Materials and the Advanced Protein Characterization Facility.  

For directions to Argonne, see anl.gov/directions-and-visitor-information. 

 
CONTACT US 

For more information about the APS send an email to apsinfo@aps.anl.gov or write to APS Info, Bldg. 401, Rm. A4115, 

Argonne National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439. 

To order additional copies of this, or previous, issues of APS Science send email to apsinfo@aps.anl.gov.

Center for 

 Nanoscale Materials

Advanced Protein 

Characterization Facility

Advanced Photon Source

Experiment Hall

Storage Ring

Linac Booster 

Synchrotron

Lab/Office 

Modules

X-ray Beamlines

Conference Center

Visit the APS on the Web at 
www.aps.anl.gov

To download PDF versions of APS Science 
back issues go to  
www.aps.anl.gov/Science/APS-Science
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APS Sectors: At the APS, a “sector” comprises the radiation sources (one bending magnet and nominally one insertion 

device, although the number of insertion devices in the straight sections of the storage ring can vary) and the beamlines, 

enclosures, and instrumentation that are associated with a particular storage ring sector. The APS has 35 sectors dedi-

cated to user science and experimental apparatus. X-ray Science Division sectors comprise those beamlines operated by 

the APS. Collaborative access team sectors comprise beamlines operated by independent groups made up of scientists 

from universities, industry, and/or research laboratories both federal and private.
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APS Beamlines 
Key: Beamline designation • Sector operator • Disciplines • Tech-
niques • Radiation source energy • User access mode(s) • General-
user status  
 
1-BM-B,C• X-ray Science Division (XSD) • Materials science, physics, 
optics testing, detector testing, topography • Energy dispersive x-ray dif-
fraction, white Laue single-crystal diffraction • 6-30 keV, 50-120 keV • On-
site • Accepting general users 
 
1-ID-B,C,E • XSD • Materials science, physics, chemistry • High-energy 
x-ray diffraction, tomography, small-angle x-ray scattering, fluorescence 
spectroscopy, pair distribution function, phase contrast imaging • 41-136 
keV, 45-116 keV • On-site • Accepting general users 
 
2-BM-A,B • XSD • Physics, life sciences, geoscience, materials science 
• Tomography, phase contrast imaging • 10-170 keV, 11-35 keV • On-site 
• Accepting general users 
 
2-ID-D • XSD • Life sciences, materials science, environmental science • 
Microfluorescence (hard x-ray), micro x-ray absorption fine structure, 
nanoimaging, ptychography • 5-30 keV • On-site • Accepting general users 
 
2-ID-E • XSD • Life sciences, environmental science, materials science • 
microfluorescence (hard x-ray), tomography • 7-10.5 keV, 11-17 keV • On-
site • Accepting general users 
 
3-ID-B,C,D • XSD • Physics, geoscience, life sciences, chemistry, ma-
terials science • Nuclear resonant scattering, inelastic x-ray scattering, 
high-pressure diamond anvil cell • 7-27 keV, 14.41-14.42 keV • On-site 
• Accepting general users 
 
4-ID-C • XSD • Physics, materials science • Magnetic circular dichroism 
(soft x-ray), x-ray magnetic linear dichroism, x-ray photoemission spec-
troscopy, x-ray photoemission electron microscopy, anomalous and res-
onant scattering (soft x-ray) • 500-2800 eV • On-site • Accepting general 
users 
 
4-ID-D • XSD • Physics, materials science • Anomalous and resonant scat-
tering (hard x-ray), magnetic x-ray scattering, magnetic circular dichroism 
(hard x-ray) • 2.7-40 keV • On-site • Accepting general users 
 
4-ID-E • XSD • Materials science, physics • Synchrotron x-ray scanning 
tunneling microscopy • 500-1800 eV • On-site • Accepting general users 
 
5-BM-C • DND-CAT • Materials science, polymer science • Powder dif-
fraction, tomography, wide-angle x-ray scattering • 10-42 keV • On-site • 
Accepting general users 
 
5-BM-D • DND-CAT • Materials science, polymer science, chemistry • X-
ray absorption fine structure, high-energy x-ray diffraction, general dif-
fraction • 4.5-25 keV, 4.5-80 keV • On-site• Accepting general users 
 
5-ID-B,C,D • DuPont-Northwestern-Dow Collaborative Access Team  
(DND-CAT) • Materials science, polymer science, chemistry • Powder dif-
fraction, x-ray standing waves, x-ray optics development/ techniques, 
small-angle x-ray scattering, surface diffraction, x-ray reflectivity, wide-
angle x-ray scattering • 6-17.5 keV • On-site • Accepting general users 
 
6-BM-A,B• COMPRES/XSD • Materials science, geoscience • Energy dis-
persive x-ray diffraction, high-pressure multi-anvil press • 20-200 keV • 
On-site • Accepting general users 
 
6-ID-B,C • XSD • Physics, materials science • Magnetic x-ray scattering, 
anomalous and resonant scattering (hard x-ray), general diffraction, 
grazing incidence diffraction • 3.2-38 keV • On-site • Accepting general 
users 
 
6-ID-D • XSD • Physics, materials science • Magnetic x-ray scattering, 
high-energy x-ray diffraction, powder diffraction, pair distribution function 
• 50-100 keV, 70-130 keV • On-site • Accepting general users 
 
7-BM-B • XSD • Physics • Radiography, tomography, microfluorescence 
(hard x-ray) • 5-150 keV, 6-15 keV, 25-55 keV • On-site • Accepting general 
users 
 
7-ID-B,C,D • XSD • Materials science, atomic physics, chemistry • Time-
resolved x-ray scattering, time-resolved x-ray absorption fine structure, 
phase contrast imaging • 6-21 keV • On-site • Accepting general users  
 

8-BM-B • XSD • Chemistry, life sciences, environmental science, ma-
terials science • Microfluorescence (hard x-ray) • 5.5-20 keV, 9-18 
keV • On-site • Accepting general users 
 
8-ID-E • XSD • Materials science, polymer science, physics • Grazing inci-
dence small-angle scattering, x-ray photon correlation spectroscopy • 7.35-
7.35 keV, 11-11 keV • On-site • Accepting general users 
 
8-ID-I • XSD • Polymer science, materials science, physics • X-ray photon 
correlation spectroscopy, intensity fluctuation spectroscopy, small-angle 
x-ray scattering • 6-12.5 keV, 10.9-10.9 keV • On-site • Accepting general 
users 
 
9-BM-B,C • XSD • Materials science, chemistry, environmental science • 
X-ray absorption fine structure, x-ray absorption near-edge structure • 2.1-
25.2 keV • On-site • Accepting general users 
 
9-ID-B,C • XSD • Chemistry, materials science, life sciences • Nano-imag-
ing, microfluorescence (hard x-ray), coherent x-ray scattering (hard x-ray), 
ultra-small-angle x-ray scattering • 4.5-30 keV • On-site • Accepting gen-
eral users 
 
10-BM-A,B • Materials Research (MR)-CAT • Materials science, chem-
istry, environmental science, physics • X-ray absorption fine structure • 4-
32 keV • On-site • Accepting general users 
 
10-ID-B • MR-CAT • Materials science, environmental science, chemistry 
• X-ray absorption fine structure, time-resolved x-ray absorption fine struc-
ture,  microfluorescence (hard x-ray) • 4.3-27 keV, 4.8-32 keV, 15-65 keV 
•  On-site • Accepting general users 
 
11-BM-B • XSD • Chemistry, materials science, physics • Powder diffrac-
tion • 22-33 keV • On-site, mail-in • Accepting general users 
 
11-ID-B • XSD • Chemistry, environmental science, materials science • 
Pair distribution function, high-energy x-ray diffraction • 58.66 keV, 86.7 
keV • On-site • Accepting general users 
 
11-ID-C • XSD • Materials science, chemistry, physics • High-energy x-
ray diffraction, diffuse x-ray scattering, pair distribution function • 105.6 
keV • On-site • Accepting general users 
 
11-ID-D • XSD • Chemistry, environmental science, materials science • 
Time-resolved x-ray absorption fine structure, time-resolved x-ray scat-
tering • 6-25 keV • On-site • Accepting general users 
 
12-BM-B • XSD • Materials science, polymer science, chemistry, physics, 
environmental science • X-ray absorption fine structure, small-angle x-
ray scattering, wide-angle x-ray scattering • 4.5-30 keV, 10-40 keV • On-
site • Accepting general users 
 
12-ID-B • XSD • Chemistry, materials science, life sciences, polymer sci-
ence, physics • Small-angle x-ray scattering, grazing incidence small-angle 
scattering, wide-angle x-ray scattering, grazing incidence diffraction • 7.9-
14 keV • On-site • Accepting general users 
 
12-ID-C,D • XSD • Chemistry, physics, materials science • Small-angle x-
ray scattering, grazing incidence small-angle scattering, wide-angle x-ray 
scattering, surface diffraction • 4.5-40 keV • On-site • Accepting general 
users 
 
13-BM-C • GeoSoilEnviroCARS (GSECARS) • Geoscience • Environ-
mental science • Surface diffraction, high-pressure diamond anvil cell, sin-
gle-crystal diffraction • 15-15 keV, 28.6-28.6 keV • On-site • Accepting 
general users 
 
13-BM-D • GSECARS • Geoscience, environmental science • Tomog-
raphy, high-pressure diamond anvil cell, high-pressure multi-anvil 
press • 4.5-80 keV • On-site • Accepting general users 
 
13-ID-C,D • GSECARS • Geoscience, environmental science • Microdif-
fraction, x-ray standing waves, x-ray absorption fine structure, resonant 
inelastic x-ray scattering, x-ray emission spectroscopy, high-pressure di-
amond anvil cell, high-pressure multi-anvil press • 4.9-45 keV, 10-75 keV 
• On-site • Accepting general users 
 
13-ID-E • GSECARS • Geoscience, environmental science • Microfluo-
rescence (hard x-ray), micro x-ray absorption fine structure, microdiffrac-
tion, fluorescence spectroscopy • 2.4-28 keV, 5.4-28 keV • On-site • 
Accepting general users 
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14-BM-C • BioCARS • Life sciences  • Macromolecular crystallography, 
fiber diffraction, biohazards at the BSL2/3 level, subatomic (<0.85 Å) res-
olution, large unit cell crystallography • 8-14.9 keV • On-site • Accepting 
general users 
 
14-ID-B • BioCARS • Life sciences, materials science, physics, chemistry 
• Time-resolved crystallography, time-resolved x-ray scattering, Laue crys-
tallography, wide-angle x-ray scattering, biohazards at the BSL2/3 level, 
macromolecular crystallography • 7-19 keV • On site • Accepting general 
users 
 
15-ID-B,C,D • ChemMatCARS • Materials science, chemistry • Anom-
alous and resonant scattering (hard x-ray), microdiffraction, high-pres-
sure diamond anvil cell, single-crystal diffraction, liquid surface 
diffraction, x-ray reflectivity • 6-32 keV, 10-70 keV • On-site • Accepting 
general users 
 
16-BM-B • High Pressure (HP)-CAT • Materials science, geoscience, 
chemistry, physics • White Laue single-crystal diffraction, energy disper-
sive x-ray diffraction, phase contrast imaging, radiography, pair distribution 
function • 10-120 keV • On-site • Accepting general users 
 
16-BM-D • HP-CAT • Materials science, geoscience, chemistry, physics • 
Powder angular dispersive x-ray diffraction, single-crystal diffraction, x-
ray absorption near-edge structure, x-ray absorption fine structure, tomog-
raphy • 6-45 keV • On-site • Accepting general users 
 
16-ID-B • HP-CAT • Materials science, geoscience, chemistry, physics • 
Microdiffraction, single-crystal diffraction, high-pressure diamond anvil cell 
• 18-60 keV • On-site • Accepting general users 
 
16-ID-D • HP-CAT • Materials science, geo science, chemistry, physics • 
Nuclear resonant scattering, inelastic x-ray scattering (1-eV resolution), 
x-ray emission spectroscopy, high-pressure diamond anvil cell • 5-37 keV, 
14.41-14.42 keV • On-site • Accepting general users 
 
17-BM-B • XSD • Chemistry, materials science • Powder diffraction, 
pair distribution function • 27-51 keV • On-site • Accepting general 
users 
 
17-ID-B • Industrial Macromolecular Crystallography Association 
(IMCA)-CAT • Life sciences • Macromolecular crystallography, multi-wave-
length anomalous dispersion, microbeam, single-wavelength anomalous 
dispersion, large unit cell crystallography • Subatomic (<0.85 Å) resolution 
• 6-20 keV • On-site, remote • Accepting general users 
 
18-ID-D • Biophysics (Bio)-CAT • Life sciences • Fiber diffraction, mi-
crodiffraction, small-angle x-ray scattering, time-resolved x-ray scatter-
ing • 3.5-35 keV • On-site • Accepting general users 
 
19-BM-D • Structural Biology Center (SBC)-CAT • Life sciences •  
Multi-wavelength anomalous dispersion, macromolecular crystallography, 
single-wavelength anomalous dispersion • 6-13.5 keV • Remote, on-site, 
mail-in • Accepting general users 
 
19-ID-D • SBC-CAT • Life sciences • Macromolecular crystallography, 
multi-wavelength anomalous dispersion, subatomic (<0.85 Å) resolution, 
large unit cell crystallography, single-wavelength anomalous dispersion • 
6.5-19.5 keV • On-site, remote, mail-in • Accepting general users 
 
20-BM-B • XSD • Materials science, environmental science, chemistry • 
X-ray absorption fine structure, microfluorescence (hard x-ray)  • 2.7-32 
keV, 2.7-35 keV • On-site • Accepting general users 
 
20-ID-B,C • XSD • Materials science, environmental science, chemistry • 
X-ray absorption fine structure, x-ray Raman scattering, micro x-ray ab-
sorption fine structure, microfluorescence (hard x-ray), x-ray emission 
spectroscopy • 4.3-27 keV, 7-52 keV • On-site • Accepting general users 
 
21-ID-D • Life Sciences (LS)-CAT • Life sciences • Macromolecular crys-
tallography • 6.5-20 keV • On-site, remote, mail-in • Accepting general 
users 
 
21-ID-F • LS-CAT • Life sciences • Macromolecular crystallography • 12.7 
keV • Remote, on-site, mail-in • Accepting general users 
 
21-ID-G • LS-CAT • Life sciences • Macromolecular crystallography • 12.7 
keV • Remote, on-site, mail-in • Accepting general users 
 
22-BM-D • Southeast Regional (SER)-CAT • Life sciences • Macromol-

ecular crystallography, single-wavelength anomalous dispersion, multi-
wavelength anomalous dispersion • 8-20 keV • On-site, remote • Accept-
ing general users 
 
22-ID-D • SER-CAT • Life sciences • Macromolecular crystallography, 
multi-wavelength anomalous dispersion, single-wavelength anomalous 
dispersion, microbeam • 6-20 keV • On-site, remote • Accepting general 
users 
 
23-BM-B • National Institute of General Medical Sciences and Na-
tional Cancer Institute (GM/CA-XSD) • Life Sciences • Macromolecular 
crystallography • 12.5-12.75 keV • On-site • Accepting general users 
 
23-ID-B • GM/CA-XSD • Life sciences •  Macromolecular crystallography, 
microbeam, large unit cell crystallography, subatomic (<0.85 Å) resolution, 
multi-wavelength anomalous dispersion, single-wavelength anomalous 
dispersion • 3.5-20 keV • On-site, remote • Accepting general users 
 
23-ID-D • GM/CA-XSD • Life sciences •  Macromolecular crystallography, 
microbeam, large unit cell crystallography, subatomic (<0.85 Å) resolution, 
multi-wavelength anomalous dispersion, single-wavelength anomalous 
dispersion • 5-20 keV • On-site, remote  • Accepting general users 
 
24-ID-C • Northeastern (NE)-CAT • Life sciences • Macromolecular crys-
tallography, microdiffraction, single-wavelength anomalous dispersion, 
single-crystal diffraction, microbeam, multi-wavelength anomalous disper-
sion, subatomic (<0.85 Å) resolution • 6.5-20 keV • On-site, remote • Ac-
cepting general users 
 
24-ID-E • NE-CAT • Life sciences • Macromolecular crystallography, mi-
crobeam, microdiffraction, single-wavelength anomalous dispersion, sin-
gle-crystal diffraction • 12.68 keV • On-site, remote • Accepting general 
users  
 
26-ID-C • Center for Nanoscale Materials (CNM)/XSD • Physics, mate-
rials science • Nanodiffraction, nano-imaging, coherent x-ray scattering • 
6-12 keV • On-site • Accepting general users 
 
27-ID-B • XSD • Physics • Resonant inelastic x-ray scattering • 5-14 keV, 
5-30 keV • On-site • Accepting general users 
 
29-ID-C,D • XSD • Physics, materials science • Resonant soft x-ray scat-
tering, angle-resolved photoemission spectroscopy • 250-2200 eV, 2200-
3000 eV • On-site • Accepting general users 
 
30-ID-B,C • XSD • Physics, materials science • Inelastic x-ray scattering •  
23.7-23.9 keV • On-site • Accepting general users 
 
31-ID-D • Lily Research Laboratories (LRL)-CAT • Life sciences • 
Macromolecular crystallography, single-wavelength anomalous dispersion 
• 9-13.5 keV • Mail-in • Accepting general users 
 
32-ID-B,C • XSD • Materials science, life sciences, geoscience • Phase 
contrast imaging, radiography, transmission x-ray microscopy, tomogra-
phy • 7-40 keV • On-site • Accepting general users 
 
33-BM-C • XSD • Materials science, physics, chemistry • Diffuse x-ray 
scattering, general diffraction, powder diffraction, x-ray reflectivity, grazing 
incidence diffraction, anomalous and resonant scattering (hard x-ray) • 5-
35 keV • On-site • Accepting general users 
 
33-ID-D,E • XSD • Materials science, physics, chemistry, environmental 
science • Anomalous and resonant scattering (hard x-ray), diffuse x-ray 
scattering, general diffraction, surface diffraction, surface diffraction 
(UHV), x-ray reflectivity • 4-40 keV, 6-25 keV • On-site • Accepting general 
users  
 
34-ID-C • XSD • Materials science, physics • Coherent x-ray scattering • 
5-15 keV • On-site • Accepting general users 
 
34-ID-E • XSD • Materials science, physics, environmental science, geo 
science • Microdiffraction, Laue crystallography, microbeam, microfluo-
rescence (hard x-ray) • 7-30 keV • On-site • Accepting general users 
 
35-ID-B,C,D,E • Dynamic Compression Sector (DCS) • Physics, mate-
rials science, geoscience • Time-resolved x-ray scattering, phase contrast 
imaging, radiography • 7-35 keV, 7-100 keV, 24-24 keV • On-site • Accept-
ing general users
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Above: Technicians from the APS Accelerator Sys-
tems Division Magnetic Devices Group and the APS 
Engineering Support Division Survey and Alignment 
Group working on a helical superconducting undula-
tor insertion device. Super-conducting undulators are 
now in operation in the APS storage ring and are a 
key component of the APS-U. They produce stronger 
magnetic fields and thus higher-energy x-rays than 
conventional permanent magnetic undulators having 
the same period lengths. 

Upgrade Update 
 

During the week of June 17, 2019, the Advanced Photon Source (APS-U) Project team had a positive DOE Critical 

Decision-3 (CD-3) review. With the full spending authority that will be granted with CD-3 approval, the APS can look 

forward to an expeditious and successful completion of this exciting project. For an in-depth look at the APS-U science 

program, see https://bit.ly/2x4Vb2i.

Above: A computer-aided rendering of a 
typical APS-U storage ring sector show-
ing the MBA-lattice configuration of red, 
blue, and purple electromagnets and as-
sociated components. Rendering by the 
AES Design and Drafting Group. 
 
Left: APS-U technicians prepare an as-
sortment of APS-U storage ring magnets 
for tests in the new, state-of-the-art APS-
U Magnet Measurement Lab at Argonne. 

Below: A monochromator from Instrument Design Technolo-
gies, Inc., designed for use with the upgraded APS, undergoes 
acceptance testing by an APS-U physicist following delivery to 
the APS. The monochromator is now installed and operating at 
the 2-ID beamline.
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How does a material’s geometric structure impact its 

magnetic behavior? And how can we find out? These are 

a few of the questions occupying the minds of scientists 

studying magnetic and superconducting materials. One 

material in particular has confounded researchers across 

a wide range of scientific disciplines.  

Jarosite, KFe3(OH)6(SO4)2, is a mineral that can be 

found not only in ore deposits on Earth but has also been 

detected by rovers on the surface of Mars. The structure 

of jarosite (Fig. 1) consists of two-dimensional lattice 

sheets with triangular coupling. Interactions between iron 

atoms on these kagomé lattices cause the iron ions to ex-

hibit spin-frustrated, antiferromagnetic behavior. But al-

though this antiferromagnetic coupling should cause the 

material to be magnetically frustrated, the material dis-

plays overall magnetic order below 65 K. This counterin-

tuitive magnetic behavior, which has puzzled researchers 

for decades, has recently been explained.  

Understanding jarosite’s magnetic behavior requires 

that scientists be able to systematically control all of the 

variables contributing to the material’s overall magnet-

ism. To do this requires sophisticated experimental tech-

niques. In this study, researchers from Northwestern Uni-

versity, Argonne National Laboratory, the University of 

Illinois at Urbana−Champaign, and the Carnegie Institu-

Fig. 1. Artist’s rendering of the structure of jarosite, “relocated” 
to the surface of Mars.Jarosite, a hydrous sulfate mineral exhibiting un-

usual magnetic behavior, has intrigued scientists 
in a range of fields from planetary science to inor-

ganic chemistry. Interactions between iron ions in the 
material’s lattice structure cause instances of magnetic 
frustration, which should lead the material to be mag-
netically disordered. So then, why does jarosite dis-
play overall magnetic order under certain conditions? 
Previous attempts to unravel the mystery of jarosite’s 
magnetism resulted in contradictory data. Researchers 
now understand that past studies lacked the technol-
ogy necessary to account for the material’s myriad 
magnetic interactions. In this study, researchers work-
ing at the APS subjected samples of jarosite to ex-
treme pressures in order to systematically vary local 
coordination environments throughout the material, 
then observed how these changes affected the ma-
terial’s magnetic ordering behavior. These findings ul-
timately unveiled the mechanism for jarosite’s three-
dimensional (3-D) magnetic ordering and revealed a 
great deal about the nature of geometric magnetic 
frustration. Moreover, this study serves as a blueprint 
for how chemists can use pressure to conduct chem-
ically pure magnetostructural correlation studies. By 
bringing high-pressure techniques to the attention of 
the chemistry community, even the most perplexing 
magnetostructural mechanisms can be unraveled.

Pressuring Jarosite to Reveal Its 
 Magnetostructural Mechanism
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tion for Science employed diamond 

anvil cells to apply extreme pressure to 

samples of jarosite. Under high pres-

sure, the local coordination environ-

ments around the iron ions were able to 

be manipulated without affecting the 

material’s chemical composition. Then, 

to observe the resulting changes in 

magnetic ordering behavior, the re-

searchers combined various cutting-

edge synchrotron x-ray research meth-

ods at the APS to study the material’s crystallographic, 

magnetic, and electronic properties under pressure.  

To determine a structure-function correlation, in situ 

synchrotron powder x-ray diffraction experiments were 

conducted using the HP-CAT beamline 16-ID-B at the APS. 

Single-crystal x-ray diffraction data were collected using 

the 6-circle diffractometer at the GSECARS beamline 13-

BM-C, also at the APS. With these techniques, re-

searchers were able to vary the interlayer spacing and 

metal-ligand bond distances. Then, using data from 

SQUID-based magnetometry and synchrotron Mössbauer 

spectroscopy experiments, which were collected at the 

HP-CAT 16-ID-D beamline, as well as data from x-ray 

magnetic circular dichroism experiments, which were col-

lected using the XSD 4-ID-D beamline at the APS, the re-

searchers constructed a pressure-dependent magnetic 

phase diagram and determined jarosite’s magnetic and 

electronic structures at high pressure. These data, seen in 

Fig. 2, revealed a comprehensive map of jarosite’s mag-

netic coupling interactions.  

This study represents a first-of-its kind simultaneous 

structural-electronic-magnetic study of jarosite. By con-

ducting an innovative combination of experimental tech-

niques at the APS, these researchers were able to 

achieve a pressure-induced phase transition without 

breaking the kagomé lattice symmetry or altering the iron 

ion spin state. The researchers ultimately discovered that 

jarosite’s unique magnetic ordering temperature was — 

surprisingly — not due to interlayer magnetic coupling as 

previously thought, but instead due to an increase in the 

Fe-O-Fe magnetic coupling, which is directly proportional 

to the Fe-O metal ligand covalency. 

The impacts of this research stretch beyond the study 

of jarosite. This research demonstrates that high-pressure 

techniques are highly effective at elucidating structural, 

electronic, and magnetic mechanisms while maintaining a 

material’s chemical integrity. Chemistry conducted at ex-

treme pressures can induce new phases and unlock ex-

traordinary material properties. The researchers believe 

that these techniques may eventually play a part in illu-

minating complicated superconducting mechanisms, such 

as the puzzling doped cuprate systems. — Alicia Surrao 
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Yinsheng Guo1, Wenli Bi1,3, Gilberto Fabbris2, Yue Meng2,4, Daniel 
Haskel2, E. Ercan Alp2, Richard P. Van Duyne1, Steven D. Jacob-
sen1, and Danna E. Freedman1*, “Impact of Pressure on Magnetic 
Order in Jarosite,” J. Am. Chem. Soc. 140, 12001 (2018).  
DOI: 10.1021/jacs.8b05601 
Author affiliations: 1Northwestern University, 2Argonne National 
Laboratory, 3University of Illinois at Urbana−Champaign, 
4Carnegie Institution for Science 
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Fig. 2. Researchers determined magnetic susceptibililty (left), 
magnetic phase diagram (center), and magnetic ordering 
(right) of jarosite as a function of pressure. From R.A. Klein et 
al., J. Am. Chem. Soc. 140, 12001 (2018). Copyright © 2018 
American Chemical Society
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One of the major experimental challenges in the 

study of these materials under high pressures is the ex-

treme difficulty of creating and properly characterizing 

them in the laboratory.  The research team in this study 

have developed new techniques to deal with these prob-

lems, using in situ four-probe measurements and x-ray 

diffraction to measure electrical conductivity in diamond 

anvil cells.   

Modulated, pulsed laser heating was utilized to react 

lanthanum metal with hydrogen at megabar pressures 

(nearly 2 million ATM) to synthesize the samples.  These 

synthesis and characterization x-ray diffraction studies 

were performed at the HP-CAT 16-ID-B of beamline of the 

APS.  The authors note that these new experiments bring 

to focus the synergy of laboratory techniques with on-

line, in situ synchrotron x-ray techniques that provided 

the necessary confirmation of the phase responsible for 

the near room temperature superconductivity in this sys-

tem. 

The team created several types of superhydride ma-

terials with pulsed laser heating, using both ammonia bo-

rane and pure hydrogen as a source of hydrogen.  Cubic 

LaH10±x was synthesized at pressures above 180 GPa. 

Along with the x-ray diffraction studies, electrical conduc-

tivity measurements were performed in situ at pressures 

The First Observation of 
 Near-Room-Temperature Superconductivity 

up to 200 GPa, with resistance being measured as a func-

tion of temperature.   

The researchers observed a sharp drop in electrical 

resistance of the first sample occurring around 275 K, 

then remaining near-zero below 255 K.  In subsequent ex-

periments, resistivity transitions starting as high as 280 K 

were observed.  The current-voltage characteristics and 

the effect of applied current on the transition temperature 

were also measured. This showed the material has a 

large critical current in the superconducting phase.  X-ray 

diffraction measurements as a function of temperature 

through the region of the transition showed no evidence 

for major structural changes associated with the transi-

tion, in agreement with their predictions for LaH10. 

In addition to the important observations of supercon-

ductivity at temperatures above 260 K, the work high-

lights the importance of synchrotron x-ray diffraction as a 

critical tool for these experiments and for extreme condi-

tions materials science in general, and the crucial role 

played by the APS in this effort.  For example, in the most 

recent set of experiments, electrical transport as a func-

tion of temperature was measured “in situ” in a cryostat 

on the HP-CAT beamline.  The experiments also made 

use of the high-pressure support labs managed by the 

EFree Energy Frontier Research Center located at the 

For decades, room-temperature superconductivity has been 
one of physics' ultimate goals, a Holy Grail-like objective that 
seems to keep drifting within realization yet always stubbornly 

out of reach.  Various materials, theories, and techniques have been 
proposed and explored in search of this objective, but its realization 
has remained elusive.  Yet recent experimental work on hydrogen-
rich materials at high pressures is finally opening the pathway to  
practical superconductivity and its vast potential.  Russell Hemley, a 
materials chemist at George Washington University in Washington, 
D.C., first announced evidence of superconductivity at 260 K in 
May, 2018, and then hints of an even higher 280 K transition in Au-
gust of that year. Now Hemley, along with a team of researchers 
from The George Washington University and the Carnegie Institution 
for Science, synthesized several lanthanum superhydride materials 
that demonstrated the first experimental evidence of superconduc-
tivity at near room temperature, and with colleagues from Argonne, 
characterized them at the APS.  
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Fig. 1. The structure of LaH10 with the sample and the four plat-
inum leads at 180 GPa. The confirmation with in situ x-ray dif-
fraction after laser heating shows the drop in resistivity starting 
at around 265 K in one of the samples synthesized. The confir-
mation of the structure was determined from the powder dif-
fraction pattern shown in the lower panel. The data was 
obtained at HP-CAT beamline 16-ID-B at the APS.

APS. The authors note that it is crucial to have x-ray (e.g., 

synchrotron) characterization of the very sample exhibit-

ing the superconductivity.  Thus, down the road they see 

the need for multiple complementary probes to be 

brought to bear on the same, well-characterized samples.  

Such multifaceted characterization will be essential for 

understanding its precise mechanisms.   

Others are confirming these results with additional re-

ports of diamagnetic signatures of superconductivity.  

Hand in hand with advancing extreme conditions experi-

mental techniques is the increasing accuracy of theoreti-

cal and simulation methods that guide these experiments.   

These methods, in concert with the critical role of 

large-scale advanced synchrotron x-ray sources such as 

the APS, will ultimately lead to the structural control 

needed to synthesize these materials for practical appli-

cations, and to the revolutionary technologies that will 

follow.  — Mark Wolverton 
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sures,” Phys. Rev. Lett. 122, 027001 (14 January 2019).  
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Author affiliations: 1The George Washington University, 
2Carnegie Institution for Science, 3Argonne National Laboratory 
Correspondence: * zulu58@gwu.edu, ** rhemley@gwu.edu 
 
This research was supported by EFree, an Energy Frontier Research 

Center funded by the U.S. Department of Energy (DOE) Office of Sci-

ence-Basic Energy Sciences (BES), under Award No. DE-SC0001057. 

The instrumentation and facilities used were supported by DOE-BES 

(DE-FG02-99ER45775, VVS), the U.S. DOE/National Nuclear Security 

Administration (DE-NA-0002006, CDAC; and DE-NA0001974, HP-CAT), 

and the National Science Foundation (DMR-1809783). This research 

used resources of the Advanced Photon Source, a U.S. DOE Office of 

Science User Facility operated for the DOE Office of Science by Ar-

gonne National Laboratory under Contract No. DE-AC02-06CH11357.  



6    APS Science 2018 • Vol. 2

Finding Non-trivial Quantum Criticality in an 
Antiferromagnetic Pyrochlore 

Fig. 1. Schematics of the phase diagram of Cd2Os2O7, manifesting three contrasting 
states of matter under high pressure. The low-pressure phase on the left has an all-in-
all-out type of antiferromagnetic spin arrangement, located on two identical-sized ad-
jacent tetrahedra, which breaks the time reversal symmetry but preserves the 
inversion symmetry for both spins and lattice ions. The high-pressure state on the 
right represents a disordered spin state with preserved time reversal symmetry, in a 
lattice that breaks the spatial inversion symmetry with a breathing lattice made of dif-
ferent sized tetrahedra. The disordered state in the middle represents the quantum 
critical region with coexisting spin, lattice, and charge fluctuation modes. From Y. 
Wang et al., Nat. Commun. 9, 2953 (2018). © 2019 Springer Nature Publishing AG
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Because cubic lattice symmetry remains preserved in 

compounds with AIAO spin order, the researchers from 

the California Institute of Technology, The University of 

Chicago, Argonne, the University of Tennessee, Knoxville, 

Oak Ridge National Laboratory, and the Okinawa Insti-

tute of Science and Technology Graduate University 

(Japan) identified several AIAO spin systems as promising 

candidates in which to explore strongly-coupled quantum 

criticality.  They chose Cd2Os2O7 because it exhibits both 

the least disorder and the strongest correlation effects, 

judging by the transition temperature.  Under cryogenic 

temperatures and diamond anvil cell pressures beyond 

40 GPa, the experiment team explored the spin, orbit, and 

charge degrees of freedom under resonant x-ray mag-

netic and charge diffraction techniques at the XSD 4-ID-D 

beamline of the APS. 

Although the Cd2Os2O7 compound displays a Fd-3m 

space group structure at ambient pressures, it changes 

continuously to a F-43m space group beyond the quan-

tum phase transition.  At the quantum critical point of 35.8 

± 0.7 GPa, the AIAO order disappears and lattice inversion 

symmetry is simultaneously broken.  The coincidence of 

both the structural and magnetic phase transitions at 

around 35.8 GPa would suggest the existence of a single 

critical point between the insulating AIAO order and a 

more metallic phase with spin disorder.  Such a confluent 

change of several symmetry conditions, from time rever-

sal to space inversion in addition to charge localization to 

itinerancy, provides the experimental evidence to support 

physics of strong coupling type in the region of quantum 

criticality in this compound. 

These quantum phase transitions of structure, charge, 

and antiferromagnetism, concurrent and all continuous, 

can serve as a foundation for a general approach to de-

scribe and understand three-dimensional, strongly-cou-

pled, non-mean-field quantum criticality. Brilliant x-ray 

beams from the future APS Upgrade will allow extending 

this type of measurement to significantly higher pressures 

for exploration of quantum critical phenomena in systems 

with stronger correlation effects.  — Mark Wolverton 
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A quantum critical point (QCP) anchors a type of 
phase transition at absolute zero that is con-
tinuous and driven not by temperature but by 

the quantum fluctuations.  Many quantum critical phe-
nomena are well-described by mean-field theory 
where fluctuation effects are not critical, largely due 
to dimensionality reasons.  However, when competing 
ground states converge at one QCP, expected only 
in a few systems, exotic critical behavior emerges 
from the coupled quantum fluctuations. These systems 
are often termed as the “strongly-coupled” type and 
help to illustrate the origin of collective phenomena 
that are responsible for technically important func-
tional materials featuring piezoelectricity, magnetism, 
and superconductivity. Researchers carrying out stud-
ies at the APS discovered an intriguing QCP in 
Cd2Os2O7, a pyrochlore lattice with all-in-all-out (AIAO) 
antiferromagnetic order, showing strongly-coupled 
quantum critical phenomena under extreme pressure 
even in a three-dimensional space prone to mean-
field critical behavior. (Pyrochlore is a complex oxide 
mineral composed of niobium, sodium, and calcium 
that forms brown to black, glassy octahedral crystals 
and irregular masses.) This work could lead to the de-
velopment of better and more complete models of 
these phenomena, including interactions between 
breathing mode phonons, AIAO spin fluctuations, and 
charge quasiparticles. Such knowledge might enable 
more precise control of such quantum critical phase 
states in these pyrochlore materials. 
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Mapping the Electrons in Multi-Metal Clusters

Metals are essential for human life. In addition to their many important roles 
acting as free ions, metals also integrate themselves into biological mol-
ecules, acting as catalytic centers in enzymes. The reason metals are a 

catalytic workhorse is their electronic tunability; metal ions can exist in multiple 
electronic states depending on their environment, facilitating electron transfer re-
actions, so scientists are eager to understand how proteins tune their metal centers. 
Using multiwavelength x-ray anomalous diffraction data collected at the APS, re-
searchers mapped out the electronic structure around individual atoms within a se-
ries of compounds with a [Co6Se8] core and varying peripheral moieties. Beyond 
biological systems, the results have implications in understanding and developing 
magnetic and superconducting materials, and better synthetic catalysts.
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The rules of how an electron-donating or electron-

withdrawing substituent affects the properties of purely 

organic molecules are well-understood. These are absent 

in metal-containing compounds, especially when several 

metal centers interact with each other and their surround-

ings. Scientists have been making progress in under-

standing how these ligands surrounding metal centers 

tune the metal’s properties. However, most of the head-

way in reactivity prediction has been in systems with a 

single metal center, while biological and synthetic 

polynuclear systems are rarely so simple. Clusters con-

taining several metals are of significant interest, but are 

harder to predict. 

In this study, the team of researchers from Columbia 

University and The University of Chicago tackled a chal-

lenging polynuclear system: well-defined [Co6Se8] cluster 

compounds. The metal cluster forms an octahedral 

shape, with ligands protruding from the top, sides, and 

bottom. The researchers studied four different cluster 

compounds, each with the same [Co6Se8] core and shar-

ing the same ligands (Et3P) in 5 out of 6 positions. They 

created two different types of clusters by varying the lig-

and at the sixth position (L); thus, an asymmetric ligand 

sphere was created when L=CO, while in contrast, 

L=PnBu3 formed a symmetric environment around the 

cluster core. They also studied each of these cluster 

types before and after oxidation, when neutral and when 

positively charged, respectively. The researchers wanted 

to get a better sense of how electron density at specific 

locations within the molecule differed depending on a lig-

and’s symmetry, and how the density reconfigures upon 

oxidation. 

To answer these questions, the researchers turned to 

the multiwavelength anomalous diffraction (MAD) syn-

chrotron x-ray science technique at the ChemMatCARS 

15-ID x-ray beamline at the APS. This method solves the 

phase problem by collecting x-ray diffraction data at dif-

ferent wavelengths around the absorption K-edge of 

cobalt and selenium, and can report on the electron den-

sity at the individual atom-level within the cluster.  

The data revealed that in the neutral, asymmetric 

cluster (L=CO), the cobalt that is attached to the CO moi-

ety is more highly oxidized (less electron dense) than the 

other five cobalt atoms in the cluster. Upon oxidation, the 

selenium atoms get involved, collectively giving up elec-

tron density. The situation for the symmetric cluster (L= 

PnBu3) looks different; in the neutral state, half the cobalt 

atoms have one electron distribution, while the other half 

have another. Upon oxidation, the electron hole is shared 

among the cobalt atoms (Fig. 1).  

These results underscore the importance of ligand-

dependent tuning of the electron distribution in com-

pounds with metal centers. These findings can help to in-

form quantum mechanical calculations used to predict 

the reactivity of metal centers, perhaps improving predic-

tion capabilities for complex metal centers. Future work 

will explore the effect of ligands and oxidation state in 

metal centers in a larger context: biological molecules.   

— Erika Gebel Berg 
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< Fig. 1. Synthetic strategy to modify the cluster’s external ligand 
field environment. Ligand substitution of L in the cluster type 
[Co6Se8(L)-(PEt3)5]n+ for CO or PnBu3 produces an asymmetric or 
symmetric environment around the cluster core [Co6Se8], respec-
tively. From Sánchez et al., Angew. Chem. Int. Ed. 57, 13815 
(2018). Copyright © 1999-2018 John Wiley & Sons, Inc. All rights 
reserved
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A Switch in Time

Electronic switches change an electrical circuit from one route to another. They 
are a key component of computerized devices, and the faster an electronic 
switch can change states from open to closed, the faster the computer. One 

possibility that could dramatically increase computing speeds is if a switch could 
be constructed from a single material that could open or close by quickly changing 
from an insulator, which blocks the flow of electricity, to a conductor that allows it. 
There are several materials known to do this, including vanadium oxide. But all of 
them must physically shift their atomic structure to do so. Waiting for the atoms to 
move takes time and slows the switching action. Researchers wondered if they 
could create a material that didn’t have that lag time, i.e., a material that could 
switch from insulator to conductor instantaneously. Using a double layer of vanadium 
oxide and the powerful x-rays of the APS, they showed this was possible, and found 
hints of how they might engineer other types of materials to switch the same way.
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Vanadium oxide, a compound of vanadium and oxy-

gen, is a correlated insulator at room temperature but 

changes to a metal when heated. When it’s a metal, the 

atoms are arranged in a regular pattern that lets elec-

trons, and thus electric current, flow freely. When it’s an 

insulator, the atoms are in a monoclinic structure, an 

arrangement of atoms that looks like rectangles but with 

a parallelogram at the base. No naturally occurring mate-

rials are known to conduct electricity when their atoms 

are in a monoclinic arrangement. 

But sometimes materials behave differently when 

they are interfaced with a neighboring layer. Researchers 

from the University of Wisconsin-Madison, Sungkyunkwan 

University (Korea), Pennsylvania State University, the Ko-

rea Institute of Materials Science, Argonne, Dublin City 

University (Ireland), the University of Nebraska-Lincoln, 

and Boise State University suspected that if they created 

a double layer of vanadium oxide, with one layer mono-

clinic and the other metallic, one layer might become 

conductive while remaining monoclinic. 

They could do this because the temperature at which 

vanadium oxide changes to a metal varies depending on 

the amount of oxygen in the material. The two layers had 

different amounts of oxygen and thus different transition 

temperatures. The researchers heated them until one 

layer transformed structurally to a metal, while the other 

stayed monoclinic. The team then performed x-ray dif-

fraction on XSD beamline 6-ID-B at the APS. The APS 

high flux of x-rays allowed for very-high-resolution x-ray 

diffraction (XRD) images that precisely delineated the 

atomic structure of both layers of vanadium oxide (Fig. 1). 

This x-ray beamline could also go below room tempera-

ture to get even higher resolution data. 

The x-ray diffraction confirmed what the researchers 

had suspected: the monoclinic layer of vanadium oxide 

remained monoclinic even as it conducted electricity. 

Other groups have managed to drive insulating mate-

rials into a conductive state, but those materials lost their 

properties almost instantly. The vanadium oxide material, 

on the other hand, is stable. The key to the approach is 

the suppression of electronic correlation in the ultrathin 

dual-layer stack interacting with each other, the re-

searchers say. The two layers are thin enough that the in-

terface between them dominated their behavior.  

This interface behavior might be a clue to designing 

other materials with unusual structures and functions. The 

next step in this research is to study the crystal’s elec-

tronic properties independent of the underlying lattice 

structure of its atoms. The charge, spin, and orbital de-

grees of freedom of the lattice are strongly coupled in 

materials like vanadium oxide, and in the past it has been 

difficult to analyze them and their effects on material 

properties separately from one another. But the bilayer 

structural advance illustrated by this research done at the 

APS has made this possible. Understanding this new, 

purely electronic transition will likely lead to similar ad-

vances in other materials systems.  — Kim Krieger 
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< Fig. 1. (a) X-ray diffraction scans of the vanadium oxide bilayer, 
measured on cooling. (b) Relative monoclinic portion as a func-
tion of temperature, estimated from XRD peak analysis shown 
at upper right. Insets show the measured electron diffraction 
patterns of the bilayer at low and high temperatures. (c) Repre-
sentative XRD peaks at several temperatures. Experimental 
data (open circles) are fitted using Gaussian curves (solid lines). 
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Sun Block: Protecting Electronics from 
Cosmic Rays

Fig. 1. The change in transistor leakage current as a function of 
where the total dose occurs. The region most sensitive to the 
total ionizing dose is the base-emitter junction. The transistor 
was scanned with a 1.5-μm-diameter x-ray spot at 10 keV and 
the raster scan was performed with 1.5-μm steps. The total dose 
was approximately 200 krad(Si) per point.

Solar and galactic cosmic rays pose a constant threat to electronic devices in space. 
A high-energy particle streaking through a device can ionize the transistors inside, 
causing transient or permanent malfunctions. Earth’s atmosphere blocks most of 

these rays, but satellites and airplanes are always vulnerable. Occasionally a ray gets 
through the upper atmosphere, strikes another atom and causes a shower of rays that can 
damage electronics even at ground level. To better understand which parts of a device 
are most vulnerable and how to best defend them, international teams of researchers 
used the APS to expose defined sections of electronic devices to exact doses of high-en-
ergy x-rays. By identifying which parts of the circuits were affected ― and how ― researchers 
will be able to engineer satellite and airplane electronics to render them less vulnerable 
to damage from high-energy radiation. 
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Conventional testing to evaluate electronics’ vulnera-

bility to cosmic rays puts a whole device into a broad ra-

diation beam and irradiates it. This gives good informa-

tion on how a device could malfunction or fail overall 

when exposed, but it does not reveal precisely which indi-

vidual elements are vulnerable, nor how they malfunction 

when hit by a cosmic ray. When an energetic particle 

such as a heavy ion passes through an integrated circuit, 

it generates a dense track of charge. If that charge is 

near a sensitive node in a circuit, it can generally have 

several effects. Since transistors interact, a single effect 

can propagate throughout a circuit board and cause all 

sorts of errors: a satellite could suddenly turn to point in 

the wrong direction, or a circuit might malfunction so se-

verely that it must be turned off and restarted. Using 

broad beams of energetic particles from a cyclotron (the 

gold-standard used to test for these effects) it is often im-

possible to isolate exactly where a failure occurred. 

To get more precise information about how electronic 

components are susceptible to cosmic ray effects, two 

teams of researchers used the XSD 20-ID-B x-ray beam-

line at the APS to irradiate specific regions inside devices 

to look for these failures and observe exactly what hap-

pened (Fig. 1.)  

First, one team proved they could track localized ef-

fects in semiconductor electronic components [1]. Then, a 

second team investigated the origins of single-event ef-

fects in random-access memory (RAM) devices [2]. (Sin-

gle-event effects are what happen when a single cosmic 

ray hits an electronic device.) 

The teams chose the 20-ID-B beamline because the 

high flux of the APS can approximate the interactions of 

high-energy cosmic rays, and the staff scientists at this 

beamline are highly skilled and were able to help design 

the experiments and focus the APS x-ray beam down to a 

tiny 1-μm spot size, which is very useful when performing 

precise irradiations of specific regions of an integrated 

circuit.  

Different regions of an FRAM component were 

scanned with the tiny, tightly-focused, high-flux beam 

from 20-ID-B. The results showed that when the beam 

passed only through the FRAM cells, no errors were ob-

served; the rays could not affect the polarization of the 

cells’ ferroelectric capacitors, which store the data. 

But in addition to ferroelectric capacitors, which are 

used to store the data, FRAMs also rely on conventional 

semiconductor circuits to implement the read-write func-

tions. When these circuits were hit by radiation, the re-

sults were potentially serious, corrupting entire lines and 

sections of memory in the FRAM. 

To effectively protect a device against cosmic rays, 

engineers need to know exactly which circuits were hit, 

and how they reacted. So the next step is to generate 

physical maps of where the x-ray single-event effects oc-

cur, locate the specific vulnerable transistors, nodes, and 

circuits, and then develop ways to harden them against 

these effects.  

Because this work is so unconventional, and the sci-

entists at APS were so helpful, these researchers and the 

APS are exploring ways of deepening this collaboration. 

— Kim Krieger 
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ENGINEERING MATERIALS 
& APPLICATIONS
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Formation of Dislocations Damages 
 Lithium-Rich Cathode Performance

In the search for better rechargeable batteries, a new class of lithium-rich layered oxides (LRLOs) 
shows great promise. Batteries with cathodes made of this material can store 50% more energy per 
unit weight than conventional lithium-based storage systems, an enormous advantage for cars and 

portable electronics. In practice, however, these novel batteries suffer from voltage fade: after repeated 
charge-discharge cycles, the voltage they can sustain and the energy they can store fall dramatically. 
Working at the APS, researchers performed x-ray diffraction studies of a lithium-rich layered oxide 
nanoparticle while it was charging, and found that numerous dislocations disrupted the crystal structure. 
The researchers demonstrated that they could reverse this damage and restore the material’s electrical 
performance, but their method is not practical for realistic battery uses, and it is likely that modification 
of the crystal structure will be required to realize the full advantages of these materials.
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The LRLOs consist of LiMO2 layers, where M is nickel, 

manganese, or cobalt, interleaved with Li2MO3 layers. 

The charging process removes lithium ions from the struc-

ture, while discharging restores them. The high storage 

capacity of LRLO cathodes — better than 300 mil-

liampere-hours per gram — has been attributed to the 

ease with which lithium ions can come and go from the 

open crystal structure. However, this openness goes 

hand-in-hand with a lack of robustness, suggesting that 

the charge-discharge cycle damages the material in 

ways that inhibit lithium mobility. 

A typical battery cathode consists of particles 300 

to 400 nm across pressed together to make a packed 

powder. The research team from the University of Cali-

fornia, San Diego, the Chinese Academy of Sciences, Ar-

gonne, and the Deutsches Elektronen-Synchrotron 

(DESY, Germany) first performed three charge-discharge 

cycles to 4.1 V in order to stabilize the material and im-

prove its electrochemical response. Cycling to this volt-

age is fully reversible. They then took a single grain of 

the material and used Bragg coherent diffraction imaging 

at XSD x-ray beamline 34-ID-C at the APS to discern 

changes to its structure as it was being charged.  

The team observed that as the charged voltage rose 

to 4.2 V, the x-ray imaging revealed little change, but 

above 4.3 V, dislocations in the structure began to ap-

pear, becoming more abundant as the voltage rose fur-

ther and eventually, at 4.4 V, forming a complex disloca-

tion network (Fig. 1). The dislocations had the effect of 

breaking the structure in the plane of the layers in such a 

way that a half-layer interposed itself. At the same time, 

the lithium diffusion length fell dramatically, to 1/10 or less 

of the nanoparticle size. 

The diffraction studies also allowed the researchers 

to infer the strain field from the distortion of the LRLO 

structure. They found that the strain was greatest in re-

gions of the grain where lithium loss was most dramatic. 

This suggests that the dislocations result from the lattice 

trying to accommodate the change in lattice volume ac-

companying the departure of lithium ions.  

For comparison, the researchers made a similar 

analysis of a particle of a conventional lithium-containing 

cathode at the PETRA III light source at DESY. One sam-

ple showed a dislocation appearing at 4.2 V, but no more 

< Fig. 1. The lithium-rich layered oxide cathode of a recharge-
able battery (top right) consists of packed nanoparticles. X-ray 
diffraction study of a single particle in the process of charging 
reveals that its structure is altered by dislocations, leading to 
voltage fade and loss of capacity on repeated cycling.

at higher voltages, and another sample was taken up to 

4.8 V with not a single dislocation evident. 

Although the exact mechanism by which the disloca-

tion network causes the degradation of electrical per-

formance in LRLO is hard to pin down, the research team 

found that annealing the grain at a temperature of about 

150° C healed the lattice and also restored its pristine 

cathode properties. 

The study suggests that modifications to LRLO mate-

rials to give them a more robust lattice might solve the 

voltage fade problem, but the researchers say that this 

approach has its pitfalls. It is the openness and, to some 

extent, fragility of the LRLO lattice that makes it unusu-

ally easy for lithium ions to move in and out. A more 

rigid lattice might fare better in the charge/discharge cy-

cle, but might also have poorer electrical performance 

for the same reason. Even so, the study points the way 

to turning LRLO into a cathode material that surpasses 

current devices.  — David Lindley 
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A Better Look Inside a Promising 
 Battery Material

Fig. 1. Left: the dark red regions show areas transparent to x-ray 
radiation; cracks and lithium deposition. The top shows the pris-
tine LLZO, the bottom the LLZO after cycling until battery failure. 
Right: a cross section of the LLZO cycled to failure. The large 
blots indicate areas of lithium plating. From F. Shen et al., ACS 
Energy Lett. 3, 1056 (2018). ©2018 American Chemical Society
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LLZO is a ceramic material compatible with lithium 

metal that has potential as an electrolyte, the substance 

that produces carriers of electric charge in a battery. Re-

searchers from Vanderbilt University wanted to under-

stand how the microstructure of LLZO (the size and shape 

of the grains, the pore sizes between the grains, and the 

atomic arrangement) affected the material’s tendency to 

fail. They also wanted to understand whether and how 

lithium dendrites grew through the material.  

They took a LLZO battery and cycled it over and 

over, charging and discharging it until it failed. While they 

did that, they and a colleague from Argonne took three-

dimensional tomographic images of the microstructure in-

side the battery using the XSD 2-BM x-ray beamline at 

the APS. This beamline is tuned for microtomography, 

meaning it can map out interior structures on the scale of 

0.5 μm to 1 mm in size. That resolution was perfect for this 

application, allowing the researchers to capture the inte-

rior structure and changes throughout entire LLZO sam-

ple. Another reason the researchers chose the APS was 

because the x-rays are high-energy, around 40 keV. LLZO 

contains zirconium, a heavy element that would just block 

the lower-energy x-ray beams available at many other 

synchrotron facilities. The high-energy x-rays at the APS 

allowed the researchers to see the position of the zirco-

nium atoms. The x-rays were so high energy they tended 

not to interact with the lithium ions and metal in the sam-

ple, so pores, cracks, and dendrites all appeared as open 

space in the images.  

Indeed, the researchers were able to image the entire 

sample and characterize the entire pore structure of the 

dense ceramic. This is one of the first times this has ever 

been done for this type of material. They used the tech-

nique to similarly characterize a pristine sample of LLZO 

and compared the two. 

Solid-state batteries are safer, potentially less explosive, and can have greater 
energy storage capacity and longer lifetimes than batteries with liquid elec-
trolytes. Lithium lanthanum zirconate (LLZO) is a particularly promising material 

for solid-state batteries due to its high lithium ion conductivity, but it has a serious 
drawback: it tends to short circuit at low current densities. What's worse, the short 
circuiting escalates as the material ages and experiences multiple discharge-recharge 
cycles. Researchers suspect that lithium dendrites are to blame. These treelike 
branches of metal grow through pores in the ceramic material and could be damaging 
the electrolyte and prematurely ending its usable life. But there has been no estab-
lished way to see inside solid-state batteries while they operate. To investigate, a 
team of researchers used the high energy x-rays at the APS, where the unique char-
acteristics of the APS x-rays showed that the apparent “open spaces” in the material 
― either pores and cracks, or lithium dendrites ― grew as the batteries cycled. 

They found that they could indirectly track lithium 

plating in the electrolyte after failure (Fig. 1). One of the 

unexpected features they saw were clues suggesting that 

lithium may plate in an isolated manner in the solid elec-

trolyte. That plating could only happen if there was elec-

trical conduction in the LLZO — but it’s not supposed to 

be electrically conducting; the ceramic is supposed to be 

electrically insulating. Another possibility is that strain in 

the material could induce strong localized electric fields 

at the boundaries between grains, and these localized 

fields could also cause local lithium deposition. 

If there really is electrical conductivity in the interior 

of LLZO batteries, that should play a significant role in the 

battery performance. The researchers hope to better 

characterize the apparent lithium plating and electrical 

conductivity, learn what causes it, and whether it can be 

tuned or eliminated. 

The next steps in this research will explore tech-

niques to understand more specifically how the shape of 

the pores and grain interfaces affect battery operation, 

and how to improve the contact between the battery 

electrodes and the LLZO electrolyte.  — Kim Krieger 
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One way researchers are trying to improve lithium-ion batteries is by 
coming up with better materials for the anodes, and silicon is one of 
the candidates. Silicon has a theoretical capacity almost 10 times that 

of carbon, a commonly used anode material, and so could be utilized to create 
batteries that last much longer between charges. Unfortunately, silicon anodes 
degrade quickly during cycling. Now, researchers using the APS have uncovered 
the cause of the failure.

Understanding Why 
 Nanoporous Silicon-Battery Anodes Fail

Fig. 1. An x-ray tomography reconstruction of a nanoporous sil-
icon anode shows how its structure changes from the pristine 
state (blue) with more discharge-recharge cycles. At 1000 
mAh/g (green), the anode expands, then loses material, over 
1500 cycles. At 2000 mAh/g (orange), it loses most of its mate-
rial by 460 cycles. From C. Zhao et al., Nano Energy 52, 381 
(2018). © 2018 Published by Elsevier Ltd.
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As a battery discharges, lithium enters the silicon an-

ode, causing it to swell up to four times its original size, 

then shrink again as the lithium departs during recharg-

ing. Eventually, the stress from swelling and shrinkage 

causes the anodes to crack. Researchers hoped that sili-

con full of nanoscopic pores would have enough empty 

space to accommodate the volume expansion, but the re-

sult was less than expected. During cycling at a rate of 

1000 mAh/g, the anode was able to handle more than 

1500 cycles without losing performance. But at 2000 

mAh/g, performance started to degrade after roughly 460 

discharge-charge cycles. 

To build their anodes, the researchers in this study, 

from Stony Brook University, Tohoku University (Japan), 

Argonne, Northwestern University, and Brookhaven Na-

tional Laboratory, started with an alloy of silicon and 

magnesium, which they immersed in molten bismuth. The 

bismuth dissolved the magnesium selectively, which sep-

arated from the silicon. Nitric acid was then used to etch 

away the bismuth and magnesium phase together, leav-

ing behind silicon particles studded with nanopores. The 

researchers used the nanoporous silicon to make coin 

cell batteries, which they cycled different numbers of 

times at different capacity levels to see how the anodes 

would look under different conditions. 

They then took their cycled battery electrodes — en-

capsulated in polymer tubes to protect them from air and 

humidity — to the XSD transmission x-ray microscopy 

beamline 32-ID-C at APS, where they performed x-ray 

nanotomography, which allowed them to reconstruct the 

shape of the anodes in three dimensions. In addition to 

the beamline itself, the APS provided software and ex-

pertise to help with the reconstruction and analysis of the 

data.  

For the 1000-mAh/g cycling, the thickness of the an-

ode increased after the second lithiation — the movement 

of lithium into the anode. At 500 cycles, the electrode ex-

panded by more than eight times but performance did not 

degrade. After 1556 cycles, the thickness dropped signifi-

cantly and some, but not all, of the silicon had separated 

from the current-collector underneath. In the 2000-mAh/g 

cycling, the anode changed much more after the first lithi-

ation than the other had after the second lithiation. By 

460 cycles, the battery lost most of its active material, 

with only a thin electrode remaining on the current collec-

tor (Fig. 1). 

It turned out that at the higher cycling capacity, some 

of the nanoporous silicon particles started to merge to-

gether into larger clumps, blocking the movement of 

lithium ions and reducing the battery capacity. Addition-

ally, other materials in the battery — polymer binders that 

hold components in place and carbon that increases the 

conductivity — could also swell along with the silicon, ac-

tively involved in the structural evolution of electrode dur-

ing battery cycling.   

This works shows that it is important to pay attention 

not just to the design of the nanoscale materials in a new 

battery electrode, but also to the design of its interface 

with other components in the battery, the researchers 

say. They plan to explore batteries and other applica-

tions with nanoporous structures made from different ele-

ments, including metals.  — Neil Savage 
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Devices that harness quantum electronic phenomena are at the forefront in 
the development of new information technologies. One approach to real-
izing these devices involves multilayered semiconductor crystals featuring 

quantum dots, which are thin nanoscale regions within crystals where quantum-
mechanical phenomena can be used to control the behavior of individual electrons. 
Synthesizng such multilayered devices invariably involves the introduction of me-
chanical stress, which can adversely affect the structure and location of quantum 
dots. These stress effects can be quite complex and present a major challenge to 
successful development of robust quantum semiconductor devices. To address 
these issues, researchers carried out x-ray nano-diffraction experiments at the APS 
to reveal the variety of stresses that arise within semiconductor quantum dots. The 
resulting x-ray data were interpreted by developing a modeling technique using 
the dynamical theory of x-ray diffraction. The results of these methods will help 
materials scientists achieve greater control over quantum dots in multilayered semi-
conductors. It is anticipated that this improved control will significantly aid the 
emergent field of quantum electronics, which encompasses a variety of devices for 
quantum computing and other emerging information technologies.

Distortions Present New Directions for 
 Quantum Devices

Fig. 1.  Left-hand side (a) depicts the multilayered semiconductor, com-
monly referred to as a heterostructure. Thicknesses of the crystalline 
gallium arsenide (GaAs) and aluminum gallium arsenide (AlGaAs) lay-
ers appear in nanometers (nm). The depth beneath the surface where 
the two-dimensional electron gas (2DEG) is located is also indicated. 
A metallic gold/titanium (Au/Ti) electrode is situated on top. Panel (b) 
indicates the basic experimental setup. An x-ray beam is used to 
probe the quantum dots present within the heterostructure. Voltages 
supplied by the electrodes/gates (assorted white lines) produce and 
control the quantum dots. Figures from A. Pateras et al., Nano Lett. 18, 
2780 (2018). © 2018 American Chemical Society 

(a) (b)
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The quantum device examined for this 

research by a team from the University of 

Wisconsin-Madison, Argonne, ETH Zürich 

(Switzerland), and Delft University of Tech-

nology (The Netherlands) consisted of 

multiple thin layers of single-crystalline 

gallium arsenide (GaAs) and aluminum 

gallium arsenide (AlGaAs). A two-dimen-

sional electron gas (2DEG) forms at the in-

terface where the two different semicon-

ductor materials meet. Practical devices 

normally exploit 2DEG interfaces for trans-

port and manipulation of electrons under 

conditions in which the electrons can 

propagate for long distances without scat-

tering from other electrons or impurities. 

These conditions also allow electrons to 

persist in a precisely prepared quantum 

state for times sufficiently long to control 

them with electrical signals. The 

schematic in Fig. 1(a) shows the distinct 

layers of GaAs and AlGaAs that formed 

the multilayered semiconductor (het-

erostructure) and the location of the 2DEG 

interface. 

External voltages can be used to ma-

nipulate the quantum behavior of elec-

trons at a 2DEG interface. In operating de-

vices, quantum dots are formed by 

selecting the voltages applied to the fine 

metal electrodes on the surface. The elec-

tronic properties of the quantum dots were 

influenced by the stresses and strains 

within the heterostructure. Characterizing 

these internal forces, and how they af-

fected the quantum dots, was the overrid-

ing aim of this research. 

Strain can occur unintentionally, stemming from dislo-

cations or imperfections inside a heterostructure. It can 

also be caused during fabrication, as demonstrated in 

this work, where it was induced by the metallic electrodes 

deposited atop the heterostructure [Fig. 2(c)] illustrates 

the electrodes). The complex pattern of metallic elec-

trodes and the intricate crystallographic microstructure 

within them created stresses that are very difficult to pre-

dict and model. Moreover, stresses in the metallic gates 

induced a pattern of tilting of the lattice within the crystal, 

which in turn produced a distortion affecting the electron 

gas and its quantum dots. An additional electric potential 

due to the piezoelectric effect modified the applied (gate) 

voltage used to operate the device and shifted the posi-

tions and energies of the quantum dots. 

A nanobeam diffraction study conducted at the APS 

revealed the primary sources of the internal stresses and 

quantified their effects. The x-ray nanodiffraction meas-

urements at the Hard X-ray Nanoprobe facility at the 

CNM/XSD 26-ID-C beamline probed regions in and 

around the semiconductor’s quantum dots. Figure 1(b) 

shows the key features of this nanobeam experiment. 

“Quantum” cont’d. on page 25 

Fig. 2.  Top panel (a) indicates x-ray diffraction intensity in the vicinity of the 
quantum dots. The electrodes are clearly visible in this close-up view. Scale 
provided in nanometers (nm). Middle panel (b) shows angular tilts of the crys-
talline lattices within the heterostructure in the same region. Drawing in bot-
tom panel (c) displays the actual pattern of electrodes in this area.
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One technique used to generate highly selective in-

teractions between colloidal particles involves using DNA 

strands on nanoparticle surfaces to direct nanoparticle 

assembly, taking advantage of binding specificity af-

forded by DNA. This allows the use of colloidal spheres 

functionalized with DNA to engineer colloidal crystalliza-

tion. With this in mind, researchers conducted a study to 

investigate the use of DNA to engineer non-equilibrium 

anisotropic colloidal single crystals with uniform shapes.  

To examine the internal ordering of the crystal struc-

tures, the researchers from Northwestern University em-

A crystal with different crystallographic symme-
tries is said to be anisotropic. Because optical 
modes are highly dependent on crystal shape, 

the ability to produce colloidal crystals with specific 
shapes is important for next-generation, innovative 
optoelectronic devices. As such, the use of shape 
anisotropy in colloidal crystals composed of inorganic 
nanoparticles has been suggested as a promising path 
to design and control optical responses in metamate-
rials being investigated for such devices. Nano- and 
microstructures with hexagonal cross-sections are par-
ticularly interesting because they support properties 
such as whispering gallery modes that exhibit low 
power loss and high quality factors. These properties 
make such crystals promising candidates for nonlinear 
optics and photocatalytic applications. However, there 
has not been any method that could control the crystal 
shape of these structures to incorporate them into 
such applications. In this study, researchers investi-
gated DNA-mediated single-crystal engineering as a 
way to achieve this goal. In particular, they demon-
strate for the first time that colloidal crystal engineering 
with DNA can be applied to generate highly 
anisotropic hexagonal prismatic single crystals, which 
were characterized at the APS and at Northwestern 
University. Furthermore, this study highlights a mech-
anism for preparing non-equilibrium crystal shapes. 
Overall, the results shown in this study have important 
implications for scientists involved in developing novel 
optical devices.

Harnessing DNA to Improve 
Optical Technologies 

Fig. 1. Top: Scheme of a set of DNA-functionalized gold 
nanoparticles used to produce superlattices with AB2 crystal-
lographic symmetry. Bottom: SEM image of a representative 
hexagonal prism microcrystal enclosed by the highest surface 
energy facets.

ployed small-angle x-ray scattering at the DND-CAT x-ray 

beamline 5-ID-B,C,D at the APS. Mesoscale crystal shape 

and surface morphology of colloidal crystals were char-

acterized using scanning electron microscopy at North-

western University. 
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To synthesize colloidal crystals with anisotropic 

shapes, the researchers used a combination of two differ-

ent sizes of nanoparticles that form lattices with noncubic 

crystallographic symmetry. As a proof of concept, they 

chose AB2-type superlattices with crystallographic sym-

metry identical to that of aluminum diboride, which has a 

hexagonal unit cell. By slowly cooling a solution of DNA-

nanoparticles with complementary DNA strands, the re-

searchers were able to generate single crystals with uni-

form shapes (Fig. 1, top). These crystals comprised 

hexagonal prisms enclosed by the highest surface en-

ergy facets [(AB2(101¯0) and AB2(0001)] (Fig. 1, bottom). This 

phenomenon contrasts with usual Wulff construction, 

which is used to explain crystal shape formation where 

the equilibrium shape is enclosed by the facet with mini-

mal surface energy. 

Molecular dynamics and simulations reveal that this 

behavior is a result of the large energy barrier between 

different layers of the (AB2(101¯0) facet, which results in a 

significant deceleration of the facet growth rate, despite 

its high surface energy.  

This work reports for the first time how colloidal crys-

tal engineering with DNA can be used to produce highly 

anisotropic hexagonal prism microcrystals. Additionally, it 

introduces a mechanism that can be used to design crys-

tals with non-equilibrium Wulff shapes, a capability impor-

tant in many areas, including optics and photocatalysis. 

— Nicola Parry 
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Applying dynamical x-ray diffraction modeling to the 

x-ray data allowed the researchers to characterize 

nanoscale-sized distortions within the heterostructure. A 

close-up view of the x-ray diffraction intensity appears in 

Fig. 2(a), clearly showing the outlines of multiple elec-

trodes. This region encompasses the quantum dots, 

which reside in the 2DEG layer beneath the electrodes. 

Figure 2(b) shows the lattice tilts caused by the convo-

luted electrode pattern. 

The x-ray measurements also allowed the calculation 

of spurious voltages and electron energy changes 

caused by the electrodes and lattice misalignments. For 

example, the piezoelectric effect introduced a 5-mV po-

tential between the electrodes and the quantum dots. 

This study demonstrates techniques that can deci-

pher the complex set of induced stresses and voltages 

within heterostructures. Besides using these techniques 

to reduce the negative effects of internal stresses, scien-

tists and engineers designing quantum devices could 

also use them to strategically place metal electrodes to 

control and enhance quantum dots. The researchers also 

anticipate applying their x-ray method to the study of 

other electronic systems.  — Philip Koth 
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Nickel-based superalloys have become indispensable for applications 
involving very high temperatures and pressures, including the aero-
space and nuclear power industries.  As additive manufacturing (AM) 

technologies mature and become more versatile and affordable, the prospect 
of using AM in the fabrication of superalloy parts is increasingly attractive, but 
requires more information about the deformation mechanisms of AM-built su-
peralloy parts.  Researchers used the APS in their study of the microstructural 
deformation and strain mechanisms of the popular nickel (Ni)-based superalloy 
Inconel 718 (IN718).  They employed a range of advanced techniques to achieve 
a deeper understanding of the structure to property relationships in IN718 
made with the AM method of selective laser melting.  

Understanding Deformation Mechanisms in an 
 AM-Fabricated Superalloy 
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The research team, from Purdue University, fabri-

cated sample IN718 parts in several different configura-

tions to facilitate a suite of various advanced characteri-

zation studies, including (Fig. 1) scanning electron 

microscopy (SEM), electron backscatter diffraction (EBSD) 

with digital image correlation (DIC), synchrotron-based x-

ray micro-tomography (micro-SCT), and high-energy x-ray 

diffraction (HEXD), with the latter two techniques per-

formed along with Argonne colleagues at the XSD 2-BM-

A,B and 1-ID-E x-ray beamlines, respectively. These meth-

ods were used to investigate the role of build direction 

and the resulting anisotropy contributing to deformation 

behavior, as well as the effects of heat treatment and its 

contribution to strengthening the material.   

The sample parts were divided into two groups, one 

with a stress-relief treatment performed on the build plate 

(designated “as-built” specimens) and the second with a 

post-processing treatment of homogenizing, solution 

treating, and aging (designated "post-processed" speci-

mens).  As might be expected, SEM images of the as-built 

specimens showed no  or  precipitate structures, 

which are usually a result of the post-processing treat-

ment in IN718 to strengthen the material.  The post-

processed samples did display the precipitates in the mi-

crostructure.   

Other marked differences between the microstruc-

tures of both sample groups were evident.  While both the 

as-built and post-processed specimens showed random 

grain orientation, the as-built samples showed greater 

anisotropy, with a higher percentage of low-angle grain 

boundaries (LAGBs) and remnants of laser melt tracks 

from the SLM process.  The post-processed specimens 

demonstrated that the post-processing heat treatment re-

moves many of these defects, reducing LAGBs and form-

ing coherent annealing twins, thus reducing the general 

anisotropy of the microstructure.   

The micro-CT studies at the APS provided data on 

porosity, showing that the as-built IN718 tended to con-

tain greater numbers of pores, with the largest-sized 

pores generally seen in the vicinity of a free surface.  In-

< Fig. 1. Characterization of the AM-produced IN718 for the “as 
built” and “post processed’ conditions, via synchrotron-based 
micro-CT, DIC coupled with EBSD, and HEXD.

terior bulk samples were less porous, but the as-built 

samples still showed more porosity in these regions than 

did he post-processed samples.  The experimenters note 

that the heat treatment used on these specimens did not 

include the hot isostatic pressing that is usually associ-

ated with reduction in porosity. 

Strain analysis of the specimens with DIC mapping 

demonstrated greater anisotropy and lesser strength in 

the build direction in the as-built samples.  This was noted 

to still be present after heat treatment in the post-

processed specimens, but at a far lesser degree. The 

HEXD studies of both sample sets under in situ loading 

showed a greater dislocation density content in the as-

built specimens, producing a powder pattern that is not 

seen in the post-processed samples.  The heat treatment 

helped to regularize the alloy microstructure and re-

moved any traces of the laser path remaining from the 

build (although the researchers note that the laser melt 

paths remaining in the as-built specimens did not appre-

ciably influence the strain patterning).    

The detailed, advanced characterization presented in 

this work fills in major gaps in our knowledge of the mi-

crostructure and behavior of AM-made IN718.  Such 

knowledge will ultimately allow the industries that rely 

upon this and other similarly important nickel-based su-

peralloy materials to reap the benefits that additive man-

ufacturing strategies can provide.  — Mark Wolverton 
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tom. More power translated into deeper penetration.   

The main parameters for both laser welding and AM 

are laser power and velocity, defined as P-V space.  In 

the scanning beam experiments, the research team found 

that unlike in the stationary beam measurements, vapor 

depression morphologies changed markedly in P-V 

space, with almost all combinations of power and veloc-

ity resulting in the formation of a substantial vapor de-

pression.  Measuring vapor depression depths as a func-

tion of laser velocity and power for spot sizes of 95 μs 

and 140 μm showed a very linear depth vs. power rela-

tionship for most beam-scanning velocities.   

Although models to predict vapor depression dynam-

Adding It Up: Three Routes to 
 Better 3-D Printing

1. Finding the Keys to Keyhole Formation in 
3-D Printing  

In their latest work [1], they investigated the phenome-

non of vapor depressions (known as “keyholes”) in the 

laser melting of metals, commonly involved in the AM 

technique of LPBF (Fig. 1).  Working at the XSD beamline 

32-ID-B at the APS, they found that contrary to the grad-

ual transition from a “conduction mode” (a shallow, semi-

circular melt pool) to a “keyhole mode” (deep and narrow 

melt pool) as traditionally believed, there is a well-de-

fined threshold for the transition, keyholes are present 

throughout the LPBF process, and they vary in a pre-

dictable manner.   

The ability to directly visualize the evolution of the 

vapor depression dynamics through ultrafast x-ray imag-

ing allowed the research team to precisely characterize 

the development of the melt pool and formation of the 

vapor depression, and the quantitative relationship be-

tween power density, drilling rate, and front wall angle 

of the keyhole, with both a stationary and moving laser 

beam. 

Under a stationary x-ray beam, the research team 

observed five distinct regimes.  After initial melting of the 

metal powder under the laser, a vapor depression formed 

and began to grow, followed by the formation of instabili-

ties in the vapor depression.  This led to formation of a 

keyhole and finally a marked change in the shape of the 

melt pool, from a semicircular shape to bimodal, with a 

bowl-shaped area on top and a deep spike on the bot-

Additive manufacturing (AM), more commonly known as three-dimensional (3-D) 
printing, is transforming the industrial world in myriad ways, making the journey 
from initial concept to finished design to physical reality much faster, cheaper, 

and more efficient.  Various AM techniques have been developed, including laser 
powder bed fusion (LPBF), binder jetting, material extrusion, direct energy deposition, 
and others, each with its own characteristics and applicability to different materials, 
objects, and purposes. Yet our understanding of the basic dynamics and physical 
processes controlling these techniques remains incomplete and imprecise, leading to 
a lack of precision control during fabrication and the creation of defect-laden parts 
that may fail to meet desired standards.  In some cases, models of AM processes are 
based on indirect measurements and visualizations and on analogies with other in-
dustrial techniques such as welding, not all of which are fully comparable to AM. Re-
searchers have been working to change this situation through the development of ul-

Fig. 1. Top right: Schematic of high-speed x-ray imaging experi-
ment. Bottom left: Tableau of representative x-ray images in laser 
power-velocity parameter space of Ti-6Al-4V plate samples, 
showing the variation in vapor depression size and morphology.
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ics are available, they tend to require  large computa-

tional resources and are not easily scalable.  The current 

experiment team adopted a less complex prediction 

model based on these experiments, which uses the 

unique capabilities of the ultrafast x-ray imaging method 

and the high brightness of APS x-rays.  By calculating the 

front-wall angle of the keyhole as a function of beam ve-

locity and power density, it is possible to estimate the 

keyhole depth.  With some minor corrections, this model 

proved to fit the present data sets quite well.  Further ex-

periments using powder-bed samples and different mate-

rials introduced some variations — but similar overall 

trends — with the relationship between front-wall angle 

and keyhole depth shown to be unaffected by the type of 

material used. 

These imaging studies and modeling of keyhole for-

mation and morphology under laser heating in LPBF ad-

ditive manufacturing are an important advance that will 

allow LPBF users to better predict the behavior of their 

equipment and avoid the problems of deep keyholing 

that result in porosity defects and instability in AM-made 

parts.  – Mark Wolverton 

 

2. Penetrating the Depths of the 
Binder Printing Process  

Binder jetting is one of the most versatile and power-

ful methods of 3-D printing.  After a part is created, it can 

be used as a mold, sintered to make a final part, or com-

bined with another material to create a composite object.  

Binder jetting can be performed with both metallic and 

ceramic materials, does not require support structures for 

the fabrication of parts, and has the added advantage of 

mitigating thermal stresses and microstructural defects 

because the printing and densification processes are per-

formed separately.   

But as with every other AM process, certain phenom-

ena can affect the quality and durability of objects cre-

ated through binder jetting.  Variations in the characteris-

tics of the powder and binder material used, the design of 

the individual part, and the choice of post-fabrication pro-

cedures can all introduce defects in the finished part.  

One obstacle is a limited understanding of the basic 

mechanisms that control the binder jetting process.  Previ-

ous studies using visible light were unable to completely 

visualize the fundamental mechanisms, and also em-

ployed continuous-jetting inkjet print-heads rather than 

the droplet-on-demand (DoD) heads used in most com-

mercial printers.   

Now, the team of Argonne and Carnegie Mellon Uni-

versity researchers, with colleagues from The Barnes 

Group Advisors, utilized high-speed synchrotron x-ray im-

aging at the APS to open a more revealing window into 

the processes of binder jetting AM (Fig. 2). [2] 

The research team adapted an experimental set-up 

they previously used to study other AM mechanisms at 

the XSD beamline 32-ID-B to investigate binder jetting 

with a variety of materials with high spatial and temporal 

resolution. Because the process begins with the genera-

tion and subsequent behavior of the binder droplets, the 

team first examined droplet geometry and dynamics in 

DoD-type print heads, which are more commonly used 

because of their high resolution and reliability. 

Repeated experiments revealed that the droplet ini-

tially displayed a chiefly cylindrical head, which changed 

to spherical as it fell, followed by a long, thin tail.  Three 

to five main satellite droplets were seen at the end of the 

tail, with some smaller droplets at the very end.  The 

droplet velocity and separation were measured to be es-

sentially consistent with the printer settings.   

As the droplet changed shape, a neck region 

formed between the head and tail, which can pinch off; 

although in the present experiments, the head was seen 

to impact the powder bed before this occurred.  Satellite 

droplets fell more slowly than the head droplet, indicat-

ing that they were formed by the instability of the tail.  

No splashing of the binder was observed, but the hori-

zontal movement of the print head resulted in drift of the 

satellite droplets.  This drift can be expected to increase 

with greater print-head velocity, which may account for 

the decreased dimensional accuracy previously seen in 

binder jetting printed parts as print-head speed in-

creases. 

Unlike other imaging modalities, the high-speed, 

hard x-rays from the APS allowed visualization of the 

subsurface activity in the powder bed after the binder 

droplets fell.  Upon droplet impact, the powder particles 

underneath were ejected from the bed.  Defining the 

depth of disturbance as the “interaction depth,” the ex-

perimenters observed that the interaction depth de-

pended on particle size and morphology, decreasing 

with larger particles and increasing with more irregu-

larly-shaped particles.  The particle substance also af-

fected ejection behavior because of different flow-ability 

and mass characteristics.  These phenomena are impor-

tant factors in the possible formation of defects:  Deep 

interaction depths can create subsurface pores, particle  

ejections can result in depletion zones and pores, and  

“3-D” cont’d. on page 30 
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“3-D” cont’d. from page 29 

ejected particles can affect the forma-

tion of subsequent powder layers, caus-

ing roughness and dimensional inaccu-

racies.  Smaller particle sizes also 

displayed significant agglomeration, 

with binder droplets coalescing to form 

larger spherical agglomerates that 

could disrupt spreading of subsequent 

layers and form defects. 

These experiments provide a vital 

insight into the fundamental mecha-

nisms at work in binder jetting.  With this 

more complete and detailed knowl-

edge now available, it will be possible 

to better tailor the fabrication of binder 

jetting-produced parts using various 

materials and conditions with fewer de-

fects, and develop new binder-jetting printers with en-

hanced capabilities.  – Mark Wolverton 

 

3. An Ultrafast Look Inside 
Laser Powder Bed Fusion 

In the continually expanding realm of AM, laser pow-

der bed fusion (LPBF) has become the most popular 

method for the fabrication of metal parts.  In LPBF, a laser 

scans an extremely thin powder layer atop a substrate 

layer, creating a new metal layer by melting powder par-

ticles along with some of the substrate.  Because the 

processes involved are highly dynamic, including high 

temperatures and rates of melting and cooling, LPBF is a 

complex technique involving powder ejection, melting 

and vaporization, molten metal flow and solidification, 

nonequilibrium phase transitions, and other various phe-

nomena, all of which can have crucial implications for the 

quality and characteristics of the finished 

part and the presence or absence of struc-

tural defects.  Thus, the ability to observe 

and study the LPBF process in situ is vitally 

important in order to achieve a better un-

derstanding and control of this 3-D printing 

technique.  But because of the extremely 

localized and very fast nature of these 

phenomena, they are quite difficult to visu-

alize adequately.  Most previous attempts 

to do so have used high-speed visible light 

or thermal imaging techniques, but these 

are limited by their inability to image sub-

surface features and the behavior of scat-

tered particles.  The 

experimenters from 

Argonne, Carnegie 

Mellon University, the 

Missouri University of 

Science and Technol-

ogy, and the DOE 

National Security 

Campus used ultra-

high-speed x-ray syn-

chrotron imaging 

techniques at the 

APS to observe the 

fundamental physical 

processes involved in 

the LPBF method. [3] 

Again using  the 

XSD 32-ID-B beam-

line, the research team used a custom experimental set-

up they had previously employed to study other AM 

methods, adding an ultrafast-imaging camera capable of 

extremely high temporal resolution and recording 

speeds, and also a laser scanner so that the actual LPBF 

process could be reproduced with a moving laser beam 

instead of the stationary beam of previous experiments.  

Powder bed samples of three different metallic alloys 

commonly used in LPBF manufacturing were studied: alu-

minum alloy (Al-10Si-Mg, Fig. 3), titanium alloy (Ti-6Al-4V), 

and nickel alloy (Inconel 718).  Both absorption and phase 

contrast x-ray images were obtained at various frame 

rates and exposure times to capture different phenomena 

at various time scales.   

A variety of exposure times and speeds allowed the 

visualization of a wide range of phenomena.  For exam-

ple, denser samples such as the Inconel alloy required 

Fig. 2. High-speed x-ray imaging of the binder jetting additive manufacturing 
process. A closer look at the binder droplet is also displayed on the side of each 
image. The frame rate is 20,000 frames per second. [2]

XSD researchers involved in the experiments: Left to right, 
back row: Kamel Fezzaa, beamline scientist; Tao Sun, beam-
line scientist; Cang Zhao, postdoc; (foreground) Niranjan 
Parab, postdoc. Behind them is the home-built laser system 
that can simulate the laser powder-bed fusion process in a 
commercial 3-D printer. This laser system, together with the 
high-speed x-ray imaging capability at the APS, enables the 
study presented in the Science paper [1].
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greater exposure times in order to 

image details of the melt pool for-

mation, while the behavior of other 

materials could be adequately seen 

at lesser exposures.  The multi-

frame, high-speed camera was 

used to image the entire length of 

the laser scan with each sample, 

providing a full record and imaging of the important phe-

nomena governing the LPBF process.   

Ultrafast imaging was used at rates of 1.08 million 

and 10 million frames s-1 to examine some of the ex-

tremely fast and dynamic events that occur during LPBF 

fabrication.  The latter speed is the fastest rate possible 

with currently available cameras.  This allowed visualiza-

tion of the formation of vapor depressions in the alu-

minum samples and changes in their sizes and shapes.  

Other experiments showed the behavior of particles 

ejected from the powder bed, including tracking of their 

velocities and trajectories with better accuracy than previ-

ously possible, even those with irregular shapes.    

This work has produced a wealth of new information 

on the intricacies of the LPBF process, from the formation 

and dynamics of melt pools to the formation of porosity in 

materials, the behavior of vapor depressions, and the 

ejection of powder particles.  The experiments also 

helped to identify phenomena that particularly lend 

themselves to study under ultrafast recording speeds, 

and quantified for the first time the oscillations of vapor 

depressions and high-velocity rotating particles. 

Unlike previous imaging methods, which could only 

provide incomplete and less detailed data, this ultrahigh-

speed synchrotron x-ray technique provides new insights 

into the basic processes at the heart of the LPBF method 

of additive manufacturing.  Such knowledge will not only 

facilitate the development of better control of LPBF fabri-

cation methods and the consequent creation of stronger 

and more robust parts with fewer defects, but also help to 

devise improved numerical models as LPBF and other AM 

techniques continue to expand in their versatility and 

popularity.  – Mark Wolverton 
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Fig. 3. High-speed x-ray imaging of the binder jetting additive manufacturing process. A 
closer look at the binder droplet is also displayed on the side of each image. The frame 
rate is 20,000 frames per second. [3]
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One of the most vital areas of research in the quest for better and cheaper 
photovoltaic devices centers on hybrid materials based on a perovskite struc-
ture. But while many promising compounds have been identified, the realiza-

tion of truly efficient and commercially viable perovskite-based solar cells continues to 
be hampered by several factors, including material stability and fragility problems in 
varying environmental conditions. A university-national laboratory team of researchers 
has found a promising solution to those problems in a perovskite compound that 
actually expands under illumination, smoothing out defects in its crystal lattice and al-
lowing more efficient charge transport across the interface, with improved power con-
version efficiency (PCE) to over 20%. Their work is based in part on studies carried out 
at the APS.

Casting Light on Some New Benefits of 
 Perovskite Solar Cells 

Fig. 1. The experimental setup (top left) and the corre-
sponding light-induced lattice expansion effect (top 
right: lattice constant vs. illumination time), which leads 
to curing defects and relieving of lattice strain (bottom 
left) and as a result, an increase in the open circuit 
voltage of a solar cell.
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Much of the work on perovskite materials has fol-

lowed a somewhat trial-and-error approach, combining 

different materials into a perovskite ABX3 structure and 

testing the characteristics of the resulting compound. 

Prior studies have demonstrated that light soaking of cer-

tain materials could induce structural changes that im-

prove photovoltaic efficiency, but detailed in situ informa-

tion that could help researchers better understand — and 

perhaps tailor — the phenomenon has been lacking.  

In the present work, the team from Los Alamos Na-

tional Laboratory, Rice University, Purdue University, 

Northwestern University, Institut FOTON CNRS UMR 

6082 (France), and Argonne fashioned a number of hy-

brid perovskite solar cells with a FA0.7MA0.25Cs0.05PBI3 

composition and measured them using a variety of tech-

niques including grazing-incidence wide-angle x-ray 

scattering (GIWAXS) maps at the XSD 8-ID-E x-ray beam-

line of the APS.  

In most of the cells, the researchers noted a substan-

tial improvement in PCE from 18.5% to 20.5% under con-

tinuous light soaking with a 1-sun (100-mW/cm2) source as 

the lattice structure of the hybrid cells uniformly ex-

panded (Fig. 1). This relieved local strains in the bulk ma-

terial and better aligned the crystal planes, as evidenced 

by narrowing and uniform shifting of the Bragg peaks to-

ward lower scattering values as seen by GIWAXS. The re-

searchers explain that constant illumination generates 

electron-hole pairs in the perovskite material, decreasing 

the distortions of some bonds while elongating others, re-

sulting in a generalized lattice expansion and relaxation. 

A similar phenomenon was seen with pure MAPbI3 thin 

films, suggesting that such lattice expansion under light is 

common for hybrid perovskite materials. 

The effects of this light-induced lattice expansion im-

prove the photovoltaic characteristics of the perovskite 

material in several significant ways. Using various tech-

niques, the team observed that the open-circuit voltage 

and fill factor, both crucial parameters of PV performance, 

are significantly increased upon lattice expansion. An-

other factor contributing to substantially increased effi-

ciency is considerable suppression and lowering of the 

energetic barrier at the perovskite-contact interfaces. In 

an operational solar cell, this would allow easier current 

flow from the absorber to the electrodes. 

Previous experiments with MAPbI3 films demonstrated 

some changes in contact interfaces following light soak-

ing, which were attributed to ion migration from the per-

ovskite material to the contact. To rule out such effects in 

the current work, the experimenters performed x-ray pho-

toelectron spectroscopy before and after illumination, 

and also monitored open-circuit voltage and fill factor 

values in darkness while applying a constant bias cur-

rent. Neither technique showed any evidence of ion mi-

gration as seen in the MAPbI3 film experiments. 

The lattice expansion persists for at least 30 min in 

the perovskite materials even when the films are rested in 

complete darkness after illumination. To exclude any pos-

sibility that the lattice expansion might be heat-induced, 

the experimenters maintained the perovskite films at con-

stant temperature during illumination and in darkness. 

When exposed to greater illuminations of 10-sun intensity, 

the films maintained their PV efficiency for considerable 

time, degrading only to 80% after 600 minutes. The in-

vestigators also noted that the light-induced lattice ex-

pansion had no noticeable effects on the photovoltaic 

stability of their devices, even after more than 1500 hours 

of continuous operation under 1-sun illumination.  

These findings not only represent a highly significant 

step forward in the search for stable and practical per-

ovskite-based photovoltaic devices, but also point the 

way toward new research possibilities in the fundamental 

understanding of perovskite-based materials and their 

behaviors.  — Mark Wolverton 
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Scientists would like to use the quantum property called “spin,” which is the basis 
of magnetism, to make equipment such as ultra-compact computer memories 
and new types of logic circuits. Building such spintronic devices often requires 

the use of ferromagnetic insulators, which can keep spin from leaking from one part of 
a device to another while simultaneously picking out specific spins. Such insulators 
have been hard to make, but now an international team of scientists, performing studies 
at the APS and the Advanced Light Source at Lawrence Berkeley National Laboratory, 
has found a promising material.

Spinning Out a High-Temperature 
 Magnetic Insulator

Fig. 1. In a strain-induced, high-temperature perovskite ferromagnetic insulator, 
the lanthanum, oxygen, and cobalt atoms are arranged symmetrically and elec-
tron spins (white arrows) are aligned. 
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Ferromagnetic insulators with all the right properties 

are rare. With some materials, insulators can be created 

in thin films by controlling the placement of magnetic ions 

at an atomic level. But those materials tend to have low 

crystalline symmetry. The substrates they’re attached to, 

however, usually are highly symmetrical crystals. Placing 

low-symmetry films on high-symmetry substrates is diffi-

cult and often introduces unwanted strain that changes 

the properties of the device.  

On the other hand, materials that are highly sym-

metrical usually require the addition of chemicals to 

make them ferromagnetic, and those chemicals can in-

troduce unwanted effects such as added conductivity. 

There are a few candidate materials that have high sym-

metry and require no chemical doping, but they only be-

come magnetic at extremely low temperatures, close to 

absolute 0. For instance, europium sulfide has a mag-

netic transition temperature, known as a “Curie tempera-

ture,” of 16 K, and strained europium titanium oxide’s is 

even lower, at 4 K. 

These researchers found, however, that they could 

make a ferromagnetic insulator at a much higher temper-

ature by using a thin film of lanthanum cobaltite (LaCoO3). 

The material, a type of crystal known as a perovskite, has 

high symmetry and needs no doping with another ele-

ment. When they subjected it to tensile strain, they found 

it had a Curie temperature of almost 90 K, still well below 

room temperature, but higher than liquid nitrogen temper-

ature, and therefore easier and less expensive to reach. 

By adjusting the oxygen pressure under which they 

deposited the thin films and changing the thickness of the 

films, the researchers found they could alter the concen-

tration of cobalt defects in the structure. When the con-

centration reached about 10%, the ferromagnetism of the 

material disappeared. Reducing the film’s thickness also 

allowed them to more finely tune the Curie temperature 

of the LaCoO3. 

To measure the lattice structure of the thin films, and 

to confirm their thickness, the researchers used the XSD 

33-BM-C beamline at the APS, as well as beamlines at 

the Shanghai Synchrotron X-ray Facility and the Beijing 

Synchrotron X-ray Facility. They also characterized the 

material using x-ray absorption spectroscopy at the Ad-

vanced Light Source at Lawrence Berkeley National Lab-

oratory, and the National Synchrotron Radiation Labora-

tory of the University of Science and Technology of 

China. They performed x-ray absorption near-edge struc-

ture spectroscopy to characterize the state of the cobalt 

at the Shanghai and Beijing facilities.  

The researchers do not yet know why the Curie tem-

perature of the LaCoO3 is so surprisingly higher than that 

of other un-doped, high-symmetry, ferromagnetic insula-

tors. Theory suggests it may have to do with the large 

overlap between the electron orbitals in cobalt and oxy-

gen atoms, because overlapping orbitals in europium and 

sulfur are what is thought to give europium sulfide its 

magnetism. In any case, they say strained LaCoO3 is a 

much better candidate for ferromagnetic insulators than 

those previously known because of its relatively high 

Curie temperature, its high symmetry (Fig. 1), and the ease 

with which high-quality films of the material can be grown 

over large areas of commonly used substrates.   

— Neil Savage 
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concentrations compared to a lighter 

lanthanide.  

Furthermore, the concentration-

dependent onset of surface segrega-

tion happens quite suddenly at a 

specific solution concentration (remi-

niscent of a phase transition, such as 

that between ice and water).  The 

authors explain this unexpected be-

havior using computer simulations 

based on electrostatic interactions.  

In solutions that contain two lan-

thanides at the same time, the heav-

ier lanthanide dominates at the inter-

face, displacing the lighter 

lanthanide (Fig. 1). 

Together, these results imply that 

ionic selectivity during separation 

happens at the interface rather than 

in the bulk or during dynamic processes such as stirring 

or mixing. By revealing the nanoscale processes respon-

sible, such studies may pave the way to improvements in 

industrial extraction processes. 
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Rare earths such as lanthanides, which are elements in the range of atomic 
number 57 to 71, are not actually rare. They exist in large quantities in the 
world, but are only found in the form of trace amounts in rocks. Since rare 

earths are important for a variety of applications (e.g., electronics) their extraction 
is a major mining-related industry. Results of research carried out at the APS may 
pave the way to improvements in industrial processes based on solvent extraction, 
which is used in the mining and refinement of technologically important rare earths.

Illuminating a Key Industrial Process

Fig. 1. (a) Schematic diagram of the system studied — the positively charged lan-
thanide ions (blue circles) are dissolved in the water, while the negatively charged 
surfactant molecules (purple) float on the water surface. (b) Data showing how the 
density of ions at the surfactant surface jumps suddenly as the concentration of ions 
in the bulk water increases (Er = erbium, a heavier lanthanide, Nd = neodymium, a 
lighter lanthanide). The lines through the data are predictions from computer simula-
tions. Adapted from M. Miller et al., Phys. Rev. Lett. 122, 058001 (2019). © 2019 Ameri-
can Physical Society All rights reserved

 A common process by which rare earths are ex-

tracted involves dissolving rocks in acids, then shaking up 

the solution with an organic solvent and a surfactant. Un-

der the right conditions, the desired ions move out of the 

aqueous phase and into the organic solvent.  This is 

known as “liquid-liquid extraction” or “solvent extraction,” 

and is conducted on a large scale by the mining industry. 

This process also separates heavier lanthanides from 

lighter lanthanides present in the same solution, because 

the heavier lanthanides separate more easily. While this 

fact is known and exploited in industrial separation 

processes, the nanoscale mechanisms of the separation 

process are not well understood. 

New light has been shined on these mechanisms 

thanks to x-ray diffraction experiments carried out at the 

ChemMatCARS 15-ID-B,C,D x-ray beamline at the APS. 

Employing synchrotron x-ray fluorescence measure-

ments, researchers from Northwestern University and The 

University of Chicago revealed that a heavier lanthanide 

segregates to a surfactant-laden interface at much lower 
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SOFT MATERIALS 
& LIQUIDS
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In situ x-ray diffraction (XRD) measurements have played a crucial role in identifying 
high-pressure structures in shock-induced, solid-solid phase transformations. However, 
solid-liquid phase transformations have proved to be more challenging, in part because 

volume changes associated with melting and freezing are often small and XRD patterns 
from liquids are not easily distinguished from those of amorphous solids. For such reasons, 
the direct and unequivocal demonstration of shock melting and recrystallization remained 
important unrealized objectives until researchers used high-brightness x-rays from the 
APS to perform in situ time-resolved XRD and simultaneous velocity interferometry meas-
urements to examine structural changes in silicon (Si) shock-compressed to 54 GPa.

Melting and Recrystallization 
Established Unambiguously in 

Shock-Compressed Silicon 
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< Fig. 1. (a) Schematic of plate-impact experiments to examine 
melting and recrystallization in shock-compressed silicon. (b) 
Continuum velocity interferometry results showing shock 
waves in Si. (c), (d) Representative XRD patterns showing high-
pressure simple hexagonal Si and liquid Si, respectively. (E-H) 
XRD line profiles showing evolution of shocked and re-
shocked Si structures; black lines depict representative back-
ground-subtracted measured XRD line profiles, while red lines 
show simulated XRD line profiles. Adapted from S.J. Turneaure 
et al., Phys. Rev. Lett. 121, 135701 (2018). © 2018 American 
Physical Society All rights reserved

The shock-compression experiments were performed 

by researchers from Washington State University at the 

DCS 35-ID-E beamline at the APS using the 24-bunch 

synchrotron mode, which consists of ~100-ps-duration x-

ray pulses appearing every 153.4 ns. This arrangement 

allowed each plate-impact experiment to consist of four 

powder XRD measurements 153.4-ns apart to resolve the 

Si structures upon initial shock compression and after re-

shock from the shocked state. Simultaneous laser inter-

ferometry measurements recorded the elastic, inelastic, 

and phase-transformation waves propagating through the 

shock-compressed Si disks. Shock melting was unam-

biguously established above ~31–33 GPa shock stress as 

all sharp crystalline diffraction peaks vanished and were 

replaced by a single broad diffraction ring corresponding 

to the melted state. The experimental setup and major 

findings are depicted in Fig. 1. 

For an impact stress of 29.7 GPa, the diffraction line 

profile was well matched by an XRD simulation assuming 

a simple hexagonal (sh) Si structure. The diffraction pro-

file for Si shocked to a stress of 30.5 GPa matched a com-

bination of simulated sh Si diffraction and a Gaussian 

hump due to liquid Si. For Si shocked to 32.7 GPa, the dif-

fraction pattern was primarily a broad hump with weak 

superposed sh Si peaks, indicating that melting was 

nearly complete. Only a broad diffraction hump was ob-

served for impact stresses of 34.7 GPa and higher, indicat-

ing complete melting during shock compression. 

The re-shocked states provided further insight into 

the Si phase diagram near the melt boundary. After re-

shock from states on the sh Si-liquid phase boundary, a 

new sharp hexagonal close-packed (hcp) peak emerged, 

in addition to a broad liquid Si hump, showing that the re-

shocked Si passed the sh-hcp-liquid triple point but re-

mained on the melt boundary. For complete re-shock 

from 32.7 to 39.3 GPa, the sh peaks were no longer pres-

ent and the observed line profile matched simulated hcp 

diffraction peaks and a Gaussian representing liquid Si. 

Crystalline diffraction peaks were not observed for Si re-

shocked from shock-compression stresses of 36.7 GPa or 

higher, indicating that the liquid-solid phase boundary 

was not crossed during re-shock of pure liquid Si. 

In principle, the broad diffraction peaks observed 

from shock-melted Si could also be due to amorphization 

during shock compression. However, the observations of 

recrystallization during stress release from non-crys-

talline shocked states and during re-shock from a prima-

rily non-crystalline state (from a shock stress of 32.7 GPa) 

suggest that the non-crystalline state in shocked Si was 

liquid rather than a metastable amorphous solid, since 

large temperature increases are typically required to initi-

ate crystallization of an amorphous solid. 

In summary, the in situ, time-resolved XRD measure-

ments of shock-compressed Si showed that all crystalline 

diffraction peaks vanished above ~33 GPa, providing un-

ambiguous proof of shock melting. The research was 

unique in that shock-compressed and re-shocked states 

were both examined with in situ XRD in the same experi-

ment, allowing Si phase boundaries to be examined dur-

ing re-shock from the high-pressure shocked state. Re-

crystallization of liquid Si was observed on nanosecond 

timescales during both re-shock and during stress re-

lease.  

Such measurements provide a new approach for dis-

tinguishing between shock-induced melting and amor-

phization. The results also provided new insight into the 

high-temperature, high-pressure Si phase diagram by 

constraining the sh-hcp-liquid triple point, by demonstrat-

ing that the derivative dP/dT < 0 for the sh-hcp phase 

boundary, and by constraining the hcp-liquid melt line.   

— Vic Comello 
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A polymer network is a material composed of interconnecting polymer strands 
and scientists have been able to produce polymer networks with a wide 
range of useful properties. Researchers have now designed a polymer net-

work that exhibits one set of properties after exposure to green light, and a second 
set after exposure to ultraviolet (UV) light. This two-state polymer network is based 
on a polymer gel incorporating numerous metal-organic cage (MOC) molecules, 
referred to as “polymer metal-organic cage,” or polyMOC. The researchers investi-
gated their innovative polyMOC material using computer simulations and laboratory 
experiments. The latter included small-angle x-ray scattering (SAXS) experiments 
carried out at the APS. These studies were used to confirm the mechanism re-
sponsible for the polyMOC’s light-induced property changes. The researchers posit 
that the kind of switchable polyMOC they have developed could prove useful in 
many applications, including as a photo-actuator and in the field of soft robotics.

Photo-switching the Network Topology 
 of Polymer Gels

Fig. 1. The two distinct forms of the polyMOC polymer network. The left-hand box depicts the 
open (o-PL) form, which has many more small MOCs. Each MOC consists of palladium atoms (yel-
low spheres) connected to ligands (dark segments), depicted at far left and far right of the figure. 
The closed (c-PL) form appears in the right-hand box with fewer and larger MOCs. Changing the 
size and quantity of MOCs dramatically alters the distribution of the polymer strands (red and 
green squiggly lines). Red lines indicate primary loops, meaning both ends connect to the same 
MOC junction. Arrows indicate switching between the two polyMOC forms in response to light.
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other simultaneously changed its internal properties, 

such as its active strand density and junction connections. 

Computer simulations provided insight into the photo-

switching process. The o-PL ligand structure meant 

smaller MOC cages, while the c-PL structure yielded 

larger cages. The simulatios indicated that differences in 

the size and shape of the MOC cages significantly altered 

the polyMOC’s structure and properties. For instance, the 

simulations revealed that in the c-PL form, more of the 

polyMOC’s polymer strands formed so-called “primary 

loops,” which are elastically inactive. A primary loop oc-

curs when both ends of a polymer strand connects to the 

same MOC. Figure 1 highlights differences between the o-

PL and c-PL forms. 

Small-angle x-ray scattering experiments to defini-

tively measure MOC cage size were carried out at the 

XSD 12-ID-B x-ray beamline at the APS. The results con-

firmed that the polyMOC’s cages were much smaller in 

the o-PL form than in the c-PL form, indicating that 

changes in the polyMOC’s properties were directly tied to 

changes in cage size. 

The researchers note other interesting properties of 

their custom-designed polyMOC that invite further devel-

opment. For instance, its o-PL form can self-repair dam-

age, while the c-PL form cannot. The ability to switch be-

tween the two states could promote the polyMOC’s use 

as a self-healing material. The polyMOC might also prove 

useful as a model system for conducting basic polymer 

science research.  — Philip Koth 
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Polymers are long, chain-like molecules made of 

linked molecular monomers. Some polymer-based mate-

rials, like nylon, consist of polymer strands running more-

or-less parallel to one another. In a cross-linked polymer 

material, such as rubber, the long polymer strands are 

joined together by short polymer segments to form a 

three-dimensional structure. The polymer strands of poly-

mer networks twist and turn throughout the material, with 

their ends meeting up at common junctions. Epoxy is an 

example of a polymer network. 

PolyMOC polymer networks have drawn consider-

able attention in recent years. A polyMOC is mostly com-

posed of polymer gel, which contains polymer strands 

dispersed within a solvent such as water or acetonitrile; 

the amount of solvent helps determine the gel’s pliability. 

A third ingredient is some type of MOC, which, in contrast 

to pliable polymer gels, are rigid. Chemists and materials 

scientists can vary the properties of polyMOCs by adjust-

ing the material’s solvent, polymer strands, and MOCs. 

The goal in this study was to create a “photoswitch-

able” polyMOC that could reliably change between two 

sets of properties in response to light. The key was to se-

lect the right metal-organic cages, because the structure 

and bulk properties of a polyMOC depend largely upon 

the MOCs that form the junctions linking its polymer 

strands. These junctions dictate the network’s topology, 

or structure. Palladium (Pd) was chosen for the MOC’s 

metal component, while a photosensitive polymer ligand 

was selected for its organic, or carbon-based, segment. 

The resulting palladium/ligand (PdL) cages were linked to 

poly(ethylene-glycol)-based polymer chains and formed 

a photosensitive polyMOC network. Formation of the 

polyMOC was a self-directed process. 

The researchers, from the Massachusetts Institute of 

Technology and the University of South Florida, em-

ployed light to switch their custom-designed polyMOC 

between two states. These two states were associated 

with the orientation of the ligands in PdL cages: a more 

open ligand structure was dubbed open-form polymer lig-

and (o-PL), while the more closed structure was dubbed 

closed-form polymer ligand (c-PL). Exposure to UV light 

switched the polyMOC from its o-PL to c-PL form. Apply-

ing green light reversed the process, converting it from c-

PL to o-PL. Switching the polyMOC from one form to an-
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Methane is the main component of natural 
gas and there are vast quantities of this fos-
sil fuel in reserves around the world. How-

ever, rather than just burning it for heating, this organic 
compound can be converted into other useful prod-
ucts: liquid fuels, agrochemicals, pharmaceuticals, 
polymers, and much more. But methane is not partic-
ular reactive, chemically speaking. A research project 
from scientists using the APS has found a way to "ac-
tivate" methane by using a catalyst supported in a 
porous, synthetic material known as a metal-organic 
framework (MOF). The catalyst is more than 99% se-
lective, so it generates very little byproduct. 

Shale gas and hydraulic fracturing technologies have 

opened underground and submarine reserves of natural 

gas, and specifically methane, to petrochemical compa-

nies. In the face of climate change and limited supplies of 

petrochemical feed stocks, there is pressure to exploit 

fossil reserves in novel ways. 

The methane molecule might be thought of as a tiny 

tetrahedron, with a single carbon atom at its heart and a 

hydrogen atom at each apex of the polyhedron. Such a 

sturdy chemical structure cannot react with other chemi-

MOFs for Methane 
 Manipulation

Fig. 1. Methane molecules are transformed in a highly selective 
manner within the nanopores of a MOF catalyst.
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cals in a synthesis aimed and generating more compli-

cated and so more useful compounds. But, there are 

hopes that a particular reaction known as “selective func-

tionalization” could be used to build more sophisticated 

molecules from methane for conversion into useful prod-

ucts. The barrier to exploiting this reaction is finding a cat-

alyst that can make the reaction occur quickly without the 

need of harsh conditions, such as untenable reaction 

temperatures and pressures or the use of strong acids. 

The search for an efficient and effective methane-convert-

ing catalyst is considered to be one of the grand chal-

lenges facing chemists today. 

There are many different types of catalysts used in-

dustrially in a wide range of chemical reactions. By defini-

tion, a catalyst lowers the so-called activation energy of 

a chemical reaction and so allows the reaction to get 

over this metaphorical hill in a much, much shorter time 

than is possible without the catalyst being present. At the 

end of the reaction, the ideal catalyst is left wholly un-

changed by the process and can be used again. 

Reaction conditions are never ideal, of course, and 

catalysts inevitably become damaged, poisoned, and 

otherwise lose some of the activity with each repeated 

use. Finding catalysts that are powerful enough to accel-

erate methane activation and tough enough to be reused 

might be possible with a particular class of designer com-

pounds: the MOFs. These materials are akin to a syn-

thetic version of porous minerals known as zeolites. The 

unique advantage of using MOF catalysts combines the 

qualities of a metal catalyst and a porous support with or-

ganic chemical components, which can, in some cases, 

be tailored to have pores with specific shapes and sizes. 

The pores within a MOF provide a vast internal sur-

face area, which can mop up molecules of methane gas 

and, once attached within those pores, facilitate the inter-

action of the methane molecules with another chemical 

reagent that can convert the methane to a more sophisti-

cated molecule. The use of a compound containing the 

element boron as the other reagent — specifically 

bis(pinacolborane) — in methane conversion has been 

shown to work to add a boryl group to the methane mole-

cule. This activates it and allows attachment of other 

chemical groups by displacing the reactive boryl group. 

One particular MOF — Universitetet i Oslo-67, or UiO-

67 — is very stable and contains a hexazirconium cluster 

in each unit with an organic molecular group, 4,4'-

biphenyl dicarboxylate linking the metal clusters to-

gether. The openings in this porous material are 0.8 nm in 

diameter and the octahedral cavities have a volume of 1.1 

nm3. This allows methane and bis(pinacolborane) inside 

and once held within, they can react to generate a new 

borylated methane molecule with just a single boryl 

group (Fig. 1). A second form of the molecule, which has 

two boryl groups, would normally be more likely to form 

in solution, but within the precise confines of UiO-67 it is 

too big to fit and so does not form in the MOF. 

The team of researchers from Argonne and North-

western University acquired x-ray absorption measure-

ments on the insertion device beamline 10-ID-B of MR-

CAT at the APS. Critically, this work, in combination with 

inductively coupled plasma atomic emission spec-

troscopy, showed that the iridium metal atoms in UiO-67-

Mix-Ir were present with two atoms per zirconium node in 

the porous structure. Additionally, the energy-dispersive 

x-ray analysis showed that the iridium was uniformly 

present throughout the MOF crystallites. 

Such chemical details about the catalyst is essential 

to proving that the catalyst is working in the way the 

team predicted it would. Moreover, understanding the de-

tails of the catalyst's structure and how it facilitates the 

chemoselective borylation of methane will allow re-

searchers to fine tune the catalyst and potentially de-

velop related MOFs that could be used to modify 

methane in other ways. It might also help in the design of 

MOFs that could be used for entirely different chemical 

transformations of other small organic molecules.   

— David Bradley 
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searchers has presented their findings on the catalytic 

active sites of a series of NiFe-CeO2 catalysts. 

 Using a set of in/ex situ diffraction experiments 

available at the APS and the Stanford Linear Accelera-

tor Center coupled with density functional theory, the 

team of researchers from Brookhaven National Labora-

tory, Tsinghua University (China), Stony Brook University, 

and Columbia University was able to show that the two 

most likely active sites of the catalyst are the Ni-FeOx 

and the Ni-CeOx interfaces. More interestingly, the re-

searchers successfully applied x-ray diffraction at XSD 

beamline 17-BM and x-ray absorption spectroscopy at 

XSD beamline 9-BM, both at the APS, and x-ray absorp-

tion near-edge spectroscopy at the 2-2 beamline at the 

Stanford Synchrotron Radiation Lightsource to show that 

these two sites exhibited very distinct catalytic behavior. 

Specifically, the Ni–FeOx interfacial sites can selectively 

break the C–H bonds and preserve the C–C bond of 

ethane to produce ethylene, whereas the Ni–CeOx inter-

facial sites efficiently cleave all of the C–H and C–C 

We are in the midst of a “Shale Gas Revolution” that has dramatically al-
tered the domestic energy and petrochemical landscape. Petrochemical 
companies that had situated themselves in the Middle East for decades 

are flocking to the Gulf Coast and Appalachia to take advantage of the abundance 
of cheap ethane feed stocks and the advancements in cracking technology to pro-
duce ethylene for plastics. With plastics firmly integrated into every aspect of 
modern life, scientists are continuing to push the boundaries of what is possible in 
the conversion of ethane to ethylene by improving atom economy, reducing haz-
ardous gas emissions, and even utilizing other undesirable byproducts like carbon 
dioxide. Toward this goal, a team of researchers recently evaluated a new class of 
multi-functional catalysts capable of reducing carbon dioxide and dehydrogenating 
ethane in tandem. In order to increase ethane-to-ethylene selectivity, the re-
searchers sought to identify the catalytic active sites. Using in situ characterization 
experiments, some of which were performed at the APS and the Stanford Synchro-
tron Radiation Lightsource, combined with density-functional theory calculations, 
the researchers identified two types of metal-oxide active sites responsible for the 
CO2-assisted ethane dehydrogenation reaction. These findings present a pathway 
for tuning the catalytic activity and selectivity, which allows ethane from shale gas 
to be more efficiently converted to ethylene and, eventually, valuable end-products. 
Additionally, making use of shale gas byproducts, which would otherwise be 
emitted, helps to mitigate man-made CO2 emissions. 

Ethylene is one of the most important intermediates 

in the chemical industry and is used to make everyday 

products like textiles, pharmaceuticals, plastic packaging, 

agricultural products, diapers, electronics, and so much 

more. Since many of the traditional routes for producing 

ethylene from ethane are energy-intensive and riddled 

with inefficiencies, alternative routes for producing ethyl-

ene from ethane are piquing the interest of those in the 

petrochemical industry. One such alternative route uses a 

bifunctional catalyst to facilitate the dehydrogenation of 

ethane using carbon dioxide (CO2). Specifically, the re-

searchers propose that atomic oxygen produced from the 

reduction of CO2 on a supported metal-oxide catalyst will 

assist the dehydrogenation of ethane to ethylene.  

Although a variety of supported metal oxide catalysts 

have been used for the activation of CO2 and ethane, lit-

tle is known about the nature of the catalyst active sites. 

This lack of knowledge presents a problem because the 

structure of the catalytic active sites largely determines 

catalyst activity and selectivity. Now, a team of re-

Converting Shale Gas Ethane to 
 Valuable Ethylene
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Fig. 1. Reaction mechanisms for the CO2-assisted dehydro-
genation of ethane to ethylene using NieFe1/CeO2 (above) and 
Fe3Ni1/CeO2 (below). The Ni–CeOx interfacial sites cleaves all 
of the C–H and C–C bonds to produce synthesis gas, while the 
Ni–FeOx interfacial sites selectively break the C–H bonds and 
preserve the C–C bond of ethane to produce ethylene.

bonds to produce synthesis gas. By varying the amount 

of iron in the catalyst, the researchers were able to tune 

the selectivity of the catalyst by controlling the quantity 

of Ni-CeOx sites on the catalyst.  

Favoring the formation of dispersed Ni-FeOx active 

sites, the researchers were able to rationally design a 

catalyst with high ethylene selectivity through the CO2-

assisted dehydrogenation of ethane. A visual representa-

tion of the reaction mechanisms and active sites are illus-

trated in Fig. 1.  

By gaining a better understanding of the structure-

function relationships between catalytic active sites and 

performance, the researchers showed the ability to ra-

tionally tune the selectivity of a bi-functional catalyst 

aimed at utilizing CO2 to assist in the dehydrogenation of 

ethane.  

This research is one part of the overall need to im-

prove our ability to convert shale gas into value-added 

products. By rationally designing catalysts aimed at low-

ering the overall energy requirements and improving 

atom economy for industrially relevant systems like 

ethane dehydrogenation, the chemical industry will con-

tinue to be positioned to capitalize on our abundant natu-

ral resources in the U.S. while also minimizing the envi-

ronmental footprint.  — Alicia Surrao 
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Chemical reactions usually proceed when we heat reagents or when we 
shine light on them. Others happen when an acid or an alkali is added. Rare 
is the reaction that occurs when we squeeze or stretch the ingredients, but 

such mechanochemical reactions could be useful in making novel compounds that 
are wholly inaccessible to conventional chemistry. One approach to mechanochem-
istry that is yet to come to the fore is the idea of compression leading to chemical 
changes. Now, just such reactions have been followed using high-pressure x-ray 
absorption spectroscopy (XAS) and x-ray diffraction (XRD) experiments performed 
at the APS and Advanced Light Source (ALS), respectively. This research reveals 
the secrets of what might be referred to as a molecular anvil in action.

The Stresses and Strains of a 
 New Type of Chemistry

Fig. 1. “Molecular anvils” squeezed to react. (a) Artist’s rendi-
tion of compression-driven reactions in a diamond anvil cell. 
(Image courtesy of P. Allen, UC Santa Barbara.) (b)-(e), Struc-
tures of the Cu-S-M9 molecule from a pressure of 2 to 12 GPa 
showing the bending of S-Cu-S bond angle, which leads to the 
redox reaction.
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Chemists have tested some of the possibilities of 

mechanochemistry. By tugging on polymer strands they 

have deformed and even managed to break bonds within 

the molecules that make up the chain-like strands. With 

these long molecules under tensile stress, they have 

seen reorganization of the atoms within the chains, unzip-

ping the polymers. They have even seen so-called “ring-

opening” reactions, where groups of carbon atoms joined 

in a circle, and those circles hooked into the polymer 

chain have been pulled open. They have also observed 

disulfide reduction reactions taking place because of me-

chanical forces. All of these reactions offer a model for 

what might be possible when mechanical stresses and 

strains are applied to molecules. 

The present research by a multi-institute, multi-nation 

collaboration demonstrates how a molecular-level stress 

can be converted into a strain in a material that com-

prises a compressible, soft component (the mechano-

phore), and incompressible, hard ligands (Fig. 1).  

Ligands are simply chemical groups, while the term 

mechano-phore refers to the part of the system that re-

sponds to mechanical stress just as a chromophore in a 

molecule responds to color. In parallel with this, the re-

searchers in this study also discuss the converse wherein 

rigid ligands that are touching each other impede relative 

motion and so block any reaction that might otherwise be 

induced by compression. 

Experiments with crystals of copper(I) m-carborane-9-

thiolate (Cu-S-M9) demonstrated the molecular anvil con-

cept. In this reaction system, pressure drives the redox re-

actions in materials known generally as metal–organic 

chalcogenides of which Cu-S-M9 is an example. These 

materials incorporate molecular elements that have dif-

ferent degrees of compressibility depending on how they 

are compressed; they are heterogeneous. 

The m-carborane-9-thiolate (M9) ligands are struc-

turally rigid because of their cage-like nature. As such, 

bending of bond angles or shearing of adjacent chains of 

atoms in the material activates the metal–chalcogen 

bonds and this actually releases the metal as its elemen-

tal form. This is a very different reaction route to that 

which would otherwise be taken by the same chemicals if 

they were simply heated rather than being exposed to 

mechanical stress. Heating the material produces cop-

per(I) sulfide rather than metallic copper. The XAS data 

obtained at the HP-CAT beamline 16-BM-D at the APS and 

the XRD data from the Lawrence Berkeley National Labo-

ratory ALS help explain this difference in terms of the po-

sitions of the atoms within the material and how 

mechanochemistry, rather than heat, leads them to re-

arrange in two very different ways. 

The important outcome from this current approach to 

mechanochemistry is that, whereas polymer mechano-

chemistry requires long chain-like molecules that are dif-

ficult to handle, the new anvil approach involves different 

types of chemical ligands that have been well studied in 

conventional chemistry and might be adapted easily to 

expand their repertoire as agents for this kind of chem-

istry under pressure.  — David Bradley 
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An economical and selective process for converting inert hydrocarbons like alkanes 
and aromatics into alcohols remains a fundamental challenge in the area of catalysis 
and could bring with it significant economic benefits. In particular, selective produc-

tion of phenol from benzene remains an elusive target and the traditional Hock process 
used to make phenol has very poor atom economy, resulting in the production of unwanted 
byproducts like acetone. With the global phenol market expected to reach ~14.5 million 
tons by 2022, improved catalytic processes are needed to ensure that market demand 
can be reached, preferably without flooding the market with unwanted byproducts. In 
comparison to the Hock process, a processing route was discovered that used iron zeolites 
for the partial oxidation of benzene to phenol. These catalysts achieved outstanding se-
lectivity and impressive conversion rates. However, the mechanism for this reaction and 
the catalyst deactivation has remained something of a mystery. That is, until a team of re-
searchers working at the APS and the Stanford Synchrotron Radiation Lightsource (SSRL) 
employed advanced spectroscopic techniques to successfully define the catalytic mecha-
nism and deactivation pathway for these important industrial catalysts. This research has 
shifted the field closer to understanding the relationship between active site structure and 
catalytic activity and selectivity. This knowledge brings with it a more realistic possibility of 
achieving synthetic control over catalytic function in the selective oxidation of hydrocarbons.     

Pulling Back the Mechanistic Curtain on 
 Iron Zeolite Catalysts 

Zeolite catalysts are microporous, aluminosilicate 

materials that are used to synthesize a variety of prod-

ucts we encounter in our everyday lives. They catalyze 

reactions from pharmaceutical to petrochemical, where 

they’re used in catalytic crackers to break down large hy-

drocarbon molecules into gasoline, diesel, kerosene, 

waxes, and more. Fe-containing zeolites are known for 

their potential as catalysts in the selective partial oxida-

tion of methane to methanol at room temperature, and 

the direct conversion of benzene to phenol. However, the 

mechanism governing selective benzene hydroxylation 

with Fe zeolite catalysts has been an enigma until re-

cently, when researchers from Stanford University, the 

Katholieke Universiteit Leuven (Belgium), Argonne, and 

the SLAC National Accelerator Laboratory used ad-

vanced spectroscopic techniques to identify the catalytic 

active site and reveal mechanistic details.  

The active site, known as a-Fe(II), was identified by 

the same researchers from Stanford University and the 

Katholieke Universiteit Leuven in previous studies as a 

mononuclear square planar Fe(II) center.  a-Fe(II) is acti-

vated by nitrous oxide to form a mononuclear square py-

ramidal Fe(IV)=O reactive intermediate. The constrained 

coordination geometry of the Fe(IV)=O species enables 

H-atom abstraction from methane at room temperature. 

However, direct experimental tracking of the reaction be-

tween the Fe(IV)=O species and benzene had been lack-

ing. In this work, the teams of researchers conducted x-

ray absorption spectroscopy experiments at the SSRL 

beamlines 7-3 and 9-3, and 57Fe nuclear resonance vibra-

tional spectroscopy (NRVS) at XSD beamline 3-ID-D at 

the APS to characterize the ligation of benzene to the ac-

tive site. This combination of techniques allowed the re-

searchers to selectively probe the vibration of the iron ac-

tive sites. And more importantly, the techniques proved to 

be highly sensitive to the S=2 Fe(II) centers, which are no-

toriously difficult to resolve using traditional laboratory 

spectroscopic techniques.       

From data collected in this study (Fig. 1), the re-

searchers determined that the conversion of benzene to 

phenol results from a room temperature reaction be-

tween benzene and the Fe(IV)=O active species, with the 

release of the phenol product, regenerating the reduced 

a-Fe(II) site. In fact, efficient regeneration of the a-Fe(II) 

active site explains why this Fe-zeolite system is such an 

effective catalyst, compared to systems involving other 

mononuclear Fe(IV) = O intermediates. Specifically, the 

catalytic system studied here achieves high levels of se-
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Fig 1. Spectroscopic studies, including 57Fe NRVS experiments performed at APS (left), enabled structural 
characterization of key intermediates in the catalytic mechanism of benzene hydroxylation (center). For 
example, NRVS data proved crucial in determining the product of single turnover for this reaction (right), 
as structural candidates could not be distinguished 

lectivity (95+%) at high levels of conversion (40+%), while 

other Fe(IV) = O intermediates attain lower levels of selec-

tivity (0–70%) at lower levels of conversion (<10%). How-

ever, the regeneration of the a-Fe(II) species is not 100% 

efficient. Instead, using a combination of resonance Ra-

man spectroscopy, 57Fe Mössbauer spectroscopy, and 

variable-temperature variable-field magnetic circular 

dichroism, the authors showed that between 0.2% and 5% 

of the iron sites deactivate during a single catalytic 

turnover, producing an inactive Fe(III) phenolate species.   

The focus of this research was to define the mecha-

nism for benzene hydroxylation by an unusually reac-

tive Fe(IV) = O active site stabilized in a zeolite lattice. 

This was achieved with the help of sophisticated spec-

troscopic techniques from the APS and the SSRL. The re-

searchers also employed a set of techniques to eluci-

date the deactivation mechanism through the formation 

of inactive Fe(III)-phenolate species. The knowledge 

from this paper extends beyond the hydroxylation of 

benzene. Mechanistic insights developed through this 

work could potentially be applied used for enhancing 

the catalytic hydroxylation of inert hydrocarbons in mi-

croporous materials.   — Alicia Surrao 
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Fuel cells generate much of the back-up electrical power for both urban and rural res-
idences thanks to their reliability and efficiency. Proton exchange membrane fuel 
cells are considered to be the next-generation power train for midsize and heavy-

duty vehicles. The electrochemical reactions inside of fuel cell electrodes need to be pro-
moted by catalysts. Typically, these catalysts are made of platinum, a scarce and expensive 
material. A recent study carried out at the APS demonstrated a new catalyst that contains 
an ultra-low quantity of platinum, yet maintains a high degree of efficiency. This catalyst 
has already exceeded a number of performance targets set by the U.S. Department of En-
ergy's Fuel Cell Technologies Office for the year 2025.

 
A Highly Efficient Fuel Cell Catalyst 
with an Ultralow Amount of Platinum
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Fuel cells convert the chemical energy of a fuel into 

electricity through oxidation and reduction reactions. 

They differ from batteries because they are open systems 

and require a constant supply of fuel and reactant. They 

have less volume and weight than batteries because they 

do not have to store the energy inside themselves. The 

parts of all fuel cells are similar: an anode (for oxidizing 

fuel) and a cathode (for reducing oxygen), separated by 

an electrolyte such as a proton-exchange membrane, 

which allows ions to move between the two electrodes 

while keeping fuel and oxygen apart. A proton-exchange 

membrane fuel cell commonly uses platinum or platinum-

group metals (PGMs) as the catalysts to facilitate the 

chemical reactions at both electrodes. One of the biggest 

challenges in fuel cell catalyst research is how to reduce 

or even eliminate the heavy use of costly platinum with-

out compromising the fuel-to-electricity conversion effi-

ciency. Using PGM-free catalysts made of abundant natu-

ral materials represents an attractive choice, but they are 

not, at present, as effective as platinum. 

A team comprising members from Argonne, Purdue 

University, and Shanghai Jiao Tong University (China) set 

about overcoming the problems of high platinum usage 

and a low-performance PGM-free catalyst by leveraging 

the synergistic interaction between the two through an in-

novative design. The team first used a cobalt metal-or-

ganic framework to prepare a catalytic substrate densely 

populated with PGM-free active sites and cobalt nanopar-

ticles through thermal activation. They then added a very 

low amount of platinum over the cobalt nanoparticles to 

form an alloy with a platinum-cobalt core and a platinum 

shell. The synergistic catalysis between the platinum-

cobalt core-shell catalytic centers and PGM-free active 

sites greatly improved catalytic efficiency even with an 

ultralow amount of platinum in the fuel cell.  

The catalysts developed by this approach were ana-

lyzed via x-ray absorption near edge structure and ex-

tended x-ray absorption fine structure spectroscopy at 

XSD beamline 12-BM at the APS. Both types of x-ray data 

confirmed the formation of the alloys and PGM-free cat-

alytic site by revealing the platinum and cobalt electronic 

and coordination structures.  

To test the catalytic performance, the team added the 

catalysts to the cathode of a membrane electrode as-

sembly within a single-cell proton-exchange membrane 

fuel cell. They tested the catalysts using both oxygen and 

air at different feed rates and pressures. They measured 

the mass activities and current densities and found that 

both exceeded the DOE target values, indicating that the 

catalysts have strong commercial potential.  

In addition, they compared other characteristics of 

their catalysts to the commercial platinum catalysts and 

found that their catalysts can generated higher fuel cell 

performance even at 3-to-5 times lower platinum loading 

than the commercial cells.  

The team also studied the durability of their ultra-low 

platinum catalysts by putting them through a 30,000-volt-

age-cycle accelerated stress test. The catalyst further 

demonstrated an excellent stability by exceeding several 

DOE durability targets, paving the way for its application 

in fuel cell for transportation.  — Mary Alexandra Agner 
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Energy companies that extract natural gas from shale formations in the ground 
want to convert that gas into transportation fuel. To do that, they need a new 
generation of catalysts with long lifetimes, high selectivity, and the ability to sur-

vive high-temperature, high-pressure processes. Scientists using the APS are examining 
the structures of nanoparticles to see which have potential for the next-generation 
catalyst. The aim is to convert the ethane in shale gas into hydrogen and ethylene, 
which can then be processed further into fuel. 

Mixing Metals to Make Better Catalysts

Fig. 1. Platinum and manganese can make different types of supported 
nanoparticles with different characteristics. Synchrotron x-ray diffrac-
tion and x-ray absorption spectroscopy analyses show that pure plat-
inum nanoparticles have lower selectivity for the desired product, 
ethylene. Nanoparticles with a platinum core and alloy shell have 
higher selectivity, and those that are entirely alloys have the highest. 
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It’s also important not to produce methane or deposit 

carbon too quickly on the catalyst, reducing its effective-

ness and requiring it to be regenerated. Platinum, a 

widely used catalyst, can help speed up the conversion, 

but works better when combined with a so-called pro-

moter metal. In this case, the researchers from Purdue 

University, Iowa State University, Ames Laboratory, and 

Argonne selected manganese as the second metal and 

created bimetallic nanoparticles. The nanoparticles are 

about 2 nm in diameter and are supported on a high-sur-

face-area scaffold of silicon or aluminum oxide. They pro-

vide a surface on which the reactions can take place, and 

the researchers thought the manganese would give a sta-

ble, alloy nanoparticle structure. 

It’s possible for the nanoparticles to form in different 

ways. The surface could be an alloy of platinum and 

manganese and the core of the particle could be pure 

platinum. Or the particle could be an alloy throughout, 

with manganese atoms not only on the surface but be-

neath it. The question was whether that would make a dif-

ference in the quality of the catalyst. 

As it turned out, the full-alloy nanoparticle outper-

formed the core-shell version. The nanoparticle with man-

ganese atoms beneath the surface showed 98% selectiv-

ity for olefin production, whereas the platinum core 

version had 82% selectivity. The alloy also had a longer 

useful lifetime.  

The researchers believe that neighboring manganese 

atoms change the chemistry of the platinum atoms be-

cause of how they bond, making the platinum a more ef-

fective catalyst. Platinum atoms in the surface layer had 

a certain number of manganese neighbors, and the more 

manganese atoms, the better the effect. Having man-

ganese atoms in the subsurface layer increased the num-

ber of promoter atoms that were available, and so im-

proved the platinum’s chemistry even more. 

The researchers were able to determine the arrange-

ment of atoms close to the surface of the nanoparticles 

using x-ray absorption spectroscopy at the MR-CAT 10-

BM bending magnet x-ray beamline at the APS. That al-

lowed them to look at individual platinum atoms and see 

whether their neighbors were platinum or manganese.  

But they also wanted to see the arrangement of 

atoms over the longer range, which required high-en-

ergy x-ray diffraction, so they turned to the XSD 11-ID-C 

insertion device beamline, also at the APS. The particles 

in question were so small that they produced very little 

signal, but the high flux and high energy of the APS x-

rays allowed the researchers to detect the signals and 

determine subtle differences in structure. In both studies, 

the experiments were also performed under catalytic re-

actions by using reaction cells, thus enabling gas to 

flow over the heated nanoparticles, which gave insights 

about the changes in the nanoparticles under working 

conditions 

While manganese turns out to work very well as a 

promoter metal, the team is also testing other bimetallic 

platinum compounds. The research not only scouts out 

different candidates, but also leads to an understanding 

of what factors go into improving a catalyst’s perform-

ance. Ultimately it will take long-term testing in commer-

cial-type reactors to determine whether a particular cata-

lysts meets the needs of the gas refining industry.   

— Neil Savage 
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LIFE SCIENCE
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In the summer of 1845, 129 sailors aboard two British Royal Navy ships sailed 
into Lancaster Sound, in the Nunavut territory of Canada, on an Arctic exploration 
mission. Led by Captain Sir John Franklin, they were hoping to complete the 

discovery of a Northwest Passage by navigating the uncharted area between the 
Barrrow Strait and the Simpson Strait. However, the mission encountered extreme 
hardships that resulted in three early fatalities and killed the remainder of the 
officers and crew over the next few years. The recent discovery of their wrecked 
ships, the HMS Erebus and the HMS Terror, has reignited interest in the Franklin 
Expedition, including what led to the deaths of the entire crew. Although the 
extreme conditions they encountered included cold and hunger that probably 
played overarching roles in their demise, some early analyses of bone, hair, and 
soft tissue from crew members’ graves have suggested that lead poisoning may 
also have contributed to their deaths. However, questions regarding timing and 
degree of exposure have introduced doubt into the true impact of lead on the 
crew members. To better understand lead exposure in the Franklin Expedition, re-
searchers came to the APS to analyze samples of bone and teeth from crew mem-
bers who died both early and later in the mission, as well as contemporary sailors 
engaged in different missions who were buried elsewhere. The data suggest that 
sailors who died earlier in the expedition had just as much lead exposure as those 
who died later; that there was more lead in structures that formed close the time of 
death compared to at earlier points; and that lead exposure was about the same 
between those on the Franklin Expedition and contemporaries buried elsewhere. 
Although the data is mixed, the authors say, taken together it suggests that lead 
did not play a central role in the loss of the Franklin sailors. 
 
For more information on the doomed Franklin Expedition see “How the Discovery of Two Lost 
Ships Solved an Arctic Mystery,” National Geographic, 
https://news.nationalgeographic.com/2017/04/franklin-expedition-ship-watson-ice-ghosts/

Lead Levels in the Franklin Expedition: 
A Closer Look
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The researchers from six Canadian 

Universities and the Canadian Light 

Source started by isolating 14 bone sam-

ples from 13 individuals. Two samples 

were from sailors who died early in the 

Franklin Expedition, 10 were from sailors 

who died later on the same expedition, 

and two were from contemporary sailors 

buried at the Antigua Royal Naval Hospi-

tal Cemetery. The researchers also col-

lected samples of dental cementum, the 

external tissue of the tooth root.  

Using information on elemental con-

tent derived from data collected using the 

confocal x-ray fluorescence technique at 

XSD beamline 20-ID-B at the APS, the re-

searchers determined overall lead levels 

as well as which tissues were older and 

which were younger based on their miner-

alization (Fig.1).  

The study authors hypothesized that if 

Franklin’s crew members experienced ele-

vated lead exposure during the expedi-

tion, those sailors who survived longer 

should have more extensive uptake of 

lead in the microstructure of their bones, 

and vice versa. However, the data didn’t 

reflect this — lead levels were approxi-

mately the same in the sailors who died 

early and later in the expedition. 

Secondly, the researchers hypothesized that lead 

concentration would be markedly elevated in bone and 

dental microstructural features that formed at or near the 

time of death. The x-ray fluorescence data showed this to 

be true in some samples; however, consistent evidence of 

a marked elevation in lead levels was lacking. 

Finally, the researchers hypothesized that if lead lev-

els truly played a key role in the Franklin Expedition 

sailors’ deaths, then bone and dental samples should 

hold evidence of higher and more sustained uptake of 

lead than their naval contemporaries. However, compar-

ing samples from these two populations showed similar 

lead levels. 

Together, the researchers suggest, the lead distribu-

tion data don’t support the conclusion that lead played a 

pivotal part in the loss of the Franklin Expedition sailors. 

— Christen Brownlee 
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Fig. 1. X-ray fluorescence images from King William Island sample KWI-51-NgLj-2. 
Zoomed-in maps of calcium in yellow (a), lead in red (b), strontium in blue (c) from 
the full lead scan (d). The relatively low-density (calcium) osteons schematically 
highlighted (e) reflect younger osteons relative to the surrounding bone and those 
in the upper portion of the zoomed images have large canals surrounded by lower 
density bone which supports the interpretation that these osteons were forming at 
the time of death. These newer structures are elevated in Sr and also show lead 
deposition. From T. Swanton et al., PLos One 13(8), e0202983 (2018).
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According to the World Health Organization 
(WHO), non-communicable diseases like dia-
betes and dementia make up more than half 

of the top 10 leading causes of human death and are 
expected to rise over the next decade. To illustrate 
the scale of the problem, the WHO estimated in 2014 
that 347 million people live with diabetes and pre-
dicted that diabetes would be the seventh leading 
cause of death in the world by 2030. Unfortunately, 
this happened much sooner, with diabetes reaching 
number 7 by 2016. Similarly, the prevalence of de-
mentia-related deaths more than doubled between 
the years 2000 and 2016, making dementia the 
world’s fifth leading cause of death. Despite the rapidly 
increasing prevalence of these diseases, we still don’t 
fully understand how the diseases work. What we do 
know is that insulin-degrading enzymes (IDE) are re-
sponsible for breaking down peptides that are impli-
cated in the pathogenesis of diseases like diabetes 
and dementia. But how? To answer this question, a 
multinational, multi-institutional team of scientists set 
out to reveal structural and mechanistic details about 
the process by which IDE selectively breaks down 
these peptides. As part of an advanced, integrative 
structural analysis, the researchers conducted small-
angle x-ray scattering (SAXS) and macromolecular x-
ray crystallography experiments at the APS, and cryo-
genic electron microscopy (cryoEM) experiments at 
the National Resource for Automated Macromolecule 
Microscopy (NRAMM). Through this research, the au-
thors have uncovered the molecular changes IDE 
goes through as it captures, unfolds, and degrades 
insulin and peptides. This information will help ad-
vance the development of therapeutic agents for IDE-
related diseases and limit their impact on human life.

Freeze! Revealing Mechanistic Details for 
 Insulin-Related Diseases
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IDE is a major enzyme responsible for degradation of 

insulin, glucagon, atrial natriuretic peptides, and beta-

amyloid peptides. Previously, crystallographic and bio-

chemical studies had provided a framework for the IDE 

substrate recognition. However, until this work, the struc-

tures of open and insulin-bound IDE, two key conforma-

tions involved in the catalytic degradation process, have 

remained unsolved. Part of the reason is that determina-

tion of the three-dimensional structures of these confirma-

tions were not possible via crystallography due to their 

heterogeneity. Using a combination of cryoEM, hydrogen-

deuterium exchange coupled with mass spectrometry 

(HDX-MS), small-angle x-ray scattering (SAXS), and 

macromolecular x-raycrystallography, the team of scien-

tists were able to integrate data collected through all four 

techniques to identify how IDE captures, unfolds, and de-

grades its substrates. 

First, the researchers conducted cryoEM experiments 

at NRAMM to characterize a series of IDE structures. Dis-

played in Fig. 1 are the cryoEM structures of human IDE. 

From these data, the researchers concluded that only the 

fully open-state IDE was capable of capturing insulin and 

releasing the degraded products. Crystallography data, 

captured using x-ray diffraction on the SBC-CAT 19-ID x-

ray beamline at the APS, showed the IDE dimer existing 

only in the closed state, likely due to crystal lattice con-

straints.  

In order to assess the distribution of the open- and 

closed-state IDE dimer both in the presence and absence 

of insulin, the researchers coupled size exclusion chro-

matography with SAXS using the Bio-CAT 18-ID beamline 

at the APS. Data collected from SAXS experiments sug-

gested that IDE exists in equilibrium with the open and 

partially open states and that insulin constrains IDE into 

the partially closed and closed states. Results from time-

resolved SAXS, also carried out at the Bio-CAT beamline, 

showed that the insulin-induced open-closed transition is 

likely a key step for insulin degradation, and when cou-

pled with HDX-MS data, insulin-IDE binding stabilizes the 

< Fig 1. CryoEM structures of human insulin degrading enzyme 
(IDE): (a) Dimeric IDE has the combination of open and closed 
states, allowing capture, unfolding, and degradation of insulin. 
(b) The synthetic antibody increases the size of IDE particles 
and serves as the fiducial, allowing the structural determina-
tion of IDE by cryoEM. The high affinity IDE-binding synthetic 
antibody was rapidly identified from screening the “restricted 
chemical diversity” library without the need of immunization. 
Visit cryoem101.org for more details. 

IDE catalytic site leading to catalytic insulin degradation. 

This research demonstrated that IDE can only degrade 

peptides that can fit into the IDE catalytic chamber, which 

tends to be those that are less than 80 amino acids long. 

However, IDE is also capable of non-catalytically modu-

lating the kinetics of fibril formation of larger substrates 

like a-synuclein. Previous work by the authors showed 

that IDE plays a role in proteostasis by both catalytically 

and non-catalytically reducing monomer levels of amy-

loidogenic peptides.  

This research reveals a road-map for conducting simi-

lar integrative studies using advanced characterization 

techniques like cryoEM, SAXS, and HDX-MS to study diffi-

cult biological systems. This study presents insights that 

will help researchers develop insulin-selective inhibitors 

or amyloid beta selective enhancers to treat diseases like 

diabetes and dementia. Perhaps as important as the re-

search findings themselves is the expansive collaborative 

network involved in the work. In total, 21 researchers from 

11 institutions and 2 continents pulled together their col-

lective research and expertise to shed light on molecular 

structures and mechanistic details about IDE that had 

previously only been hypothesized.  — Alicia Surrao 
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Fig. 1. X-ray fluorescence signals reflected onto a two-dimensional position-
sensitive detector (2D-PSD) revealed that during the oxygen evolution step, the 
first moment of the Mn Kβ1,3 peak increases ∼50 μs and ∼200 μs after the last 
laser flash, indicating that the OEC undergoes a significant transformation at 
short timescales during the S3-to-S0 transition.

Watching Oxygen Bond Formation 
 in Real Time
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These researchers’ previous investigation into photo-

synthetic oxygen formation using dispersive TR-XES data 

led them to propose a new mechanistic model in which 

the O–O bonds form prior to the transfer of the fourth 

electron from the Mn4Ca cluster; that is, during the S3-to-

S0 transition. In the experiment carried out at the BioCARS 

14-ID x-ray beamline at the APS, the team from Purdue 

University and the University of Washington, with col-

leagues from The University of Chicago, examined the 

earliest dynamic in this transition, accumulating almost a 

half-million repetitive interrogations of the OEC electronic 

structure. The researchers then performed an extensive 

statistical analysis of both datasets, which totaled more 

than two million x-ray measurements of different S-states. 

To avoid uncertainties, the researchers conducted the 

first-ever analysis of primary photosystem II emission 

data, meaning that the datasets were subjected to no ma-

nipulation beyond extraction of the spectra. The statisti-

cal significance of the observed spectral changes was 

determined using a one-way analysis of variance, with 

the 95% confidence interval being taken to indicate statis-

tical significance.  

Mn Kb spectral emission lines reflect the number of 

unpaired 3d electrons, which provide information about 

the oxidation and/or spin states of manganese (Mn) ions, 

with an exchange interaction causing multiplet splitting 

that results in separate Kb1,3 and Kb peaks. The elec-

tronic state of Mn is directly linked to this coupling such 

that an increase in the oxidation state results in de-

creased splitting between the Kb spectral lines, an effect 

that is most apparent in the Kb1,3 peak’s position shift to 

lower energies with increasing oxidation. Samples con-

sisting of PSII-enriched thylakoid-membrane particles de-

rived from spinach were excited with a specified number 

(0–3) of laser flashes and probed by a single x-ray pulse 

soon after each final laser flash. As is the case with dis-

persive detection, the full emission spectrum was 

recorded during each intense, polychromatic x-ray pulse. 

To match the microsecond kinetics of OEC activity, the re-

searchers used multi-bunch x-ray exposures of 22–44-μs 

duration.  

These experiments revealed that during the oxygen 

evolution step brought about by three laser flashes, the 

first moment of the Mn Kb1,3 peak increases ~50 μs and 

~200 μs after the last flash. This robust and statistically 

significant spectral shift suggests that the OEC undergoes 

a significant transformation at short timescales during the 

S3-to-S0 transition (Fig. 1). The researchers proposed that 

these changes correspond to the fast reduction of the Mn 

centers from the (MnIV)4 state following the creation of a 

short-lived isoform of the S3 state, in which the O–O bond 

has formed. This result supports the researchers’ earlier 

proposal that O–O bond formation occurs prior to the 

transfer of the final (fourth) electron from the Mn4Ca clus-

ter to an oxidized tyrosine TyrZ residue.  — Vic Comello 
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In photosynthesis, green plants, algae, and cyanobacteria convert light energy into 
chemical energy, which they use to produce their own food while releasing oxygen (O2) 
into the atmosphere and removing carbon dioxide (CO2) from it. Oxygen forms at a 

membrane-bound pigment-protein cluster called photosystem II (PSII), which contains an 
oxygen-evolving complex (OEC) that catalyzes water splitting. The OEC binds environmental 
water and oxidizes it during four consecutive photon-induced electron extractions. While it 
is known that the OEC’s catalytic center contains a Mn4Ca cluster, and that the electron ex-
tractions correspond to oxidation states of manganese as the OEC cycles through five so-
called S-states (S0–S4), the critical step during which the O–O bonds form remains poorly 
understood. Recently, a group of researchers used time-resolved x-ray emission spec-
troscopy (TR XES) at the APS to observe the process of oxygen formation in real time.



64    APS Science 2018 • Vol. 2

DATA

Deposits in Protein Data Bank - Light Sources Worldwide*

* As of 19.7.1

To search lists of APS publications see https://beam.aps.anl.gov/pls/apsweb/pub_v2_0006.review_start_page

Number of APS Journal Articles, Calendar Years 1998-2018*

* As of 19.7.1



Argonne National Laboratory    65

STRUCTURAL BIOLOGY



66    APS Science 2018 • Vol. 2

A New Molecule Could Help Put the STING 
 on Cancer

Fig. 1. X-ray crystal structure of the STING protein bound to one of the new molecules.
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STING is a protein that mediates innate immunity, and 

one function of the STING signaling pathway is in mobiliz-

ing an immune response against tumors. STING proteins 

can be activated by cyclic dinucleotides, small molecules 

that are made by the cytosolic DNA sensor, cGAS, upon 

sensing of DNA leaking out of the nucleus as a result of 

DNA damage, including that which might be associated 

with cancer development.  

As such, the potential use of activators of the STING 

pathway represents a growing area of interest in cancer 

immunotherapy that aims to stimulate a specific type of T-

cell in the immune system that targets and destroys can-

cer cells. Development of synthetic cyclic dinucleotide 

molecules to target the STING pathway has become a 

particular focus in this area. To date, these synthetic mol-

ecules have been investigated in clinical trials, in which 

patients with accessible solid tumors receive injections of 

these compounds directly into their tumors. This treat-

ment aims to activate the STING pathway and the im-

mune system, and ultimately shrink the tumor. 

However, this method of drug delivery is not only 

challenging to perform, but inevitably is only useful for 

patients who have solid accessible tumors. With this in 

mind, the researchers from GlaxoSmithKline developed a 

new small-molecule STING agonist that can be given by 

intravenous injection. 

First, they used high-throughput screening as a tech-

nique to search among millions of small molecules, hop-

ing to find some that bind to STING and regulate its activ-

ity. In this process, they found that the small molecule 

ABZI showed promise in this area.  

Next, using diffraction data collected at the LS-CAT 

21-ID-F beamline at the APS, the group determined the 

crystal structure of one ABZI compound in complex with 

STING (Fig. 1), which itself is a homodimer of two identical 

subunits. They showed that two molecules of the ABZI 

compound were in close proximity to each other when 

they bound to STING.  

The protein STING (stimulator of interferon genes) is a component of the innate immune 
system. It plays a major role in the immune response to cancer, and abnormal STING sig-
naling has been shown to be associated with certain cancers. Immunomodulatory ap-

proaches using agonists to target STING signaling are therefore being investigated as anticancer 
treatments. However, the compounds in clinical trials typically are injected intratumorally in 
patients with solid cancers. In this study, researchers discovered a novel STING agonist, known 
as an amidobenzimidazole (ABZI), which can be given by intravenous injection and could therefore 
potentially open up its evaluation as a treatment for hard-to-reach cancers. Using x-ray diffraction 
data collected at the APS, researchers investigated ABZI compounds and STING. Their results 
may have important implications for anticancer immunotherapy.

Based on this information, the researchers produced 

a diABZI compound by covalently linking together two of 

the ABZI compounds. The diABZI bound to STING ~1000-

fold more tightly than did the original ABZI. 

After further modifying the structure of the diABZI to 

make it even more potent, the group tested it in a mouse 

model of colorectal cancer, in which mice with colorectal 

tumors received either diABZI or vehicle by intravenous 

injection. Compared with the vehicle-treated animals, 

the diABZI-treated mice showed improved survival and 

tumor regression, with 8 out of 10 mice being tumor-free 

by day 43. 

According to the researchers, diABZIs are novel com-

pounds and are also the first potent, non-nucleotide 

STING agonists. The results of this study hold promise for 

a new therapeutic approach with potential to improve 

cancer treatment.  — Nicola Parry 
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Mutations in the gene PTPN11, which encodes a common enzyme called 
SHP2, can result in developmental disorders, such as Noonan Syndrome, 
and act as oncogenic drivers in patients with certain blood cancers. Due 

to the well understood role of the enzyme SHP2 in Noonan Syndrome and in tu-
morigenesis, many companies are currently trying to develop drugs that inhibit 
the enzyme. However, it is unclear what impact mutations to SHP2 may have on 
the potential efficacy of drugs targeting this enzyme. Using the APS, researchers 
investigated the effect that the most frequently observed mutation of PTPN11, 
E76K, has on the structure of SHP2 and its allosteric inhibition by SHP099. They 
found that SHP2E76K adopts an open conformation, resulting in the elimination 
of the binding pocket for SHP099. Because the E76K mutation reduces the in-
hibitory potency of SHP099 for SHP2 by more than 100-fold, the researchers con-
clude that an effective allosteric inhibitor of SHP2E76K would need to exhibit at 
least two additional orders of magnitude greater potency than SHP099.

A Target Mutation that 
 Renders a Cancer Drug Ineffective
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Encoded by the gene PTPN11, SHP2 is ubiquitously 

expressed in the cytoplasm of many cell types and plays 

a regulatory role in various cell signaling events that are 

important for a diversity of cell functions, such as mito-

genic activation, metabolic control, transcription regula-

tion, and cell migration. 

SHP2 has a relatively conserved structure and func-

tion. SHP2 contains two tandem SH2 domains (N-SH2 

and C-SH2), a catalytic protein tyrosine phosphatase 

(PTP) domain, and a C-terminal tail that has at least two 

phosphorylation sites. This protein adopts a closed au-

toinhibited conformation in which the N-SH2 domain en-

gages the catalytic pocket of the PTP domain and physi-

cally occludes the active site. Upon stimulation of 

receptor tyrosine kinases or cytokine receptors by their 

ligands, the SH2 domains bind to induced phosphotyro-

sine sites to induce a conformational change that un-

masks the PTP domain to permit full catalytic activity of 

the phosphatase. Normally, the binding of tyrosine-phos-

phorylated ligands to the SH2 domains is required to 

overcome autoinhibition, but oncogenic mutations of 

SHP2 destabilize the autoinhibited conformation and lead 

to enhanced activity. Thus, depending on the cellular 

context, the result is either physiologic activation of 

SHP2, or oncogenic signaling in tumors. As an oncogene, 

SHP2 regulates cancer cell survival and proliferation pri-

marily by activating the RAS-ERK signaling pathway. Due 

to its role in tumor growth, as well as in T-cell inactivation, 

SHP2 has become one of the most important anti-cancer 

targets for the pharmaceutical industry.  

Scientists have recently discovered allosteric modu-

lators that stabilize the closed form of SHP2. One such 

compound, SHP099, acts as a molecular glue between 

the N-SH2 domain and the catalytic domain. SHP099 has 

been reported to exhibit antiproliferative activity in cancer 

cell lines that are dependent on SHP2. It remains an open 

question, however, whether common mutant forms of 

SHP2 can be allosterically inhibited by SHP099. 

Researchers from the Harvard Medical School, the 

< Fig. 1. The wild-type enzyme SHP2 contains a protein tyro-
sine phosphatase catalytic domain (PTP domain) and two SH2 
domains (N-SH2 and C-SH2). This version of SHP2 assumes a 
closed conformation in which the enzyme is autoinhibited. An 
allosteric inhibitor called SHP099 stabilizes SHP2. A specific 
mutation (E76K) to the gene, PTPN11, that encodes SHP2, re-
sults in a 120º pivot of the C-SH2 domain and relocalization of 
the N-SH2 domain. In this more open conformation of SHP2, 
the binding pocket for SHP099 is eliminated, thereby making 
SHP2 100 times more resistant to the allosteric inhibitor.  

Dana Farber Cancer Institute, and the Novartis Institutes 

for Biomedical Research investigated the impact of 

PTPN11 mutations on the structure of SHP2 and on al-

losteric inhibition by SHP099. Using data obtained from 

macromolecular x-ray crystallography experiments per-

formed at the IMCA-CAT beamline 17-ID-B at the APS, 

they found that the most frequently occurring SHP2 can-

cer mutation, a potent E76K substitution, results in a 120º 

pivot of the C-SH2 domain and relocalization of the N-

SH2 domain to an alternative PTP domain interaction sur-

face. This more open conformation of SHP2, confirmed 

using size-exclusion chromatography-small-angle x-ray 

scattering experiments performed at the Bio-CAT beam-

line 18-ID-D at the APS, results in the elimination of the 

binding pocket for SHP099 and, ultimately, a 100-fold de-

crease in the allosteric inhibitor’s potency toward the 

E76K mutated enzyme (Fig. 1).  

One conclusion to draw from these results is that be-

cause a significant number of patients with PTPN11-mu-

tated cancers bear the E76 mutation, any potential al-

losteric inhibitor for these patients would need to exhibit 

at least two additional orders of magnitude greater po-

tency than SHP099. An effective allosteric inhibitor would 

also require a longer target residence time to achieve 

successful suppression of SHP2’s tumorigenesis activity. 

Alternatively, effective therapies employing multiple al-

losteric inhibitors to target more than one distinct pocket 

on SHP2 could halt or slow tumor growth associated with 

this protein.  — Chris Palmer 
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A Compound that Exploits 
 a Novel Binding Site on a Diabetes Target

Fig. 1. Structure of GPR40 (purple) in complex with compound 1 (cyan).
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Free fatty acid receptor 1 (FFAR1 or GPR40) has 
recently received significant interest as a dia-
betes therapeutic target. This G-protein-coupled 

receptor modulates FFA-stimulated insulin secretion 
in pancreatic β cells and incretin secretion in enteroen-
docrine cells in a glucose-dependent manner. Activa-
tion of GPR40 by synthetic partial and full agonists is 
known to occur via distinct allosteric sites. A previously 
obtained crystal structure of GPR40 in complex with 
a recently failed phase III drug candidate called “TAK-
875” revealed the allosteric site for the partial agonist. 
Researchers have now performed x-ray crystallogra-
phy at the APS to characterize the 2.76-Å crystal struc-
ture of human GPR40 in complex with a synthetic full 
agonist, “compound 1,” bound to a second allosteric 
site [1]. Compound 1 binds in the lipid-rich region of 
the receptor near intracellular loop 2 (ICL2). Upon 
binding, ICL2 becomes stabilized, which likely results 
in the enhanced GPR40 activity. Both the endogenous 
free fatty acid (FFA), γ-linolenic acid, and compound 1 
exhibit positive cooperativity with TAK-875, suggesting 
that this second allosteric site could also serve as an 
FFA binding site. These findings point to the thera-
peutic potential of this new GPR40 agonist.

The World Health Organization reported in 2014 that 

diabetes afflicts an estimated 422 million adults glob-

ally. In the United States, about 1.7 million new cases of 

diabetes are reported each year — a rate that could re-

sult in 1 out of every 3 adults having diabetes by 2050. 

Type 2 diabetes mellitus (T2DM) accounts for about 90% 

of all diabetes. The conventional approach to treat 

T2DM is to improve glycemic control, but current clinical 

treatments of T2DM are associated with side effects 

such as hypoglycemia and weight gain, creating a sig-

nificant demand for new anti-diabetic medicines with im-

proved metabolic profiles.  

In the last decade, FFAR1 or GPR40 has emerged as 

an attractive diabetes therapeutic target with glucose-

lowering and weight loss potential. Upon binding by di-

etary long-chain free fatty acids (FFAs), it increases glu-

cose-stimulated secretion of insulin in pancreatic b cells 

and the secretion of incretins (a group of metabolic hor-

mones that augment insulin secretion) in enteroen-

docrine cells.  

About five years ago, the clinically studied synthetic 

GPR40 agonist, TAK-875, advanced to a phase III clinical 

trial before its termination due to toxicity. While clinical 

data demonstrated that TAK-875 had potent anti-diabetic 

effects with minimal side effects, such as hypoglycemia 

and weight gain, in vitro and in vivo studies showed that it 

functioned as a partial agonist and only minimally ef-

fected incretin release from enteroendocrine cells.  

AM-1638 is part of a class of compounds that has 

been found to be a full agonist for GPR40 and also to ro-

bustly stimulate incretin secretion. This class of full ago-

nists also acts allosterically with the endogenous FFAs 

but binds to a topographically distinct site from TAK-875. 

Moreover, unlike TAK-875, which activates only the 

Gaq/Ca2+ pathway, these full agonists increase intracellu-

lar Ca2+ and cAMP levels as a result of GPR40 coupling to 

both Gaq and Gas subunits, potentially explaining their 

ability to elicit potent incretin secretion.  

The disparate pharmacology of these compounds 

suggests the possibility that aside from the orthosteric 

site for engaging endogenous FFAs, GPR40 has an addi-

tional two distinct allosteric binding sites: A1 engages lig-

ands such as TAK-875, and A2 engages ligands such as 

AM-1638. A previously obtained crystal structure of 

GPR40 bound to TAK-875 revealed the location of site A1.  

Using macromolecular x-ray crystallography experi-

ments performed at the LRL-CAT 31-ID x-ray beamline at 

the APS, researchers from the Lilly Biotechnology Center 

and the Lilly Research Laboratory, aided by LRL-CAT 

beamline personnel, characterized the 2.76-Å crystal 

structure of human GPR40 complexed with the propri-

etary compound 1 bound in site A2 (Fig. 1). Binding of 

compound 1, which belongs to the same family as AM-

1638, stabilizes the intracellular loop 2 (ICL2) of GPR40 in 

a helical conformation. Mutagenesis studies demonstrate 

that this loop is important for Gas coupling, which likely 

triggers increases in circulating levels of the insulin and 

the incretin hormone GLP-1. Furthermore, positive func-

tional cooperativity is observed between TAK-875 and 

compound 1 and ¡-linolenic acid (¡-LA), raising the possi-

bility that A2 could also serve as an FFA binding site. 

These findings, as well as other recently reported ag-

onist-bound GPR40 structures (e.g., the GPR40 structure 

with the same A2 binding site determined at the IMCA-

CAT beamline 17-ID at the APS [2]), provide structural evi-

dence that agonists binding distinct allosteric sites of the 

same receptor modulate G-protein signaling. This al-

losteric mechanism expands the understanding of basic 

pharmacology, and could provide insight into the function 

of other members of the GPCR family. In addition, these 

results may be useful for the ra- 

“Diabetes” cont’d. on page 73 
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The human protein Indoleamine 2,3,-Dioxygenase 1 (hIDO1) is a key enzyme 
in the kynurenine metabolic pathway. This pathway is often active in tumor 
cells and has been linked to the way tumor cells escape from the immune 

system. Several hIDO1 inhibitors have been used in clinical trials, including BMS-
986205 (BMS). BMS is a frontline cancer immunotherapeutic drug and a best-in-
class hIDO1 inhibitor, highlighting the need to understand the precise mechanism 
by which it inhibits hIDO1. Researchers solved, for the first time, a full binding tra-
jectory of a drug to its target using experimentally determined, atomic-resolution 
snapshots of hIDO1 as it is bound and inhibited by BMS. To build these atomic 
models, crystallographic data were collected at the APS. These structural data 
offer a molecular explanation for the remarkable efficacy and puzzling irreversible 
activity of the drug and suggest a novel strategy for drug development targeting 
hIDO1 and related enzymes. 

The First-Ever Binding Trajectory of a 
 Cancer Drug to its Target

Pre-clinical efficacy of drugs is generally determined 

by measuring drug kinetics. The strength of the interac-

tion between a drug and its target (binding affinity) is as-

sessed though measures of how frequently a drug binds 

to (the association constant) or diffuses away from (the 

dissociation constant), the target protein in solution. 

Though these parameters provide valuable information 

Fig. 1. Binding Trajectory of BMS-986205 (BMS) to human In-
doleamine 2,3-Dioxygenase 1 (hIDO1) based on three snap-
shots captured by x-ray crystallography. The binding 
trajectory is illustrated by a sequential mechanism (steps 1-4). 
BMS and heme molecules are shown as yellow and grey 
sticks, respectively. 

about the drug as it moves from the laboratory bench to 

clinical trials, drug efficacy is also tied to the pathway by 

which the drug finds its way to the final binding site within 

its protein target (i.e., the binding trajectory of the drug). 

Because proteins are dynamic, binding trajectories typi-

cally cannot be determined experimentally. Rather, they 

are most often attainable only through computational ap-

proaches, such as molecular dynamics simulations.  

In the case of hIDO1 and BMS, however, researchers 

from the Albert Einstein College of Medicine were able to 

use x-ray crystallography data obtained by the LRL-CAT 

staff at beamline 31-ID-D of the APS to capture three high-

resolution snapshots of hIDO1 during BMS binding.  
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tional design of better GPR40 agonists with the potential 

to improve future therapies for T2DM.  — Chris Palmer 
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First, BMS binds hIDO1 through a classic lock-and-key 

mechanism via interactions with a solvent-exposed sur-

face cleft near the active site of the protein (step 1 in Fig. 

1). This initial binding cracks open a central heme-binding 

pocket. Within this pocket lies a heme essential for en-

zyme activity that is released, leaving the enzyme non-

functional (step 2). BMS then moves into the vacant heme 

binding site where it is driven to adopt a new high-energy 

kinked conformation, via a conformational-selection 

mechanism, that allows it to remain bound to the inside of 

the heme-binding pocket (step 3). Finally, BMS undergoes 

a large-scale rearrangement, adopting a bent conforma-

tion via an induced-fit mechanism (step 4). In this final 

state, the BMS-protein complex is in an energy-minimum 

state, which means that stable association of the drug 

with its target, rather than dissociation, is favored.  

This mechanism explains why BMS is so effective and 

how it is able to irreversibly inhibit hIDO1 where other in-

hibitors cannot, a feature that makes it an appealing clini-

cal therapy. This new understanding the BMS binding tra-

jectory underscores the value of these types of data and 

also points to potential strategies for development of ad-

ditional therapies for cancer and beyond.  

— Emma Nichols 
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In a clear success of medical science, people with the human immunodeficiency virus 
(HIV) can now stay healthy for decades with daily oral medications. However, the 
burden of living with the disease remains high, and many are eager for less cumbersome 

treatments or, ideally, a cure. Scientists have been hampered by the incredible complexity 
and robustness of the HIV life cycle, but they continue to make progress in teasing out all 
of HIV’s secrets in search of new weapons against the virus. Researchers used high-
brightness x-rays from the APS to solve the structures of domains from HIV’s Gag protein, 
the proteolytic cleavage (the process of breaking the peptide bonds between amino acids 
in proteins) of which triggers viral maturation. They focused in particular on discerning the 
role of inositol hexakisphosphate (IP6), a naturally-occurring, negatively-charged cofactor 
that associates with Gag. The researchers’ structural and functional analyses suggests a 
model wherein IP6 is critical for two steps in the HIV life cycle: assembly and maturation. 
Their results are another, crucial step toward new treatments for HIV.

A Small Molecule Plays a Big Role in 
 HIV Infectivity

Fig. 1. Left: Diagram of HIV-1 Gag, with the indicated posi-
tions of the conserved arginine (triangle) and the conserved 
lysines (circle, square) involved in IP6 binding. Dotted lines 
indicate protease cleavage sites. Right: Diagram of Gag or-
ganization in immature virions. Following cleavage of Gag 
by protease (that is, maturation), CA re-organizes to form a 
mature core around viral RNA. From R.A. Dick et al., Nature 
560, 509 (3 August 2018). © 2018 Springer Nature Limited. 
All rights reserved.
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Different HIV pharmaceutical treatments interrupt 

varying stages of the HIV life cycle, which has several 

parts: 1) binding to the host immune cell, 2) fusion with the 

host cell membrane; 3) release of the viral capsid into the 

cytoplasm and reverse transcription to turn the RNA 

genome into DN; 4) transport of the viral DNA into the nu-

cleus and integration into the host genome; 5) transcrip-

tion of the viral DNA into RNA and synthesis of viral pro-

teins, including Gag, by the host’s cellular machinery; 6) 

assembly of viral proteins into the immature virus at the 

cell surface; and 7) the budding of an immature virus from 

the host cell, triggering maturation, which is brought 

about by the proteolytic cleavage of Gag into its constitu-

tive domains. Immature HIV is not infectious, and in-

hibitors of the viral protease have been a mainstay of 

pharmaceutical intervention in HIV replication, although 

eventually inhibitor resistant mutants emerge.   

Previous work had suggested that IP6, which is pres-

ent in all mammalian cells, interacts with Gag, which is a 

polyprotein, meaning a protein with multiple domains. 

These domains include matrix (MA), which interacts with 

the host’s cellular membrane; capsid (CA), which forms 

the internal shell of the mature virus; nucleocapsid (NC), 

which binds to and compacts the genomic RNA; and SP1, 

a 14-residue spacer peptide that separates CA from NC. 

During virus assembly, Gag forms a hexamer that creates 

an immature lattice underneath the viral membrane. After 

virus budding, Gag is cleaved, breaking the immature lat-

tice and triggering the reassembly of Gag’s components 

into the various parts of the mature virus, with the liber-

ated CA domain forming the mature capsid lattice. In 

vitro, IP6 stimulates the assembly of purified Gag protein 

into immature virus-like particles.  

In this study, the researchers from Cornell University, 

the University of Virginia, the University of Delaware, 

EMBL (Germany), the Institute of Science and Technology 

Austria, and the University of Missouri removed the gene 

responsible for the synthesis of IP6 from a human cell line 

and found a 10-fold to 20-fold reduction of HIV particle 

production, underscoring the importance of IP6 in the vi-

ral life cycle.  

As a next step, the researchers utilized the SER-CAT 

22-ID beamline to collect x-ray diffraction data that pro-

vided the key to solving the structure of a hexamer con-

sisting of a Gag construct in a pre-proteolytic cleavage 

state (immature), including parts of the CA domain, plus 

SP1, in the presence of IP6 (Fig. 1). Indeed, the crystal 

structure showed IP6 bound to the hexamer, interacting 

with two conserved lysine side chains, supporting the 

idea that IP6 is an assembly cofactor. Mutating those ly-

sine residues abolished HIV’s infectivity, again suggestive 

of the importance of IP6. To examine how IP6 exerts its in-

fluence on the construct, the researchers performed a 

molecular dynamics simulation, with and without IP6. 

Without the cofactor, the hexamer’s symmetry fell apart 

rapidly; however, when they ran the simulation again with 

IP6, the 6-fold symmetry was stabilized. 

The influence of IP6 seemed to go beyond assembly 

assistance of full-length Gag; the team also explored the 

impact of IP6 on post-cleavage Gag. Proteolysis unmasks 

a conserved arginine residue that is known to be essen-

tial for HIV infection. When the researchers mutated that 

arginine to an alanine residue in a post-cleavage Gag 

construct, IP6 no longer promoted assembly of the ma-

ture capsid lattice. When they solved the structure of this 

construct with IP6, the researchers found IP6 bound to the 

newly exposed arginine residue, promoting the formation 

of a hexamer of CA protein and thus the mature lattice 

that forms the viral capsid. The finding that a small mole-

cule has such importance at two steps of the HIV life cy-

cle may inspire the development of novel therapeutics.   

— Erika Gebel Berg 
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Fig. 1. Three antigen-binding fragments of ADI-15946 (orange) are shown 
bound to the surface glycoprotein of Ebola virus (teal). 

Toward a Universal Therapy against 
 Ebola Virus 
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The fight against this deadly illness cost the interna-

tional community more than $50 billion during the 

2014–2016 West Africa outbreak alone. As of March 6, 

2019, the ongoing EVD outbreak in the Democratic Re-

public of the Congo had infected nearly 10,00 people, 

with an approximately 57% fatality rate. Although these 

two most recent outbreaks were caused by Ebola virus 

itself, other viruses in the Ebolavirus genus have caused 

deadly outbreaks among humans, and likely will do so 

again in the future. However, because rapid identifica-

tion of causative Ebolavirus species can be difficult, 

treatment strategies and therapeutics are needed that 

can combat multiple virus species in the Ebolavirus 

genus. Such antibodies that can neutralize all five 

viruses are exceedingly rare.  

In this study, the researchers investigated how one 

broadly neutralizing antibody, ADI-15946, interacts with 

the viral glycoprotein. Working at the GM/CA-XSD struc-

tural biology facility x-ray beamline 23-ID-B at the APS, 

they evaluated a three-dimensional molecular model of 

the structure of both the viral GP epitope (the part that 

antibody binds to) and the antibody’s paratope (the part 

that binds to the epitope) in complex with the viral GP 

cellular receptor (Fig. 1). 

In particular, the model of the paratope enabled 

them to engineer the antibody to improve binding and 

neutralization of more distant members of the Ebolavirus 

genus. Functional insights provided by the study’s ac-

companying biochemistry also confirmed the structural 

Ebola virus is a member of the Ebolavirus genus, which also contains other pathogenic 
viruses such as Sudan virus and Bundibugyo virus. Ebola virus infection causes Ebola virus 
disease (EVD), a severe and frequently fatal hemorrhagic fever in humans and non-human 

primates that has implications for global biosecurity and public health. A major challenge in 
treating this disease lies in the fact that five different viruses in the Ebolavirus genus can cause 
it. In order to enter and infect the host animal, Ebola virus has to first attach to a host cell. A gly-
coprotein (GP) on the surface of the virus is critical for this attachment, and all five ebolaviruses 
have a single but different GP on each of their surfaces. Antibodies against these GPs are 
therefore attractive candidates for broadly reactive therapeutics that may be capable of treating 
EVD, regardless of the specific virus responsible for the disease outbreak. Understanding the 
molecular interactions between broadly neutralizing antibodies and the Ebola virus GP is therefore 
crucial to the design of next-generation immunotherapeutic cocktails. Scientists from The Scripps 
Research Institute have recently focused on understanding how antibodies directed against 
ebolavirus GPs can mount an effective neutralization response against multiple members of the 
Ebolavirus genus. Using x-ray crystallography, the team collected diffraction data at the APS in 
order to examine the three-dimensional molecular interaction between an antibody and its target, 
the ebolavirus GP. The results of this study will instruct vaccine design aimed at eliciting a broadly 
neutralizing humoral immune response against ebolaviruses.

observations of this interaction. Together, the data high-

light an epitope on the various Ebolavirus GPs that is 

susceptible to broad neutralization by a single antibody.  

Unexpectedly, the researchers also found that the 

antibody’s binding site on the GP occupies a pocket on 

the GP surface that is usually closed off by a loop that 

descends from the glycan cap, or stalk region, of the GP. 

Future Ebolavirus vaccine design will need to take this 

observation into consideration in order to design an effec-

tive immunogen that is capable of eliciting broadly neu-

tralizing antibodies that target the ADI-15946 paratope 

via a humoral immune response.  —  Nicola Parry 

 
See: Brandyn R. West, Crystal L. Moyer, Liam B. King, Marnie L. 
Fusco, Jacob C. Milligan, Sean Hui, and Erica Ollmann Saphire*, 
“Structural Basis of Pan-Ebolavirus Neutralization by a Human 
Antibody against a Conserved, Yet Cryptic Epitope,” mBio 9(5), 
e01674-18 (September/October 2018).  
DOI: 10.1128/mBio.01674-18. 
Author affiliation: Scripps Research 
Correspondence: * erica@scripps.edu 
 
The authors acknowledge a National Institutes of Health (NIH) NIAID 

Centers of Excellence in Translational Research award for the Viral He-

morrhagic Fever Immunotherapeutic Consortium (U19 AI109762) and 

NIH R01 AI132204 for support. GM/CA-XSD is funded in whole or in part 

with Federal funds from the National Cancer Institute (ACB-12002) and 

the National Institute of General Medical Sciences (AGM-12006). This re-

search used resources of the Advanced Photon Source, a U.S. Depart-

ment of Energy (DOE) Office of Science User Facility operated for the 

DOE Office of Science by Argonne National Laboratory under Contract 

No. DE-AC02-06CH11357.  



78    APS Science 2018 • Vol. 2

The Power of Entropy: Solving the 
 Allosteric Mystery of a Disordered Tail

Fig. 1. The inactive form of the UGDH hexamer in sphere repre-
sentation with UDP-Xylose shown in red. The cyan colored 
portion is an energy minimized structure of the ID-tail. It is 
never observed in crystal structures, so the researchers used 
MD simulations to minimize the energy and then simply at-
tached it to the protein’s x-ray crystal structure. 
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Intrinsically disordered proteins don’t have the rela-

tively rigid three-dimensional structures of the other major 

classes of proteins, including globular and membrane pro-

teins. This flexibility has upended the canonical structure-

function relationship and has made it more difficult to 

draw connections between the shape of disordered pro-

teins and their activity. The ID-tail of UGDH, as its name 

would suggest, is the disordered 30-residue C-terminus of 

the protein, wagging about without any discernable higher 

structure. The rest of the protein is globular, forming 

dimers that coalesce into an inactive hexamer of UGDH. 

Upon binding UDP-glucose, the UGDH hexamer under-

goes an allosteric switch to its active state, catalyzing the 

conversion of UDP-glucose to UDP-glucuronate. UDP-xy-

lose serves as an allosteric inhibitor of this reaction, bind-

ing to UGDH’s active site in place of UDP-glucose and trig-

gering an allosteric switch to an inactive state. 

To examine the role of the ID-tail, the team from the 

University of Georgia, the University of Michigan, Wash-

ington University in St. Louis, and the University of Penn-

sylvania utilized the SER-CAT 22-ID x-ray beamline at the 

APS to obtained 2.6-Å data sets of two versions of UGDH: 

one with and one without the ID-tail (Fig. 1). Kinetic experi-

ments showed that UGDH bound to and converted UDP-

glucose with or without the tail, demonstrating that catal-

ysis was tail agnostic. However, when the researchers 

looked at what happened when they added UDP-xylose 

in place of UDP-glucose, the ID-tail did make a difference. 

Almost half of the human proteome (the complete 
set of proteins expressed by an organism) con-
tains bits that are intrinsically disordered, the 

purpose of which remain largely unknown. Researchers 
teased out the role of a disordered region (ID-tail) of 
UDP-glucose-6-dehydrogenase (UGDH), an enzyme in-
volved in the biosynthesis of complex carbohydrates 
that help mediate cellular communications. The re-
searchers, using the APS, solved the high-resolution 
structures of UGDH hexamers with and without the ID-
tail and used the structural insights to decipher the ID-
tail’s job. The tail provides an entropic force that makes 
UGDH’s active site more susceptible to allosteric inhi-
bition, and is therefore key to cellular regulation of the 
protein. This study suggests that the intrinsically disor-
dered parts of the enzyme offer a mechanism for tuning 
the protein energy landscape. This finding may offer a 
framework for understanding the role of disordered 
proteins and disordered protein segments in nature 
and explain their ubiquity.

A tail-less UGDH had a much lower affinity for UDP-xy-

lose compared with UGDH with its ID-tail. By studying the 

thermodynamics of the system, the researchers con-

cluded that the ID-tail was producing an entropic force 

that was pushing the protein toward a structural state that 

is more favorable to UDP-xylose binding. 

To explore this concept further and look at what, if 

any, influence the sequence of the disordered region 

plays, the researchers swapped the ID-tail with a series of 

alternate tails; those with randomized sequences, those 

that swapped negative charges for positive charges, and 

polyserine, among other constructs. These substitute tails 

had little effect on the protein’s affinity for UDP-xylose, 

suggesting that the entropic force is independent of se-

quence identity. Interestingly, the ID-tail sequence is con-

served among proteins related to UGDH from other 

species, leading the authors to suggest the sequence 

may have an unrelated biological function that supplies 

the evolutionary pressure to maintain the sequence.  

While the sequence didn’t seem to matter, the team 

also looked at whether sequence length impacted UDP-

xylose affinity. When the researchers compared UDP-xy-

lose affinity of UGDH constructs with different length tails, 

they found that affinity increased with increasing length 

and then tapered off to a maximum affinity at around 30 

residues. Tails as long as around 60 residues were asso-

ciated with UGDH affinity for UDP-xylose similar to those 

with 30 residues. Monte Carlo simulations of the protein 

with varying tail lengths supported the relationship be-

tween the entropy of the tail and affinity to UDP-xylose, 

with tails shorter than 30 residues employing less en-

tropic force and those with tails above 30 supplying maxi-

mum force.  — Erika Gebel Berg 
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Structuring Hearing and Deafness

The first task faced by the researchers from The Ohio 

State University was to choose which regions of the enor-

mous CDH23 protein to study. In the tip link, CDH23, and 

another protein, proto-cadherin-15 (PCDH15), form the up-

per and lower ends, respectively, of the filament, tether-

ing each hair cell stereocilium to the next in the bundle 

through transmembrane attachments. Both are very large 

structural proteins with multiple subunits that pack one af-

ter the other like beads on a necklace. These subunits 

are called “cadherin repeats,” although each repeat is 

truly unique. The repeats comprise 7 b-strands connected 

by 6 loop regions and connecting linkers between them, 

which contain up to 3 binding sites for calcium, an impor-

tant regulator of cadherin function and mechanics. The 

CDH23 section has 27 repeats, making this protein one of 

the largest of the cadherin superfamily.  

After studying the known sequences of CDH23 from 

a variety of species and testing many of the repeats to 

determine their suitability for structural studies, the team 

focused on 18 that included the most and least conserved 

versions over the length of the tip link and that covered 

about 2/3 of the CDH23 length. The structures for these 

repeats, solved with diffraction data from the NE-CAT 24-

ID-C and  24-ID-E x-ray beamlines at the APS, showed for 

the first time multiple unique structural variations and 

deafness mutation sites along CDH23.  

Among the 13 CDH23 structures depicting 18 of its re-

peats, the data allowed the researchers to visualize 76 

out of 116 known deafness mutation sites. Careful analy-

sis of the location of each of these mutations allowed the 

Hearing relies on sensory receptors in the inner ear that transform the mechanical forces 
from sound into electrical signals that can be interpreted by the brain. The receptors are 
called “hair cells” and these have small hair-like projections called “stereocilia” that are 

arranged from shortest to tallest. As sound moves in and is detected, the stereocilia lean into 
one another, like uneven dominos, and transmit the mechanical signal through linker proteins at 
the top of each stereocilia, the tip links. Although these tip link filaments are a small part of the 
overall structure of the hair cell, they are essential to hearing as they convey force to the inner-
ear ion channels that mediate sensory perception. Over 100 mutations in one of the tip link pro-
teins, an enormous structural protein called Cadherin-23 (CDH23), have been associated with in-
herited deafness. In order to understand the structural basis for the disruption of hearing 
associated with these mutations, a research group employed high-brightness x-rays from the 
APS to solve 13 structures of CDH23 fragments that show the location of 65% of the CDH23 
deafness mutations. This work advances our understanding of both hearing and deafness.

group to classify them into categories based on their po-

tential structural impact. The first category included 

amino acid changes that disrupted the hydrophobic core 

of the protein, potentially disrupting the structure of the b-

strands. The second category included amino acid 

changes on the outer-facing surface of the protein that 

could affect the interface with PCDH15 and the function of 

the tip link. These mutations could, for example, affect the 

response of the tip link to loud sounds. The third group of 

mutations included those that affect calcium binding at 

the linkers between repeats. These are also implicated in 

disruption of the mechanical signal due to their potential 

effects on the rigidity of the tip link.  

Structural insights for the mutations altering calcium-

binding sites were further supported by thermal stability 

assays, which demonstrated that disruption of CDH23 

calcium binding alters the stability of the protein in vari-

ous ways. These data suggest that mutations to cal-

cium-binding sites destabilize the way the CDH23 re-

peats interact with each other and reduce their ability to 

withstand force from large stimuli. These studies provide 

insight into the different ways that mutations in CDH23 

can cause deafness, whether through disruption of pro-

tein stability, protein-protein interactions, or calcium 

binding, and also important information regarding the 

role of these structures in sensitively detecting and 

transmitting the mechanical signals from sounds that 

reach the inner ear.  

The next challenge for the team is to build a com-

plete structural model of CDH23 including all 27 of its re-



Fig. 1. Zooming in on Cadherin-23, a protein essential for hear-
ing. (a) Schematic representation of a cochlear hair-cell stere-
ocilia bundle row highlighting the tip-link location. (b) The tip 
link, formed by the tip-to-tip interaction of Protocadherin-15 
(purple) and Cadherin-23 (blue). Schematic representation of 
all Protocadherin-15 and Cadherin-23 extracellular cadherin 
(EC) repeats. Both proteins are products of deafness genes 
and are thought to form parallel dimers. Dark blue ovals indi-
cate repeats for which the Ohio team solved x-ray crystallo-
graphic structures (PDB codes 5w4t, 5tfm, 5tfl, 5vh2, 5wj8, 
5wjm, 5tfk, 5vvm, 5zu8, 5vt8, 5un2, 5ulu, 5i8d). (c) Ribbon dia-
gram of Cadherin-23 structures (blue) with unusual features 
highlighted in orange and with transparent molecular surface 
representation. Deafness-related mutations are shown as yel-
low stick and are listed (boldfaced residues are in conserved 
calcium-binding motifs). Calcium ions are shown in green. 
Adapted from A. Jaiganesh et al., Structure 26, 1210 (2018).  
© 2018 Elsevier Ltd.
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peats and to establish whether there is a clear correlation 

between the severity of the deafness phenotype caused 

by inherited mutations and their structural effects on the 

tip link.  — Sandy Field 
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Fig. 1. Model of the secretion and regulation of MavC, MvcA, and Lpg2149 during L. pneumophila 
infection. In the absence of MavC, the enzyme UBE2N forms Lys63 ubiquitin chains on key compo-
nents of NF-kB signaling; namely, RIPK1 and RIPK2 (not pictured). These Lys63 chains act as scaf-
folds for downstream complexes to assemble, leading to NF-kB signal transduction. Secretion of 
MavC impairs the ability of UBE2N to form Lys63 ubiquitin chains on these key components (red 
X). Because downstream complexes are not able to assemble on Lys63 scaffolds, NF-kB is im-
paired in the presence of active MavC.

Among bacteria, Legionella pneumophila, which is causing the severe pneumonia known 
as Legionnaires’ disease in humans, translocates the largest known assortment of patho-
genic factors, called “effectors,” into host cells during infection. These more than 330 ef-

fectors allow the deadly microbe to successfully establish a home base from which to replicate 
inside evolutionarily disparate organisms such as drinking water-dwelling amoebas and human 
macrophages. Macromolecular x-ray crystallography performed at the APS has revealed that the 
L. pneumophila effectors MavC and MvcA are structural homologs of cycle inhibiting factor (Cif) 
effectors, which have been shown to induce mammalian cell growth arrest. However, in contrast 
to canonical Cifs, both MavC and MvcA deamidate the residue Gln40 of ubiquitin but not Gln40 
of human ubiquitin homolog NEDD8. The researchers found MavC and MvcA to be functionally 
diverse, with MavC impairing the ability of the E2-conjugating enzyme UBE2N to form Lys63 
ubiquitin chains. This disruption to Lys63 scaffolds ultimately impairs the signal transduction of 
NF-κB, which normally plays a role in fighting infection. Combined, these results illuminate a mo-
lecular mechanism of host manipulation by pathogenic bacteria and highlight the complex regu-
latory mechanisms integral to L. pneumophila’s pathogenic strategy (Fig. 1). 
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L. pneumophila causes Legionnaire’s disease by in-

fecting macrophages, a type of microbe-eating immune 

cell known as white blood cells, which are located in the 

alveolar sacs of the lungs. L. pneumophila is one of many 

Gram-negative pathogens using a common infection 

strategy of combining a complex protein secretion system 

with an impressive collection of over three hundred se-

creted effector proteins. These effectors interfere with sig-

naling pathways of host cells to co-opt critical processes 

such as vesicle trafficking, ubiquitylation, gene expres-

sion, and lipid metabolism, all for the benefit of the bacte-

ria’s survival. L. pneumophila is unique in the size and 

complexity of this arsenal, using the conserved Dot/Icm 

type IV secretion system to translocate hundreds of effec-

tor proteins to human host cells.  

A key target of many Gram-negative pathogens, in-

cluding L. pneumophila, is the human ubiquitination sys-

tem, which regulates a wide array of cellular functions via 

the attachment of one or multiple copies of a small pro-

tein called “ubiquitin” to a target protein, which leads to 

degradation or functional regulation of the target.  

Many pathogens deploy effectors that hijack or im-

pede ubiquitination. One such class of effectors is the Cif 

effector family, which has no known analogs in eukary-

otes and is so far found exclusively in the effector arse-

nals of pathogens that use the system. Cif effectors inter-

fere with host ubiquitination, modulate the eukaryotic cell 

cycle, and subsequently induce mammalian cell growth 

arrest. Cifs are specific enzymes that were shown to re-

move an amide group from the conserved glutamine 

residue Gln40 on NEDD8, the closest human homolog of 

ubiquitin. NEDD8 is a key regulator of the activity of 

Cullin-Ring E3 ligases, which regulate an extensive num-

ber of dynamic cellular processes, including multiple as-

pects of the cell cycle, transcription, signal transduction, 

and development. Although NEDD8 is the primary target 

of Cifs, some Cifs also deamidate ubiquitin.  

Previous studies have identified several L. pneu-

mophila effectors that interfere with host ubiquitination, 

but there are no known examples of Cif effectors in this 

or any other pathogen that use the type IV secretion 

system.  

Researchers from the University of Toronto (Canada), 

the University of Calgary (Canada), and Argonne used 

macromolecular x-ray crystallography performed at the 

SBC-CAT and LS-CAT 19-ID-D and 21-ID (respectively) x-

ray beamlines at the APS, to characterize the structure of 

two L. pneumophila effectors, MavC (also known as 

Lpg2147) and MvcA (MavC paralog A, or Lpg2148). The 

crystal structures of MavC and MvcA suggest they are 

structural homologs of Cif effectors. However, additional 

structural and functional characterization indicated that, 

in contrast to previously characterized Cif effectors, MavC 

and MvcA, specifically, only deamidate ubiquitin and not 

human NEDD8. Furthermore, the researchers found that 

MavC and MvcA do not cause the cell cycle arrest that is 

a hallmark of all the previously characterized Cifs but, 

rather, modulate specific signaling pathways. For exam-

ple, MavC was found to directly modulate the activity of 

the Lys63 linkage-specific E2-conjugating enzyme 

UBE2N. This leads to the disruption of ubiquitination in 

UBE2N-related pathways, such as NF-kB signaling (Fig. 

1), which normally helps regulate DNA transcription, cy-

tokine production, cell survival, and the immune response 

to infection. 

In addition, the researchers found that a protein en-

coded by the lpg2149 gene, which is adjacent to the 

genes that encode MavC and MvcA, blocks the catalytic 

activity for both of these specialized ubiquitin deami-

dases, raising the possibility that this protein serves to 

regulate effector activity in L. pneumophila.  

Together, this work reveals the complexity and diver-

sity of the toolbox of molecular control techniques devel-

oped by pathogens such as L. pneumophila.   

— Chris Palmer 
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DNA is packed into a higher order structure, called 

“chromatin,” which involves wrapping it around histones, 

which are bundling proteins. Methyltransferases tag 

these histones at specific gene locations as a signal to 

other regulatory proteins that these genes should be un-

packed (expressed) or not unpacked (silenced). For this 

research, the researchers from the Harvard Medical 

School, and the Howard Hughes Medical Institute were 

interested in the activity of the fission yeast methyltrans-

ferase, Clr4, a homolog of the human SUV39H enzymes. 

Clr4 tags the histone H3 protein by adding a methyl 

group to a specific lysine amino acid (H3K9) and pro-

motes the formation of silent chromatin or heterochro-

matin. While studying the action of Clr4 on H3K9, the re-

searchers noticed that the enzyme also appeared to 
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Fig. 1. Regulation of the fission yeast Clr4 methyltransferase 
by an autoregulatory loop allows for tight control of gene 
expression and silencing. The structure of Clr4 is shown as 
a ribbon diagram with the autoregulatory loop in red with 
key lysines in unmethylated (K455 and K472) and methy-
lated forms (K455me and K472me) labeled and unstruc-
tured regions that change conformation between activated 
and autoinhibited states shown as red dots. 

Gene expression is one of the many wonders of biology. Our cells are able to pack 3 
billion base pairs of DNA-encoded information into the tiny nucleus and then organize 
everything and selectively unpack only the genes needed for daily activities. This in-

volves an orchestrated dance of gene expression, genome stability, and gene silencing – de-
pending on the situation. Some aspects of this molecular dance are choreographed by histone 
methyltransferases (enzymes that transfer methyl groups from S-Adenosyl methionine onto the 
lysine or arginine residues of the H3 and H4 histones) that “tag” genes for silencing and 
maintain genomic stability. However, one outstanding question in this field concerns how these 
enzymes are regulated to avoid inappropriate gene silencing, an activity that has been implicated 
in a variety of diseases from cancer to metabolic disorders. Structural studies based on x-ray 
diffraction data collected at the APS have now provided important insight into this question.



The next step was to crystallize the methylated ver-

sion of the enzyme. Solution of the structure, also deter-

mined at the NE-CAT beamline, revealed significant con-

formational changes compared to the non-methylated 

form. The autoregulatory loop containing K455 was now 

disordered and no longer occluded the catalytic site of 

Clr4. In addition, part of the autoregulatory loop that was 

disordered in the previous structure had now formed a 

helical structure that stabilized the active site. Further 

analysis of the structure and in vitro experiments re-

vealed a second lysine, at position 472, that was also 

methylated for full activation of the enzyme.  

Next, the team expressed their various Clr4 mutant 

enzymes in fission yeast and studied the effects on 

known pathways of heterochromatin formation and gene 

silencing. Their results showed that the hyperac-

tive mutant Clr4 genes caused inappropriate si-

lencing of genes important for cell growth and 

changes in the way the heterochromatin was or-

ganized, allowing it to spread beyond its normal 

boundaries.  Additional experiments showed that 

Clr4 autoinhibition works in concert with other 

anti-silencing mechanisms in fission yeast to me-

diate appropriate control of gene expression and 

heterochromatin formation.  

Comparison of these data to those of other 

labs suggests that this autoregulation may be a 

conserved mechanism in humans, too, with 

promising implications for basic research and 

drug design efforts.  — Sandy Field 
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methylate itself; this unexpected finding led them down 

an interesting path. 

First, the team conducted experiments to confirm 

that Clr4 added the methyl group to itself in the absence 

of H3K9 and showed that the activity appeared to be in-

tramolecular, mediated by the enzyme itself, rather than 

a neighboring Clr4 molecule. Interestingly, the methy-

lated form of Clr4 appeared to be more active than the 

non-methylated form. Next, they used liquid chromatog-

raphy/mass spectrometry to identify the site of methyla-

tion and found that the enzyme was methylating its own 

lysine 455 (K455).  

In order to understand this finding at the structural 

level, the researchers crystallized the non-methylated 

form of Clr4. The x-ray diffraction structural data obtained 

at the NE-CAT 24-ID–E x-ray beamline at the APS showed 

that K455 was part of an autoregulatory loop that oc-

cluded the histone binding site of the enzyme.  

In fact, the alignment of K455 in the catalytic site 

showed that it was in the H3K9 binding site and in posi-

tion to be methylated itself by the same mechanism. Mu-

tation of K455 to an arginine amino acid that cannot be 

methylated (K455R), but which still favored inhibition by 

the autoregulatory loop, reduced the activity of the en-

zyme, while mutation to an alanine (K455A) increased 

enzyme activity by disrupting the positioning of the au-

toregulatory loop in the active site. These findings sup-

ported the group’s hypothesis that automethylation of 

K455 releases the loop’s inhibition of the active site, ac-

tivating the enzyme.  
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Fig. 1. Hybrid ribbon-surface representation of SMYD2 (white) 
bound to SAH and GWKLNleSKRG (Nle, norleucine) (blue 
sticks). Structure has been deposited in the Protein Data Bank 
(PDB) as PDB: 6MON.

Every human body contains about 6.5 ft of DNA per 

cell. This works out to several hundred trillion feet of DNA 

per person, which, when stretched out, would be enough 

to wrap around the Earth more than 2 million times. To 

compact this length of material into cells, proteins called 

“histones” bind to DNA and use electrostatic interactions 

to coil into units called nucleosomes, which then repeat-

edly fold onto one another to reduce to nanoscale chro-

matin fibers. The histone proteins responsible for this im-

pressive coiling behavior are subject to various kinds of 

modifications, including acetylation, methylation, and 

ubiquitination. During histone methylation in particular, 

certain amino acids are modified via the addition of one 

or more methyl groups using covalent modifications on 

the histone tails. Methylation and demethylation, which 

are catalyzed by histone methyltransferase and 

demethylase enzymes, respectively, cause genes in DNA 

to turn on and off.  

Lysine methylation is catalyzed by KMT enzymes, 

and although a great deal of progress has been made to-

ward locating lysine methylation sites, only a handful of 

studies have been able to reliably link KMT enzymes with 

their preferred substrates. Scientists from the Van Andel 

Research Institute, the University of North Carolina at 

Chapel Hill, the Wayne State University School of Medi-

cine, Michigan State University, and EpiCypher, Inc., de-

If you made it through elementary biology, you know that cells are the building blocks of life 
and the nucleus is the engine driving cell function. Housed inside the nucleus is the organism’s 
genome, which comprises billions of DNA base pairs coiled around histone proteins to form 

nucleosomes. As histone proteins undergo changes, gene expression events are triggered. 
Lysine methylation is a histone modification process associated with functions like learning and 
memory. Although the last 20 years have been something of an enlightenment period for those 
studying lysine methylation, substantial gaps remain. One such gap involves a lack of under-
standing about lysine methyltransferases (KMTs), the family of enzymes responsible for catalyzing 
lysine methylation. Recently, a multi-institution team of scientists developed a functional proteomics 
platform that helps answer key questions about the connection between enzymes and their op-
timal, preferred substrates. This dynamic tool enables rapid KMT substrate selectivity mapping 
and can be employed to profile KMTs, identify new KMT substrates, and discover new KMT 
inhibitor scaffolds. To demonstrate and validate the platform, the researchers used the APS to 
collect x-ray diffraction (XRD) data and form important conclusions about the molecular basis for 
substrate selectivity. The debut of this platform shifts the proteomics field closer to fully grasping 
the biological role of lysine methylation. 

veloped a substrate-selectivity screening platform that 

uses a lysine-oriented peptide library, or K-OPL, to map 

KMT substrate selectivity. To validate the platform’s K-

OPL approach, the researchers studied the structural and 

kinetic interactions between SMYD2 and a K-OPL-identi-

fied substrate. SMYD2 is a lysine methyltransferase capa-

ble of methylating both histone and non-histone proteins 

and can lead to repressed gene transcription. Various 

clinical research studies are currently exploring the bio-

logical connection between SMYD2 methylation of the tu-

mor suppressor protein p53 and inhibition of the p53 

function. SMYD2 has even been reported to suppress the 

transformation of cells into breast cancer tumor cells.  

In order to identify the full range of SMYD2 targets, it 

was necessary to determine the molecular basis for 

SMYD2 substrate selectivity. To do this, the researchers, 

along with a colleague from the LS-CAT at the APS, used 

XRD data collected at the LS-CAT 21-D-F x-ray beamline 

to determine crystal structures. For this experiment, full-

length human SMYD2 was expressed, purified, and crys-

tallized. The crystals were then reacted with a peptide 

corresponding to the optimal K-OPL-derived SMYD2 sub-

strate and analyzed by XRD. From the XRD data, the re-

searchers observed that P-3 tryptophan was not resolved 

in the structure, which was puzzling since the peptide 

conformation was no different than previous SMYD2-SAH-

peptide structures.  

The researchers further investigated this result by 

performing molecular dynamic simulations to model the 

“Lysine” cont’d. on page 89 
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< Fig. 1. The NK1 receptor is shown as a green cartoon 
inside a light gray molecular surface. The inhibitor lig-
and L760735 is shown in spheres.

The main approach to understanding more 

about NK1R involved crystallizing the receptor in 

the presence of an inhibitor, L760735, which is a 

molecule with structural similarity to the approved 

drug aprepitant. The research team, from the Uni-

versity of Texas Southwestern Medical Center and 

the University of Pittsburgh, along with a col-

league from the GM/CA-XSD macromolecular x-

ray crystallography facility at the APS, collected 

diffraction data for the nearly full-length 

receptor/inhibitor complex at the GM/CA-XSD 23-

ID-D x-ray beamline. Solution of the structure at 

3.4-Å resolution was achieved using a protein en-

gineering and lipid cubic phase crystallization 

strategy that the team had successfully employed 

in the past for another class of G-protein coupled 

receptors (Fig. 1). 

The overall structure of NK1R bound to the in-

hibitor confirmed its similarity to the inactive state 

of other receptors in this class. For example, the in-

tracellular conformation of NK1R was similar to 

that of other inactive G-protein coupled receptors, 

and the extracellular domain retained a loop that 

formed a conserved disulfide bond with transmem-

brane domain 3, a feature known to be important 

for substance P binding. This confirmed both that 

Substance P was the first peptide neurotransmitter discovered and its importance 
has not waned in the intervening years. This small, 11-amino acid peptide plays a 
role in early responses to extreme physiological stressors with an emphasis on me-

diation of a wide array of functions including  dilatation of blood vessels, inflammation, 
pain, vomiting, cell proliferation, and mood/anxiety/learning. It exerts its action through 
cellular receptors, called “tachykinin receptors,” that are present throughout the body 
and transmit the signal from substance P into cells through a G-protein-coupled signal 
transduction system. This receptor is the target of one approved drug, aprepitant (Merck 
brand name:EMENDâ), for treatment of chemotherapy-induced nausea and vomiting. 
However, researchers hypothesize that a more complete understanding of tachykinin re-
ceptor signaling will yield key information important for the design of specific molecules 
to selectively target the other effects of substance P. Recent work at the APS probed the 
interactions of the NK1 tachykinin receptor (NK1R) with inhibitor molecules. The work pro-
vides important information that may aid in the design of new treatments for cancer, pain 
modulation, inflammation, and depression.
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the crystallized NK1R was in a biologically informative 

state and that the inhibitor behaved as expected.  

Next, analysis of the binding site revealed that the 

inhibitor was lodged into a narrow pocket of the recep-

tor, perpendicular to the membrane. The mouth of the 

pocket was lined with polar amino acids while deeper 

down, near the membrane, hydrophobic interactions 

were more prominent. Along the length of the pocket, in-

teractions between the inhibitor and the receptor were 

consistent with previous mutational studies that identi-

fied certain amino acids as being important for either 

substance P or inhibitor binding. Interestingly, of the 12 

amino acids lining the binding pocket, many had been 

identified by previous studies as being important for 

other nonpeptide inhibitors too. This suggests that the 

same binding pocket is used by molecules with diverse 

structures that modulate receptor activation, confirming 

the importance of understanding as much as possible 

about the binding pocket itself. 

To learn more about the inhibitor binding site, the 

group conducted their own mutational analysis. The 

analysis revealed some residues that appear to be impor-

tant for binding affinity and others that are more struc-

tural in nature. This allowed them to identify key interac-

tions that might be exploitable for drug design.  

Finally, molecular modeling of different scenarios for 

the binding interactions of L760735 and aprepitant with 

the binding pocket were used to determine which forms 

of the inhibitors had the strongest interactions. Binding of 

both L760735 and aprepitant was favored in their neutral, 

rather than charged, forms, providing additional informa-

tion for inhibitor design. In the future, the team plans to 

study the activated form of the receptor in order to under-

stand how the diverse signals of substance P are modu-

lated and how these details might be teased apart to de-

velop selective treatments for a wide array of important 

disease conditions.  — Sandy Field 
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unresolved P-3 position. Figure 1 displays the hybrid rib-

bon-surface representation of SMYD2 bound to SAH and 

GWKLNleSKRG. When combined with the study’s other 

data, these experiments led the researchers to conclude 

that the optimal structure of a SMYD2 substrate would 

have neither tightly nor loosely coordinated peptides, but 

instead would be organized in a way that allows efficient 

catalysis without slowing the rate of turnover.  

This study demonstrates the powerful ability of the 

platform to comprehensively map and screen KMT sub-

strates. The K-OPL approach circumvents certain limita-

tions of standard mass spectrometry-based analyses. In 

fact, the tool can be used to identify lysine methylation 

sites that MS proteomics datasets are unable to identify. 

The platform is also helping researchers explore impor-

tant biochemical questions, including what impact mis-

sense mutations in human cancer have on lysine methy-

lation signaling networks.  

The researchers suggest that integrative K-OPL 

analyses like these will help move the field closer to un-

derstanding the role that lysine methylation plays in hu-

man disease.  — Alicia Surrao 
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Protecting Cells against 
 Reactive Oxygen Species

Fig. 1. Close-up view of the SelO ATP binding pocket from data col-
lected at SBC-CAT. The inverted nucleotide is shown as blue and 
white sticks, and the phosphates are shown in orange and red.  
Mg2+ and Ca2+ are shown as yellow spheres. 
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More than 500 protein kinases have been identified 

in the human genome. Protein kinases have important 

roles in a range of cellular functions, and many of these 

proteins are known to be dysregulated in disease. The 

most intense study has been applied to this subset of the 

protein kinase family, leaving more than 50% uncharac-

terized.  While pseudokinases share similarities in both 

amino acid sequence and overall structure with protein 

kinases, they lack the catalytic active-site amino acids 

known to coordinate the phosphate groups. Though they 

do not carry out the traditional kinase function, pseudoki-

nases that have been studied have a range of functions, 

including structural roles and allosteric regulation of 

other proteins. This variety makes pseudokinases attrac-

tive drug targets. Prior to the current study, one such 

pseudokinase, SelO, was believed to be inactive; how-

ever, the degree of SelO conservation in species ranging 

from bacteria to humans had been noted as a reason to 

believe that the function of SelO is important. In addition, 

SelO is one of only 25 selenoproteins in humans that 

contain the essential element selenium (in the form of an 

amino acid, selenocysteine, or Sec), a property that sup-

ported the hypothesis that SelO has a unique function.  

To uncover the function of SelO, the researchers from 

the University of Texas Southwestern Medical Center, the 

Polish Academy of Sciences, the Warsaw University of 

Life Sciences (Poland), and the Howard Hughes Medical 

Virtually every cellular activity is regulated by 
protein kinases, a family of proteins that trans-
fer the phosphate from the cellular energy 

source, adenosine triphosphate (ATP), to other pro-
teins, a process (phosphorylation) that most often 
serves as an “on/off switch” for the target protein. 
About 10% of human protein kinases are classified as 
pseudokinases, meaning they are lacking the amino 
acids required to perform ATP binding and phosphate 
transfer. Though once believed to be inactive, one 
pseudokinase, Selenoprotein O (SelO), bears a mo-
lecular pattern indicating an important function: it is 
evolutionarily conserved across all kingdoms of life. 
To characterize SelO, researchers using the APS 
paired biochemical analysis with a high-resolution 
crystal structure of SelO. X-ray diffraction data col-
lected at the APS revealed that SelO carries out a 
unique chemistry (AMPylation) that allows it to function 
in reducing reactive oxygen species (ROS) that dam-
age the cell in diseases such as cancer and neurode-
generative diseases.

Institute paired macromolecular x-ray crystallography 

structural data from studies carried out at the SBC-CAT 

19-ID-D beamline at the APS with biochemical analysis. 

The data from SelO revealed a kinase-like structure (Fig. 

1), but with the active site and resident ATP in an inverted 

orientation. Further biochemical analysis revealed that 

SelO transfers AMP (ATP stripped of the terminal and 

penultimate phosphate, the former of which is transferred 

by canonical kinases) rather than a phosphate. Identifica-

tion of novel AMPylation activity for the protein kinase 

fold suggests that other pseudokinases may have alter-

native transferase activities and highlights a need for 

more investigation.  

Further biochemical analysis revealed that SelO lo-

calized to the mitochondria where it AMPylates proteins 

involved in redox homeostasis, thereby acting as an an-

tioxidant. Together, structural and biochemical analysis 

revealed that SelO defends against ROS, which can lead 

to cell death if left unchecked. This mode of response to 

oxidative stress was previously undocumented and 

serves to broaden our understanding of ROS signaling.  

Future work will focus on studying the functional im-

plications of SelO-mediated AMPylation in the physiology 

and pathophysiology of higher eukaryotes in order to 

contribute to the discovery of new therapeutics that com-

bat the effects of ROS in a wide range of disorders, in-

cluding neurodegeneration and cancer.  — Emma Nichols 
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PICK1 is found in dendritic spines, the portion of the 
communication cell, called a “neuron,” which receives 
electrical impulses from synapses. The density of den-
dritic spines is related to synaptic plasticity and thus 
memory and learning. In people with Alzheimer's disease, 
a decrease in dendritic spine density correlates with an 
increase in soluble amyloid beta. The receptor GluA2, 
which mediates glutamate transmission to the central 
nervous system and binds with PICK1, is also influenced 
by the presence of soluble amyloid beta. By creating a 
molecule that inhibits the interaction between PICK1 and 
GluA2, the researchers determined how these interac-
tions impact the amount of soluble amyloid beta. 

The team chose to investigate small-molecule in-
hibitors rather than peptides because the former can be 
designed so that they degrade less and are more cell 
permeable than peptides. They began by creating a se-
ries of tests to assess the selectivity and potency — a 

One symptom of Alzheimer's disease is an in-
crease in the brain's amount of amyloid beta, 
a peptide whose purpose within the human 

body is not well understood. Amyloid beta appears in 
people with Alzheimer's disease in two forms. The 
most well-known is dense plaques packed together 
on the brain. But soluble amyloid beta, according to 
one hypothesis for the mechanisms involved in the 
disease, can contribute to unregulated calcium trans-
fer between cells, which disrupts the ability of com-
munication cells used by the human nervous system 
to pass signals using their synapses. Biochemical ex-
periments have shown that interactions involving the 
PDZ structural domain of the protein interacting with 
C kinase (abbreviated as PICK1) are necessary for 
amyloid beta to disrupt synapses. So inhibiting PICK1 
could have an effect on the amount of soluble amyloid 
beta in the brain, and on the chemical reactions that 
negatively impact memory and learning in people with 
Alzheimer's. Research at the APS produced x-ray dif-
fraction data of a PICK1 inhibitor molecule whose pres-
ence resulted in positive therapeutic chemical 
changes, including a decrease in soluble amyloid beta. 
Although the specific PICK1 inhibitor compounds that 
the team created and characterized had too large a 
molecular weight to cross into the brain easily, the 
team concluded, based on their potency and selec-
tivity, that similar small-molecule inhibitors have great 
potential for future therapeutic applications to 
Alzheimer's disease.

Small Molecules Show Therapeutic Potential 
 for Alzheimer's Disease

measure of how concentration affects the desired chemi-
cal response — of the new inhibitors. A high-throughput 
screen generated potential inhibitor compounds that 
would disrupt the interaction between PICK1 and GluA2; 
then the team narrowed the results to one non-peptide 
compound with a sufficiently low half-maximal inhibitory 
concentration. After synthesizing the compound, they 
made a number of changes to improve its potency.  

Next, as a starting point for their structure-based de-
sign process, the team created a three-dimensional struc-
ture of the PICK1 PDZ domain with the inhibitor compound 
by collecting x-ray diffraction data at the LRL-CAT 31-ID x-
ray beamline at the APS. They used the structure to cre-
ate a second inhibitor compound with higher potency. 
Then they investigated the selectivity of the two com-
pounds, specifically how efficiently they bound with do-
mains similar to the PICK1 PDZ domain. In both cases, the 
team found the compounds more likely to bind with the 
correct site rather than similar ones. 

When they explored the inhibitory effects of these 
compounds, using cultured hippocampal neurons, they 
found three main results: There was an increase in sur-
face GluA2 in neurons; there was a decrease in the con-
centration of calcium within cells due to the presence of 
amyloid beta; and the reduction of neuronal activity, 
called “long-term depression,” was suppressed. These re-
sults confirm that PICK1 is involved in transporting GluA2 
receptors between cells, in mediating the effects of amy-
loid beta, and with synaptic plasticity.  — Emma Nichols 
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Materials at Earth’s core-mantle boundary are exposed to extreme pressures 
that are very difficult to replicate in the laboratory. In this work, researchers 
developed a unique probe to reveal the electronic structures of amor-

phous glasses at above megabar pressures (> 1 million atmospheric pressure, >100 
GPa). In boron oxide glasses, densification takes place as the oxygen-oxygen (O-
O) bond distance is reduced and four-coordinated boron ([4]B) is prevalent. This 
work, carried out at the APS, presents a new opportunity to understand the evolution 
of atomic structures in melts at the core-mantle boundary. 

Amorphous Boron Oxide at 
 Megabar Pressures
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Understanding the structures of oxide glasses at the 

extremely high-pressure (above megabar) conditions — 

which are relevant to Earth’s core-mantle boundary — is 

exceedingly difficult. Researchers know that the molecu-

lar networks of a material under extreme compression 

can be very different from those same networks at ambi-

ent pressure. In other words, what we know about materi-

als at lower pressures is not necessarily representative of 

those same materials at extremely high pressures. How-

ever, no experimental probe has been able to depict the 

bonding environments of amorphous materials at lower-

most mantle pressures (up to 134 GPa). 

In this study, researchers from Seoul National Univer-

sity (Korea) and the Carnegie Institution of Washington 

carried out non-resonant inelastic x-ray scattering (NIXS) 

to probe core electron excitation from oxide glasses in a 

diamond anvil cell. The researchers collected boron and 

oxygen K-edge NIXS spectra for vitreous boron oxide (v-

B2O3) at the HP-CAT beamline 16-ID-D at the APS. The IXS 

spectra revealed the unique densification paths of atomic 

configurations in oxide glasses under extreme compres-

sion. At pressures up to ~120 GPa, the packing density of 

B2O3 glasses increased as the O-O distance was reduced 

and smaller ring networks formed. The densification 

paths were characterized by the unexpected stability of 

four coordinated boron; indeed, at extremely high pres-

sure, only four-coordinated boron ([4]B) was prevalent. 

The study revealed the effect of the atomic radius of 

framework cations on packing density; that is, the frame-

work cation with the smaller atomic radius undergoes co-

ordination transformation at higher pressure. Highly coor-

dinated cations, such as [4,5,6]Si and [4,5,6]Ge, form glasses 

at much lower pressure, than B. While more experimental 

data to quantify the boundaries and additional theoreti-

cal confirmations of the proposed predominance are 

needed, this simple relationship in boron oxide glasses 

under extreme compression prevails for all oxide glasses, 

and thus provides a unique predictive tool to unveil the 

structural transformation in complex glasses and melts.  

This densification model is useful for understanding 

the stability, oxygen configuration, and solubility of ele-

ments and isotopes as they transition into the dense 

melts at the core-mantle boundary. Dense oxide melts 

with [3]O can result in enhanced contraction at the base of 

the lower mantle, which increases melt density. This sug-

gests that dense melts may be stable when they are in 

contact with crystalline Mg-silicate polymorphs. The 

abundant [4]B in the lowermost mantle may explain the 

enrichment of 10B, instead of 11B, in the region, as 10B will 

preferentially partition into the highly coordinated boron 

in oxides.  

This work reveals the evolution of boron coordination 

sites under extreme compression and becomes possible 

with the development of a new way to study the structure 

of oxide glass at extreme megabar pressure. The new ca-

pability allows researchers to detail the atomistic origins 

of melt densification in the extreme pressures found at 

the core-mantle boundary and gain new insights about 

the composition of our planet.   — Dana Desonie 
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< Fig. 1. Left: Boron K-edge IXS spectra for B2O3 glass at pres-
sures above Megabar pressure conditions. Right-top: Inelastic x-
ray Raman scattering processes in a diamond anvil cell. Eins 
(Escat), k2 (k2), v1 (v2), and e1 (e2) are energy, wave vector, fre-
quency, and polarization vector of the incident (and scattered) 
photon, respectively. |g> and f|> are the initial and final elec-
tronic states. EF is the Fermi energy. Right-bottom: Predomi-
nance diagram of distinct coordination states of B, Si, and Ge in 
diverse oxide glasses with varying pressure and atomic radius 
of each cation. Adapted from S.K. Lee et al., Proc. Natl. Acad. 
Sci. U.S.A. 115(23) 5855 (June 5, 2018). Copyright © 2018 Na-
tional Academy of Sciences. Online ISSN 1091-6490
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Fig. 1. Selenite adsorption is controlled by sulfhydryl sites in 
the cell envelope of Bacillus subtilis cells where it is reduced 
to form organo-Se compounds. From Q. Yu et al., Environ. Sci. 
Technol. 52, 10400 (2018). © 2018 American Chemical Society

Understanding how selenium (Se) cycles in the environment is important for 
addressing widespread selenium deficiency and for bioremediation of se-
lenium pollution. This study solves a long-standing mystery of how nega-

tively charged dissolved selenite anions overcome electrostatic repulsion to interact 
with negatively-charged bacterial cells. The results, obtained at the APS, reveal 
the key role of bacterial cell envelope sulfhydryl binding sites in the adsorption of 
selenite anions to bacterial cells, and in the reduction of selenite to neutral organo-
selenium species. 

Cell Envelope Sulfhydryl Sites Play a Key Role 
 in Se(IV) Interactions With Microbes



Selenium is an essential micronutrient, but it can be 

toxic at high concentrations. Globally, between 0.5 to 1 

billion people have a Se deficiency, whereas excess Se is 

a pollutant in high concentrations when it is a byproduct 

of mining, agricultural, petrochemical, and industrial man-

ufacturing activities. To address these concerns, science 

must understand the factors that control the global cy-

cling of selenium.  

Microorganisms are important in the selenium cycle; 

they can oxidize, reduce, methylate, and assimilate Se in 

natural or contaminated settings and therefore signifi-

cantly change the element’s bioavailability and toxicity. 

Microbes reduce water-soluble selenate [Se(VI)] to insolu-

ble elemental Se nanoparticles [Se(0)] in a two-step 

process: First, a limited range of microorganisms can re-

duce Se(VI) to selenite [Se(IV)] in anaerobic or microaero-

bic environments; then a wider range of microbes can re-

duce Se(IV) to Se(0) under anaerobic or aerobic 

conditions. This work focuses on the second step be-

cause it occurs in a wider range of geological settings.  

For Se(IV) to be bioavailable to bacteria and un-

dergo reduction to Se(0), it must adsorb onto cell sur-

faces. Bacterial cells are negatively charged under envi-

ronmental pH conditions, leading to extensive 

adsorption of aqueous cations and minimal adsorption 

of aqueous anions. However, because some bacteria 

can adsorb and reduce Se(IV), selenite anions must bind 

onto the bacterial cells. In this study, the researchers 

from the University of Notre Dame, the Institute of Chem-

ical Engineering (Bulgaria), Argonne, and the China Uni-

versity of Geoscience had as their objective determining 

if bacterial sulfhydryl sites, which create strong covalent 

bonds with chalcophile elements, such as mercury or 

Se, are responsible for the bioavailability of Se to bacte-

rial cells (Fig. 1).  

To determine the role of sulfhydryl sites in adsorption, 

the researchers measured selenite adsorption onto bac-

terial cells with and without the sulfhydryl sites blocked 

chemically. In unblocked sulfhydryl sites, a significant 

concentration of selenite adsorbed onto the cells. How-

ever, in blocked sulfhydryl sites, Se(IV) adsorption did not 

occur, indicating that selenite adsorption offsets the elec-

trostatic repulsion between the dissolved Se(IV) anions 

and negatively charged cell surface. Unlike in cation ad-
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sorption onto bacteria, Se(IV) adsorption is not reversible, 

suggesting that another process is also involved.  

The researchers used Se K-edge (12 658 eV) x-ray ab-

sorption near edge structure spectroscopy, carried out at 

the MR-CAT 10-BM-A,B bending magnet beamline at the 

APS. They determined the speciation and valence state 

of Se in the biomass samples after Se(IV) adsorption. 

These analyses revealed that most of the adsorbed 

Se(IV) was reduced by the bacteria and bound to 

sulfhydryl sites to form reduced organo-Se compounds. 

During the experiment, selenite decreased from 100% to 

17%; most Se converted to reduced organo-Se com-

pounds (R1S-Se-SR2).  

This study was the first to show that bacterial cell en-

velope sulfhydryl sites are responsible for the adsorption 

and bioavailability of Se(IV) anions and that, once ad-

sorbed, the Se(IV) reduces to neutrally charged organo-

Se compounds. Sulfhydryl binding sites are essential for 

the environmental cycling of Se, where bacteria facilitate 

the reduction of Se(IV) to elemental Se(0). This affects the 

mobility and behavior of Se in the environment.  

To better understand the global cycling of Se, future 

studies must focus on the relationship between cell-enve-

lope sulfhydryl sites and the microbial reduction and con-

version of Se oxyanions to other Se species.   

— Dana Desonie 
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Fig. 1. The beam configuration for in situ x-ray diffraction measurements is shown in this schematic 
drawing. The cylindrical axis of the sample is 28º with respect to the beam direction so that the 
beam path does not probe laterally released states. The path of the beam penetrates the Lexan 
sabot, LiF impactor, LiF baseplate, forsterite sample, and LiF window. The driver and window ma-
terials are chosen to minimize x-ray attenuation. Diffracted x-rays are collected every 153.4 ns on 
an LSO scintillator coupled to a four-frame imaging system (Luo et al., 2012). From M.G. Newman 
et al, Geophys. Res. Lett. 45, 8129 (11 July 2018). Copyright © 1999-2018 John Wiley & Sons, Inc. 
All rights reserved

To provide a better understanding of the interior structure and dynamics of the 
Earth’s mantle, it is imperative to know the equation of state and phase diagrams of 
MgO-MgSiO3 thermodynamic systems. A more detailed understanding of partial 

melting and chemical stratification of the mantle is provided from extensive research fo-
cused on Mg2SiO4 at high pressures over a wide range of thermodynamic conditions. 
However, there is no stable compound of Mg2SiO4 in the Earth’s lower mantle. Thus, in 
order to get an equilibrium state of homogeneous forsterite, it must be decomposed into 
at least two compounds, periclase and bridgmanite. In situ powder x-ray diffraction ob-
servations of forsterite crystal structure samples shocked to 44(3) and 73(5) GPa done at 
the APS show chemical segregation of forsterite does not occur on dynamic timescales, 
but the nonequilibrium states persist to 73(5) GPa, where the shock temperature is pre-
dicted to be ~2500 K.

Shock-Compressed Forsterite Overturns 
Prior “Mixed Phase” Theories
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Forsterite separates into periclase and bridgmanite 

by chemical segregation. Static compression experiments 

at high temperature have demonstrated that chemical 

segregation of Mg2SiO4 happens at pressures above 23 

GPa. Under isothermal compression at 300 K, the compo-

sition has remained stable when it should have assem-

bled into periclase and bridgmanite, suggesting kinetic 

effects may inhibit the decomposition process at low tem-

peratures. 

The temperatures and pressures of the Earth’s lower 

mantle, below 136 GPa and 3600 K, may be achieved in 

uniaxial plate impact experiments. These experiments 

help in the study of the equation of state of geophysically 

important materials. Previous shockwave experiments on 

Mg2SiO4 have defined several phase transitions below 

136 GPa based on density, sound-speed measurements, 

and shock-temperature measurements. In situ observa-

tions of these phases behind the shock front have not 

been performed; thus, the crystalline phases upon shock 

compression are unknown. Shock-recovery experiments 

have shown an absence of evidence of the chemical seg-

regation of forsterite, and samples shocked to 78 GPa 

suggest that the nature of the “Mixed Phase” region be-

tween 50-120 GPa is not a complete transformation to 

periclase and bridgmanite. 

Researchers from the California Institute of Technol-

ogy, Lawrence Livermore National Laboratory, the Univer-

sity of Minnesota, the University of Nevada, Las Vegas, 

Cornell University, and Washington State University, 

working at the DCS 35-ID beamline, launched a Lexan 

Sabot using a two-stage light case gun (Fig. 1) — which is 

capable of generating projectile velocities up to ~5.7 km/s 

— at forsterite discs covered by a 1-mm LiF window. The 

forsterite samples were cut into 5, 2-mm-thick discs and 

polished flat. A disc was then covered by the LiF window 

and impacted by a 4-mm-thick LiF single-crystal flyer 

plate mounted on the sabot. Other studies were carried 

out at the GSECARS 13-ID beamline, also at the APS.  

The forsterite was shock compressed at 44(3) and 

73(5) GPa. The peaks in two diffraction images taken prior 

to release of 44(3)-GPa ambient pressure were consistent 

with forsterite compressed to the Hugoniot density. The 

lattice parameters of the structures were further refined 

using the difference between the observed and theoreti-

cal d-spacing for two forsterite structure. Although the 

two forsterite structures were consistent with the Hugo-

niot density, the fit to the periclase structure did not corre-

spond well with the equation of state in both of these 

shots, suggesting periclase is not present when forsterite 

is shocked to the Hugoniot at pressures up to 73(5) GPa. 

The results of the forsterite lattice compression cor-

respond with a previously described low-pressure 

Hugoniot regime, showing that the density collapse at 

50 GPa is a deformational change to a metastable 

structure. Consistent with shock-recovery results, there 

was no observance of assemblage of periclase and 

bridgmanite in the diffraction pattern. Significant crys-

tallization of periclase was not observed at microsec-

ond timescales, thus bounding the ionic diffusivities in 

forsterite to below 1 nm2/μs at elevated pressures and 

temps. Metastable forsterite persists even at elevated 

Hugoniot pressures and temperatures. With the lack of 

periclase, this suggests that chemical segregation does 

not occur in the shocked solid materials on the sub-mi-

crosecond timescale.  

These results illustrate that kinetic, and not equilib-

rium, states can dictate equation-of-state measure-

ments on dynamic compression experiments.  

— Gwenevier Johnson 
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Pagan5, N.W. Sinclair6, and P. D. Asimow1, “In Situ Observations 
of Phase Changes in Shock Compressed Forsterite,” Geophys. 
Res. Lett., 45, 8129 (11 July 2018). DOI: 10.1029/2018GL077996 
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Fig. 1. P-wave velocity and density systematics for Di liquid 
(blue curve this study), Di glass (red squares, from Sakamaki 
et al., 2014), Di solid (green triangles, from Li and Neuville, 
2010), basalt glass (stars, black from Clark et al., 2016, and 
gray from Liu and Lin, 2014) and En glass (diamonds, orange 
from Sanchez-Valle and Bass, 2010, and magenta from Liu 
and Lin, 2014). The dashed line corresponds to the behavior of 
solids. This figure shows that silicate liquids behave com-
pletely different from silicate glasses and solids in their high-
pressure acoustic properties. From M. Xu et al., J. Geophys. 
Res.-Sol. Ea, 123, 8676 (29 October 2018). ©2018. American 
Geophysical Union. All Rights Reserved.

Constraining Partial Melt Fractions in 
 Upper Mantle Low-Velocity Zones 
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The equations of state for silicate liquids, prior to the 

research done at the APS, were mainly obtained by per-

forming density measurements on melts at high pres-

sures. Because of the strong correlation between the two 

fitted EOS parameters — bulk modulus and the pressure 

dependence of bulk modulus — density data obtained 

over a limited pressure range do not provide robust con-

straint on bulk modulus, which is proportional to the pres-

sure derivative of density. Sound velocity, directly related 

to both density and bulk modulus, can tightly constrain 

the EOS by giving direct information on the two parame-

ters.  

Sound velocities are also highly important for inter-

preting seismic data to show the existence of melts in the 

mantle. Generally, global seismic velocities increase with 

depth, but in some areas (Hawaii, the Japan arc, and the 

top of the core-mantle boundary) the velocities are 

slower than the global average. Partial melts are one po-

tential explanation. Prior to this study, there have been no 

known reported high-pressure experimental data on the 

sound velocity of silicate liquids. Instead, silicate glasses 

have been frequently used as analogs to infer the 

acoustic properties of liquids at high pressures. 

The researchers in this study, from Case Western Re-

serve University, Southern University of Science and 

Technology (China), Université de Lille (France), and The 

University of Chicago, performed sound-velocity meas-

urements on diopside liquid in a 10-MN multi-anvil press 

at the GSECARS beamline 13-ID-D of APS under condi-

tions from ~0.5 GPa to 4 GPa, and 2010 K to 2375 K. They 

used the ultrasonic technique to measure the velocity of 

a liquid sample, with the help of synchrotron x-ray imag-

A commonality between the Earth and other terrestrial planets in our solar 
system is the presence of partially molten silicate rocks in mantles or crusts. 
Depending on the density contrast between the melts and surrounding ma-

terials, the melts will transfer chemical species to either the surface or the deep 
mantle, resulting in different geochemical evolution scenarios. Thus, the equation 
of state (EOS) for silicate liquids is required for modeling the processes related to 
mantle melting, magma differentiation and solidification, etc. In addition, the seismic 
detection of the presence of silicate melts requires knowledge of the sound velocity 
of melts at relevant mantle conditions, which has not been directly measured. A 
team of researchers working at the APS performed the first high-pressure and 
high-temperature ultrasonic sound velocity measurements on liquid diopside 
(CaMgSi2O6), a composition that is representative of the melt produced in the 
Earth’s mantle, and tightly constrained its EOS using the high-pressure sound ve-
locity data. They found that the fractions of melts present in the mantle low-velocity 
zones may be significantly underestimated in previous studies, thus broadening 
our understanding of the Earth’s interior.

ing for sample-length determination. Their measured 

sound velocities of liquid diopside are much lower than 

those of glasses, and show a monotonic increase with 

pressure in contrast to glasses, suggesting that silicate 

glasses may not be good analogs to study the acoustic 

and compressional properties of silicate liquids, and that 

larger melt fractions than previously thought are required 

to explain the low-velocity anomalies (Fig. 1). The velocity 

data were also used to place tight constraints on the EOS 

of diopside liquid. Their EOS is consistent with prior dy-

namic compression data at much higher pressures, vali-

dating its accuracy, at least to pressures at the bottom of 

the upper mantle. The calculated density of diopside liq-

uid based on this EOS suggests that it is unlikely for diop-

side liquid to become denser than the solid upper mantle; 

so the diopside melt would migrate upward if it were gen-

erated in the upper mantle.  — Gwenevier Johnson 
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phys. Res.-Sol. Ea. 123, 8676 (29 October 2018).  
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Unexpected Nanoclusters in 
Lithium-Ion Battery Electrolytes 

Commercially available since the 1970s, the lithium-ion (Li-ion) battery is the 
workhorse power source for a variety of applications, including cell phones, 
laptops, and electric vehicles. However, the basic science underlying how 

these batteries work at the atomic and molecular levels remains incompletely un-
derstood, preventing the technology from reaching its full potential. Lithium-ion bat-
teries are comprised of positive electrodes (anodes), negative electrodes (cathodes), 
and an electrolyte. The electrolyte’s main role is to act as a conductive pathway for 
the movement of electricity (in the form of lithium ions, in this case) passing from the 
anode to the cathode during discharge, allowing the battery to operate. Researchers 
using the APS made a surprising discovery about the complexity of the interactions 
between different components of the electrolyte, one of the challenges that is set 
out to be studied in the DOE-funded, Argonne-led Joint Center for Energy Storage 
Research program over the next five years. The fundamental understanding gained 
from such a study may one day help enhance battery performance.
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lyzing the elastic scattering behaviors of x-rays when 

traveling through a material, has proven to be a very 

powerful technique for providing direct size information of 

nanometer-scale structures such as colloids, porous ma-

terials, biomolecules, and proteins. 

A team of researchers, from Northern Illinois Univer-

sity and Argonne, used SAXS experiments at the XSD 

12-ID-B and -C beamlines of the APS to study different 

varieties of lithium-ion battery electrolytes. Surprisingly, 

the researchers found that the cyclic carbonate, EC, 

formed 1-nm-sized clusters when mixed with a linear car-

bonate, either EMC or DEC, while no such clusters were 

found when EC was mixed with another cyclic carbon-

ate, PC, likely due to differences in dielectric constant 

between the linear and cyclic carbonates. Adding LiPF6 

to either the EC/EMC mixture or the EC/DEC mixture re-

sulted in the formation of a LiPF6 structure roughly 0.6 

nm in size, corresponding to the previously reported size 

of LiPF6 contact ion pairs. Surprisingly, LiPF6 contact ion 

pairs were absent in EC/PC electrolyte (Fig. 1). The pres-

ence of EC nanoclusters and LiPF6 ion pairs in linear car-

bonate is thought to decrease battery performance by 

reducing electrolyte viscosity and conductivity, respec-

tively. Unfortunately, even though neither EC nanoclus-

ters nor LiPF6 ion pairs are present in the LiPF6/EC/PC 

electrolyte, the defoliation of graphite by PC hinders the 

application of PC in commercial lithium-ion batteries 

consisting of graphite anodes.  

These findings increase our knowledge of the behav-

iors of lithium-ion battery electrolytes and could inspire 

improvements to the design of the macroscopic proper-

ties of these important electrolytes. — Chris Palmer 

 
See: Zhange Feng1, Erik Sarnello2, Tao Li1,2*, and Lei Cheng1**, 
“Microscopic View of the Ethylene Carbonate Based Lithium-Ion 
Battery Electrolyte by X-ray Scattering,” J. Electrochem. Soc. 
166(2), 47 (January 4, 2019). DOI: 10.1149/2.0971816jes 
Author affiliations: 1Argonne National Laboratory, 2Northern Illi-
nois University 
Correspondence: * tli4@niu.edu, ** leicheng@anl.gov 
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U.S. DOE Office of Science User Facility operated for the DOE Office of 
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< Fig 1. Typical lithium-ion battery electrolytes include a lithium 
salt (usually LiPF6) mixed into an organic solvent consisting of 
ethylene carbonate (EC, orange) with some combination of di-
ethyl carbonate (DEC), ethyl methyl carbonate (EMC), or 
propylene carbonate (PC). Using SAXS, researchers found that 
EC forms 1-nm-sized clusters when mixed with LiPF6 and either 
DEC or EMC, while EC fully dissolves in PC. Also, LiPF6 formed 
ion pairs (Li+, red, and PF6, blue) in the presence of EC/DEC 
and EC/EMC mixtures, but not in an EC/PC mixture. Image 
courtesy of Zhou Yu.

In a typical commercial lithium rechargeable battery, 

lithium ions dissolved in electrolytes move from the posi-

tive to the negative pole of the battery when it is charg-

ing. The ions then move in the opposite way when the 

battery is in use. Lithium ions, however, do not migrate 

alone; they are surrounded by electrolytes that facilitate 

the trip from one pole to the other. Effective electrolytes 

must have a handful of specific characteristics. While they 

are in contact with both the anode and the cathode, they 

must not react with either. They must allow a high degree 

of mobility of lithium ions between the two electrodes. 

And they must be inexpensive if the price of batteries is to 

continue to fall. The typical electrolyte in reasonably 

priced lithium-ion batteries is a lithium salt (usually lithium 

hexafluorophosphate, or LiPF6) mixed into an organic sol-

vent. That solvent is often a mix of ethylene carbonate 

(EC), diethyl carbonate (DEC), ethyl methyl carbonate 

(EMC), and propylene carbonate (PC). Lithium ions are 

thought to associate mainly with EC, forming so-called 

“solvation shells,” while DEC, EMC, and PC merely 

smooth the way for these shells to move between the 

batteries’ poles, like “lubricants.”  

The performance, safety, and charge/discharge rate 

of lithium-ion batteries are determined by a variety of 

electrolyte physiochemical characteristics, including 

chemical stability and transport properties. Much re-

search has been done to understand the impact that mi-

croscopic structures have on these properties for battery 

electrolytes such as LiPF6/EC/EMC and LiPF6/EC/DEC. Al-

though traditional spectroscopy techniques such as nu-

clear magnetic resonance, Fourier-transform infrared 

spectroscopy, and Raman are commonly used to provide 

tantalizing hints about the binding of solvent molecules, 

they cannot detect solvent aggregate formation. 

-angle x-ray scattering (SAXS), a technique for ana-
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Transforming Hydrogels May Improve 
Sustained Drug Delivery

Almost every drug has unintended side effects, which can range from minor 
inconveniences like drowsiness to severe toxicity that limits how much can 
be administered or even prevent drugs from being approved for use. The 

field of drug delivery has thus emerged with the objective of finding innovative 
ways of directing drugs to their specific disease targets within the body while 
avoiding off-target effects in unrelated tissues. When successful, drug efficacy can 
be improved and required dosages can be lowered, all while avoiding troublesome 
side effects. Nanotechnology has proven to be a key tool in this process, resulting 
in nanoscale drug vehicles (nanocarriers) for a variety of clinical applications such 
as cancer chemotherapy, treatment of bacterial infections, and avoiding liver disease. 
In work conducted at the APS, researchers investigated the potential of designing 
hydrogel nanocarriers, which may provide new avenues for investigation in long-
term drug delivery in a variety of diseases. 
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agents. When loaded with drugs, these hydrogels serve 

as depots that undergo cylinder-to-sphere transitions, 

where the released spheres transport drugs in a targeted 

fashion for months at a time.   

Using both small-angle x-ray scattering experiments 

conducted at the DND-CAT beamline at the APS and 

cryogenic transmission electron microscopy, the team 

verified that they could build cylindrical filomicelles of 

stable and consistent length and width, and that these 

filomicelles transition to spheres at the cylinder ends 

through a budding process (Fig. 1). These experimental 

data were supported by thermodynamic modeling of the 

transition that suggested the process could be triggered 

by oxidation, which resulted in changes in surface tension 

at the interface between the polymer network and the 

surrounding solution (e.g., water or blood), triggering the 

cylinder-to-sphere transition.  

The next step was to verify that the filomicelles 

could still undergo the spherical transformation after 

they were crosslinked into a stable hydrogel network. 

After optimizing the crosslinking of the filaments into hy-

drogels of desired viscosity, the team loaded a light-in-

ducible photo-oxidizer into the filaments to precisely 

trigger and control the transition to micelles. Incredibly, 

highly uniform monodisperse micelles were found to 

form regardless of the time of oxidation or the density of 

the crosslinkers. Best of all, the size of the nanoscale 

spheres was optimal for delivery to their chosen physio-

logical target, lymphatic tissues where cells of the im-

mune system reside. 

Finally, it was time to test the new transforming hy-

drogel in an animal model. Injection of a dye-tagged ver-

sion of the filaments mixed with the crosslinker allowed in 

situ formation of the hydrogels under the skin of mice 

within seconds to minutes. As hoped, the team found the 

injectable hydrogel transformed into micelles due to 

physiological levels of oxidation. A second dye, serving 

as a mock drug molecule, was loaded within the fila-

ments and was found to stably transfer to the released 

micelles. By employing two separate dyes, both the poly-

mer and the mock drug payload could be traced and 

colocalized within the desired target immune cells in 

lymph nodes of the mice. No sign of infiltrating inflamma-

tory cells or fibrous capsule formation was observed at 

the implant site over the course of a month of sustained 

micelle release.  

Together, these results quantitatively demonstrated 

that the transforming hydrogels could continuously re- 

“Hydrogels” cont’d. on page 109 

< Fig. 1. Transmission electron microscopy micrograph (false-
colored) of a mixed population of spherical micelles and worm-
like filomicelles. Filomicelles were self-assembled from poly 
(ethylene glycol)-block-poly (propylene sulfide) polymer via 
thin-film rehydration. Upon oxidation, filomicelles undergo an 
inducible cylinder-to-sphere transition into micelles. The re-
searchers’ laboratory has recently engineered filomicelles as 
vehicles for sustained drug delivery.

To date, nanocarrier administration has been limited 

to short-term bolus injections or IV infusions. However, 

for some applications, sustained drug delivery via tar-

geted nanocarriers may be desirable. For example, in 

long-term processes, such as wound healing, hormone 

therapy, and transplantation, it may be desirable to ex-

pose the patient to controlled, long-term delivery of the 

drug. For these applications, researchers have devel-

oped implantable hydrogels and scaffolds composed of 

synthetic or natural biopolymer networks that trap the 

nanocarriers for slow release, much like a tiny, fine-

mesh strainer. However, because these scaffolds play 

only a structural role and are not involved in drug deliv-

ery itself, current versions may elicit a foreign body re-

sponse, causing the polymer networks to be walled off 

by the immune system in stiff fibrous capsules that can 

cause pain for the patient and reduce the efficiency of 

drug release.  

In experimentation at the APS, researchers from 

Northwestern University and the University of Illinois at 

Chicago carried out studies that supported their hypothe-

sis: It might be possible to design a hydrogel that could 

transform into the nanocarriers, avoiding this unwanted 

immune response. In this plan, the entire implanted hy-

drogel itself breaks down into the drug-delivery vehicle, 

resulting in sustained nanocarrier release with no leftover 

or unused polymer network remaining to elicit an un-

wanted immune response. 

The first step for the research team was to develop 

and characterize the nanocarriers. They hypothesized 

that they could take advantage of the properties of block 

copolymers (BCPs), mixtures of polymers that can assem-

ble into stable structures under controlled conditions, to 

build their transforming hydrogel. In this case, the BCPs 

self-assemble into polymer networks composed of cylin-

drical filaments (filomicelles) that can transform into 

nanoscale spherical vehicles (micelles). This transition 

from cylinders to spheres was shown to be dependent on 

surface tension, and the released micelles were found to 

be excellent vehicles for diagnostic and therapeutic 



108    APS Science 2018 • Vol. 2

Novel Molecular Rotors that Meet 
 Theoretical Requirements for Nano-Electronics

Regular arrays of dipolar molecular rotors promise a variety of applications, 
in particular, miniaturization of analog electronics and production of nano-
electronics. To be used for this purpose, the arrays should exhibit ferroelec-

tric collective behavior, with all dipoles spontaneously pointing in the same direc-
tion. Theory suggests that to achieve this, the arrays should ideally be triangular, 
with all rotational axes parallel. In the current study, researchers utilized the APS 
to explore the ability of specifically designed and synthesized molecular rotors 
assembled on an aqueous surface to form such a tight trigonal lattice, with the 
rotor axles standing perpendicular to the surface. This desired arrangement was 
actually found, and the theoretical ideal for generating a two-dimensional (2-D) 
ferroelectric phase has been reached.  The next step will be to transfer the mono-
layer to an electrically insulating solid substrate.  If it can be accomplished without 
ruining the ideal structure achieved on the aqueous subphase, the transferred 
monolayer is expected to be ferroelectric and it will thus become possible to 
make any water-resistant surface ferroelectric.  If the structure does not survive, 
the way will have been paved for further modification of the molecular structure of 
the rotors to make the array transferable to solid substrates without damage.  This 
advance has both theoretical and practical applications in nano-electronics.



With the long-term goal of producing a 2-D sheet of 

molecular rotors on a flat, solid surface for use in both 

fundamental research and applications in nanoscience, 

the researchers, from the University of Colorado Boul-

der, the Academy of Sciences of the Czech Republic, 

and Lawrence Berkeley National Laboratory, first inves-

tigated a 2-D phase of molecular rotors organized on 

the surface of a liquid-air interface, or aqueous phase 

(Fig. 1). The rotors were made from a rod with a terminal 

carboxylic acid group and a dipolar rotor (2,3-dichloro-

1,4-phenylene) that contained two Y-shaped triptycenes 

designed to form two interlocking decks. Together, these 

chemical structures were designed to organize into a 

sheet of rotors that stood perpendicular to a surface, 

with all dipoles parallel.  This feature also maximized 

the number of rotors in a given surface area and al-

lowed unhindered dipole rotation, a motion required for 

ferroelectric activity. Furthermore, the rotors were de-

signed to pack together in a trigonal formation, an or-

ganization in agreement with theoretical requirements 

for ferroelectricity.  

  In order to confirm that the designed qualities of 

the rotors led to the expected packing and orientation in 

a 2-D phase, the researchers used the grazing-incidence 

x-ray diffraction technique at the ChemMatCARS 15-ID x-

ray beamline at the APS to measure the structure of the 

monolayer. Analysis of the diffraction pattern confirmed 

that each vertically oriented rotor occupies a space 

(also called a “cell”) that is 8.13 Å by 8.40 Å in a trigonal 

lattice formation (Fig. 1). Thus, the rotors on the aqueous 

surface were indeed in exactly the configuration desired 

for ferroelectricity and are a promising first step. This 

discovery paves the way for additional research aimed 

at producing next-generation molecular rotors that can 

be transferred to a solid substrate without ruining the 

ideal structure achieved at the aqueous surface. Future 

work will be aimed at modifying the rotor structure so 

that they can withstand the transfer process. The trans-

fer would then allow the generation of a 2-D phase of 

ferroelectric rotors that can be applied to any water-re-

sistant surface.  — Emma Nichols 

 
See: Jirí Kaleta1,2, Jin Wen1, Thomas F. Magnera2, Paul I. Dron2, 
Chenhui Zhu3, and Josef Michl1,2*, “X-ray diffraction structure of 
a monolayer of molecular rotors on aqueous subphase from 
grazing-incidence X-ray diffraction,” Proc. Natl. Acad. Sci. U.S.A. 
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< Fig. 1. Side view of PM6-optimized structure of the major 
phase of Cs salt of the rod-shaped molecular rotor on water.

“Hydrogels” cont’d. from page 107 

lease micelles that transported payloads to target tissues 

and cells without inducing inflammation.  

The experiments performed at the APS were critical 

for the fundamental characterization and understanding 

of these novel hydrogels, which may have a wide range 

of applications in the treatment of chronic pathologies, in-

cluding cardiovascular disease, cancer, and diabetes.  

Immediate next steps for these transforming in-

jectable hydrogels are focusing on low-dosage cancer 

immunotherapy and novel platforms for vaccination 

against infectious diseases.  

— Sandy Field & Evan A. Scott 
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Evan A. Scott1,* “Sustained micellar delivery via inducible transi-
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How Surface Ligands Influence the 
Lattice Dynamics of Cadmium Selenide 

Quantum Dot Nanoparticles

These days, when one has an epiphany, it's a figurative solid-state light bulb that 
lights up over one’s head. Those energy-conscious, white-light spectrum bulbs 
could benefit from the characteristics of semiconducting quantum dot nanoparti-

cles – an alternative to the currently-used solid phosphors. In order to leverage these 
nanoparticles' valuable properties, materials scientists need a thorough understanding 
of their lattice structure and energy dynamics and how those characteristics differ be-
tween a bulk sample of the crystal and the nano-sized one. Unfortunately, the most 
widely-used materials characterization methods are tailored to bulk crystals. However, 
recent research efforts carried out at the APS and at the National Synchrotron Light 
Source II (NSLS-II)  at Brookhaven National Laboratory have yielded new structural and 
energetic insights into quantum dot nanoparticles. This has been achieved by pairing a 
new technique for precisely generating cadmium selenide quantum dots and x-ray 
scattering techniques. In addition to demonstrating the advantages of this combination, 
the researchers concluded that the nanoparticle material could be intentionally manip-
ulated to select for certain desired electronic behaviors.
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found that the peaks for the nanoparticles were blue-

shifted with respect to the bulk sample. They also found 

that the peaks that appeared in the bulk sample were sig-

nificantly broader and less distinct in the nanoparticles' 

phonon density of states.  

Because of the small size of the nanoparticles, the 

team had expected their features in the phonon density 

of states to be sharper than the bulk sample rather than 

flattened. Since each sample was atomically precise, 

they concluded that this flattening occurred because the 

lengths of the atomic bonds varied across an individual 

quantum-dot sample. 

The team was surprised to discover the theoretical 

calculations predicted a red-shift rather than the blue-

shift that was observed. The team found that by adding 

heavy surface ligands to the calculations, they could 

replicate the blue-shift observed in their measurements. 

The team concluded that it should be possible to vary the 

surface ligand's mass to manipulate the phonon density 

of states, and thus manipulate the phonon frequencies, 

which is a result worthy of a very bright lightbulb indeed.   

– Mary Alexandra Agner 
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< Fig. 1. Depiction of the x-ray scattering from cadmium se-
lenide quantum dot nanoparticles that, when combined with 
theory, results in an understanding of the energies of vibra-
tional states (shown on the right).

Quantum-dot nanoparticles are of interest in applica-

tions ranging from electronics to biology because of their 

optoelectronic properties. These include their size-tun-

able band gaps, high efficiency at producing light, and 

long-term stability. The key challenges in utilizing a spe-

cific nanoparticle are two-fold: determining its structure 

with atomic precision, and detailing the energy dynamics 

of its lattice. When characterizing the lattice, scientists are 

most interested in atomic bonding and the behavior of 

atomic collective excitations (phonons). Phonons are 

quantum atomic vibrations generated in the lattice; from 

the phonon density of states, scientists can calculate 

many thermodynamic properties relevant in optoelec-

tronic applications. 

The research team in this study, comprising members 

from Columbia University, Miami University, Argonne, 

Brookhaven National Laboratory, and the American Phys-

ical Society, began by generating gram quantities of 

identical cadmium selenide quantum-dot nanoparticles. 

These quantum dots are important and novel because 

they are atomically precise. This atomical precision al-

lowed the team to determine the dots’ structure by apply-

ing pair distribution function analysis to powder x-ray 

scattering diffraction data taken of the nanoparticles at 

beamline 28-ID-2 at the NSLS-II. 

 The combination of atomical precision and a struc-

ture solution allowed the team to use density functional 

theory to derive theoretical values for the phonon density 

of states, which they then measured using the HERIX 

spectrometer at XSD Sector 30, beamline 30-ID-B,C, at 

the APS. The team subjected bulk and nanoparticle sam-

ples (of three different sizes) to applied high-energy-reso-

lution inelastic x-ray scattering with an overall energy 

resolution of 1.5 MeV. Figure 1 shows a depiction of this 

scattering and vibrational states in the nanoparticle the 

team was hoping to find. They reduced this scattering 

data and from it, calculated measured values for the 

phonon density of states for all samples. 

When the team compared the phonon density of 

states – both the theoretical values and the measured 

ones – for the nanoparticles and the bulk sample, they 
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Revealing the Hole Story for 
 ZnO Nanoparticles

Transition metal oxide (TMO) nanoparticles have attracted an increasing amount 
of attention from researchers due to their potential for use in solar-energy con-
version and photocatalysts, devices that can help to alleviate escalating worldwide 

energy demands. These devices use sunlight to generate charge carriers: negatively 
charged electrons and equivalent positive charges called “holes.” Thus, to effectively 
design these devices, it’s crucial to understand how these charge carriers are created, 
move around, and are trapped within the crystal lattice of these nanomaterials at room 
temperature, and at different time and length scales. Researchers using the APS have 
gained insights that could eventually be used to better design materials to optimize 
device performance.
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of illumination, the photoexcited holes became trapped in 

positive, singly charged defects within the crystal lattice 

where oxygen atoms were missing. These holes changed 

the level of charge from single to double, a difference 

that affected the placement of the Zn atoms. To accom-

modate the charge change, the four Zn atoms that sur-

round the O vacancy moved outward, away from the va-

cancy by about 15%. Theoretical simulations support 

these results. 

The authors suggest that these findings could help 

researchers find ZnO materials that minimize electron-

hole recombination to improve device performance. For 

example, ZnO nanorods have fewer oxygen vacancies, 

making them candidates for a type of material that 

should exhibit less hole trapping and, therefore, reduced 

recombination events, a boon for developing potentially 

more efficient photovoltaic devices.  — Christen Brownlee 
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< Fig 1. Energy landscape showing configuration coordinate 
and creation of the electron-hole pair in the conduction and 
valence bands, respectively (top). ZnO crystal structure show-
ing intact lattice (bottom left) and oxygen vacancy with corre-
sponding Zn atom motion away from the vacancy upon hole 
trapping.

Although most studies have focused on titanium diox-

ide (TiO2) nanostructures, those made of zinc oxide (ZnO) 

are promising contenders, with an electron mobility two 

orders of magnitude larger than TiO2. The properties of 

ZnO are also more customizable due to its ability to be 

easily synthesized in a variety of nanoparticle sizes and 

shapes. Yet, ZnO’s applications have been limited due to 

its photocorrosion under ultraviolet radiation and its rapid 

recombination of electrons and holes, which limits device 

efficiency. Both of these limitations are linked to the na-

ture of defect sites in this material, which are thought to 

act as charge traps.  

Researchers have taken advantage of several tech-

niques to try to shed light on the structure and energetics 

of these defects, including time-resolved x-ray absorption 

spectroscopy (XAS), which provides information on the lo-

cal geometric and electronic structure of matter after pho-

toexcitation of the material. But although this technique is 

ideal for investigating electrons, it doesn’t reveal much in-

formation about holes.  

To resolve this discrepancy, an international team of 

researchers came to the XSD 7-ID-D beamline at the APS 

where they combined XAS with resonant x-ray emission 

spectroscopy (RXES), which provides complementary in-

formation on electronic structure.  

Their results show that holes created by light are 

trapped in pre-existing, singly charged oxygen vacancies 

in the ZnO crystal structure, converting the vacancy to 

doubly charged and displacing the surrounding four Zn 

atoms away (Fig. 1).  

Using an aqueous colloidal suspension of ZnO 

nanoparticles 32 nm in diameter, the researchers illumi-

nated samples with pulses of laser light, causing the sam-

ples to glow. They concurrently collected XAS and RXES 

data, providing detailed information on the charge carrier 

dynamics in the nanostructures.  

Their data suggest that electrons in the ZnO nanopar-

ticles remain largely delocalized at an energy level 

known as the “conduction band.” However, within 80 ps 
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X-ray Availability and Reliability 
In fiscal year 2018*, the APS x-ray source continued 

to function as a highly reliable delivery system for syn-
chrotron x-ray beams for research. Several factors sup-
port the overall growth in both the APS user community 
and the number of experiments carried out by that com-
munity. But there is a direct correlation between the num-
ber of x-ray hours available to users; the success of the 
APS experiment program; and the physicists, engineers, 
and technicians responsible for achieving and maintain-
ing optimum x-ray source performance. Below are defini-
tions of important measures for the delivery of x-ray 
beam to users (latest data shown graphically). 

X-ray Availability: The number of hours that beam is 
available to users divided by the number of hours of 
scheduled beam delivery prior to the beginning of a run. 
The specific definition of available beam is that the APS 
main control room has granted permission to users to 
open shutters, and there is more than 50-mA stored 
beam in the storage ring. 

Storage Ring Reliability: A measure of the mean time be-
tween beam losses (faults), or MTBF, calculated by taking 
the delivered beam and dividing by the total number of 
faults. The APS targets, and routinely exceeds, 70 h 
MTBF. A fault is defined as complete unavailability of 
beam either via beam loss or removal of shutter permit 
not related to weather. A fault also occurs when beam 
has decayed to the point where stability and orbit can no 
longer be considered reliable (50 mA). 

* While the highlights in, and title of, this report cover 
calendar year 2018, data on accelerator performance 
and user statistics are measured on the basis of fiscal 
years. 

Typical APS Machine Parameters 
LINAC 
Output energy                                                           425 MeV 

Maximum energy                                                      500 MeV 

Output beam charge                                                0.3–3 nC 

Normalized emittance                                              5–20 mm-mrad 

Frequency                                                                 2.856 GHz 

Modulator pulse rep rate                                         30 Hz 

Gun rep rate                                                              2–12 Hz 

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

Beam pulse length                                                   8–15 ns 

Bunch length                                                             1–10 ps FWHM 

 
PARTICLE ACCUMULATOR RING 
Nominal energy                                                        425 MeV 

Maximum energy                                                      450 MeV 

Circumference                                                          30.66 m 

Cycle time                                                                 500 ms or 1000 ms 

Fundamental radio frequency (RF1)                        9.77 MHz 

12th harmonic RF frequency (RF12)                         117.3 MHz 

RMS bunch length                                                    0.34 ns 

(after compression)  

 
INJECTOR SYNCHROTRON (BOOSTER) 
Nominal extraction energy                                      7.0 GeV 

Injection energy                                                        425 MeV 

Circumference                                                          368.0 m 

Lattice structure                                                        10 FODO cells/ 

                                                                                    quadrant 

Ramping rep rate                                                      2 Hz or 1 Hz 

Natural emittance                                                     69 nm-rad (actual) 

                                                                                   92 nm-rad (nominal) 

Radio frequency                                                       351.930 MHz 

 
STORAGE RING SYSTEM 
Nominal energy                                                        7.0 GeV 

Circumference                                                          1104 m 

Number of sectors                                                    40 

Length available for insertion device                     5.0 m 

Nominal circulating current, multibunch                 100 mA 

Natural emittance                                                     2.5 nm-rad 

RMS momentum spread                                           0.096% 

Effective emittance                                                   3.1 nm-rad 

Vertical emittance                                                     0.040 nm-rad 

Coupling (operating)                                                 1.5% 

Revolution frequency                                               271.555 kHz 

Radio frequency                                                       351.935 MHz 

Operating number of bunches                                24 to 324 

RMS bunch lengths                                                  33 ps to 25 ps 

RMS bunch length of 16 mA in hybrid mode          50 ps

X-ray Availability FY99-FY18

MTBF FY99-FY18
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NOVEL ACCELERATOR & 
 X-RAY TECHNIQUES & 

INSTRUMENTATION



116    APS Science 2018 • Vol. 2

The Linac Coherent Light Source (LCLS) at the SLAC National Accelerator 
Laboratory was the world’s first x-ray free-electron laser when it became 
operational in 2009. The APS contributed to the project by designing and 

building the undulator line, including 41 undulator vacuum chambers [1]. The cham-
bers’ thin wall, small aperture, and aperture surface finish presented new production 
challenges. Although the aperture surface finish met requirements, schedule con-
straints at that time prevented further improvment of the polishing method beyond 
what was needed for the project. When presented with the opportunity to build 
vacuum chambers for the new undulator lines of the LCLS-II upgrade, the members 
of the AES Mechanical Engineering and Design Group project core team were ea-
ger to improve the process wherever possible, as well as meet the new technical 
needs of the LCLS-II free-electron laser. 

Production of Vacuum Chambers for the 
Linac Coherent Light Source II

Members of the AES LCLS-II vacuum chamber core team with the last 
crate of LCLS-II vacuum chambers ready to ship to SLAC.



Because of an extremely 

short electron-bunch length, one 

of the key requirements of the 

LCLS-II physics specification was 

to achieve the best possible sur-

face finish within the chamber 

aperture. The highly polished 

aperture was achieved through a 

renewed collaboration with Engi-

neered Finishing, Inc., the abra-

sive-flow machining vendor that 

polished the chambers for the 

original LCLS.  

Normally, the maximum as-

pect ratio for this process is 8/1, 

depth/aperture. In this case, the 

process was modified to enable 

polishing of a small, oval-aper-

ture extrusion (5 mm x 11 mm) with an aspect ratio ~700/1. 

The improved process permitted simultaneous polishing 

of two 4-m-long extrusions to meet the critical surface 

roughness finish defined by the radio-frequency imped-

ance requirements — and with more consistent polishing 

results than before. The surface finish was improved from 

an average of 812-nm rms to an average surface finish of 

238-nm rms. More importantly for the success of the proj-

ect, the average longitudinal rms surface roughness 

slope of all chambers was to be less than 20 mrad; in 

fact, an average longitudinal surface roughness slope of 

8.50 mrad was achieved, with no chamber exceeding 20 

mrad. 

For the LCLS-II upgrade, two slightly different varia-

tions of chambers were required: one version for a soft x-

ray (SXR, Fig. 1) undulator line, and one for a hard x-ray 
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(HXR, Fig. 2) undulator line. The HXR chambers are 

mounted and aligned in a vertical orientation because 

the HXR undulators are a special type: horizontal-gap, 

vertically-polarized undulators.  

Among the many requirements were that all cham-

bers would be fabricated from an aluminum extrusion, 

maintain a finished nominal wall thickness of 0.5 mm, 

maintain a vacuum of less than 1 x10-6 Torr, and a maxi-

mum outgassing rate after bake-out of less than 2 x 10-10 

Torr*L/sec/cm2. Chambers for both undulator lines are ca-

pable of being aligned to within +/-100-μm straightness 

along their entire length. For this upgrade, all chambers 

are water cooled so that an operating temperature of 

20° C, +/-1° C can be maintained. All chambers have coils 

installed within the surface of the chamber to allow cor-

recting for the Earth’s magnetic field (without violating the 

space constraints; that is, the chamber thickness could 

not exceed 6 mm +0.15/-0.05mm). 

Upon completion, 64 chambers (26 SXR chambers 

and 38 HXR chambers, and their alignment systems) 

were delivered to SLAC for the LCLS-II upgrade. By meet-

ing or exceeding the challenging requirements of the 

LCLS-II free-electron laser upgrade, these undulator vac-

uum chamber systems helped enable the next generation 

of free-electron lasers.   

Contact: Greg E. Wiemerslage (wiemer@anl.gov) 
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Fig. 1. A SXR chamber on an alignment beam before installa-
tion of Earth-field coils.

Fig. 2. Five HXR chambers assembled in alignment fixtures, with water fittings and Earth-field 
coils. Photo by Dave Boughton
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Almost 30 years ago, the Los Alamos and Argonne national 
laboratories agreed to share software development work for 
machine control systems and called the result EPICS, the Ex-

perimental Physics and Industrial Control System. That collaboration 
continues today with EPICS 7, which remains at the forefront for large 
distributed control systems.

EPICS @ 30: 
EPICS 7 Advances the Capabilities of the 

APS Controls Network

Attendees at the 2018 EPICS Collaboration Meeting, held at the APS on June 11-15, 2018.



The APS has always used the EPICS  control 

system toolkit to build and run its real-time accel-

erator control system. Personnel from what is 

now the AES Controls Group, together with their 

colleagues at Los Alamos, were largely instru-

mental in forming the EPICS Collaboration, an in-

formal group that now spans 5 continents and 

over 25 countries, with more projects and users 

of the software than can be counted; the main 

mailing list now has over 900 subscribers. 

Among other things, EPICS provides the commu-

nications software that allows operators in the 

APS Main Control Room to observe and adjust 

settings on most of the technical equipment 

spread around the APS storage ring. 

In the early years of EPICS at the APS, infor-

mation sent over the network between that 

equipment and its clients tended to be readings 

from individual sensors, or scalar values to set 

the current in a magnet or the target position of a 

motor. In some cases, it included arrays of those 

kinds of values, but the complexity of the data 

was limited and the values sent were homoge-

nous. The EPICS Channel Access network proto-

col was designed in 1989 to quickly and efficiently trans-

fer these kinds of data, and while the networks it now 

runs on are up to 10,000 times faster than back then, the 

kinds of data the protocol can send over the wire are still 

essentially the same as when it was first released. 

30 years later, the devices that EPICS connects to are 

much more complex, with many related parameters or 

sets of attributes that must be attached to the raw data. A 

data structure designed to hold information for one de-

vice is unlikely to be quite the same as that needed for 

others. Thus, for the last ten years, members of the EPICS 

community have been developing a new flexible network 

protocol to augment and eventually replace Channel Ac-

cess. The code implementing this was first included in the 

EPICS 7 software package released in December 2017. 

The new network protocol is called “PV Access,” and 

it can transport any data that can be encoded using the 

associated PV Data software library. Like Channel Ac-

cess, the network protocol implements a client/server 

model, where any number of servers listen to clients ask-

ing for objects by name; the appropriate server replies, 

and the client sends it requests to read, monitor, and/or 

write data from/to that object. New in this protocol are 

features allowing a client to ask the server to execute a 

specific operation and return a result once finished. 
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Many APS beamlines (and other x-ray light sources 

around the world) already rely on Mark Rivers' (GSE-

CARS) AreaDetector package, which can collect and 

process multi-dimensional data such as video streams. 

These complex streams of scientific data can be more ef-

ficiently encoded by PV Data and transported using the 

PV Access protocol — earlier versions of AreaDetector 

could only use Channel Access for data transport, which 

doesn’t achieve frame rates that are as high. 

The APS Controls Group has been using PV Access 

to prototype APS Upgrade projects for several years. The 

new high-speed data acquisition (DAQ) system will de-

pend upon it to achieve the performance required to com-

mission and run the new multi-bend achromat electron 

accelerator that is at the heart of the APS Upgrade. As 

part of its Upgrade work, the Group is developing a PV 

Access client program called the “C2 Data Viewer” (Fig. 1) 

to display camera images and other complex data struc-

tures from the DAQ.  

Contact: Andrew N. Johnson (anj@anl.gov) 

 
This research used resources of the Advanced Photon Source, a U.S. 

Department of Energy (DOE) Office of Science User Facility operated for 

the DOE Office of Science by Argonne National Laboratory under Con-

tract DE-AC02-06CH11357. 

Fig. 1. Components of the “C2 Data Viewer” application, being 
developed for the APS Upgrade, to display control system data 
obtained in real-time using the PV Access network protocol.
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Next-generation synchrotrons will be able to produce useful x-ray fluxes at en-
ergies greater than 50 keV. Coherent diffraction imaging using such x-rays 
can penetrate dense materials to probe lattice distortions and defects of em-

bedded grains and nanoparticles. But the downside is that the short wavelength of 
these x-rays results in diffraction patterns that are spatially compressed, compared to 
current measurements, and harder to resolve.  Researchers have devised a mathe-
matical treatment that can take data from high-energy diffraction studies to yield in-
formation on fringes that can be analyzed in the usual way. A computer simulation 
demonstrates the validity of the method. Going from x-rays with energies of around 10 
keV, typical of coherent diffraction measurements today, up to 50 keV compresses 
the spatial extent of diffraction patterns by the same factor. In principle, moving the 
detectors five times further away from the scattering site would allow the same reso-
lution to be achieved, but such an adjustment is impractical in environments with 
limited space. A team of researchers, with an assist from the APS, developed a practical 
method for analyzing diffraction fringes produced by high-energy x-rays such as those 
produced by the APS. The team accomplished this through a combination of carefully 
controlled detector movements and the mathematical optimization of the output from 
the detector utilized at an x-ray beamline to collect data from the interaction of x-ray 
beam and the sample being studied.

Making Fine Pictures from Coarse Data

Fig. 1. The x-ray diffraction pattern from a nanocrystal is 
poorly captured when the pixel size is large compared to the 
scale of fringes in the pattern (“Imaged”). By shifting the de-
tector through sub-pixel increments, indicated by the blue 
(solid line) and green (dashed line) squares, the pixels aggre-
gate different parts of the diffraction pattern. Suitable pro-
cessing of the data can then yield a pattern with greatly 
improved resolution (“Target”). Figures from S. Maddali et al., 
Sci. Rep. 8, 4959 (2018).  

With a standard experimental arrangement, fringes in 

a 50-keV diffraction pattern will be separated by dis-

tances smaller than the pixel size of the detector. Each 

data point will be intensity-averaged over some patch of 

the diffraction pattern. The researchers, from Northwest-

ern University and Argonne, note that it is possible to get 

around this difficulty by repeatedly moving the detector 

through a distance smaller than the pixel size, so that 

each data point samples a distinct patch of the pattern 

(Fig. 1). However, this method alone does not provide 

enough information to fully recreate the diffraction pat-

tern that would have been recorded by a detector with 

spatial resolution equal to the sub-pixel increment of the 

detector movements — there are more unknown pixel val-
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ues at the higher resolution than there are data points to 

solve for them. 

To simplify the technique and make it practical, the 

researchers exploit an additional property of such ex-

periments: When the object of interest is a sample of lim-

ited size, the detector output is bandwidth-limited. To put 

that another way, a Fourier transform of the data will be 

sparse, in the sense that the desired information is con-

tained in a limited number of Fourier components, the 

uninteresting ones being zero. As a result, it is possible 

to capture data from a relatively small number of detec-

tor positions and analyze it with standard algorithms for 

processing sparse data, with the additional constraint 

that the number of null Fourier components should be 

maximized. 

As a demonstration, the team carried out a simulation 

to generate and detect a diffraction pattern from a small, 

irregularly shaped particle in empty space. For a certain 

pixel size, the simulation represented scattering of 9-keV 

x-rays and yielded data comparable to a real experiment. 

By combining the same signals in bins of six times the 

size, the simulation instead represented scattering of 54-

keV x-rays. Similarly, combining different sets of adjacent 

data bins was equivalent to shifting the detector through 

a sub-pixel distance (Fig. 2). 

The researchers showed that a judicious choice of 

detector positions yielded a collection of signals that 

could be processed by an off-the-shelf algorithm for deal-

ing with sparse data. With the solution constrained to 

have as few non-zero Fourier components as possible, 

Fig. 2. An algorithm for treating sparsely sampled data, sub-
ject to an optimization constraint that embodied the limited 
bandwidth of the diffraction pattern, produced an image of a 
simulated nanoparticle very close to the original.

the method gave a picture of the simulated particle that 

was very close to the original (see illustration). A good re-

sult was obtained from measurements at as few as seven 

distinct detector positions. 

A crucial element of the simulation was that, because 

the size of the target was known, an optimized set of de-

tector positions could be set in advance. In a real experi-

ment, the researchers imagine that their technique would 

be combined with other kinds of observation to approxi-

mately describe the object of interest so an appropriate, 

sparse sampling strategy could be designed. Use of this 

method, in effect, takes away the need for a large experi-

mental space and places the burden of obtaining high-

quality results on computational techniques in conjunc-

tion with a customized data-sampling procedure. 

— David Lindley 
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How Convolutional Neural Networks 
 Greatly Enhance Low-Dose X-ray Tomography

Fig. 1.  Images derived from x-ray projections through a small region of mouse brain at 30-nm pixel res-
olution. All four panels depict the same brain region and utilize low-dose x-ray scanning (2 sec per 
scan). The image in (a) was reconstructed from low-dose projections without any enhancement, and 
where it is difficult to discern individual brain structures. In contrast, the CNN-enhanced image in (b) 
clearly shows individual axon (nerve fiber) cross-sections, and achieves a clarity rivaling images de-
rived from high-dose, 30-sec scans. The bottom two images, (c) and (d), were enhanced using conven-
tional methods. Panel (c) contains lots of noise (artifacts), while (d) is severely blurred. Figures adapted 
from X. Yang et al., Sci. Rep. 8, 2575 (2018). 

Transmission x-ray microscopy (TXM) provides highly-detailed three-dimensional 
(3-D) images of samples at the nanoscale level. Generally speaking, high-resolution 
images require longer x-ray exposures. However, the structures of some materials 

are especially vulnerable to x-ray damage. For such radiation-sensitive materials, re-
searchers face the challenge of achieving high-resolution images while preserving 
sample integrity. One solution is to utilize image-processing techniques that glean 
more information from short-duration exposures. In this study, researchers applied a 
deep convolutional neural network (CNN) approach to short-duration (low-dose) tomo-
graphic scans for imaging dose-sensitive brain tissue at the nanoscale. CNN is one of 
the most popular deep-learning techniques because it aims to mimic the feature analysis 
of the neural networks within animal brains. The researchers applied CNN to both sim-
ulated and actual TXM scans. The actual scans were performed on a complex biological 
sample at the APS. The tests demonstrated a 10-fold improvement in x-ray signal quality 
as compared to conventional image-processing methods. The resulting signal improve-
ment should enable scientists to obtain images from short-duration tomographic scans 
that are comparable to those of long-duration scans. Other types of x-ray imaging tech-
niques should also benefit from the CNN processing technique.
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higher dose (~10-min exposure).  With this approach, it be-

comes possible to use CNN to produce a map between 

the image features of a few low-dose and high-dose x-ray 

projections. Using this map, CNN could then enhance the 

remaining low-dose projections. 

CNN was first applied to purely synthetic (computer-

generated) data. The simulation randomly distributed 

nanoscale-sized balls throughout a microscopic cube. 

Hundreds of simulated high-dose x-ray projections were 

then computed. Subsequently, hundreds of low-dose pro-

jections were produced by introducing noise into the 

high-dose projections. Once CNN learned the differences 

between a few low-dose/high-dose pairs, it was used to 

“Neural” cont’d. on page 127 

Computed tomography (CT) has 

become a familiar medical imaging 

technology that is also used to image 

materials in laboratories and syn-

chrotron facilities. As scientists push 

for ever-higher CT resolutions, the ab-

sorbed radiation dose increases dra-

matically. These high radiation doses 

can structurally damage samples, 

which limits follow-up testing and re-

stricts studies of dynamic processes, 

such as cell metabolism or battery 

cycling. 

Both hardware and software solu-

tions have been devised to ameliorate 

radiation damage. The hardware ap-

proach involves hardening the sample 

to reduce x-ray damage from high-

dose scans. The most popular harden-

ing method is cryogenic freezing (vitri-

fication), which locks the sample’s 

structure into place. Unfortunately, vit-

rification prevents observation of dy-

namic processes, complicates the 

scanning setup, and severely limits 

the range of experimental pressures 

and temperatures. 

By contrast, the software ap-

proach utilizes low-dose scans to re-

duce damage. To counteract the 

poorer images resulting from low-dose 

scans, scientists attempt to pull more 

information with an advanced, ma-

chine learning-based denoising 

method from the x-ray projections, 

which are two-dimensional patterns formed when an x-

ray beam passes through a sample. Hundreds of two-di-

mensional projections, taken from different angles, are 

typically required for a 3-D tomographic image. A neural 

network learns through repetition and high-quality 

datasets that are difficult to obtain at the nanoscale, es-

pecially on materials that cannot sustain a high x-ray 

dose. To circumvent this physical limitation, researchers 

from Argonne, the Georgia Institute of Technology, The 

University of Chicago, and Northwestern University uti-

lized a deep CNN on projections rather than full 3-D vol-

umes, since low-noise projections can be recorded with a 

low dose (~10-sec exposure) whereas low-noise 3-D vol-

umes would necessitate exposing a sample to a much 

Fig. 2.  An image showing individual myelin sheaths, highlighted with different col-
ors, surrounding mouse-brain axons revealed by the experimental nano-CT scans. 
The image is derived from the same CNN enhancements of the low-dose x-ray pro-
jections that were used to produce the image in Fig. 1b.
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The APS Data Management System

Data are essential to the scientific discoveries enabled by experiments performed 
at the APS. At present, the APS generates an estimated 10 PB of raw experi-
mental data per year. Data volumes and rates continue to quickly increase due 

to beamline advances such as improved detectors, high-throughput instrumentation, 
and multi-modal instruments that can acquire several measurements in a single exper-
iment. This trend is expected to continue in the future and will be accelerated by the 
improved source and instruments that are part of the APS Upgrade Project. Successful 
management of data is of particular importance to the current and future scientific pro-
ductivity of the APS.

Fig. 1. Pictorial diagram of APS Data Management System logi-
cal connections. A storage system in the APS computer room 
provides 3.6 PB of storage space for the APS. APS Data Man-
agement System tools are currently deployed on 27 APS 
beamlines to automate the transfer, organization, and distribu-
tion of data on this system. APS users and collaborators can 
access data from off-site using Globus Online.
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command line tools, or an application programming inter-

face. Users can download data at their home institutions 

using the Globus Online data transfer tool.  

To date, this system has been successfully integrated 

at 27 APS beamlines. 

These capabilities are backed by a new, high-perfor-

mance data storage infrastructure shown in Fig. 2. The 

APS installed a Data Direct Networks GS14KX GRIDScaler 

appliance in its main computer room. Its current configu-

ration, consisting of 1 controller unit and 5 drawers of 450 

disks, provides approximately 3.6 PB of usable storage. 

When fully populated with 20 drawers of 1800 disks, the 

system will host approximately 15 PB of usable storage. 

Additional controllers and disks may be added to further 

expand capacity. 

An InfiniBand switch connects the storage system to 

a cluster of eight high-speed data transfer nodes that pro-

vides access to the storage appliance. The Data Direct  

“Data” cont’d. on page 127 

The APS is adopting more automated and consistent 

approaches to managing data across its wide array of 

beamlines. The APS Data Management System (Fig. 1) is 

a set of software and hardware infrastructure that auto-

mates the organization, transfer, storage, and distribution 

of data collected at the APS. 

• Beamline data-acquisition systems are monitored for 

the generation of new files that feed the data work-

flow.  

• Data files are automatically copied from acquisition 

systems to a central storage system.  

• A metadata catalog tracks user and experiment infor-

mation along with information such as file checksums.  

• Access permissions are set based on user information 

from the APS proposal and safety databases.  

• A processing service supports user-defined data work-

flows and automated data processing tasks.  

Experimenters and staff at the APS may interact with 

the system via a web portal, graphical user interface, 

Fig. 2. The APS Data Management System storage infrastructure. A 
Data Direct Networks storage appliance with 3.6 PB of usable stor-
age connects to an InfiniBand switch. Four data transfer nodes link 
the storage to the beamline network, two data transfer nodes con-
nect the storage to the Argonne Leadership Computing Facility, and 
two data transfer nodes provide links to the public Internet. 
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Kirkpatrick-Baez (K-B) mirrors are popular optics for 

focusing x-rays to micron-level spots. These small beams 

can be used to image complex samples in scanning fluo-

rescence microprobes. Since the optics are achromatic, 

research with the micro-x-ray absorption near-edge struc-

ture and micro-x-ray absorption fine structure synchrotron 

research techniques can then be carried out on interest-

ing regions by scanning the incident energy. If the inter-

esting regions are few and far between it can be neces-

sary to scan large areas of a sample. This can be time 

consuming with a micron-sized beam. Therefore, users of-

ten request a zoom capability or variable focus for the mi-

croprobe. There are several methods for reproducibly ex-

panding the beam size. The sample can be moved 

upstream or downstream, but this would require moving 

detectors that are focused on the sample. The mirror an-

gle or bending can be changed, but this can also move 

the focus on the sample. A common approach is to have 

an intermediate focus as the source point for the K-B mir-

rors; then the K-B focus can be changed by using slits to 

change the intermediate focus. However, with the advent 

of brighter sources such as the APS Upgrade, this can be 

inefficient. For such sources it is possible to focus the en-

tire beam to sub-micron spots. Thus, using slits to control 

the size would result in beam loss for larger sizes. 

This work demonstrated that compound refractive 

lenses (CRLs) can be used to reproducibly change the 

beam size on the sample without moving the center of the 

beam. The CRL creates a new effective source point for 

the K-B mirror, expanding the focus. Figure 1 shows an ex-

ample for a CRL placed close to the standard K-B mirrors 

at APS beamline 20-ID. In this case, the nominal 1-μm fo-

cus is expanded to approximately 9 μm with the insertion 

of the lens. The amount of expansion can be easily esti-

mated and selected by knowing the x-ray energy and 

number of lenses.  

A downside of the CRL is their energy dependent 

properties. However, most experiments would only use 

the expanded beam in survey mode and switch back to 

the small achromatic beam for spectroscopy. This switch 

can be made in a few seconds.  

Contact Steve M. Heald (heald@anl.gov) 

 
See: Steve M. Heald* and Eric M. Dufresne, "Using refractive 
lenses to provide a variable spot size for Kirkpatrick–Baez mir-
rors," J. Synchrotron Rad. 25(5), 1514 (2018).  
DOI: 10.1107/S1600577518010603 
Author affiliation: Argonne National Laboratory 
Correspondence: * heald@aps.anl.gov 
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ported by the U.S. DOE under Contract No. DE-AC02-06CH11357. 

Variable X-ray Focal Spot Sizes for 
Kirkpatrick-Baez Mirrors Using 
Compound Refractive Lenses

Fig. 1.  The solid lines are knife-edge scans 
across the K-B-focused beam with (red) and 
without (blue) the CRL. The dashed lines 
are derivative curves showing more di-
rectly the beam size.
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“Neural” cont’d. from page 123  

enhance all the remaining low-dose projections. Even for 

the low-dose projections with the highest noise level 

(30%), CNN improved their resolution to nearly that of the 

high-dose projections. 

Nano-CT experiments were performed with the TXM 

at XSD beamline 32-ID of the APS to further confirm the 

efficacy of CNN enhancement. The sample was a portion 

of mouse brain, radiation-hardened with plastic. Several 

high-dose x-ray projections, each formed from a 30-sec 

exposure, were taken from various angles. Afterward, 361 

low-dose projections (lasting 2 sec each) were recorded. 

The computations were carried out on Cooley, a 

GPU cluster at the Argonne Leadership Computing Facil-

ity. With 48-T K80 dual-GPU nodes, the computing time 

of the data enhancement procedure can be reduced to 

less than 10 min for most of the tomographic scanning 

with full-size resolution data. After training with a few 

pairs of low-dose/high-dose projections, CNN enhanced 

the resolution of several hundred low-dose projections 

to nearly that of the high-dose projections. Figure 1 com-

pares tomographic images derived from the raw low-

dose projections to images derived from enhanced low-

dose projections using two conventional methods and 

CNN. The CNN-enhanced image is by the far the best, 

and was used to reconstruct the myelinated mouse 

brain axons in Fig. 2. 

This study demonstrated that CNN can produce high-

quality CT images from low-dose scans. Moreover, since 

a low-dose scan is simply a short-duration scan, CNN 

processing should enable improved 3-D imaging of dy-

namic (quickly-occurring) processes. CNN should also 

benefit other types of x-ray imaging, such as x-ray fluo-

roscopy and ptychography.  — Philip Koth 

 
See: Xiaogang Yang1*, Vincent De Andrade1, William Scullin1, 
Eva L. Dyer2, Narayanan Kasthuri1,3, Francesco De Carlo1, 
Doga Gürsoy1,4, “Low-dose x-ray tomography through a deep 
convolutional neural network,” Sci. Rep. 8, 2575 (2018).  
DOI: 10.1038/s41598-018-19426-7 
Author affiliations: 1Argonne National Laboratory, 2Georgia Insti-
tute of Technology, 3The University of Chicago, 4Northwestern 
University 
Correspondence: * dgursoy@anl.gov 
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Networks controller connects to the switch via four 56- 

Gbps InfiniBand links. Each data transfer node connects 

to the switch via its own 56-Gbps InfiniBand link, and to 

the larger facility network via its own 40-Gbps Ethernet 

link. Four data transfer nodes connect to the internal 

beamline network and are dedicated for fast data trans-

fers from beamline data acquisition devices. Two data 

transfer nodes are reserved for data transfer between 

the APS and the Argonne Leadership Computing Facility 

over a dedicated network path. The other two data 

transfer nodes are dedicated for data transfers over the 

public Internet. 

The maximum performance of the system is approxi-

mately 30 GB/s of aggregate file I/O. The General Paral-

lel File System provides a robust POSIX-compliant file 

system. It maintains the high-performance characteris-

tics of the underlying hardware needed to accommo-

date the wide variety of data access patterns that exper-

iments perform and that the many APS beamlines 

demand. 

The APS Data Management System will continue to 

be deployed at more beamlines in the coming years. 

Based on feedback, these resources will be improved 

with new features and capabilities. The APS is now better 

equipped to realize the data management tasks critically 

needed to deal with the deluge of data the APS Upgrade 

will produce.        

Contact: Sinisa Veseli (sveseli@anl.gov),  

Dariusz Jarosz (djarosz@anl.gov),  

Roger Sersted (rs1@anl.gov),  
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A  n ultra-high vacuum, non-magnetic kappa geometry diffractometer has been 
designed and commissioned for the resonant soft x-ray scattering (RSXS) branch 
of the XSD Intermediate Energy X-ray (IEX) beamline 29-ID at the APS. There 

were three main design goals for this diffractometer: kappa geometry, non-magnetic, 
and high-precision. The kappa geometry was chosen to allow for a large q-range and 
space for a sample environment (electric or magnetic fields). Non-magnetic components 
were used for all the components above and including the κ-arm to avoid disturbing 
magnetic or electric fields during experiments. Lastly, the diffractometer precision re-
quirement of a sphere of confusion (SOC) of less than 50 μm was a key driving factor 
for this instrument in terms of rotation stages and machining precision.

Development of a Kappa Diffractometer for 
Intermediate X-ray Energies at 

APS Beamline 29-ID

Fig. 1. (a) Image of the commissioned kappa diffractometer inside the 
RSXS vacuum chamber on the APS 29-ID beamline with the main com-
ponents identified. (b) A close up model of the components above the f 
axis. The model also shows the new thermal break and thermal strap. 
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The complete diffractometer can be seen in Fig. 19(a), 

shown installed into the RSXS UHV vacuum chamber at 

29-ID. The precise SOC (< 50 μm) requirement drove the 

design method. In order to reach this goal, it was decided 

that a combination of precision machining, Finite element 

analysis, and stage precision would be used instead of 

calibrating an error-correction table. This has the advan-

tage that the upper bound of the SOC requirement can be 

achieved without any control hardware, making the de-

vice more robust.  

The main arms of the q and k axes were machined 

from a single solid block of 6061 aluminum, which was 

then hardened to 6061-T6 to further add dimensional sta-

bility. Machining was performed on a high-precision, 5-

axis milling machine with subsequent measurement in a 

coordinate measurement machine to ensure that the criti-

cal mounting planes were within 1 μm of the convergence 

point of the axes. Even with the high-precision machining, 

distortion from gravity had to be accounted for once the 

arms were loaded. Iterative finite-element analysis and 

balancing resulted in the complex shape shown for the 

arms. The side braces counteracted the loading distortion 

and kept the accuracy of the mounting planes. Lastly, the 

rotation stages for axes q and k (PRS-110, Physik Instru-

mente GmbH & Co.), and f (SR-7021, SmarAct GmbH) 

were chosen based on their wobble, flatness, and runout 

precision. 

Commissioning of the diffractometer was conducted 

in several phases: assembly and alignment in a clean 

room, followed by installation into the vacuum chamber, a 

second alignment to confirm the SOC was maintained, 

Fig. 2. Images through the alignment telescope dur-
ing simultaneous rotation of the q axis through 120° 
and 360° rotation of both k and f axes. The bottom 
pin represents the sample position and the top pin 
the 2q axis, which supports the detector. 

and cryogenic cooling of a test sample to 27 K. Alignment 

was performed using optical alignment telescopes and 

precision pins located at the convergence of axes. The fi-

nal alignment accuracy can be seen in Fig. 2, which 

shows images of various rotation positions. The resolution 

of the alignment scope was 25 μm; therefore, the SOC 

achieved was less than 25 μm, a factor of 2 better than 

the design requirement. 

Currently, the diffractometer is going through a 

slight upgrade of the cryogenic and thermal compo-

nents. The new components can be seen Fig 1(b); these 

include a thicker thermal strap to reach sample temper-

atures of ≤ 20 K, a new thermal break made from 

Vespel® SP-1, and a redesigned cooling finger extension 

for better conductance and temperature measurement. 

Compared to the previous MACOR® thermal break, the 

new thermal break has a lower thermal conductivity 

above 1 K and is safer to use near x-rays in terms of main-

taining the vacuum environment due to the release of flu-

orocarbons. Future plans also include pushing the SOC 

down to 5 μm by way of laser alignment or calibration of 

error correction tables.  

Contact: Steven P. Kearney (skearney@aps.anl.gov) 
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The Mechanism of 
 Hemoglobin-ligand Allostery 
 is Not a Closed Case

Fig. 1. Time-resolved SAXS/WAXS infrastructure used to track x-ray scattering 
of hemoglobin following a T-jump. (a) The sample capillary is held in a tem-
perature-controlled, slotted beryllium-oxide ceramic support that is positioned 
with a high-speed linear motor XYZ diffractometer. A downward directed in-
frared laser pulse (<10 ns) is focused on the sample capillary and triggers a 
sudden T-jump. A suitably-delayed, short-duration burst of x-rays pass 
through the heated sample with its scattered photons traversing a helium-
purged pyramid before impinging on an x-ray detector. (b) The time-resolved 
scattering patterns (upper panel) can be decomposed (lower panel) into con-
tributions that reflect temperature-dependent scattering changes arising from 
the HbCO and its hydration shell. The time-dependent changes observed from 
the HbCO contribution arise from changes in the relative populations of at 
least two different R quaternary structures, and unveil for the first time the 
time scale for this quaternary conformational transition.
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Hemoglobin is one of the most well-known and studied proteins in the human body and is responsible for 
transporting oxygen from the lungs to the rest of the body as part of a process called aerobic respiration. 
It is also capable of binding and transporting carbon monoxide and nitrous oxide. The mechanism by 

which hemoglobin binds these target models and the protein’s resulting structural changes has been studied 
since the mid-1800s and is used as a model for studying other proteins that exhibit a similar structure-function 
relationship. Recently, scientists built new infrastructure that helped reveal the underlying complexities of the 
hemoglobin-ligand binding model. Using the APS, the researchers were able to observe a change in x-ray scat-
tering following a temperature jump for carbon monoxide-bound hemoglobin vs. non-bound hemoglobin. These 
results, which give scientists a deeper mechanistic understanding of the hemoglobin model, will help inform 
future discoveries about how other important allosteric proteins work in the body as well. 

At a simplistic level, the current conformational model 

for hemoglobin assumes two different states: “Tense” or 

“T-State,” referring to the conformation of the non-bound 

hemoglobin protein; and “Relaxed” or “R-State,” referring 

to the conformation where the target molecule is bound 

to the iron atoms in the hemoglobin structure. Binding or 

release of the target molecules results in a cooperative 

transition between the two different conformational states 

(i.e., R«T), which significantly alters its ligand-binding 

affinity. However, recent time-resolved spectroscopic 

studies provided an indication that the kinetics did not fol-

low a clean R«T transition, but instead indicates some 

amount of R-State heterogeneity due to an allosteric in-

termediate that is not accounted for in the traditional 

model. Furthermore, no structurally equivalent study is 

available to properly interpret the complex kinetics un-

covered in the time-resolved spectroscopic study.  

To address this issue, a team of researchers, from 

the National Institutes of Health, Argonne, and The Uni-

versity of Chicago, developed the capabilities required 

to pursue time-resolved small- and wide-angle x-ray 

scattering (SAXS/WAXS) studies of proteins following a 

temperature jump (Fig. 1). These experiments were con-

ducted at the BioCARS 14-ID beamline at the APS, which, 

after infrastructure improvements, has the capability to 

investigate structural dynamics in proteins on time 

scales as fast as 100 psec. The temperature jump is a 

critical aspect to the experimental design because the 

scattering pattern of a protein in solution is very sensi-

tive to changes in the protein’s size and shape. Since in-

creasing the temperature alters the relative population 

of different protein conformations, time-resolved 

SAXS/WAXS following a temperature jump provides the 

researchers with the ability to probe the dynamics of 

these structural changes in hemoglobin.  

The researchers provide proof-of-concept for this new 

approach for studying allosteric proteins. Using carbon 

monoxide bound hemoglobin (carbonmonoxyhemoglobin, 

HbCO) for the study, the researchers evaluated the kinet-

ics of a quaternary structure transition. The change in x-

ray scattering observed following the temperature jump 

for the carbon monoxide bound hemoglobin vs. non-

bound hemoglobin provided unambiguous evidence for 

more than one R-State in HbCO, but only one T-State in 

the non-bound hemoglobin state.  

According to the researchers, this new approach to 

understanding allosteric proteins presents a crucial op-

portunity to reinterpret the complex kinetics of the R«T 

transition with a model that accounts for R-State hetero-

geneity. Additionally, correlating structural signatures 

from this study with those of known crystal structures for 

HbCO can provide a better understanding of the struc-

tural identify of these R-States. But most importantly, im-

proving our understanding of the allostery mechanism for 

hemoglobin will improve our understanding of all al-

losteric proteins and, by relation, our understanding of 

the mechanism for some of our most fundamental biologi-

cal pathways.  — Alicia Surrao 
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Fig. 1. Schematic of HMBE gas delivery system interfaced with the Sector 33-ID-E MBE system as con-
figured for growth of oxide films containing Sr, Ti, Co, and O and in situ x-ray diffraction as well as x-
ray fluorescence of the Co K edge.

Researchers recently designed, constructed, installed, and tested a portable 
metalorganic gas delivery system intended to interface with an existing molecular 
beam epitaxy (MBE) chamber at the APS, thus upgrading the MBE chamber to 

a hybrid molecular beam epitaxy (HMBE) system. HMBE is a powerful thin-film growth 
technique capable of accessing a wider variety of metal cations than conventional 
MBE while facilitating more rapid synthesis of complex oxide films, often with fewer 
compositional defects. The HMBE instrument is connected directly to a 6-circle surface 
x-ray diffractometer to permit the in situ application of several surface x-ray diffraction 
(SXRD) techniques in order to achieve a deep understanding of the atomic-scale 
mechanisms that take place during oxide crystal growth. These techniques include 
grazing incidence x-ray scattering and spectroscopy, measurement of crystal truncation 
rods and fractional-order peaks, and diffuse scattering, all of which can be applied to 
films consisting of only a few atomic layers. Exploiting these techniques can determine 
crystal structure on multiple length scales to reveal defects, surface reconstructions, 
island sizes, and domains, while the in situ capabilities allow these features to be ob-
served as they evolve. 

Bringing Hybrid MBE Thin-Film Growth and 
Characterization to the APS
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Thin films of oxide materials are being used increas-

ingly in diverse applications such as gas sensing, solid 

oxide fuel cells, electrochemical supercapacitors, solar 

cells, catalysis, and resistive switching, thus prompting 

the development of HMBE, which uses both gas metalor-

ganic precursors and solid metal sources in the form of 

traditional effusion cells. HMBE has multiple advantages 

over conventional MBE for oxide synthesis. The high 

volatility of the metalorganic precursors allows for high 

growth rates, improved flux stability, and adsorption-con-

trolled growth, which lead to unprecedented stoichiome-

try control. Additionally, HMBE avoids reliance on the ex-

treme deposition conditions created by the introduction of 

ozone or an oxygen plasma to maintain stoichiometry, as 

many metalorganic compounds contain the necessary 

oxygen as ligands. This is particularly valuable in the 

deposition of ternary oxides such as perovskite oxides 

(ABO3) when the elementary metals (A and B) differ signif-

icantly in oxidation potential.  

The combined HMBE system (Fig. 1) at XSD x-ray 

beamline 33-ID-E at the APS was first tested using the 

metalorganic precursor titanium isopropoxide (TTIP) to 

grow thin films of TiO2, which were characterized in situ 

using SXRD techniques. Testing then continued with the 

growth and in situ characterization of SrTiO3 films (again 

at 33-ID-E), which were grown using TTIP and strontium 

(Sr) from an effusion cell. Figure 2 shows specular CTR 

differences after growth of SrTiO3 films using two different 

Sr fluxes. These experiments showed that the HMBE 

chamber works well with the instrument’s in situ SXRD ca-

pabilities in investigating a variety of processes that occur 

during oxide thin-film growth.  

This unique instrument supports the use of a wide 

range of metalorganic precursors and solid metal 

sources, permitting in situ studies of many different com-

plex oxides. It is also possible to monitor specific diffrac-

tion conditions with high precision that are challenging or 

impossible to track with reflection high-energy electron 

diffraction (RHEED). Planned studies exploiting the unique 

capabilities of this system will focus on understanding ox-

ide thin-film growth dynamics. Data from these experi-

ments will be compared to those from in situ RHEED 

measurements, ultimately providing a more complete pic-

ture of thin-film synthesis and interfacial evolution. These 

studies will also be used to investigate the potential of 

HMBE as a method for producing high-quality films for 

next-generation oxide devices. As this hybrid system was 

designed with portability in mind, it also can be coupled 

to other existing (and future) film growth setups, such as a 

pulsed laser deposition system, to provide an alternative-

source capability.  — Vic Comello 

 
See: Tassie K. Andersen1,2*, Seyoung Cook1,2, Erika Benda1, Ha-
woong Hong1, Laurence D. Marks2, and Dillon D. Fong1, “Devel-
opment of a hybrid molecular beam epitaxy deposition system 
for in situ surface x-ray studies,” Rev. Sci. Instrum. 89, 033905 
(2018). DOI: 10.1063/1.5008369 
Author Affiliations: 1Argonne National Laboratory, 2Northwestern 
University 
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Fig. 2. Room-temperature results for two SrTiO3 films grown at 
750° C with 110 mTorr TTIP under Sr fluxes of 2.35 x 1012 atoms/ 
cm2 sec (STOh1) and 2.67 x 1012 atoms/cm2 sec (STOh2). (a) X-
ray scattering along the specular 0 0 L direction at room tem-
perature. (b) Scattered x-ray intensities measured during 
growth at 750° C at the reciprocal lattice position H K L = 0 0 
½ r.l.u. (c) (d) Room-temperature 2 μm x 2 μm atomic force mi-
croscopy micrographs of the films (c) STOh1 and (d) STOh2. 
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X-ray photon correlation spectroscopy (XPCS) measures spontaneous thermal 
and quantum fluctuations at the nanoscale in condensed matter. As such, it is a 
probe of the complex energy landscape of emergent functional materials, pro-

viding knowledge about their potential applications. Keys to performing such meas-
urements are a partially coherent x-ray beam and a high-frame-rate area detector 
with spatial resolution sufficient to resolve the finely-featured interference pattern that 
is obtained when making such measurements. The upcoming APS Upgrade (APS-U) 
makes the need for high-frame-rate detectors especially acute because the tremendous 
gains in coherent flux will, in principle, increase the best time resolution of XPCS by 4 
orders of magnitude, allowing measurements of nanoscale fluctuations in aqueous 
environments such as those relevant to biochemical function [1]. To achieve such gains 
in practice, however, requires detectors with frame rates far higher than those available 
from commercially available pixel-array-detectors (PADs), which are currently limited 
to 9 kHz or slower. 

Extending Multispeckle 
X-Ray Photon Correlation Spectroscopy to 

Sub-Microsecond Timescales

With this goal in mind, scientists in the XSD Time Re-

solved Research Group at beamline 8-ID-I of the APS es-

tablished a collaboration with colleagues at the AGH Uni-

versity of Science and Technology (Poland) to apply the 

ultrafast x-ray camera (UFXC) to XPCS measurements. In 

2016, the team demonstrated the applicability of this de-

tector to XPCS with 11-kHz frame rates [2] and subse-

quently demonstrated 50-kHz frame rates in 2017 [3]. For 

11-kHz and 50-kHz measurements, as illustrated by the 

schematic timing diagram in Fig. 1(a), there is no acquisi-

tion dead time during a measurement sequence; the two-

counters-per-pixel alternate between accumulating 

counts and being read out.  

The team’s most recent achievement was the demon-

stration of a “burst mode” where 12 frames were acquired 

at frame rates of either 390-kHz or 1.2-MHz and saved to 

the two counters associated with each pixel before a 

longer pause was used to read out each pair of counters. 

Following these two events, the cycle repeated itself. The 

timing for this mode is illustrated schematically in Fig. 1(b).  

By merging otherwise identical measurements made 

at 50 kHz, 390 kHz, and 1.2 MHz, the team demonstrated 

time sensitivity to nanoscale fluctuations extending con-

tinuously from 826 ns to 60 s, or nearly 8 decades in 

time. Particularly noteworthy is that the 1.2-MHz frame 

rate corresponds to an exposure time of less than the 

transit time of an electron bunch around the APS stor-

age ring, which is a significant advance toward the goal 

of resolving the scattering signal from individual elec-

tron bunches in the storage ring that are currently 

spaced 153 ns apart. 

 As a demonstration of burst-mode operation, the 

Fig. 1. Illustration of UFXC operation modes: (a) continuous 
mode and (b) burst mode. In continuous mode, the two coun-
ters per pixel alternate between accumulating events and 
being read out while in burst mode, the counts in 12 short ex-
posures are stored in pixel-local counters before a longer in-
terval is used to read out the stored data.
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Fig. 2. 1.2-MHz burst-mode data acquired from the 57-nm-ra-
dius silica suspension. A single frame showing the sparsity of 
the signal. The grey circle is the masked-out shadow of the di-
rect-beam stop and the dashed circles delineate annuli with 
equivalent length-scale sensitivity.

team made measurements of the fluctuating interference 

pattern resulting from the Brownian motion of 57-nm-ra-

dius silica nanoparticles in water. Figure 2 shows the co-

herent x-ray scattering intensity in a single 826-ns expo-

sure (1.2 MHz), demonstrating how sparse the data is from 

the APS today; the signal will improve by 2-to-3 orders of 

magnitude with the APS-U. Despite the sparse data, a 

high-quality correlation function can be calculated and is 

shown in Fig. 3, which presents results obtained by com-

bining correlation decays measured in 1.2-MHz and 390-

kHz burst modes with that obtained in 50-kHz continuous 

mode. The accuracy of the measurements on this model 

system was checked by fitting the time scale of the expo-

nential decays as a function of inverse length-scale sensi-

tivity that is referred to as the wave vector transfer, or Q. 

The results, as shown in the inset of Fig. 3, agree well 

with the anticipated inverse-length-scale-squared scaling, 

as first derived by Einstein.  

 Despite the impressive achievement demonstrated 

with what is now the fastest XPCS area detector in the 

world, the sparse signal level illustrated in Fig. 2 makes 

the practical application of this detector to many systems 

today a significant challenge. The APS-U and the XPCS 

feature beamline will address this shortcoming, allowing 

studies of dynamics that evolve with time and that are 

critical to understanding the physics of aging and phase 

transitions in many topical systems such as colloidal gels, 

metallic glasses, and spin and charge ordered structures. 

Contact Qingteng Zhang (qzhang234@anl.gov) 
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Fig. 3. Correlation decay obtained from silica nanoparticles 
suspended in water. The dashed line is a fit to a single expo-
nential decay. The inset shows the time scale of the correla-
tion decay versus wave vector transfer or Q (open squares) 
and the solid line is a fit with the slope set to -2.
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Around the APS

 
 
 
 
 
 
 
 

 
 
 
 

Christine Dunham (Emory University) was awarded the 
"2018 Cozzarelli Prize” for best Biological paper published 
in Proc. Natl. Acad. Sci. U.S.A. in 2018. Commentary by J.F. 
Atkins: “Culmination of a half-century quest reveals insight 
into mutant tRNA-mediated frameshifting after tRNA depar-
ture from the decoding site.” Dunham was also named a 
 2018 American Society of Biochemistry and Molecular Bi-
ology (ASBMB) Young Investigator. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Bi-Cheng Wang  (University of Georgia and SER-CAT Direc-
tor) was awarded the iHuman “Structure of Life Award,” 
which is presented to worldwide scientists who have made 
outstanding contributions to structural biology community 
in 2018. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Mikhail Solovyev (Rutgers University) earned a U.S. De-
partment of Energy  Science Graduate Student Research 
award to work at the APS on first-of-its-kind materials 
analysis. 

The 2018 Gopal K. Shenoy Excellence in Beamline Sci-
ence Award, awarded by the APS Users Organization 
Steering Committee, was presented to Hua Zhou (XSD) at 
the annual APS/CNM Users Meeting. The award recog-
nizes Zhou’s pioneering work in the field of synchrotron 
radiation studies of complex oxide heterostructures, using 
various sectors of the APS. 

 
 
 
 
 
 
 
 
 
 
 
 
 

The report on the “Workshop on Biological Science Op-
portunities Provided by the APS Upgrade” held at Ar-
gonne on August 20-21, 2018, is now available. This work-
shop was organized “…to discuss the biological science 
opportunities offered by the unique new capabilities of 
the [APS Upgrade, APS-U] and how the broad structural 
biology community could best exploit them.” The 24-page 
report (ANL-19/04) is available as a pdf download from: 
https://bit.ly/2xcYUrF 

 
 
 
 
 
 
 

Imaging and measuring the atomization process in a gas 
turbine combustor using XSD beamline 7-BM at the APS 
was chosen by RDECOM Research Laboratory, the 
Army's corporate research laboratory under the Army Re-
search Laboratory (ARL), as one of the 2018 top 10 
“coolest” advances, showcasing what Army scientists and 
engineers are doing to support the soldier of the future. 
The RDECOM Research Laboratory’s chief scientist, Dr. 
Alexander Kott, handpicked these ARL initiatives.
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3.60-CM UNDULATOR (SECTOR 13) 
Period: 3.60 cm 

Length: 2.1 m 

Minimum gap:  11.0 mm 

Bmax/Kmax: 0.936 T/3.15 (effective; at minimum gap) 

Tuning range:  2.2–11.8 keV (1st harmonic) 

                        2.2–40.0 keV (1st-5th harmonic) 

On-axis brilliance at 6.5 keV (ph/s/mrad2/mm2/0.1%bw): 2.8 x 1019 

Source size and divergence at 8 keV: 

       Sx: 276 µm Sy: 11 µm 

       Sx': 12.9 µrad Sy': 7.1 µrad 

 

1.72-CM UNDULATOR (3 IDS IN SECTORS 30, 35) 
Period: 1.72 cm 

Length: 4.8 m (2 x 2.4 m) in Sector 30; 2.4 m in Sector 35 

Minimum gap:  10.6 mm 

Bmax/Kmax: 0.330 T/0.53 (effective; at minimum gap) 

Tuning range: 23.7–26.3 keV (1st harmonic) 

On-axis brilliance at 23.7 keV (ph/s/mrad2/mm2/0.1%bw):  

1.0 x 1020 (4.8 m), 4.4 x 1019 (2.4 m) 

Source size and divergence at 23.7 keV: 

       Sx: 276 µm   Sy: 11 µm 

       Sx': 11.6 µrad (4.8 m) 11.9 µrad (2.4 m)   

       Sy': 4.3 µrad (4.8 m), 4.9 µrad (2.4 m)  

 

1.80-CM UNDULATOR (SECTOR 32) 
Period: 1.80 cm 

Length: 2.4 m 

Minimum gap: 11.0 mm 

Bmax/Kmax: 0.244 T/0.41 (effective; at minimum gap) 

Tuning range: 23.8 - 25.3 keV (1st harmonic) 

                       71.4 - 75.9 keV (3rd harmonic) 

On-axis brilliance at 23.8 keV (ph/s/mrad2/mm2/0.1%bw): 2.8 x 1019 

Source size and divergence at 23.8 keV: 

       Sx: 276 um        Sy: 11 um 

       Sx': 11.9 urad    Sy': 4.9 urad 

 

IEX 12.5-CM QUASI-PERIODIC POLARIZING UNDULATOR 
 (SECTOR 29) 
Period: 12.5 cm 

Length: 4.8 m 

Circular polarization mode: 
    Max. currents: horizontal coils 34.4 A, vertical coils 20.7 A  

    Kmax: 2.73 (effective; at max. currents) 

    Bmax: 0.27 T (peak; at max. currents) 

    Tuning range:  0.44–3.5 keV (1st harmonic) 

    On-axis brilliance at 1.8 keV (ph/s/mrad2/mm2/0.1%bw): 1.4 x 1019 

Linear horizontal polarization mode: 
    Max. current: vertical coils 47.6 A 

    Kmax: 5.39 (effective; at max. current 

    Bmax: 0.54 T (peak; at max. current) 

    Tuning range:  0.24–3.5 keV (1st harmonic) 

                             0.24–11.0 keV (1st–5th harmonic) 

    On-axis brilliance at 2.1 keV (ph/s/mrad2/mm2/0.1%bw): 1.1 x 1019 

Linear vertical polarization mode: 
    Max. current: horizontal coils 50.3 A  

    Kmax: 3.86 (effective; at max. current) 

    Bmax: 0.37 T (peak; at max. current) 

    Tuning range:  0.44–3.5 keV (1st harmonic) 

                             0.44–11.0 keV (1st–5th harmonic) 

    On-axis brilliance at 2.1 keV (ph/s/mrad2/mm2/0.1%bw): 1.1 x 1019 

Fast polarization switching not required 

Source size and divergence at 2 keV: 

       Sx: 276 µm Sy: 13 µm 

       Sx': 13.9 µrad Sy': 8.8 µrad 

 

APS Source Parameters 
UNDULATOR A (31 INSERTION DEVICES [IDS] IN 25 SECTORS) 
Period: 3.30 cm 
Length: 2.1 m in sectors 16, 21, 23, 24, 28, 34; 2.3 m in Sector 6;  
2.4 m in sectors 1, 2, 5, 7, 8, 9, 10, 11, 15, 17, 18, 19, 20, 22, 26, 28, 
31, 32, 33 
Minimum gap:  10.5 mm 
Bmax/Kmax: 0.892 T/2.75 (effective; at minimum gap) 
Tuning range:  3.0–13.0 keV (1st harmonic) 
                        3.0–45.0 keV (1st–5th harmonic) 
On-axis brilliance at 7 keV (ph/s/mrad2/mm2/0.1%bw):  
 4.1 x 1019 (2.4 m), 4.0 x 1019 (2.3 m), 3.3 x 1019 (2.1 m) 
Source size and divergence at 8 keV: 
        Sx: 276 µm Sy: 11 µm 
        Sx': 12.7 µrad (2.4 m), 12.8 µrad (2.3 m), 12.9 µrad (2.1 m) 
        Sy': 6.7 µrad (2.4 m), 6.8 µrad (2.3 m), 7.1 µrad (2.1 m) 

 

2.30-CM UNDULATOR (2 IDS IN SECTORS 11, 14) 
Period: 2.30 cm  Length: 2.4 m 
Minimum gap:  10.5 mm 
Bmax/Kmax: 0.558 T/1.20 (effective; at minimum gap) 
Tuning range:  11.8–20.0 keV (1st harmonic) 
                        11.8–70.0 keV (1st-5th harmonic, non-contiguous) 
On-axis brilliance at 12 keV (ph/s/mrad2/mm2/0.1%bw): 6.9 x 1019 
Source size and divergence at 12 keV: 
        Sx: 276 µm Sy: 11 µm 
        Sx': 12.3 µrad Sy': 5.9 µrad 

 

2.70-CM UNDULATOR (5 IDS IN SECTORS 3, 12, 14, 35) 
Period: 2.70 cm 
Length: 2.1 m in Sector 12; 2.4 m in sectors 3, 14, and 35 
Minimum gap:  10.5 mm 
Bmax/Kmax: 0.698 T/1.76 (effective; at minimum gap) 
Tuning range:  6.7–16.0 keV (1st harmonic) 
                        6.7–60.0 keV (1st-5th harmonic, non-contiguous) 
On-axis brilliance at 8.5 keV (ph/s/mrad2/mm2/0.1%bw):  
 5.7 x 1019 (2.4 m), 4.7 x 1019 (2.1 m) 
Source size and divergence at 8 keV: 
        Sx: 276 µm Sy: 11 µm 
        Sx': 12.7 µrad (2.4 m), 12.9 µrad (2.1 m) 
        Sy': 6.7 µrad (2.4 m), 7.1 µrad (2.1 m) 
 
3.00-CM UNDULATOR (8 IDS IN SECTORS 12, 13, 16, 21, 23, 
                                 27, 34) 
Period: 3.00 cm 
Length: 2.1 m in sectors 12, 13, 16, 21, 23, 34; 2.4 m in Sector 27 
Minimum gap:  10.5 mm 
Bmax/Kmax: 0.787 T/2.20 (effective; at minimum gap) 
Tuning range:  4.6–14.5 keV (1st harmonic) 
                        4.6–50.0 keV (1st-5th harmonic) 
On-axis brilliance at 8 keV (ph/s/mrad2/mm2/0.1%bw): 
 4.8 x 1019 (2.4 m), 3.9 x 1019 (2.1 m)  
Source size and divergence at 8 keV: 
        Sx: 276 µm Sy: 11 µm 
        Sx': 12.7 µrad (2.4 m), 12.9 µrad (2.1 m) 
        Sy': 6.7 µrad (2.4 m), 7.1 µrad (2.1 m) 

 

3.50-CM SMCO UNDULATOR (SECTOR 4) 
Period: 3.50 cm  Length: 2.4 m 
Minimum gap:  9.75 mm 
Bmax/Kmax: 0.918 T/3.00 (effective; at minimum gap) 
Tuning range:  2.4–12.5 keV (1st harmonic) 
                        2.4–42.0 keV (1st-5th harmonic) 
On-axis brilliance at 7 keV (ph/s/mrad2/mm2/0.1%bw): 3.7 x 1019 
Source size and divergence at 8 keV: 
        Sx: 276 µm Sy: 11 µm 
        Sx': 12.7 µrad Sy': 6.7 µrad 
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12.8-CM CIRCULARLY POLARIZING UNDULATOR (SECTOR 4) 
Period: 12.8 cm 

Length: 2.1 m 

Circular polarization mode: 
    Max. currents: horizontal coils 1.34 kA, vertical coils 0.40 kA  

    Kmax: 2.85 (effective; at max. currents) 

    Bmax: 0.30 T (peak; at max. currents) 

    Tuning range:  0.4–3.0 keV (1st harmonic) 

    On-axis brilliance at 1.8 keV (ph/s/mrad2/mm2/0.1%bw): 3.1 x 1018 

Linear horizontal polarization mode: 
    Max. current: vertical coils 0.40 kA 

    Kmax: 2.85 (effective; at max. current) 

    Bmax: 0.30 T (peak; at max. current) 

    Tuning range:  0.72–3.0 keV (1st harmonic) 

                             0.72–10.0 keV (1st–5th harmonic) 

    On-axis brilliance at 2.1 keV (ph/s/mrad2/mm2/0.1%bw): 2.3 x 1018 

Linear vertical polarization mode: 
    Max. current: horizontal coils 1.60 kA  

    Kmax: 3.23 (effective; at max. current) 

    Bmax: 0.34 T (peak; at max. current) 

    Tuning range:  0.58–3.0 keV (1st harmonic) 

                             0.58–10.0 keV (1st–5th harmonic) 

    On-axis brilliance at 2.1 keV (ph/s/mrad2/mm2/0.1%bw): 2.3 x 1018 

Switching frequency (limited by storage ring operation): 0–0.5 Hz 

Switching rise time: 50 ms 

Source size and divergence at 2 keV: 

       Sx: 276 µm Sy: 12 µm 

       Sx': 16.7 µrad Sy': 12.7 µrad 

 

1.80-CM SUPERCONDUCTING UNDULATOR 

 (2 IDS IN SECTORS 1, 6) 
Period: 1.80 cm 

Length: 1.1 m 

Gap: 9.5 mm (fixed) 

Max. current: 450 A 

Bmax/Kmax: 0.962 T/1.61 (effective; at maximum current) 

Tuning range: 11.2–24.7 keV (1st harmonic) 

                       11.2–150.0 keV (1st-13th harmonic, non-contiguous) 

On-axis brilliance at 13 keV (ph/s/mrad2/mm2/0.1%bw): 3.2 x 1019 

Source size and divergence at 13 keV: 

       Sx: 276 µm Sy: 11 µm 

       Sx': 13.2 µrad Sy': 7.5 µrad 

 

3.15-CM HELICAL SUPERCONDUCTING UNDULATOR 

 (SECTOR 7) 
Period: 3.15 cm 

Length: 1.2 m 

Coil winding diameter: 31.0 mm 

Max. current: 450 A 

Bmax/Kmax: 0.413 T/1.213 (Bx=By effective; at maximum current) 

Tuning range: 6.0-13.0 keV (1st harmonic) 

On-axis brilliance at 6.0 keV (ph/s/mrad2/mm2/0.1%bw): 2.2 x 1019 

Source size and divergence at 6 keV: 

       Sx: 276 µm Sy: 11 µm 

       Sx': 14.7 µrad Sy': 10.0 µrad 

 

APS BENDING MAGNET 
Critical energy: 19.51 keV 
Energy range: 1–100 keV 
On-axis brilliance at 16 keV (ph/s/mrad2/mm2/0.1%bw): 5.4 x 1015 
On-axis angular flux density at 16 keV (ph/s/mrad2/0.1%bw): 9.6 x 1013 
Horizontal angular flux density at 6 keV (ph/s/mradh/0.1%bw): 1.6 x 1013 
Source size and divergence at the critical energy: 

                    Sx: 92 µm Sy: 31 µm 

                    Sx': 6 mrad Sy': 47 µrad
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