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The Advanced Photon Source Facility at Argonne National Laboratory

The U.S. Department of Energy's Advanced Photn Source (APS) is one of the world’s most productive x-ray light source fa-
cilities. Each year, the APS provides high-brightness x-ray beams to a diverse community of more than 5,000 researchers in ma-
terials science, chemistry, condensed matter physics, the life and environmental sciences, and applied research. Researchers
using the APS produce over 2,000 publications each year detailing impactful discoveries, and solve more vital biological protein
structures than users of any other x-ray light source research facility. APS x-rays are ideally suited for explorations of materials
and biological structures; elemental distribution; chemical, magnetic, electronic states; and a wide range of technologically im-
portant engineering systems from batteries to fuel injector sprays, all of which are the foundations of our nation’s economic,
technological, and physical well-being.

The APS occupies an 80-acre site on the Argonne campus, about 25 miles from downtown Chicago, lllinois. It shares a site
with the Center for Nanoscale Materials and the Advanced Protein Characterization Facility.

For directions to Argonne, see https://www.anl.gov/visiting-argonne.

CONTACT UsS

For more information about the APS send an email to apsinfo@aps.anl.gov or write to APS Info, Bldg. 401, Rm. A4113, Ar-
gonne National Laboratory, 9700 S. Cass Ave., Lemont, IL 60439.

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

To download PDF versions of APS Science back issues go to Visit the APS on the Web at
www.aps.anl.gov/Science/APS-Science www.aps.anl.gov
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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 dedicated
to user science and experimental apparatus. X-ray Science Division (XSD) sectors comprise those beamlines operated by
the APS. Collaborative access team (CAT) sectors comprise beamlines operated by independent groups made up of scien-
tists from universities, industry, and/or research laboratories both federal and private.

Argonne National Laboratory v



APS BEAMLINES (As OF 3.22)

KEY: BEAMLINE DESIGNATION « SECTOR OPERATOR « DISCIPLINES « TECHNIQUES « RA-
DIATION 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, 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, LIFE SCIENCE « HIGH-
ENERGY X-RAY DIFFRACTION, TOMOGRAPHY, SMALL-ANGLE X-RAY SCATTERING, FLUORES-
CENCE 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 « TO-
MOGRAPHY, PHASE CONTRAST IMAGING « 10-170 KEV, 11-35 KEV « ON-SITE « ACCEPT-
ING GENERAL USERS

2-ID-D « XSD « LIFE SCIENCES, MATERIALS SCIENCE, ENVIRONMENTAL SCIENCE « MI-
CROFLUORESCENCE, MICRO X-RAY ABSORPTION FINE STRUCTURE, NANOIMAGING, PTY-
CHOGRAPHY « 5-30 KEV « ON-SITE, REMOTE, MAIL-IN, BEAMLINE STAFF « ACCEPTING
GENERAL USERS

2-ID-E « XSD « LIFE SCIENCES, ENVIRONMENTAL SCIENCE, MATERIALS SCIENCE « MI-
CROFLUORESCENCE, TOMOGRAPHY « 5-20 KEV « ON-SITE, REMOTE, MAIL-IN, BEAMLINE
STAFF « ACCEPTING GENERAL USERS

3-ID-B,C,D « XSD « PHYSICS, GEOSCIENCE, LIFE SCIENCES, CHEMISTRY, MATERIALS
SCIENCE » NUCLEAR RESONANT SCATTERING, HIGH-PRESSURE DIAMOND ANVIL CELL » 7-
27 KeV, 14.41-14.42 KeV « ON-SITE « ACCEPTING GENERAL USERS

4-ID-D « XSD « PHYSICS, MATERIALS SCIENCE « ANOMALOUS AND RESONANT SCAT-
TERING, MAGNETIC X-RAY SCATTERING, MAGNETIC CIRCULAR DICHROISM, HIGH-PRESSURE
DIAMOND ANVIL CELL « 2.7-40 KEV « REMOTE « ACCEPTING GENERAL USERS

4-ID-E « CNM/XSD « MATERIALS SCIENCE, PHYSICS « SYNCHROTRON X-RAY SCANNING
TUNNELING MICROSCOPY (SX-STM), MAGNETIC CIRCULAR DICHROISM, X-RAY PHOTOE-
MISSION SPECTROSCOPY « 400-1900 EV « ON-SITE « ACCEPTING GENERAL USERS

5-BM-C - DUPONT-NORTHWESTERN-DOW COLLABORATIVE AcCESS TEAM (DND-
CAT) « MATERIALS SCIENCE, POLYMER SCIENCE » POWDER DIFFRACTION, TOMOGRAPHY,
WIDE-ANGLE X-RAY SCATTERING * 10-42 KEV « ON-SITE, MAIL-IN « ACCEPTING GENERAL
USERS

5-BM-D « DND-CAT « MATERIALS SCIENCE, POLYMER SCIENCE, CHEMISTRY, ENVIRON-
MENTAL SCIENCE « X-RAY ABSORPTION FINE STRUCTURE, HIGH-ENERGY X-RAY DIFFRAC-
TION, GENERAL DIFFRACTION « 4.5-25 KeV, 4.5-80 KEV « ON-SITE, MAIL-IN «
ACCEPTING GENERAL USERS

5-1D-B,C,D « DND-CAT « MATERIALS SCIENCE, POLYMER SCIENCE, CHEMISTRY, LIFE
SCIENCE « POWDER DIFFRACTION, X-RAY STANDING WAVES, X-RAY OPTICS DEVELOP-
MENT/TECHNIQUES, SMALL-ANGLE X-RAY SCATTERING, SURFACE DIFFRACTION, X-RAY RE-
FLECTIVITY, WIDE-ANGLE X-RAY SCATTERING e« 6-17.5 KEV « ON-SITE, MAIL-IN
ACCEPTING GENERAL USERS

6-BM-A,B « COMPRES/XSD « MATERIALS SCIENCE, GEOSCIENCE « ENERGY DIS-
PERSIVE X-RAY DIFFRACTION, HIGH-PRESSURE MULTI-ANVIL PRESS, RADIOGRAPHY, TO-
MOGRAPHY « 20-200 KEV « ON-SITE « ACCEPTING GENERAL USERS

6-ID-B,C « XSD « PHYSICS, MATERIALS SCIENCE « MAGNETIC X-RAY SCATTERING,
ANOMALOUS AND RESONANT SCATTERING, GENERAL DIFFRACTION, GRAZING INCIDENCE
DIFFRACTION « 4-38 KEV « REMOTE « ACCEPTING GENERAL USERS

6-ID-D « XSD « PHYSICS, MATERIALS SCIENCE ¢ HIGH-ENERGY X-RAY DIFFRACTION,
POWDER DIFFRACTION, PAIR DISTRIBUTION FUNCTION « 50-100 KeV, 70-130 KEV « RE-
MOTE » ACCEPTING GENERAL USERS

7-BM-B « XSD « PHYSICS « RADIOGRAPHY, TOMOGRAPHY, MICROFLUORESCENCE « 5-
150 KeV, 6-15 KEV, 15-60 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 CON-
TRAST IMAGING « 6-18 KEV, 12-26 KEV « ON-SITE, REMOTE *« ACCEPTING GENERAL USERS

8-BM-B « XSD « CHEMISTRY, LIFE SCIENCES, ENVIRONMENTAL SCIENCE, MATERIALS SCI-

ENCE « FLUORESCENCE SPECTROSCOPY « 9-18 KEV « ON-SITE, MAIL-IN, BEAMLINE STAFF
« ACCEPTING GENERAL USERS
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8-ID-E « XSD « MATERIALS SCIENCE, POLYMER SCIENCE, PHYSICS « GRAZING INCIDENCE
SMALL-ANGLE SCATTERING, X-RAY PHOTON CORRELATION SPECTROSCOPY « 7.35-7.35
KEV, 10.9-10.9 KEV « ON-SITE, REMOTE * ACCEPTING GENERAL USERS

8-ID-| « XSD « POLYMER SCIENCE, MATERIALS SCIENCE, PHYSICS « X-RAY PHOTON COR-
RELATION SPECTROSCOPY, SMALL-ANGLE X-RAY SCATTERING « 7.35-7.35 KkeV, 10.9-
10.9 KEV « ON-SITE, REMOTE « 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-
22.5 KEV « ON-SITE, REMOTE, MAIL-IN « ACCEPTING GENERAL USERS

9-ID-B,C « XSD « CHEMISTRY, MATERIALS SCIENCE, LIFE SCIENCES « NANO-IMAGING,
MICROFLUORESCENCE, ULTRA-SMALL-ANGLE X-RAY SCATTERING, TOMOGRAPHY, PTY-
CHOGRAPHY, X-RAY ABSORPTION NEAR-EDGE STRUCTURE « 4.5-30 KEV « ON-SITE »
ACCEPTING GENERAL USERS

10-BM-A,B « MATERIALS RESEARCH (MR)-CAT « MATERIALS SCIENCE, CHEMISTRY,
ENVIRONMENTAL SCIENCE, PHYSICS « X-RAY ABSORPTION FINE STRUCTURE, TIME-RE-
SOLVED X-RAY ABSORPTION FINE STRUCTURE, MICROFLUORESCENCE « 4-32 KEV « ON-
SITE, REMOTE, MAIL-IN, OBSERVER, BEAMLINE STAFF « ACCEPTING GENERAL USERS

10-ID-B « MR-CAT « MATERIALS SCIENCE, ENVIRONMENTAL SCIENCE, CHEMISTRY,
PHYSICS « X-RAY ABSORPTION FINE STRUCTURE, TIME-RESOLVED X-RAY ABSORPTION FINE
STRUCTURE, MICROFLUORESCENCE, X-RAY PHOTOEMISSION SPECTROSCOPY, X-RAY EMIS-
SION SPECTROSCOPY + 4.8-32 KEV, 15-65 KEV « ON-SITE, REMOTE, MAIL-IN, OB-
SERVER, BEAMLINE STAFF « ACCEPTING GENERAL USERS

11-BM-B « XSD « CHEMISTRY, MATERIALS SCIENCE, PHYSICS « POWDER DIFFRACTION
15-33 KEV « ON-SITE, REMOTE, MAIL-IN « ACCEPTING GENERAL USERS

11-ID-B « XSD « CHEMISTRY, ENVIRONMENTAL SCIENCE, MATERIALS SCIENCE « PAIR DIS-
TRIBUTION FUNCTION, HIGH-ENERGY X-RAY DIFFRACTION, GRAZING INCIDENCE DIFFRAC-
TION « 58.66 KEV, 86.7 KEV + ON-SITE, REMOTE, MAIL-IN «+ ACCEPTING GENERAL USERS

11-ID-C « XSD « MATERIALS SCIENCE, CHEMISTRY, PHYSICS « HIGH-ENERGY X-RAY DIF-
FRACTION, DIFFUSE X-RAY SCATTERING, PAIR DISTRIBUTION FUNCTION « 105.7 KEV «
ON-SITE, REMOTE » ACCEPTING GENERAL USERS

11-ID-D « XSD « CHEMISTRY, ENVIRONMENTAL SCIENCE, MATERIALS SCIENCE « TIME-
RESOLVED X-RAY ABSORPTION FINE STRUCTURE, TIME-RESOLVED X-RAY SCATTERING « 6-
25 KEV « ON-SITE, REMOTE *« ACCEPTING GENERAL USERS

12-BM-B « XSD « MATERIALS SCIENCE, POLYMER SCIENCE, CHEMISTRY, PHYSICS, EN-
VIRONMENTAL 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, RE-
MOTE, MAIL-IN « ACCEPTING GENERAL USERS

12-ID-B « XSD « CHEMISTRY, MATERIALS SCIENCE, LIFE SCIENCES, POLYMER SCIENCE,
PHYSICS * SMALL-ANGLE X-RAY SCATTERING, GRAZING INCIDENCE SMALL-ANGLE SCAT-
TERING, WIDE-ANGLE X-RAY SCATTERING, GRAZING INCIDENCE DIFFRACTION « 7.9-14 KV
« ON-SITE, REMOTE « 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 SCAT-
TERING, SURFACE DIFFRACTION « 4.5-40 KEV « ON-SITE » ACCEPTING GENERAL USERS

13-BM-C - GEOSOILENVIRO CENTER FOR ADVANCED RADIATION SOURCES (GSE-
CARS) « GEOSCIENCE, ENVIRONMENTAL SCIENCE » SURFACE DIFFRACTION, HIGH-PRES-
SURE DIAMOND ANVIL CELL, SINGLE-CRYSTAL DIFFRACTION « 15-15 KEV, 28.6-28.6
KEV « ON-SITE « ACCEPTING GENERAL USERS

13-BM-D « GSECARS « GEOSCIENCE, ENVIRONMENTAL SCIENCE ¢ TOMOGRAPHY,
HIGH-PRESSURE DIAMOND ANVIL CELL, HIGH-PRESSURE MULTI-ANVIL PRESS « 4.5-100
KEV « ON-SITE « ACCEPTING GENERAL USERS

13-ID-C,D « GSECARS + GEOSCIENCE, ENVIRONMENTAL SCIENCE » SURFACE DIF-
FRACTION, MICRODIFFRACTION, X-RAY STANDING WAVES, X-RAY ABSORPTION FINE STRUC-
TURE, RESONANT INELASTIC X-RAY SCATTERING, X-RAY EMISSION SPECTROSCOPY,
HIGH-PRESSURE DIAMOND 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 « MICROFLUORES-
CENCE, MICRO X-RAY ABSORPTION FINE STRUCTURE, MICRODIFFRACTION, FLUORESCENCE
SPECTROSCOPY « 2.4-28 KEV, 5.4-28 KEV « ON-SITE « ACCEPTING GENERAL USERS



14-BM-C « BIOCARS - LIFE SCIENCES « MACROMOLECULAR CRYSTALLOGRAPHY, FIBER
DIFFRACTION, BIOHAZARDS AT THE BSL2/3 LEVEL « 8-14.9 KEV « ON-SITE, REMOTE,
BEAMLINE STAFF « ACCEPTING GENERAL USERS

14-1D-B « BIOCARS - LIFE SCIENCES « TIME-RESOLVED CRYSTALLOGRAPHY, TIME-RE-
SOLVED X-RAY SCATTERING, LAUE CRYSTALLOGRAPHY, WIDE-ANGLE X-RAY SCATTERING,
BIOHAZARDS AT THE BSL2/3 LEVEL, MACROMOLECULAR CRYSTALLOGRAPHY, SERIAL
CRYSTALLOGRAPHY » 7-19 KEV « ON SITE, REMOTE, BEAMLINE STAFF « ACCEPTING GEN-
ERAL USERS

15-ID-B,C,D « CHEMMATCARS « MATERIALS SCIENCE, CHEMISTRY « RESONANT DIF-
FRACTION — SINGLE-CRYSTAL, HIGH-PRESSURE DIAMOND ANVIL CELL-SINGLE CRYSTAL,
PHOTO-CRYSTALLOGRAPHY, SINGLE-CRYSTAL DIFFRACTION, LIQUID INTERFACE SCATTER-
ING, LIQUID INTERFACE SPECTROSCOPY, ANOMALOUS SMALL-ANGLE X-RAY SCATTERING
« 5.5-32 KeV, 10-70 KEV « ON-SITE, REMOTE, MAIL-IN « ACCEPTING GENERAL USERS

16-BM-B « HPCAT-XSD « MATERIALS SCIENCE, GEOSCIENCE, CHEMISTRY, PHYSICS »
WHITE LAUE SINGLE-CRYSTAL DIFFRACTION, ENERGY DISPERSIVE X-RAY DIFFRACTION,
PHASE CONTRAST IMAGING, RADIOGRAPHY, PAIR DISTRIBUTION FUNCTION « 10-120 KEV
« REMOTE « ACCEPTING GENERAL USERS

16-BM-D « HPCAT-XSD « 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 « REMOTE « ACCEPTING GENERAL USERS

16-ID-B « HPCAT-XSD « MATERIALS SCIENCE, GEOSCIENCE, CHEMISTRY, PHYSICS
MICRODIFFRACTION, SINGLE-CRYSTAL DIFFRACTION « 18-50 KEV « REMOTE « ACCEPTING
GENERAL USERS

16-ID-D « HPCAT-XSD « MATERIALS SCIENCE, GEOSCIENCE, CHEMISTRY, PHYSICS
NUCLEAR RESONANT SCATTERING, INELASTIC X-RAY SCATTERING (1-EV RESOLUTION), X-
RAY EMISSION SPECTROSCOPY « 5-37 KEV, 14.41-14.42 KEV « REMOTE « ACCEPTING
GENERAL USERS

17-BM-B « XSD « CHEMISTRY, MATERIALS SCIENCE » POWDER DIFFRACTION, PAIR DIS-
TRIBUTION FUNCTION ¢ 27-51 KEV « ON-SITE, REMOTE, MAIL-IN « 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 DIS-
PERSION, LARGE UNIT CELL CRYSTALLOGRAPHY « SUBATOMIC (<0.85 /°-\) RESOLUTION
6-20 KEV « ON-SITE, REMOTE, MAIL-IN « ACCEPTING GENERAL USERS

18-ID-D - BiopPHYsIcs (BI0)-CAT -« LIFE SCIENCES « FIBER DIFFRACTION, MICRO-DIF-
FRACTION, SMALL-ANGLE X-RAY SCATTERING, TIME-RESOLVED X-RAY SCATTERING « 3.5-
35 KEV « ON-SITE, REMOTE, MAIL-IN « ACCEPTING GENERAL USERS

19-BM-D « STRUCTURAL BloLoGgY CENTER (SBC)-XSD - LIFE SCIENCES « MuULTI-
WAVELENGTH ANOMALOUS DISPERSION, MACROMOLECULAR CRYSTALLOGRAPHY, SINGLE-
WAVELENGTH ANOMALOUS DISPERSION « 6-18.5 KEV « REMOTE, ON-SITE, MAIL-IN
ACCEPTING GENERAL USERS

19-ID-D « SBC-XSD « LIFE SCIENCES « MACROMOLECULAR CRYSTALLOGRAPHY, MULTI-
WAVELENGTH ANOMALOUS DISPERSION, SUBATOMIC (<0.85 ,Z\) RESOLUTION, LARGE UNIT
CELL CRYSTALLOGRAPHY, SINGLE-WAVELENGTH ANOMALOUS DISPERSION, SERIAL CRYS-
TALLOGRAPHY « 6-19 KEV « ON-SITE, REMOTE, MAIL-IN « ACCEPTING GENERAL USERS

20-BM-B « XSD « MATERIALS SCIENCE, ENVIRONMENTAL SCIENCE, CHEMISTRY « X-
RAY ABSORPTION FINE STRUCTURE, MICROFLUORESCENCE « 2.7-32 KEV, 2.7-35 KEV
ON-SITE, REMOTE, MAIL-IN « 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 ABSORP-
TION FINE STRUCTURE, MICROFLUORESCENCE, X-RAY EMISSION SPECTROSCOPY « 4.3-27
KEV, 7-52 KEV « ON-SITE, REMOTE, MAIL-IN « ACCEPTING GENERAL USERS

21-ID-D « LiFe ScIENCES (LS)-CAT - LIFE SCIENCES « MACROMOLECULAR CRYSTAL-
LOGRAPHY « 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 « ON-SITE, REMOTE, MAIL-IN « ACCEPTING GENERAL USERS

22-BM-D « SOUTHEAST REGIONAL (SER)-CAT - LIFE SCIENCES « MACROMOLECULAR
CRYSTALLOGRAPHY, SINGLE-WAVELENGTH ANOMALOUS DISPERSION, MULTI-WAVELENGTH
ANOMALOUS DISPERSION « 8-16 KEV « ON-SITE, REMOTE » ACCEPTING GENERAL USERS

22-ID-D « SER-CAT -« LIFE SCIENCES « MACROMOLECULAR CRYSTALLOGRAPHY, MULTI-
WAVELENGTH ANOMALOUS DISPERSION, SINGLE-WAVELENGTH ANOMALOUS DISPERSION,
MICROBEAM « 6-16 KEV « ON-SITE, REMOTE » ACCEPTING GENERAL USERS

23-ID-B « NATIONAL INSTITUTE OF GENERAL MEDICAL SCIENCES AND NATIONAL
CANCER INSTITUTE (GM/CA)-XSD -« LIFE SCIENCES » MACROMOLECULAR CRYSTAL-
LOGRAPHY, MICROBEAM, LARGE UNIT CELL CRYSTALLOGRAPHY, SUBATOMIC (<0.85 A)
RESOLUTION, MULTI-WAVELENGTH ANOMALOUS DISPERSION, SINGLE-WAVELENGTH ANOM-
ALOUS DISPERSION « 6-20 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 A) RESOLUTION,
MULTI-WAVELENGTH ANOMALOUS DISPERSION, SINGLE-WAVELENGTH ANOMALOUS DIS-
PERSION, SERIAL CRYSTALLOGRAPHY « 6.3-20 KEV « ON-SITE, REMOTE + ACCEPTING
GENERAL USERS

24-ID-C « NORTHEASTERN (NE)-CAT -« LIFE SCIENCES « MACROMOLECULAR CRYS-
TALLOGRAPHY, MICRODIFFRACTION, SINGLE-WAVELENGTH ANOMALOUS DISPERSION, SIN-
GLE-CRYSTAL DIFFRACTION, MICROBEAM, MULTI-WAVELENGTH ANOMALOUS DISPERSION,
SUBATOMIC (<0.85 A) RESOLUTION « 6.5-20 KEV « ON-SITE, REMOTE + ACCEPTING
GENERAL USERS

24-ID-E « NE-CAT « LIFE SCIENCES « MACROMOLECULAR CRYSTALLOGRAPHY, MI-
CROBEAM, MICRODIFFRACTION, SINGLE-WAVELENGTH ANOMALOUS DISPERSION, SINGLE-
CRYSTAL DIFFRACTION » 12.68 KEV « ON-SITE, REMOTE « ACCEPTING GENERAL USERS

26-ID-C « CENTER FOR NANOScALE MATERIALS (CNM)/XSD « PHYSICS, MATERIALS
SCIENCE « NANODIFFRACTION, NANO-IMAGING, COHERENT X-RAY SCATTERING « 7-12
KEV « ON-SITE, REMOTE, MAIL-IN, OBSERVER, BEAMLINE STAFF « ACCEPTING GENERAL
USERS

27-ID-B « XSD « PHYSICS, MATERIALS SCIENCE, CHEMISTRY « RESONANT INELASTIC X-
RAY SCATTERING « 5-14 KEV « ON-SITE « ACCEPTING GENERAL USERS

29-ID-C,D « XSD « PHYSICS, MATERIALS SCIENCE « RESONANT SOFT X-RAY SCATTER-
ING, ANGLE-RESOLVED PHOTOEMISSION SPECTROSCOPY « 250-2200 eV, 2200-3000
EV « REMOTE, MAIL-IN « ACCEPTING GENERAL USERS

30-ID-B,C « XSD « PHYSICS, MATERIALS SCIENCE, GEOSCIENCE, LIFE SCIENCES « IN-
ELASTIC X-RAY SCATTERING (1-MEV RESOLUTION), NUCLEAR RESONANT SCATTERING »
23.7-23.9 KEV « ON-SITE » ACCEPTING GENERAL USERS

31-ID-D - LiLy RESEARCH LABORATORIES (LRL)-CAT - LIFE SCIENCES « MACROMOL-
ECULAR CRYSTALLOGRAPHY, SINGLE-WAVELENGTH ANOMALOUS DISPERSION « 5-22 KEV
« MAIL-IN « ACCEPTING GENERAL USERS

32-ID-B,C « XSD « MATERIALS SCIENCE, LIFE SCIENCES, GEOSCIENCE » PHASE CON-
TRAST IMAGING, RADIOGRAPHY, TRANSMISSION X-RAY MICROSCOPY, TOMOGRAPHY « 7-
40 KEV « ON-SITE « ACCEPTING GENERAL USERS

33-BM-C « XSD « MATERIALS SCIENCE, PHYSICS, CHEMISTRY « DIFFUSE X-RAY SCAT-
TERING, GENERAL DIFFRACTION, POWDER DIFFRACTION, X-RAY REFLECTIVITY, GRAZING
INCIDENCE DIFFRACTION, ANOMALOUS AND RESONANT SCATTERING « 5-35 KEV « ON-
SITE « ACCEPTING GENERAL USERS

33-ID-D,E « XSD « MATERIALS SCIENCE, PHYSICS, CHEMISTRY, ENVIRONMENTAL SCI-
ENCE « ANOMALOUS AND RESONANT SCATTERING, DIFFUSE X-RAY SCATTERING, GENERAL
DIFFRACTION, SURFACE DIFFRACTION, SURFACE DIFFRACTION (UHV), X-RAY REFLECTIVITY
+ 5-30 KEV « ON-SITE « ACCEPTING GENERAL USERS

34-ID-C « XSD « MATERIALS SCIENCE, PHYSICS « COHERENT X-RAY SCATTERING « 5-
15 KEV « ON-SITE, REMOTE » ACCEPTING GENERAL USERS

34-ID-E « XSD « MATERIALS SCIENCE, PHYSICS, ENVIRONMENTAL SCIENCE, GEOSCIENCE
« MICRODIFFRACTION, LAUE CRYSTALLOGRAPHY, MICROBEAM, MICROFLUORESCENCE «
7-30 KEV « ON-SITE « ACCEPTING GENERAL USERS

35-ID-B,C,D,E - DyNAMIC COMPRESSION SECTOR (DCS) « PHYSICS, MATERIALS SCI-
ENCE, GEOSCIENCE « TIME-RESOLVED X-RAY SCATTERING, PHASE CONTRAST IMAGING,
RADIOGRAPHY « 7-35 KEV, 7-100 KEV, 24-24 KEV « ON-SITE, REMOTE « ACCEPTING
GENERAL USERS
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Welcome

Laurent Chapon

March 2022

For years | had the pleasure of watching the APS and
its user community grow and evolve, first close-up when |
was a postdoc at the Argonne Materials Science Divi-
sion, and then throughout my career. Now my first
months as APS director have given me an even greater
appreciation for this superb facility, the people who oper-
ate it and use it, and the science they produce.

By their nature, collections of research highlights
such as this one present just a sample of the year-after-
year scientific discoveries and feats of engineering that
advance our leadership in science and technology and
justify the faith of our sponsors in the Department of En-
ergy Office of Science, and the Basic Energy Sciences
(BES) Program Scientific User Facilities Division. After all,
in 2021, our users and staff produced more than 2200
publications (and counting), including over 2090 peer-re-
viewed journal articles (40% of them in journals with an
Impact Factor Above 7, which is the new threshold for im-
pactful results set by BES).

Beginning in March 2020, APS staff and remote (and
later some on-site) users produced extensive and impor-
tant science that examined the SARS-CoV-2 virus, includ-
ing critical contributions to development of Paxlovid, the
new antiviral Pfizer treatment for COVID-19 (see page
104). For a complete listing of that research, see “Publi-
cations, Preprints, Highlights, and Features about SARS-
CoV-2 Research at the Advanced Photon Source” on our
web site. This is all thanks to the dedication, skill, and ef-
forts of the X-ray Science Division beamline staff under
division director Jonathan Lang; the beamline staff that
keep our collaborative access team facilities up and run-
ning; the APS accelerator, technical, and support person-
nel; and the APS and Argonne support staff. A great deal
of the skill mentioned above rests in the hands and
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minds of the physicists, engineers, and technicians in our
Accelerator Systems Division under John Byrd, and APS
Engineering Support Division under new division director
Mike Edelen. Without them, there would be no electrons
in the storage ring, and so no results published in this
book. Every day | find new reasons to applaud these
dedicated people; the list of their achievements is too
long for this space, but we will bring more of them to the
fore in next year’s volume in this series.

The APS Upgrade (APS-U) Project is well under way,
with a start of the installation shutdown planned for April
2023. The project will culminate in a new electron stor-
age ring that will provide x-ray beams up to 500 times
brighter than now available, nine completely new beam-
lines, and enhancements to several of our current beam-
lines. We owe a great deal to the BES Scientific User Fa-
cilities Division for their unwavering support; to Argonne
Director Paul Kearns for his steadfast encouragement at
every turn; and to Bob Hettel and Jim Kerby and their
APS-U team for the splendid work they have done thus
far and the successful outcome they will achieve in the
near future. | look forward to leaning on Jim and Elmie
Peoples-Evans for their leadership in their positions with
the APS-U, and on Bob for his counsel as Advisor.

Coming to the APS at Argonne impresses upon me
the value of interacting with the Argonne directorates
and their varied scientific programs. The APS draws
users from Argonne scientists pursuing topics in materi-
als, biological, energy, chemistry, environment, climate,
and more. Access to the enormous computing power of
the Polaris supercomputer and upcoming Aurora, oper-
ated by the Argonne Leadership Computing Facility, will
provide our staff and users with real-time, post-experi-
ment data processing and analysis, and new ways to in-
tegrate experimental science and artificial intelligence.
This synergy will become even more important when the
APS-U is complete.

This is an exciting time and future for the APS, its
staff and users, and for me. None of us would be at this
point without Stephen Streiffer, my predecessor in this
job. His steady, imaginative leadership of the Photon Sci-
ences Directorate has us all firmly on the road to a bright
future.

Laurent Chapon

Associate Laboratory Director for Photon Sciences

Director, Advanced Photon Source



APS Upgrade Update

Jim Kerby

January 2022

This past year has been a lesson in perspective. Like
everyone, those of us working on the Advanced Photon
Source Upgrade Project (APS-U) at Argonne National Lab-
oratory have been met with challenges. The COVID-19
pandemic and the attendant supply chain issues have af-
fected the APS-U Project, as they have affected all of our
lives.

And like everyone, the APS-U team has been called
upon to meet those challenges. In spite of innumerable
impacts to the cost, schedule, and contingency of the proj-
ect, the past year has seen significant progress. This is
thanks to the diligence, creativity, and boundless energy
exhibited by the best team with whom anyone could hope
to work.

As of this date, the APS-U Project is 64% complete,
and the total project scope, cost, and completion schedule
remain unchanged since the Critical Decision 2 (CD-2)
agreement with the Department of Energy (DOE) that be-
gan our work in earnest. Our effort has shifted from design
to full receipt and assembly of technical components—es-
sentially, we’re now bringing the upgraded APS to life,
building and testing important pieces of the new electron
storage ring, and the new and enhanced beamlines.

The new multi-bend achromat storage ring at the
heart of the upgraded APS will take a year to install, dur-
ing which time the APS will shut down, its x-ray beams in-
accessible to the user community. The start of that shut-
down period is driven by the accelerator and front-end
assembly work; completion of the project is driven by
beamline completion.

Last year, in consultation with DOE’s Basic Energy Sci-
ences program, we set a new start date of April 17, 2023,
for the storage ring installation period. This new date

2022 and at least an abbreviated run at the start of 2023.
While COVID-19-related delays continue to affect the proj-
ect, it is our top priority to hold to that start date, and to
deliver the upgraded APS on time and on budget.

A critical component of the APS-U is construction of
nine feature beamlines and the enhancement of several
existing beamlines. Some of those beamlines will need to
shut down in advance of the year-long installation period
to facilitate construction work. The project team is in the
process of communicating the timing and scope of that
work to users of each of the affected scientific programs.
The latest information will be posted on the APS Upgrade
Project website.

The PAR shielding installation team, left to right: Randy Brown,
Rob Lange, Vic Guarino, Valerie Rivas, Jessie Morales, Ryan
Roberts, Stan Wiedmeyer, Frank Skrzecz, and Kathy Harkay.
Not pictured: Jeremy Carvelli, Greg Fystro, and Bradley Mick-
lich. Photo: Elroy Chang/Argonne

In preparation for the upgrade, modifications were
needed for the radiation shielding in the particle accumu-
lator ring (PAR). This was a large undertaking by the team
entrusted with this task (photo above), considering the
tight working conditions, and that each steel panel of
shielding was 4 inches thick, 2 feet wide, 76 inches tall,
and weighed approximately 2,100 Ibs. The modifications
required a double layer of steel panels on the PAR con-
crete walls, totaling 8-inch thickness. The job involved in-
stalling a total of over 50 tons of steel. A custom installa-
tion cart was designed to fit the PAR’s limited work space.
The team expertly completed the job ahead of the esti-
mated time needed.

Construction of the Long Beamline Building (LBB), the
most visible sign of APS-U progress, has moved forward
ahead of schedule since its groundbreaking ceremony on
July 22, 2020, and is on track for completion in June

means that users will get a full year of APS operations in “APS Upgrade” cont’d. on next page
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The Long Beamline Building, March 22, 2022.

“APS Upgrade” cont’d. from previous page

2022. The team was granted beneficial occupancy of the
new building in February 2022, and work is now under
way on the two beamlines it will house.

2021 saw a major milestone: the arrival of the 1,000th
APS-U magnet, one of the 1,321 electromagnets that com-
prise the lattice for the new storage ring. This magnet was
an eight-pole fast corrector magnet, which is used to alter
the trajectory of the electron beam as it circulates around
the storage ring.

The magnets that have been received and tested are
currently being assembled into 200 modules, which will
be transported to the APS and installed during the shut-
down period. About 50 of those modules have been par-
tially completed, and the team recently moved one of the
heavy concrete plinths that will support these modules
into the current APS storage ring area, to help prepare for
any challenges that might arise when moving the com-
pleted components.

Most recently, the first new instrument created as part
of the APS-U is now available for users. The resonant in-
elastic x-ray spectroscopy (RIXS) instrument at beamline
27-ID replaces an earlier model and includes improve-
ments that make it easier to use and more adaptable to
thin-film samples.

And through all of this, Argonne’s Photon Sciences di-
rectorate (PSC) and APS-U management have never lost
sight of the first-order imperative: assuring the health and
safety of everyone is the most important thing we do.

The successes above can be attributed to the APS-U
team. The scientists, engineers, and technicians working
on the upgrade bring with them a variety of backgrounds
and areas of expertise, and we’re spotlighting members of
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the team in a regular series called “People of the APS Up-
grade.” Taken together, these profiles start to tell the story
of this massive project through the people making it hap-

pen. You can find them on the APS-U website.

The APS-U Project is committed to answering user
questions and keeping open communication flowing. To
that end, we’re organizing twice-yearly Q&A sessions with
users, in May (as part of the APS/CNM Users Meeting) and
in November of each year. The questions and answers are
captured in an evolving document on the APS-U website.

On behalf of everyone working on the APS-U and in
PSC, | offer profound thanks to Bob Hettel, who has transi-
tioned to a new role as advisor to Laurent Chapon, the
new PSC associate laboratory director and APS director.
The APS-U is on firm ground and headed toward a bright
future thanks to the work Bob has done as project director.

Elmie Peoples-Evans has stepped into the role of proj-
ect manager, continuing to guide the ship with the help of
the tireless efforts of associate project managers Glenn
Decker (accelerators) and Mohan Ramanathan (experimen-
tal systems and insertion devices). They are proof, as is
everyone working on the APS-U, that the heart and soul of
this project is its people.

Remember this: All parties—our sponsors in the DOE
Office of Science and Basic Energy Sciences, Argonne,
and PSC—are committed to the success of the APS-U and
PSC and to assuring that the APS will emerge from the up-
grade on schedule and continue to be a world-leading
hard x-ray facility for our user community. We’re grateful
for the efforts of so many to make this project a reality.

Jim Kerby

APS Upgrade Project Director
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A news release from an APS user institution

Twisting, Flexible Crystals are Key to

Solar Energy Production

Researchers have discovered that the way eight-sided mole-
cules move around hinge-like bromine atoms (red) gives them
their unique energy properties. Image: ORNL/Jill Hemman.

The Duke University press release by Ken Kingery can
be read here. © Copyright 2011-2022 Duke University

Long-hidden molecular dynamics that provide desir-
able properties for solar energy and heat energy applica-
tions to an exciting class of materials called halide per-
ovskites have been revealed by researchers using two
U.S. Department of Energy (DOE) facilties including the
APS. Details of the discovery were published in the journal
Nature Materials.

A key contributor to how these materials create and
transport electricity hinges on the way their atomic lattice
twists and turns in a hinge-like fashion. The results will
help materials scientists in their quest to tailor the chemi-
cal recipes of these materials for a wide range of applica-
tions in an environmentally friendly way.

“There is a broad interest in halide perovskites for en-
ergy applications like photovoltaics, thermoelectrics, opto-
electronic radiation detection and emission—the entire
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field is incredibly active,” said Olivier Delaire, associate
professor of mechanical engineering and materials sci-
ence at Duke. “While we understand that the softness of
these materials is important to their electronic properties,
nobody really knew how the atomic motions we’ve uncov-
ered underpin these features.”

Perovskites are a class of materials that—with the right
combination of elements—are grown into a crystalline
structure that makes them particularly well-suited for en-
ergy applications. Their ability to absorb light and transfer
its energy efficiently makes them a common target for re-
searchers developing new types of solar cells, for exam-
ple. They're also soft, sort of like how solid gold can be
easily dented, which gives them the ability to tolerate de-
fects and avoid cracking when made into a thin film.

One size, however, does not fit all, as there is a wide
range of potential recipes that can form a perovskite.
Many of the simplest and most studied recipes include a
halogen—such as chlorine, fluorine or bromine—giving
them the name halide perovskites. In the crystalline struc-
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ture of perovskites, these halides are the joints that tether
adjoining octahedral crystal motifs together.

While researchers have known these pivot points are
essential to creating a perovskite’s properties, nobody has
been able to look at the way they allow the structures
around them to dynamically twist, turn and bend without
breaking, like a Jell-O mold being vigorously shaken.

“These structural motions are notoriously difficult to
pin down experimentally. The technique of choice is neu-
tron scattering, which comes with immense instrument
and data analysis effort, and very few groups have the
command over the technique that Olivier and his col-
leagues do,” said Volker Blum, professor of mechanical
engineering and material science at Duke who does theo-
retical modeling of perovskites, but was not involved with
this study. “This means that they are in a position to reveal
the underpinnings of the materials properties in basic per-
ovskites that are otherwise unreachable.”

In the study, Delaire and Duke University co-authors
working with colleagues from Argonne, Oak Ridge Na-
tional Laboratory, the University of Maryland, Northwest-
ern University, and the National Institute of Science and
Technology reveal important molecular dynamics of the
structurally simple, commonly researched halide per-
ovskite (CsPbBr;) for the first time.

The researchers started with diffuse scattering meas-
urements performed at the XSD Magnetic Materials
Group’s 6-ID-D x-ray beamline at the APS on small, mil-
limeter-scale single crystals of the halide perovskite.
These results suggested that further experiments to inves-
tigate the atomic dynamics using neutrons would be im-
portant. Fortunately, Argonne’s Materials Science Division
(MSD) and Northwestern had the expertise to grow the
large, centimeter-scale, single crystals required for the
neutron measurements. The team then barraged the crys-
tal with neutrons from the Spallation Neutron Source at
the DOFE’s Oak Ridge National Laboratory. By measuring
how the neutrons and x-rays bounced off the crystals over
many angles and at different time intervals, the re-
searchers teased out how its constituent atoms moved
over time. “This work is a beautiful example of the comple-
mentarity of neutrons and x-rays in revealing both the
structure and dynamics of complex materials,” said Ray

Osborn, a scientist in MSD, who was involved in both sets
of measurements.

After confirming their interpretation of the measure-
ments with computer simulations, the researchers discov-
ered just how active the crystalline network actually is.
Eight-sided octahedral motifs attached to one another
through bromine atoms were caught twisting collectively
in plate-like domains and constantly bending back and
forth in a very fluid-like manner.

“Because of the way the atoms are arranged with oc-
tahedral motifs sharing bromine atoms as joints, they’re
free to have these rotations and bends,” said Delaire. “But
we discovered that these halide perovskites in particular
are much more ‘floppy’ than some other recipes. Rather
than immediately springing back into shape, they return
very slowly, almost more like Jell-O or a liquid than a con-
ventional solid crystal.”

Delaire explained that this free-spirited molecular
dancing is important to understand many of the desirable
properties of halide perovskites. Their “floppiness” stops
electrons from recombining into the holes the incoming
photons knocked them out of, which helps them make a
lot of electricity from sunlight. It likely also makes it difficult
for heat energy to travel across the crystalline structure,
which allows them to create electricity from heat by hav-
ing one side of the material be much hotter than the other.

Because the perovskite used in the study has one of
the simplest recipes, yet already contains the structural
features common to the broad family of these compounds,
Delaire believes that these findings likely apply to a large
range of halide perovskites. For example, he cites hybrid
organic-inorganic perovskites (HOIPs), which have much
more complicated recipes, as well as lead-free double-
perovskite variants that are more environmentally friendly.

“This study shows why this perovskite framework is
special even in the simplest of cases,” said Delaire. “These
findings very likely extend to much more complicated
recipes, which many scientists throughout the world are
currently researching. As they screen enormous computa-
tional databases, the dynamics we’ve uncovered could
help decide which perovskites to pursue.”

“Twisting” cont’d. on page 5
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An APS-authored science highlight

Going with the Flow: Studying Microjets from

Liquid and Solid Tin

Fig. 1. A Sn jet can be seen traveling
from left to right. The sample base and
no-groove control region are also visi-
ble on the left, along with thickness
calibration foils in the lower right

When a material receives a strong impact, the result-
ing shock wave propagates until it reaches a free surface.
There, expelled microjets of the material can launch from
defect sites. The characteristics of these microjets depend
on a number of factors, including the initial surface profile
of the impacted material, the strength and profile of the
shock, the materials’ density, and its resistance to shear
and cavitation. But how crossing the material’s melt
boundary might affect them is less clear. Theoretical and
experimental studies have suggested a sudden increase
in the mass of ejected material as the base material is
driven above the melt boundary, which makes intuitive
sense given the shift from strong solid to easily deformed
liquid; however, recent computational studies suggest that
melting plays a more nuanced role. To examine this ques-
tion, a team of researchers from Lawrence Livermore Na-
tional Laboratory used the APS to examine microjets in tin
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(Sn) above and below impacts that result in melting, show-
ing some trends for microjets from solid and liquid base
materials that vary significantly with the surface defect
size. These findings, published in the Journal of Applied
Physics, add some insight about differences between
solid and liquid microjets, findings that could be directly
applicable to fields like planetary impact and indirectly to
other shock-related work such as industry, in which these
phenomena could disrupt measurements, damage equip-
ment, or even present safety hazards.

The researchers compared the behavior of Sn with
that of copper (Cu), which melts at a significantly higher
impact pressure. In polished samples of both of these
metals, they cut V-shaped grooves to serve as surface de-
fects. They then subjected these samples to strikes at dif-
ferent impact velocities, measuring the microjets’ morphol-
ogy, velocity, and mass of ejected materials with
high-speed synchrotron phase contrast imaging (PCI) car-
ried out at the DCS 35-ID x-ray beamline at the APS.

When shock-compressed to V23 GPa, Sn melts upon
release. Impact velocities were chosen to achieve two
pressures below this value (Sn1and Sn2) and two above it
(Sn3 and Sn4). The Cu samples received impacts that pro-
duced pressures between the two highest values of Sn
(Cu) and slightly above them (Cu2). Because the Cu melt
line is significantly higher than that of Sn, the researchers
were able to compare the resulting Cu solid microjets at
pressures similar or higher than the Sn liquid ones.

PCI results for Sn1, Sn2, and Cul showed the solid mi-
crojets forming wavy bands that break up into a net-like
field. In contrast, the melted microjets of Sn3 and Sn4
showed a different pattern, with striations perpendicular to
the leading edge of the jet with no evidence of breakup.
The solid Sn2 microjet showed neither striations nor
breakup, instead appearing as a nearly smooth sheet with
each observation (Fig. 1).

The researchers note that while it's tempting to credit
melting for the lack of breakup in Sn3 and Sn4, solid Cu2
microjets also show the same prolonged intact elongation,
suggesting that this effect may be due to increasing jet ve-
locity causing an increase in stable elongation independ-
ent of material property changes.

“Going”cont’d. on next page
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Both molten Sn3 and Sn4 microjets showed longitudi-
nal striations along the direction of shock propagation,
which aren’t observed in any of the solid jets; they also
showed lateral striations in the leading part of the jet par-
allel to the shock front. In addition, Sn3 and Sn4 both
showed spike-like ejected material from smaller surface
defects in the no-groove regions of the material. Each of
these features appear to be directly related to these sam-
ples’ melted nature.

Interestingly, the researchers found that the mass of
ejected material in Sn was nearly identical for the two con-
ditions that straddled the point of melt on release (V23
GPa), Sn2 and Sn3, with significantly larger jumps be-
tween the mass of ejecta between Sn1and Sn2, and be-
tween Sn3 and Sn4. Thus, increasing the shock pressure
led to increasing jet mass accumulation rates both above
and below this critical pressure, but not in its immediate
vicinity. However, this effect seems to apply only to the
grooves cut into the material and not to ejecta from the
small surface defects in the no-groove regions, which pro-
duced larger masses of ejecta with increased pressures.

— Christen Brownlee

See: David B. Bober* Kyle K. Mackay, Minta C. Akin, and
Fady M. Najjar, “Understanding the evolution of liquid and
solid microjets from grooved Sn and Cu samples using ra-
diography,” J. Appl. Phys. 130, 045901 (2021).

DOI: 10.1063/5.0056245
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tory
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An Argonne press release

Unveiling what Governs Crystal Growth

Schematic of microbeam surface x-ray scattering during growth
of gallium nitride crystal at high temperature. Image: Argonne
National Laboratory.

The original Argonne press release by Joseph E. Har-
mon can be read here.

With brilliant colors and picturesque shapes, many
crystals are wonders of nature. Some crystals are also
wonders of science, with transformative applications in
electronics and optics. Understanding how best to grow
such crystals is key to further advances.

Scientists from Argonne and three universities have
revealed new insights into the mechanism behind how
gallium nitride crystals grow at the atomic scale and pub-
lished their results in Nature Communications.

Gallium nitride crystals are already in wide use in light-
emitting diodes, better known as LEDs. They might also
be applied to form transistors for high-power switching
electronics to make electric grids more energy efficient
and smarter. The use of such “smart grids,” which could
better balance high power within the overall system, might
prevent people from losing power in severe storms.

The same technology could also make individual
homes more energy efficient. And it could find use in opti-
cal communications, where lasers transmit information.
Such information transfer can be more precise, faster and
more secure than current capabilities.

Because of these diverse applications, scientists
worldwide have been working to improve the process for
growing gallium nitride crystals.
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“Gallium nitride has a more complicated crystal struc-
ture than silicon, the typical crystalline material in electron-
ics,” said co-author G. Brian Stephenson, an Argonne Dis-
tinguished Fellow in the Materials Science Division. “When
you grow this crystal, you get more fascinating behavior at
the surface.”

At the atomic scale, a growing gallium nitride crystal
surface typically looks like a staircase of steps, where
every stair is a layer of the crystal structure. Atoms are
added to a growing crystal surface by attachment at the
edges of the steps. Because of the gallium nitride crystal
structure, the steps have alternating edge structures, la-
beled A and B. The different atomic structures lead to
different growth behaviors of the A and B steps. Most
theoretical models indicate that atoms accumulate faster
on a B-type step, but experimental confirmation has
been lacking.

“Because of the high temperatures and chemical at-
mosphere involved, it is not possible to examine the
growth of gallium nitride with a standard electron micro-
scope and test the model prediction,” Stephenson said.
For that, the team called upon the APS.

The very high energy of the x-rays available at the
APS, with a beam only a few micrometers , the XSD Chem-
ical & Materials Science Group’s beamline 12-ID-D allowed
the team to monitor the rate of gallium nitride growth on
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Schematic of surface structures that form during
gallium nitride growth processes (evaporation and
deposition). The steps at the edges of each atomic
layer have alternating structures (a or B). (Image:
Argonne National Laboratory.)

the crystal surface steps. These x-rays are an ideal probe
since they are sensitive to atomic-scale structure and can
penetrate the environment of the crystal at the high tem-
peratures involved, over 1400° F, while it is growing.

“Based on modeling, many had assumed that atoms
probably build up faster on the type-B step,” Stephenson
said. “Imagine our surprise when it turned out to be step
A. This suggests the chemistry of the growth process may
be more complicated than previously thought.”

“This work is a great example of the importance and
power of probing a material while a process is underway,”
added co-author Matt Highland, a physicist in XSD. “Quite
often when we use such probes to study processes like
synthesis, we find the story to be more complex than we
originally thought and counter to conventional wisdom.”

The results have obvious implications for refining the
current understanding of the atomic-scale mechanisms of
gallium nitride growth. This understanding has important
practical implications for design of advanced gallium ni-
tride devices by allowing better control of growth and in-
corporation of additional elements for improved perform-
ance. The findings can also be applied to growth of
related crystals, including host semiconductor materials
for quantum information science.

See: Guangxu Ju'*, Dongwei Xu"?, Carol Thompson®,
Matthew J. Highland', Jeffrey A. Eastman', Weronika
Walkosz*, Peter Zapol', and G. Brian Stephenson™*, “In situ
microbeam surface X-ray scattering reveals alternating
step kinetics during crystal growth,” Nat Commun. 12, 1721
(2021) 101038/s41467-021-21927-5
Author affiliations: 'Argonne National Laboratory,
?Huazhong University of Science and Technology, *North-
ern lllinois University, “Lake Forest College *Present ad-
dress: Lumileds Lighting Co.
Correspondence: * juguangxu@gmail.com,

** stephenson@anl.gov
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Energy (DOE) Office of Science-Basic Energy Sciences,
Materials Science and Engineering Division. This research
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Office of Science by Argonne National Laboratory under
contract no. DE-AC02-06CH11357.
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A news release from an APS user institution

Taking Lessons from a Sea Slug Points to
Better Hardware for Artificial Intelligence

Fig. 1. By stimulating this quantum material (tiny gray-and-black striped rectangle, arrow, center) with
gases, researchers discovered that the material could mimic basic forms of learning found in the sea

slug. Purdue University photo/Kayla Wiles.

The original Purdue University press release by Kayla
Wiles can be read here (© 2015-20 Purdue University).

For artificial intelligence (Al) to get any smarter, it
needs first to be as intelligent as one of the simplest crea-
tures in the animal kingdom: the sea slug. A new study by
researchers who carried out experiments at the APS has
found that a material can mimic the sea slug’s most essen-
tial intelligence features. The discovery is a step toward
building hardware that could help make Al more efficient
and reliable for technology ranging from self-driving cars
and surgical robots to social media algorithms.

The study, published in the Proceedings of the Na-
tional Academy of Sciences of the United States of Amer-
ica, was conducted by a team of researchers from Purdue
University, Rutgers University, the University of Georgia,
and Argonne.

“Through studying sea slugs, neuroscientists discov-
ered the hallmarks of intelligence that are fundamental to
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any organism’s survival,” said Shriram Ramanathan, a Pur-
due professor of materials engineering. “We want to take
advantage of that mature intelligence in animals to accel-
erate the development of Al”

Two main signs of intelligence that neuroscientists
have learned from sea slugs are habituation and sensitiza-
tion. Habituation is getting used to a stimulus over time,
such as tuning out noises when driving the same route to
work every day. Sensitization is the opposite—it’s reacting
strongly to a new stimulus, like avoiding bad food from a
restaurant. Al has a really hard time learning and storing
new information without overwriting information it has al-
ready learned and stored, a problem that researchers
studying brain-inspired computing call the “stability-plas-
ticity dilemma.” Habituation would allow Al to “forget” un-
needed information (achieving more stability) while sensiti-
zation could help with retaining new and important
information (enabling plasticity).
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In this study, the researchers found a way to demon-
strate both habituation and sensitization in nickel oxide, a
quantum material. The material is called “quantum” be-
cause its properties can’t be explained by classical
physics.

If a quantum material could reliably mimic these forms
of learning, then it may be possible to build Al directly into
hardware. And if Al could operate both through hardware
and software, it might be able to perform more-complex
tasks using less energy.

“We basically emulated experiments done on sea
slugs in quantum materials toward understanding how
these materials can be of interest for Al,” Ramanathan
said.

Neuroscience studies have shown that the sea slug
demonstrates habituation when it stops withdrawing its gill
as much in response to being tapped on the siphon. But
an electric shock to its tail causes its gill to withdraw much
more dramatically, showing sensitization.

For nickel oxide, the equivalent of a “gill withdrawal” is
an increased change in electrical resistance. The re-
searchers found that repeatedly exposing the material to
hydrogen gas causes nickel oxide’s change in electrical
resistance to decrease over time but introducing a new
stimulus like ozone greatly increases the change in electri-
cal resistance (Fig. 1).

Inspired by these findings, a research group under
Kaushik Roy, Purdue’s Edward G. Tiedemann Jr. Distin-
guished Professor of Electrical and Computer Engineering,
modeled nickel oxide’s behavior and built an algorithm
that successfully used these habituation and sensitization
strategies to categorize data points into clusters.

“The stability-plasticity dilemma is not solved. But
we’ve shown a way to address it based on behavior we’ve
observed in a quantum material,” Roy said. “If we could
turn a material that learns like this into hardware in the fu-
ture, then Al could perform tasks much more efficiently.”

For practical use of quantum materials as Al hardware,
researchers will need to figure out how to apply habitua-
tion and sensitization in large-scale systems. They also
would have to determine how a material could respond to
stimuli while integrated into a computer chip.

This study is a starting place for guiding those next

steps, the researchers said. In addition to the experiments
performed at Purdue, a team at Rutgers University per-
formed detailed theory calculations to understand what
was happening within nickel oxide at a microscopic level
to mimic the sea slug’s intelligence features. The nickel
oxide sample’s properties were characterized using three
synchrotron x-ray light source techniques at two APS
beamlines. Synchrotron x-ray diffraction and x-ray absorp-
tion near-edge structure measurements were carried out
at the XSD Surface Scattering & Microdiffraction x-ray
beamline 33-ID. X-ray absorption spectroscopy studies
were performed at the XSD Magnetic Materials Group 29-
ID x-ray beamline. The University of Georgia researchers
measured conductivity to further analyze the material’s
behavior.

See: Zhen Zhang™, Sandip Mondal', Subhasish Mandal?,
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Zhan Zhang”, Hua Zhou*, Hui Cao”, Fanny Rodolakis®, Jes-
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manathan1***, “Neuromorphic learning with Mott insulator
NiO,” Proc. Natl. Acad. Sci. USA 118(39) 2017239118 (Sep-
tember 28, 2021). DOI: 10.1073/pnas.2017239118.
Author affiliations: 'Purdue University, 2Rutgers University,
3University of Georgia, “Argonne National Laboratory
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A news release from an APS user institution

Thermoelectrics Heat Up with Promising
New Magnesium-Based Materials

A representation of the crystal lattice of the thermoelectric compound Mg,;Sb, (magnesium
atoms in orange, antimony in blue). An electric current is generated as heat traverses the ma-
terial, propelled by phonon waves. Image: ORNL/Jill Hemman

The original Oak Ridge National Laboratory press re-
lease by Jeremy Rumsey can be read here.

The landing of NASA's Perseverance rover was an-
other leap forward not only for space exploration but also
for the technology that’s powering the craft on its years-
long mission on Mars—a thermoelectric generator that
turns heat into electricity. Looking for the next leap in ther-
moelectric technologies, researchers at Duke University
and Michigan State University using three U.S. DOE re-
search facilities gained new fundamental insights into two
magnesium-based materials (Mg;Sb, and Mg,Bi,) that
have the potential to significantly outperform traditional
thermoelectric designs and would also be more environ-
mentally friendly and less expensive to manufacture. Con-
trary to prevailing scientific wisdom regarding the use of
heavy elements, the researchers showed that replacing
atoms of heavier elements such as calcium and ytterbium
with lighter magnesium atoms actually led to a threefold
increase in the magnesium-based materials’ performance.

In their research, published in the journal Science Ad-
vances, the team used neutron and x-ray scattering exper-
iments at the DOE’s Oak Ridge (ORNL) and Argonne na-
tional laboratories, respectively, as well as supercomputer
simulations at the National Energy Research Scientific
Computing Center (NERSC). Investigations at the atomic
scale revealed the origin and mechanism behind the ma-
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terials’ ability to convert thermal energy at room tempera-
ture into electricity. The findings indicate possible new
pathways for improving thermoelectric applications such
as those in the Perseverance rover and myriad other de-
vices and energy-generation technologies.

Thermoelectric materials essentially create a voltage
from a temperature difference between the hot and cold
sides of the material. By converting thermal energy into
electricity, or vice-versa, thermoelectric devices can be
used for refrigeration or electric power generation from
heat exhaust.

“Traditional thermoelectric materials rely on heavy ele-
ments such as lead, bismuth, and tellurium—elements that
aren’t very environmentally friendly, and they’re also not
very abundant, so they tend to be expensive,” said Olivier
Delaire, associate professor at Duke. “Magnesium on the
other hand is lighter and more abundant, which makes it
an ideal material for transportation and spaceflight appli-
cations, for example.”

Typically, Delaire explained, lighter materials are not
well suited for thermoelectric designs because their ther-
mal conductivities are too high, meaning they transfer too
much heat to maintain the temperature differential needed
to produce the voltage. Heavier materials are generally
more desirable because they conduct less heat, allowing
them to preserve and convert thermal energy more effi-
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ciently. “These magnesium materials, however, have re-
markably low thermoelectric conductivity despite having a
low mass density. Those properties could potentially open
the door to designing new types of thermoelectrics that
don’t rely on heavy materials with toxic elements,” Delaire
explained.

The magnesium materials the team studied belong to
a larger class of metal compounds called Zintls. The
atomic structure, or arrangement of atoms, in Zintl com-
pounds is such that it’s relatively easy to experiment with
and substitute different elements in the material—for ex-
ample, replacing a heavy element with a light element to
achieve optimal performance and functionality.

“In chemical studies, exploring possibilities for new
materials often involves substituting one element for an-
other just to see what happens. Usually, we replace them
with chemically similar elements in the periodic table, and
one of the big advantages to using Zintls is that we can
experiment with a lot of different elements and different
combinations,” said first author Jingxuan Ding, a graduate
student researcher in Delaire’s group. “No one expected
magnesium to be the better compound, but when our col-
laborators at Michigan State substituted it into the materi-
als’ ingredients, we were surprised to find that was in fact
the case, so the next step was to find out why.”

The atoms in a material are not static; they vibrate
with amplitudes that increase with higher temperatures.
The collective vibrations create a ripple effect, called a
phonon, that looks like sets of waves on the surface of a
pond. Those waves are what transport heat through a ma-
terial, which is why measuring phonon vibrations is impor-
tant for determining a material’s thermal conductivity.

Neutrons are uniquely suited for studying quantum
phenomena such as phonons because neutrons have no
charge and can interact with nuclei. Delaire likened neu-
tron interactions to plucking a guitar string in that they can
transfer energy to the atoms to excite the vibrations and

elicit hidden information about the atoms inside a material.

The team used the Wide Angular-Range Chopper
Spectrometer (ARCS) at the ORNL Spallation Neutron
Source (SNS) to measure the phonon vibrations. The data
they acquired enabled them to trace the materials’ favor-
able low thermal conductivity to a special magnesium
bond that disrupts the travel of phonon waves through the
material by causing them to interfere with each other.

“Neutrons are one of the best ways to measure
atomic vibrations like the ones we’re studying in these
materials,” said Ding. “ARCS can detect a wide range of
frequencies and wavelengths that helps us measure the
phonon waves found in the material, which is exactly what
we need to better understand how these low thermal con-
ductivity materials operate.”

The neutron scattering measurements provided the

research team with a broad survey of the internal dynam-
ics of the magnesium Zintl materials that helped guide and
refine computer simulations and x-ray experiments led by
Ding, which were used to build a complete understanding
of the origins of the materials’ thermal conductivity.
Complementary x-ray experiments employing inelastic
x-ray scattering (IXS) were carried out by the team mem-
bers and colleagues from Argonne using the high-resolu-
tion IXS beamline HERIX at the XSD Inelastic X-ray & Nu-
clear Resonant Scattering Group’s 30-ID beamline at the
APS. They zoomed in on specific phonon modes in crystal
samples too small for neutron measurements. Both the
neutron and x-ray measurements agreed with the super-
computer simulations performed at NERSC.
“Thermoelectrics are essential in applications like the
Mars Perseverance rover that require simpler, more light-
weight and reliable designs instead of the bulky engines
with moving parts that are traditionally used to generate
electricity from heat,” said Delaire. “These magnesium-
based materials are a big advance in the field that could
offer significantly more power efficiency and a lot of po-
tential for more advanced thermoelectric applications.”
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conductivity in Mg,(Sb, Bi), thermoelectrics,” Sci. Adv. 7,
eabg1449 (21 May 2021). DOI: 10.1126/sciadv.abg1449
Author affiliations: 'Duke University, 2Michigan State Uni-
versity, >*0Oak Ridge National Laboratory, *“Purdue Univer-
sity, *Argonne National Laboratory
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Argonne National Laboratory 11



An APS-authored science highlight

The Ceramic that Breathes Oxygen to
Make Hydrogen

Fig. 1. Concentrated sunlight provides heat to cause oxygen release from the crystal, which then splits water by taking back oxygen
from steam at a lower temperature (a). The reaction achieves high rates of hydrogen production during each cycle (b). The material
shows moderate enthalpy of reduction and (c) large entropy of reduction (d) compared to other perovskite materials
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As the world tries to reduce its dependence on fossil
fuels and shift to renewable energy sources, such as solar
power, one challenge is finding a way to store the energy
produced. A possible solution is two-step solar thermo-
chemical hydrogen production, in which energy from the
Sun is used to drive a reduction-oxidation reaction to split
water into oxygen and hydrogen. The hydrogen can then
be stored for later use. The reaction requires efficient, low-
cost materials. Researchers using the APS have examined
one such material and found it to have exceptionally effi-
ciency. Their results were published in the journal Matter.

The material in question is calcium titanium man-
ganese oxide, in a crystal structure known as a perovskite,
a promising form for solar energy applications. Tests
showed that during the water-splitting phase, the reaction
yielded 10 + 0.2 mL g” of hydrogen, in a cycle that took an
hour and a half. That’s higher than any previous reports of
fuel production without having to use an excessively long
cycle time. The cycle consisted of a high-temperature step
at 1350° C, during which the oxide released some of its
oxygen into a flow of argon gas. The temperature was
then quickly lowered to 1150° C and steam was intro-
duced. The material removed some of the oxygen from
the steam, restoring the oxide and releasing hydrogen.
The researchers found that the material had a large en-
tropy of reduction and intermediate enthalpy of reduction,
the combination of which creates favorable conditions for
water splitting (Fig. 1).

The researchers took care to report not only the hy-
drogen output but also other details of the procedure, in-
cluding oxidation and reduction temperatures, gas flow
rates, and cycling time. Those are all important for deter-
mining the usefulness of a given material and knowing
them all allows scientists to accurately compare one can-
didate with another in their search for the best material.
For instance, the mixed poly-cation system (FeMgCoNi)O,
has a very high H, yield, similar to calcium titanium man-
ganese oxide, but this is only achieved with a much longer
cycle time. A perovskite has a chemical formula of ABO,.
In the material studied here, the A-site atom is calcium,
and the B site is an equally split mix of titanium and man-
ganese atoms. These researchers wanted to understand
which of the elements was driving the reaction by chang-
ing its oxidation state. They were sure the calcium did not
change state, but they wanted to characterize the role of
the titanium and manganese.

To do that, they performed x-ray absorption near-edge
spectroscopy (XANES) at DND-CAT beamline 5-BM-D at

the APS. They first grew a thin film of the Ca(Ti,sMn,5)O;
perovskite oxide on a sapphire substrate. They heated the
film to different temperatures, from 800° C to 1000° C, and
collected x-ray spectra from the material. While the spec-
tra from the titanium remained stable with changing tem-
peratures, the researchers observed a shift in the man-
ganese spectra as the temperature increased, indicating
that its oxidation state was changing. The titanium, how-
ever, is beneficial for the process because it produces a
more stable crystal structure than a material made out of
only calcium and manganese. It also increases the en-
thalpy of reduction, improving fuel output.

Further studies, looking at different ratios of titanium
to manganese, may help researchers to tune the enthalpy
for even higher fuel productivity. — Neil Savage
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A news release from an APS user institution

A Peculiar State of Matter in
Layers of Semiconductors

Rendering courtesy of the researchers.

The original MIT Nuclear Science & Engineering press
release by Matthew Hutson can be read here.

Scientists around the world are developing new hard-
ware for quantum computers, a new type of device that
could accelerate drug design, financial modeling, and
weather prediction. These computers rely on qubits, bits
of matter that can represent some combination of 1and O
simultaneously. The problem is that qubits are fickle, de-
grading into regular bits when interactions with surround-
ing matter interfere. But new research at MIT, aided by ex-
periments at the APS and published in the journal Nano
Letters, suggests a way to protect their states, using a
phenomenon called many-body localization (MBL).

MBL is a peculiar phase of matter, proposed decades
ago, unlike solid or liquid. Typically, matter comes to ther-
mal equilibrium with its environment. That’s why soup
cools and ice cubes melt. But in MBL, an object consisting
of many strongly interacting bodies, such as atoms, never
reaches equilibrium. Heat, like sound, consists of collec-
tive atomic vibrations and can travel in waves; an object
always has such heat waves internally. But when there’s
enough disorder and enough interaction in the way its
atoms are arranged, the waves can become trapped, thus
preventing the object from reaching equilibrium.

MBL had been demonstrated in “optical lattices,”
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arrangements of atoms at very cold temperatures held in
place using lasers. But such setups are impractical. MBL
had also arguably been shown in solid systems, but only
with very slow temporal dynamics, in which the phase’s
existence is hard to prove because equilibrium might be
reached if researchers could wait long enough. The MIT
research found a signature of MBL in a “solid-state” sys-
tem—one made of semiconductors—that would otherwise
have reached equilibrium in the time it was watched.

“It could open a new chapter in the study of quantum
dynamics,” said Rahul Nandkishore, a physicist at the Uni-
versity of Colorado at Boulder, who was not involved in
the work.

Mingda Li, the Norman C. Rasmussen Assistant Pro-
fessor of Nuclear Science and Engineering at MIT, led the
new study. The researchers built a system containing al-
ternating semiconductor layers, creating a microscopic
lasagna—aluminum arsenide, followed by gallium ar-
senide, and so on, for 600 layers, each 3 nanometers (mil-
lionths of a millimeter) thick. Between the layers they dis-
persed “nanodots,” 2-nanometer particles of erbium
arsenide, to create disorder. The lasagna, or “superlattice,”
came in three recipes: one with no nanodots, one in which
nanodots covered 8 percent of each layer’s area, and one
in which they covered 25 percent.
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According to Li, the team used layers of material, in-
stead of a bulk material, to simplify the system so dissipa-
tion of heat across the planes was essentially one-dimen-
sional. And they used nanodots, instead of mere chemical
impurities, to crank up the disorder.

To measure whether these disordered systems are
still staying in equilibrium, the researchers measured them
using the XSD Inelastic & X-ray Scattering Group’s 3-ID-C
x-ray beamline at the APS to carry out grazing incidence
inelastic x-ray scattering experiments. They shot beams of
x-ray radiation at an energy around 21,600 electron volts,
and resolved the energy difference between the incoming
x-ray and the energy after its reflection off the sample’s
surface, with an energy resolution less than one-thou-
sandth of an electron volt. To avoid penetrating the super-
lattice and hitting the underlying substrate, they shot it at
an angle of just half a degree from parallel.

Just as light can be measured as waves or particles,
so too can heat. The collective atomic vibration for heat in
the form of a heat-carrying unit is called a phonon. X-rays
interact with these phonons, and by measuring how x-rays
reflect off the sample, the experimenters can determine if
itis in equilibrium.

The researchers found that when the superlattice was
cold—30 K, about -400 ° F—and it contained nanodots, its
phonons at certain frequencies were not in equilibrium.

More work remains to prove conclusively that MBL
has been achieved, but “this new quantum phase can
open up a whole new platform to explore quantum phe-
nomena,” Li said, “with many potential applications, from
thermal storage to quantum computing.” To create qubits,
some quantum computers employ specks of matter called
quantum dots. Li says quantum dots similar to Li’'s nan-
odots could act as qubits. Magnets could read or write
their quantum states, while the many-body localization
would keep them insulated from heat and other environ-
mental factors.

In terms of thermal storage, such a superlattice might
switch in and out of an MBL phase by magnetically con-
trolling the nanodots. It could insulate computer parts from
heat at one moment, then allow parts to disperse heat
when it won’t cause damage. Or it could allow heat to
build up and be harnessed later for generating electricity.

Conveniently, superlattices with nanodots can be con-
structed using traditional techniques for fabricating semi-
conductors, alongside other elements of computer chips.
According to Li, “It's a much larger design space than with
chemical doping, and there are numerous applications.”

“| am excited to see that signatures of MBL can now
also be found in real material systems,” said Immanuel
Bloch, scientific director at the Max-Planck-Institute of

Quantum Optics, of the new work. “I believe this will help
us to better understand the conditions under which MBL
can be observed in different quantum many-body systems
and how possible coupling to the environment affects the
stability of the system. These are fundamental and impor-
tant questions, and the MIT experiment, are an important
step helping us to answer them.”
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A news release from an APS user institution

Correlated Electrons “Tango” in a
Perovskite Oxide at the Extreme Quantum Limit

Compression (red arrows) alters crystal symmetry (green arrows), which changes band dispersion
(left and right), leading to highly mobile electrons. Image: Jaimee Janiga, Andrew Sproles, Satoshi

Okamoto/ORNL, U.S. DOE

The original Oak Ridge National Laboratory press re-
lease by Dawn M. Levy can be read here.

A team led by the U.S. Department of Energy’s (DOE’s)
Oak Ridge National Laboratory (ORNL) has found a rare
quantum material in which electrons move in coordinated
ways, essentially “dancing.” Straining the material creates
an electronic band structure that sets the stage for exotic,
more tightly correlated behavior — akin to tangoing —
among Dirac electrons, which are especially mobile elec-
tric charge carriers that may someday enable faster tran-
sistors. The results, which include studies carried out at
the APS, were published in the journal Science Advances.

“We combined correlation and topology in one sys-
tem,” said co-principal investigator Jong Mok Ok, who
conceived the study with principal investigator Ho Nyung
Lee of ORNL. Topology probes properties that are pre-
served even when a geometric object undergoes defor-
mation, such as when it is stretched or squeezed. “The re-
search could prove indispensable for future information
and computing technologies,” added Ok, a former ORNL
postdoctoral fellow.

In conventional materials, electrons move predictably
(for example, lethargically in insulators or energetically in
metals). In quantum materials in which electrons strongly
interact with each other, physical forces cause the elec-
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trons to behave in unex-
pected but correlated ways;
one electron’s movement
forces nearby electrons to re-
spond.

To study this tight tango in
topological quantum materi-
als, Ok led synthesis of an ex-
tremely stable crystalline thin
film of a transition metal ox-
ide. He and colleagues made
the film using pulsed-laser
epitaxy and strained it to com-
press the layers and stabilize
a phase that does not exist in
the bulk crystal. They were
the first to stabilize this phase.

Using theory-based simulations, co-principal investi-
gator Narayan Mohanta, a former ORNL postdoctoral fel-
low, predicted the band structure of the strained material.
“In the strained environment, the compound that we in-
vestigated, strontium niobate, a perovskite oxide, changes
its structure, creating a special symmetry with a new elec-
tron band structure,” Mohanta said.

Different states of a quantum mechanical system are
called “degenerate” if they have the same energy value
upon measurement. Electrons are equally likely to fill each
degenerate state. In this case, the special symmetry re-
sults in four states occurring in a single energy level.

“Because of the special symmetry, the degeneracy is
protected,” Mohanta said. “The Dirac electron dispersion
that we found here is new in a material.” He performed
calculations with Satoshi Okamoto, who developed a
model for discovering how crystal symmetry influences
band structure.

“Think of a quantum material under a magnetic field
as a 10-story building with residents on each floor,” Ok
said. “Each floor is a defined, quantized energy level. In-
creasing the field strength is akin to pulling a fire alarm
that drives all the residents down to the ground floor to
meet at a safe place. In reality, it drives all the Dirac elec-
trons to a ground energy level called the extreme quan-
tum limit.”
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Lee added, “Confined here, the electrons crowd to-
gether. Their interactions increase dramatically, and their
behavior becomes interconnected and complicated.” This
correlated electron behavior, a departure from a single-
particle picture, sets the stage for unexpected behavior,
such as electron entanglement. In entanglement, a state
Einstein called “spooky action at a distance,” multiple ob-
jects behave as one: key to realizing quantum computing.

“Our goal is to understand what will happen when
electrons enter the extreme quantum limit, where we find
phenomena we still don’t understand,” Lee said. “This is a
mysterious area.”

Speedy Dirac electrons hold promise in materials in-
cluding graphene, topological insulators and certain un-
conventional superconductors. ORNL's unique material is
a Dirac semimetal, in which electron valence and conduc-
tion bands cross and this topology yields surprising be-
havior. Ok led measurements of the Dirac semimetal’s
strong electron correlations. “We found the highest elec-
tron mobility in oxide-based systems,” Ok said. “This is the
first oxide-based Dirac material reaching the extreme
quantum limit.”

That bodes well for advanced electronics. Theory pre-
dicts that it should take about 100,000 tesla (a unit of mag-
netic measurement) for electrons in conventional semicon-
ductors to reach the extreme quantum limit. The
researchers took their strain-engineered topological quan-
tum material to Eun Sang Choi of the National High Mag-
netic Field Laboratory at the University of Florida to see
what it would take to drive electrons to the extreme quan-
tum limit. There, he measured quantum oscillations show-
ing the material would require only 3 tesla to achieve that.

Other specialized facilities allowed the scientists to
experimentally confirm the behavior Mohanta predicted.
The experiments occurred at low temperatures so that
electrons could move around without getting bumped by
atomic-lattice vibrations.

Jeremy Levy’s group at the University of Pittsburgh
and the Pittsburgh Quantum Institute confirmed quantum
transport properties. With synchrotron x-ray diffraction car-
ried out at the XSD Surface Scattering & Microdiffraction
(SSM) Group’s 33-ID-D x-ray beamline at the APS, Hua
Zhou of the SSM Group confirmed that the material’s crys-
tallographic structure stabilized in the thin film phase
yielded the unique Dirac band structure.

Sangmoon Yoon and Andrew Lupini, both ORNL, con-
ducted scanning transmission electron microscopy experi-
ments at ORNL that showed the epitaxially grown thin

films had sharp interfaces between layers and the trans-
port behaviors were intrinsic to strained strontium niobate.

“Until now, we could not fully explore the physics of
the extreme quantum limit due to the difficulties in push-
ing all electrons to one energy level to see what would
happen,” Lee said. “Now, we can push all the electrons to
this extreme quantum limit by applying only a few tesla of
magnetic field in a lab, accelerating our understanding of
quantum entanglement.”
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An APS-authored science highlight

A New Cathode Coating Significantly Improves
High-Temperature Performance of Li-ion Batteries

The exponential growth in the use of lithium-ion bat-
teries (LIBs) for electric vehicle and stationary power appli-
cations is challenging researchers to design LIBs that are
better able to operate stably across regional and season-
able temperature fluctuations, particularly at high temper-
atures. Current high-capacity layered oxide cathodes such
as LiNiygCoy,Mny,0, (NCM811) are susceptible to deleteri-
ous changes while charging and discharging at elevated
temperatures. Calendar aging is another issue made
worse by elevated temperatures, as LIBs in electric vehi-

cles typically see intermittent use, having long idle hours
under high states of charge. The susceptibility of LIBs to
thermal runaway remains a serious safety concern, as well.
An international team of researchers used the APS to test
coating-layered NCM811 cathodes with ultra-conformal
poly (3, 4-ethylenedioxythiophene) (PEDOT) as a way of
suppressing performance degradations during high-tem-
perature (HT) LIB operation. Their results, published in the
journal Advanced Materials, suggest that the PEDOT coat-
ing can significantly improve the thermal stability of lay-

Fig. 1. Use of a combination of various in situ synchrotron x-ray and electron
microscopy techniques led to a multiscale understanding of surface structure
effects in regulating the high-temperature operational resilience of polycrys-

talline Ni-rich layered cathodes.
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ered NCM811 cathodes at the bulk level, which can thus in-
crease safety performance and high-temperature opera-
tional resiliency.

Through a series of advanced characterization tech-
niques including in/ex situ Bragg coherent diffractive imag-
ing (BCDI), in situ focused-ion-beam scanning electron mi-
croscopy (FIB-SEM) and transmission electron microscopy
(TEM), and in situ high-energy x-ray diffraction coupled
with mass spectrometry (HEXRD-MS), they systematically
investigated the structural transformations NCM811 cath-
odes undergo with and without PEDOT coatings during cy-
cling aging, calendar aging, and thermal runaway (Fig. 1).
They then sought the reasons for the differences they saw
at the atomic scale and at the primary particle, secondary
particle, and bulk powder levels. The BCDI experiment
was conducted at the XSD Microscopy Group’s 34-ID-C x-
ray beamline at the APS, while the HEXRD-MS experiment
took place at the XSD Structural Science Group’s 17-BM
beamline also at the APS.

The cycle aging tests found that the coated NCM811
cathode showed higher capacity retention than the bare
cathode after 100 cycles at 55° C and maintained a much
higher average discharge voltage, indicating that struc-
tural transformations had been reduced. When the cut-off
voltage was increased to 4.5V, the coated cathode had a
much higher capacity (197.3 mAh/g) than the bare cathode
(159.3 mAh/qg) after charge/discharge at C/3 and 55° C for
50 cycles, leading to a higher capacity retention of 86.3%
than the bare NCM811 cathode (74.2%). In general, abusive
calendar aging resulted in compromised electrochemical
performance for both cathodes. Nevertheless, the PEDOT
coating was able to mitigate this problem, with a reversible
capacity of 159.8 mAh/g and capacity retention of 72.5%,
in comparison with only 121.4 mAh/g and 56.3%, respec-
tively, for the bare NCM811 cathode. When heated to 500°
C in the thermal runaway test, the layered NCM811 cath-
ode with the PEDOT coating showed significantly im-
proved thermal stability, which could improve the safety
performance and high-temperature operational resiliency
of a LIB having such a cathode.

In seeking the origins of the electrochemical perform-
ance difference between the bare and coated cathodes
during abusive calendar aging, the researchers found that
electrolyte had penetrated the surface of the bare NCM811
cathode to a depth of ¥15 nanometers, leading to transi-
tion metal dissolution and severe surface reconstruction.

In contrast, the 10-nanometers-thick PEDOT coating pre-
vented direct contact between the electrolyte and the
coated NCM811 cathode during high state-of-charge and
HT calendar aging, thereby stabilizing the cathode-elec-
trolyte interface.

The in situ BCDI and FIB-SEM tests of single primary
and secondary particle behavior collectively revealed that
the PEDOT coating can alleviate the mechanical stress in-
side and between the primary particles after HT and high
state-of-charge aging, again showing the PEDOT coating’s
ability to provide a well-maintained crystallographic struc-
ture and hence better battery performance. Upon heating
the 4.5-V-charged NCM811 cathodes from room tempera-
ture to 500° C, the researchers found that both cathodes
underwent structural transformations and oxygen out-
gassing, but that the PEDOT coating postponed the con-
version to the rock salt phase to a higher temperature and
reduced oxygen outgassing by 50%. — Vic Comello
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An APS-authored science highlight

In Search of Fast-Charging Lithium-ion Batteries

Fig. 1. A schematic showing the x-ray beam slicing the graphite
anode during electrochemical cycling of the lithium-ion battery
(left image). On the right are false color representations of
phase distributions, in areas near the polymer separator (lower
image) and those near the copper current collector (upper
image), as a function of cycling time. The electrode goes
through a succession of dilute phases until the LiC,, phase, and
finally the LiCg phase, are formed. During charging, lithium
leaves the electrode, and the LiCg reverts to LiC,, and then to
multiple phases that contain a dilute distribution of lithium
among the graphite planes.

It takes about an hour to charge an electric car’s bat-
tery, but only 10 minutes to fill up a gas tank. Electric car
drivers would love to have a battery that charged in 10
minutes, but the lithium-ion batteries in cars degrade if
you charge them too fast. Examining processes that lead
to battery failure as they occur could help engineers de-
velop better ones. Researchers used high-brightness x-
rays from the APS to register changes in battery materials
layer by layer and in real time as they pushed the batter-
ies closer to the limits of fast charging. Insights gained
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from these results, published in the Journal of Power
Sources, could lead to electric cars that can keep up with
gas powered cars—even at the filling station.

A typical lithium-ion (Li-ion) battery has a positively
charged cathode made of a layered material such as a
nickel-manganese-cobalt oxide, and a negatively charged
anode made of layered graphite. When the two are con-
nected in a circuit, lithium ions flow between the two elec-
trodes.

The rapid movement of lithium ions through the bat-
tery stresses the electrode materials. As lithium ions fill
the spaces between sheets of graphite in the anode, the
sheets move apart. The whole anode swells, and the ex-
tra space allows more lithium ions to flow inside. Some-
thing similar happens at the cathode when the battery is
charged.

At normal charging and discharging rates, the Li ions
move smoothly. But when the rate increases, traffic jams
can occur. Instead of sliding into open slots in the elec-
trode materials, the lithium ions bunch up, sticking to sur-



faces and forming metallic lithium on the anode. That
blocks the smooth transit of lithium ions into the electrode
bulk, eventually degrading the cell performance.

To see exactly how this happens in real time, a team
of researchers from Argonne and Princeton University
used the XSD Materials, Physics & Engineering Group’s 6-
BM beamline at the APS to view lithium-ion cells (a cell is
a section of a battery) as they charged and discharged at
various rates. The 6-BM beamline was chosen for its ex-
tremely bright, polychromatic light, which allows the sci-
entists to use energy dispersive x-ray diffraction. The crys-
tal lattices of different materials diffract the x-rays
differently, so changes in the diffraction patterns reveal
chemical composition changes in the lattices. With the
bright x-ray beam illuminating the electrode layer-by-layer,
the researchers could take frequent, multiple images of
the materials as they changed across the battery.

As lithium ions insert into the anode, several phases
form—ordered regions with the same chemical composi-
tion. These phases depend on the concentration of
lithium in graphite. The maximum amount of lithium that
can be stored in graphite is 1 lithium ion for every 6 car-
bon atoms. That’s one phase. Another phase would be 1
lithium ion for every 12 carbon atoms in the graphite. Each
phase has its own crystal lattice that diffracts x-rays differ-
ently from other phases. Measuring the intensity of the
diffracted beam in these phases across the anode allows
the mapping of the chemical composition in great detail.

When the researchers ran the experiment at various
charge rates, they observed that the faster the cell
charged, the greater was the rate of phase change (or
gradient) across the electrode thickness. Portions of the
anode—the layered graphite structure that holds lithium
ions—adjacent to the cathode had phases with a higher
concentration of lithium ions than those deeper in the
electrode (Fig. 1). Moreover, the lithium gradient persisted
over time. Even after the battery’s circuit was opened so
that it was no longer actively charging, the lithium-ion gra-
dients in different phases remained, meaning that differ-
ent areas of the anode with different compositions and
concentrations of lithium stayed distinct. The lithium con-
centration did not “even out”.

This phase gradient poses one of the fundamental
challenges of fast charging: How do materials scientists
make it easier for lithium ions to hustle through the
graphite anode, filling it up to the maximum extent, as uni-

formly as possible? If ions don’t do this, the electric car
will have less juice when it’s fast-charged than when it’s
slow-charged. It is as if a gas tank shrank when the pump
filled it with gasoline too quickly.

The top speed at which the researchers charged the
lithium cell was equivalent to fully charging the battery in
12 minutes. Their next step will be to look at what hap-
pens inside the cathode (positively charged) end of the
battery at these speeds. Eventually, the researchers will
look at the battery as a whole. Their goal is to gain in-
sights that will lead to the ideal battery, one in which
every part responds as quickly as possible, allowing ion
flow with minimal disruptions and roadblocks. Which is
what every driver wants, whether they’re in an electric- or
gas-powered vehicle. — Judy Meyers
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An APS-authored science highlight

Gaining Critical Insights into Fast Charging of

Lithium-lon Batteries

Fig. 1. (@) Schematic of the experimental setup and (b) representative
set of x-ray diffraction patterns collected along the green dashed line
as indicated. The diffraction patterns contain contributions from the
LiNigsMn,5Co,,0, (NMC532) cathode, Li,C, anode, metallic lithium
plating, and aluminum and copper current collectors (left panel).
LiC4(001) and C4(002) peaks (center panel) and Li(110) peak (right
panel) are plotted and highlighted.

A team of scientists utilized the high-energy x-rays
available at the APS to understand the process of lithium
plating under rapid charging conditions. The high-energy
x-rays allowed the team to non-destructively follow and
quantify the changes in relative amounts of well character-
ized phases, including the deposition of metallic lithium
over the entire area of a working lithium-ion battery
throughout extended cycle life. Their results were pub-
Ished in the journal ACS Energy Letters.

Recent years have seen a steady rise in the number of
electric vehicles (EV) utilizing lithium-ion batteries for en-
ergy storage and according to Bloomberg New Energy Fi-
nance, the market is expected to grow to as much as 40
million EV sales per year by 2030. While the replacement
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of the combustion engine is essential for the transition to
a green economy, more widespread adoption of electric
vehicles is hampered by limited driving range and lengthy
charging time. Fast charging is being researched to solve
the second problem. In conventional lithium-ion batteries
however, long-term stability is a major issue. Specifically,
rapid charging results in several detrimental effects includ-
ing limited transport kinetics, excessive heating, heteroge-
nous performance, and the deposition of lithium metal
(lithium plating). Lithium plating, which occurs on top of the
graphite anode, is a major concern because it causes the
battery to consume some of the available lithium ions, re-
sulting in shortened driving range. The graphite anode
tends to more commonly experience irreversible lithium



metal deposition in fast-charge conditions. Lithium plating
is believed to be a precursor for dendrite formation which
can cause catastrophic failure of batteries. In order to
solve the plating issue, we must first provide an accurate
characterization of lithium metal in conventional full-cell
batteries: the amount of lithium consumed during plating,
the growth of plating regions and overall concentration of
lithium metal, the level of heterogeneity of the plating
across the anode, and its reversibility during discharge
(lithium stripping). However, many characterization tech-
niques are destructive and preclude this kind of deeper,
time resolved understanding of the nature of plating or
stripping.

In a study carried out at the XSD Structural Science
Group‘s beamline 11-ID-B at the APS, a lithium-ion battery
containing an LiNi,sMn0.3Co,,0, (NMC532) cathode and
a graphite anode was subjected to fast charging condi-
tions of 6C (10-minute charge time) and periodically
mapped using x-ray diffraction in the charged and dis-
charged states over 1200 cycles. Data showed evolution
of anode electrode composition over time and reviled the
nucleation and autocatalytic growth mechanism of metallic
lithium plating (Fig. 1). Overall concentration of metallic
lithium growed along an “S-shaped” curve, which indi-
cated a two-step nucleation and growth mechanism.

Additionally, by comparing the amount of metallic
lithium at charge and discharge for the same cycles an ex-
ponential decay of the stripping efficiency was observed.
At first metallic lithium began to nucleate at isolated sites,
initially stripping off efficiently during discharge. Over hun-
dreds of cycles further plating spread out from those initial
nucleation sites. As the lithium sites densify the stripping
efficiency decays exponentially, resulting in a rapid build-
up of metallic lithium. Later in the cycle life, the plating be-
came slower and the amount of plating reduced in each
cycle. It was noted that residual lithiated graphite regions
at the end of discharge, resulting from heterogeneous
graphite delithiation, served as a dangerous precursor to
initiate lithium plating and cells should either be designed
to avoid overcharging the anode during fast charging or to
minimize spatial heterogeneities in lithiation. As lithiated

graphite has a higher x-ray scattering cross section com-
pared to lithium metal and is easier to observe using XRD
it can provide a more sensitive, indirect signature of plat-
ing for industrial applications.

These findings provide crucial insights for future accu-
rate modeling and serve as a baseline for mitigation
strategies to prevent or slow metallic lithium deposition for
safe and long-lasting batteries. Therefore, this compre-
hensive study of lithium plating in batteries under fast-
charging conditions provides the groundwork for future
studies aimed to develop battery systems that exhibit little
to no plating and reliable performance regardless of the
charging time or operating temperature. Ultimately, future
advances are required to design better battery systems
to meet consumer expectations for electric vehicles.

— Stephen Taylor
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An APS-authored science highlight

X-ray Mapping Reveals Non-Uniformity in
Pouch Cell Lithium-lon Batteries

Pouch cell-type lithium-ion (Li-ion) batteries are widely
used in applications ranging from power tools to electric
vehicles. Compared to traditional cylindrical cells, pouch
cells possess superior energy density, increased battery
life, and faster charge/discharge rate capabilities. Due to
their ever-increasing utilization, researchers are keen to
further improve the reliability, safety, and performance of
pouch cells. Recently, scientists from three U.S. Depart-
ment of Energy (DOE) national laboratories collaborated to
explore large-scale (macroscopic) heterogeneity and
degradation in lithium-ion pouch cells. By performing x-ray
diffraction (XRD) mapping at the APS, they were able to
characterize lithium concentrations and structural changes
across the area of the anodes and cathodes in single-layer
pouch cells following repeated charge/discharge cycling.
The experiments revealed that high charging rates, along
with other factors, can produce significant non-uniformi-
ties in a cell's lithium concentration. Such distortions in-
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Fig. 1. X-ray diffraction mapping of the concentration and distri-
bution of lithium ions in the graphite anodes of two pouch cells.
Lithium concentration varies from a maximum of 100% (red)
down to 80% (blue). In the top image lithium concentrations are
seen to vary wildly throughout a cell's anode following a quick
charge. By contrast, the bottom map reveals that lithium-ion
concentration in the anode of a slowly charged cell is on aver-
age much higher and distributed much more evenly. In both im-
ages the shaded area on the left indicates an area of applied
pressure. Both images reveal that lithium-ion distribution was
largely unaffected by uneven pressure.

hibit the transport of lithium ions in pouch cells, reducing
performance. The experimental results, published in the
Journal of Power Sources, will guide scientists in develop-
ing improved materials and charge/discharge protocols
that preserve the uniformity of pouch cell anodes and
cathodes, thereby increasing battery performance and
lifespan. Improvements in lithium-ion battery performance
and durability are urgently needed to promote the wide-
spread use of environmentally friendly electric vehicles.

The standard architecture of Li-ion batteries is the
cylindrical design, shaped like a soda can. By contrast,
pouch cells are composed of numerous flat layers stacked
like the pages in a book. The entire stack is encased
within a plastic cover, or pouch. Regardless of type, the in-
ternal components of a Li-ion battery are initially rather ho-
mogeneous (uniform). However, after repeated charging
and discharging, areas of heterogeneity (non-uniformity)
can arise, lowering battery performance.



Considerable research has been devoted to under-
standing and improving the microscale performance of Li-
ion batteries through advances in chemistries and mi-
crostructures. Less understood are structural and
chemical concentration issues at the millimeter-to-cen-
timeter scale. The researchers in this study set out to char-
acterize large-scale heterogeneity by applying XRD to sin-
gle-layer pouch cells possessing a graphite anode and
metallic cathode (LiNi,sMn,5Co,,0,; commonly denoted
as NMC). The XRD measurements were carried out at the
XSD Structural Science Group’s 11-ID-B and 17-BM-B x-ray
beamlines. According to these researchers, XRD mapping
is a “universal area-imaging tool” applicable to a wide vari-
ety of battery chemistries, active material loadings, operat-
ing temperatures, and charge/discharge cycling rates.

The experimental pouch cells were cycled according
to different protocols. For instance, two of the cells were
charged at high (10-minute fast charging) and low (2-hour
slow charging), over 25 cycles. The XRD then mapped
lithium concentrations at full charge.

Some mapping results are illustrated in Fig. 1, which
contrasts lithium concentrations in the anodes of a fast-
charged cell and a slow-charged cell. For the fast-charge
cell, the high degree of heterogeneity in lithium distribu-
tion is an indication of highly variable charge efficiency.
Compared to slowly charged cells, the fast-charged cells
exhibited four times greater deviation in lithium distribu-
tion within their graphite anodes. The researchers further
demonstrated that lithium heterogeneity in a pouch cell
was reversed by resting it over extended time periods.
However, the heterogeneity reappeared after the resump-
tion of fast charging.

Deviations in stack pressure can also degrade cell
performance, such as when the anodes and/or cathodes
are not compressed evenly. To gauge this effect, glass
slides were used to apply an uneven pressure. However,
the applied pressure had no noticeable effect after 25 cy-
cles (Fig. 1).

The impact of gas accumulation was examined as
well. Solid electrolyte interphase (SEI) formation and other
side reactions can produce gas byproducts in lithium-ion
batteries. An SEl is an extremely thin solid layer that forms
a buffer between a lithium-ion battery's graphite anode
and its electrolyte. To investigate this effect, a virgin pouch
cell was charged and discharged at a slow (10 hour) rate
and then mapped following the initial charge/discharge
cycle, which is when most SEl is formed. The data re-
vealed that gas generated by SEI formation consolidated
into bubbles which impeded lithium transport.

These experimental findings reveal important facets
of large-scale heterogeneities in lithium-ion pouch cells.
However, the researchers caution that the pouch cells ex-
amined in this study experienced a very limited number of
charge/discharge cycles. For instance, the mappings in
Fig. 1 resulted from 25 charge/discharge cycles. By con-
trast, commercial pouch cell batteries typically experience
600 charge/discharge cycles before approaching 80% of
their original storage capacity. Additional XRD studies ex-
amining highly cycled pouch cells will clarify the full, long-
term impact of high charge-rate, pressure, and gas forma-
tion on pouch cell performance. — Philip Koth
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A news release from an APS user institution

Electron Transfer Discovery is a Step Toward
Viable Grid-Scale Batteries

A U-M team found that, contrary to what researchers had believed, the negatively-charged molecular
groups from five different acidic electrolytes didn’t provide more spots for electron transfer to take
place on the battery’s negative electrode. Instead, they lowered the energy barrier of that transfer by
serving as a sort of bridge between the active metal in the fluid—vanadium in this case—and the elec-
trode. This helps the vanadium give up its electron. Image: Harsh Agarwal, Singh Group; and Jacob
Florian, Goldsmith Group; University of Michigan.
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The University of Michigan College of Engineering
press release by Heather Guenther can be read here.

The way to boost electron transfer in grid-scale batter-
ies is different than researchers had believed, a new study
from the University of Michigan (U-M) has shown. The find-
ings, using data obtained at the APS, are a step toward
being able to store renewable energy more efficiently.

As governments and utilities around the world roll out
intermittent renewable energy sources such as wind and
solar, we remain reliant on coal, natural gas, and nuclear
power plants to provide energy when the wind isn’t blow-
ing and the sun isn’t shining. Grid-scale “flow” batteries
are one proposed solution, storing energy for later use.
But because they aren’t very efficient, they need to be
large and expensive.

In a flow battery, the energy is stored in a pair of
“electrolyte” fluids which are kept in tanks and flow
through the working part of the battery to store or release
energy. An active metal gains or loses electrons from the
electrode on either side, depending on whether the bat-
tery is charging or discharging. One efficiency bottleneck
is how quickly electrons move between the electrodes
and the active metal.

“By maximizing the charge transfer, we can reduce
the overall cost of flow batteries,” said Harsh Agarwal, a
chemical engineering Ph.D. student and the study’s first
author. He works in the lab of Nirala Singh, an assistant
professor of chemical engineering.

Researchers have been trying different chemical com-
binations to improve it, but they don’t know what’s going
on at the molecular level. This study, published in Cell Re-
ports Physical Science, is one of the first to explore it.

What Singh’s team found is that, contrary to what re-
searchers had believed, the negatively-charged molecular
groups from the acids didn’t provide more spots for elec-
tron transfer to take place on the battery’s negative elec-
trode. Instead, they lowered the energy barrier of that
transfer by serving as a sort of bridge between the active
metal in the fluid—vanadium in this case—and the elec-
trode. This helps the vanadium give up its electron.

“Our findings suggest that bridging may play a critical
yet underexplored role in other flow battery chemistries
employing transition metals,” said Nirala Singh. “This dis-
covery is not only relevant to energy storage but also
fields of corrosion and electrodeposition.”

The study shows that the reaction rate in flow batter-
ies can be tuned by controlling how well the acid in the
liquid electrolyte binds with the active metal.

“Researchers can apply this knowledge to electrolyte
engineering or electrocatalyst development, both of which
are important disciplines in sustainable energy,” said Agar-
wal.

Agarwal and Singh measured the reaction rate be-
tween the vanadium and electrode for five different acidic
electrolytes. To get a clearer picture of the details at the
atomic level, the team used a form of quantum mechanical
modeling, known as Density Functional Theory, to calcu-
late how well the vanadium-acid combinations bind to the
electrode. This part of the study was undertaken by Bryan
Goldsmith, the Dow Corning Assistant Professor of Chemi-
cal Engineering and co-senior author on the paper, and
Jacob Florian, a chemical engineering senior undergradu-
ate student working in the Goldsmith lab.

At the XSD Spectroscopy Group’s 20-BM x-ray beam-
line at the APS, Agarwal and Singh used x-ray spec-
troscopy to discover details about how the vanadium ions
configured themselves when in contact with different
acids. Density functional theory calculations helped inter-
pret the x-ray spectroscopy measurements. The study also
provides the first direct experimental verification of how
water attaches to vanadium ions.
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A news release from an APS user institution

Nanoscale Defects Could Boost
Energy Storage Materials

28 APS Science 2021

X-ray diffraction intensity for individual LLZO grains in the (a) tetragonal, (b)
mixed, and (c) cubic structure as a function of momentum transfer g. The col-
ors of the peak indicate the peak position in g, and every peak curve has
one fixed color. The intensity is normalized by the integrated intensity of the
peak (note the maximum intensity is higher in the cubic phase due to the
sharper diffraction peaks in (c)). In (a), two types of tetragonal peaks are visi-
ble: split peaks (one example is shown in a dashed black line for clarity) and
single peaks at either low g (blue) or high g (yellow). The insets illustrate the
possible constitution of crystal domains for each type of grain. Tetragonal
grains can either be in the two uniform crystal orientations, (211) as blue and
(112) as yellow rotated by 90° from the other, or contain two coexisting do-
mains. The mixed-phase grains all display a similar lattice constant, but the
peak broadening indicates a strain gradient. The cubic structure has a uni-
form domain, but the lattice constant varies between different grains. From
S. Sun et al.,, Nano Lett. 21(11), 4570 (2021).



The original Cornell [University] Chronicle story by
David Nutt can be read here. © Cornell University, Ithaca,
New York

Some imperfections pay big dividends. A Cornell Uni-
versity-led collaboration used x-ray nanoimaging at the
APS to gain an unprecedented view into solid-state elec-
trolytes, revealing previously undetected crystal defects
and dislocations that may now be leveraged to create su-
perior energy storage materials. The group’s paper was
published in the journal Nano Letters.

For a half-century, materials scientists have been in-
vestigating the effects of tiny defects in metals. The evolu-
tion of imaging tools has now created opportunities for ex-
ploring similar phenomena in other materials, most
notably those used for energy storage.

A group led by Andrej Singer, assistant professor and
David Croll Sesquicentennial Faculty Fellow in the Depart-
ment of Materials Science and Engineering at Cornell,
uses synchrotron radiation to uncover atomic-scale de-
fects in battery materials that conventional approaches,
such as electron microscopy, have failed to find.

The Singer Group is particularly interested in solid-
state electrolytes because they could potentially be used
to replace the liquid and polymer electrolytes in lithium-
ion batteries. One of the major drawbacks of liquid elec-
trolytes is they are susceptible to the formation of spiky
dendrites between the anode and cathode, which short
out the battery or, even worse, cause it to explode.

Solid-state electrolytes have the virtue of not being
flammable, but they present challenges of their own. They
don’t conduct lithium ions as strongly or quickly as fluids
and maintaining contact between the anode and cathode
can be difficult. Solid-state electrolytes also need to be ex-
tremely thin; otherwise, the battery would be too bulky
and any gain in capacity would be negated.

What is the one thing that could make solid-state elec-
trolytes viable? Tiny defects, Singer said.

“These defects might facilitate ionic diffusion, so they
might allow the ions to go faster. That’s something that’s
known to happen in metals,” he said. “Also like in metals,
having defects is better in terms of preventing fracture.
So, they might make the material less prone to breaking.”

Singer’s group collaborated with Nikolaos Bouklas, as-
sistant professor in the Cornell Sibley School of Mechani-
cal and Aerospace Engineering and a co-author of the pa-
per, who helped them understand how defects and
dislocations might impact the mechanical properties of
solid-state electrolytes.

The Cornell team then partnered with researchers at
Virginia Tech—led by Feng Lin, the paper’s co-senior au-
thor—who synthesized the sample: a garnet crystal struc-
ture, lithium lanthanum zirconium oxide (LLZO), with vari-
ous concentrations of aluminum added in a process
called doping.

Using the XSD Microscopy Group’s 34-ID-C x-ray
beamline at the APS they and a colleague from the APS
employed the Bragg coherent diffractive imaging tech-
nique in which a pure, collimated x-ray beam is focused
on a single micron-sized grain of LLZO. Electrolytes con-
sist of millions of these grains. The beam created a three-
dimensional (3-D) image that ultimately revealed the mate-
rial’s morphology and atomic displacements.

“These electrolytes were assumed to be perfect crys-
tals,” Sun said. “But what we find are defects such as dis-
locations and grain boundaries that haven’t been reported
before. Without our 3-D imaging, which is extremely sensi-
tive to defects, it would be likely impossible to see those
dislocations because the dislocation density is so low.”

The researchers now plan to conduct a study that
measures how the defects impact the performance of
solid-state electrolytes in an actual battery.

“Now that we know exactly what we’re looking for, we
want to find these defects and look at them as we operate
the battery,” Singer said. “We are still far away from it, but
we may be at the beginning of a new development where
we can design these defects on purpose to make better
energy storage materials.”
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An APS-authored science highlight

Making the Most of Metal

Fig. 1. Single-cell concentrations of trace metal content (XFM) compare well across a gradient of nutritional states with bulk cell meas-
urements (ICP-MS). XFM imaging demonstrates the role of acidocalcisomes in Fe sequestration.

Earth’s inhabitants are described as carbon-based life
forms, yet we wouldn’t amount to much without metal.
Trace metals in particular play critical roles in the all-im-
portant redox chemistry that enables Earth dwellers to
turn solar rays and food into energy. The importance of
metals in biology is made obvious by the elaborate mech-
anisms organisms use to regulate metal acquisition, stor-
age, and usage. In a recent study, researchers took a
close look at how a photosynthetic microbe—the eukary-
otic green alga Chlamydomonas reinhardtii—manages its
metal resources. Using the APS they unraveled the com-
plex strategy the organism employs to deal with times of
metal feast and metal famine. Their results were pub-
lished in the Proceedings of the National Academy of Sci-
ences of the United States of America.

Trace metals such as iron, copper, manganese, and
zinc have multiple jobs in life processes. For example,
they provide structural support to biomolecules and facili-
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tate catalysis in around 40% of enzymes. But not just any
metal will do. Enzymes typically require specific metal co-
factors to function properly. Mismetalation (incorrect met-
allation of enzymes) can harm the cell; therefore, the cell

is heavily invested in avoiding that outcome.

One strategy cells use to get the right metal for the
job is to compartmentalize trace metals, which locally ad-
justs the concentration of metals in the cell to influence
the biomolecule to which a particular metal will bind. Stor-
age sites that sequester particular trace metals include or-
ganelles called acidocalcisomes, which, as their name
suggests, are acidic and high in calcium. These or-
ganelles, found in the cytoplasm of most eukaryotes, are
easy to see in whole cells by x-ray fluorescence mi-
croscopy (XFM) thanks to their unique elemental signa-
ture. In this technique, x-rays are directed at a cell to stim-
ulate the release of photons with energies that reveal the
identities of elements within the cell, creating a map of



cellular contents. High-energy x-rays, like those produced
at the APS penetrate deep within cells, allowing re-
searchers to image whole cells without destroying them
(Fig. 1).

In Chlamydomonas, which is a common reference or-
ganism, deficiency of a particular trace metal reduces
growth rate, and encourages the cells to uptake alternate
metals, often more than the cell can handle safely. These
excess micronutrients can be stored for later, when per-
haps the metal is suddenly in short supply. A previous
study demonstrated that when Chlamydomonas is de-
prived of zinc, its acidocalcisomes begin to store excess
amounts of other trace metals.

In situations where Chlamydomonas encounters ex-
cess iron or manganese in its environment, the re-
searchers in this study suspected that the role of the aci-
docalcisome may be to sequester this bounty to prevent
the cytoplasm from being overloaded with the metal, a sit-
uation that can lead to cell damage or mismetalation. To
test this hypothesis, they subjected Chlamydomonas cells
to excess iron, then measured how much of the iron
ended up in acidocalcisomes using XFM at the Bio-
nanoprobe in four sessions over a two-year period, first at
the LS-CAT 21-ID-D x-ray beamline; and then, after the
Bionanoprobe was relocated, at the XSD Microscopy
Group’s 9-ID beamline, both at the APS. They found that
80% of the total cellular iron ended up in acidocalcisomes
under these conditions. They found similar results in zinc-
deficient scenarios, when the cells took up extra iron in an
attempt to gather the missing zinc. Again, 60% of the total
iron ended up in the acidocalcisomes, keeping the con-
centration in the cytoplasm at levels similar to environ-
ments with just the right amount of trace metal supply.

Interestingly, the cell’s response to copper turned out
to be different than that for iron. Under conditions with
limited zinc and iron, total copper in the cells was ele-
vated, as if the cells tried to amass whatever metals were
around in an effort to compensate for those missing met-
als. But in this case, the researchers found that the acido-

calcisome was only taking up a portion of the excess cop-
per, while a substantial portion of the copper was still
found outside of the storage sites.

The findings are interesting in and of themselves, but
the study also establishes a framework for future re-
search. The researchers compared results in single cells
to data from whole cultures and found excellent correla-
tion. This suggests that bulk data accurately reflects the
status of metal nutrition in single cells, and vice versa, of-
fering a powerful tool for the study of the remarkable met-
als of biology. — Erika Gebel Berg

See: Stefan Schmollinger'?, Si Chen?®, Daniela Strenkert'?,
Colleen Hui"** Martina Ralle®, and Sabeeha S. Mer-
chant"?, “Single-cell visualization and quantification of
trace metals in Chlamydomonas lysosome-related or-
ganelles,” Proc. Natl. Acad. Sci. U.S.A. 118(16), 2026811118
(2021). DOI: 10.1073/pnas.2026811118
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A news release from an APS user institution

A Rare Mineral from Rocks Found in

Mollusk Teeth

Fig. 1. Mosaic image of the entire chiton radula showing all
stages of development, including deposition of the organic
scaffold (stage l), infiltration of the cusp with ferrihydrite (stage
1), conversion to magnetite (stage lll), mineralization of the core
(stage IV), and mature teeth (stage V). Figures from L.
Stegbauer et al., Proc. Natl. Acad. Sci. USA 118(23), €2020160M1
(June 8 2021). ©Copyright 2021 National Academy of Sciences

The original Northwestern University press release by
Amanda Morris can be read here. 2021 Northwestern Uni-
versity

Northwestern University researchers have, for the first
time, discovered a rare mineral hidden inside the teeth of
a chiton, a large mollusk found along rocky coastlines. Be-
fore this strange surprise, the iron mineral, called
santabarbaraite, only had been documented in rocks. The
new finding, using data obtained at the APS helps us un-
derstand how the whole chiton tooth, not just the ultra-
hard, durable cusp, is designed to allow them to chew on
rocks to feed. Based on minerals found in chiton teeth, the
researchers developed inks for three-dimensional (3-D)
printing of bioinspired composites. The study was pub-
lished in the Proceedings of the National Academy of Sci-
ences of the United States of America.

“This mineral has only been observed in geological
specimens in very tiny amounts and has never before
been seen in a biological context,” said Northwestern’s
Derk Joester, the study’s senior author. “It has high water
content, gives it low density at relatively high strength. We
think this might toughen the teeth without adding a lot of
weight.”

One of the hardest known materials in nature, chiton
teeth are attached to a soft, flexible, tongue-like radula
(Fig. 1), which scrapes over rocks to collect algae and
other food. Having long studied chiton teeth, Joester and
his team most recently turned to Cryptochiton stelleri, a gi-
ant, reddish-brown chiton that is sometimes affectionately
referred to as the “wandering meatloaf”
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To examine a tooth from Cryptochiton stelleri,
Joester’s team collaborated with several x-ray beamline
personnel at the APS to use the facility’s high-brightness
x-rays to carry out a variety of experiments. X-ray absorp-
tion spectro-microscopy at the iron K-edge was performed
at the GSECARS x-ray microprobe beamline 13-ID-E where
x-ray fluorescence maps were recorded to determine re-
gions of interest for subsequent micro-x-ray near edge
structure (WXANES) collection of XANES spectra. Synchro-
tron x-ray computed microtomography was performed on
the DND-CAT beamline 5-BM-C at the APS. Synchrotron x-
ray computed microtomography was performed on the
DND-CAT beamline 5-BM-C at the APS. and synchrotron
Mossbauer spectroscopy (Fig. 2) was performed at the
XSD Inelastic X-ray and Nuclear Scattering Group's beam-
line 3-ID-B. “

This kind of mineralogical mapping using the newly
developed M&ssbauer microscopy for the first time has al-
lowed us to follow a biomineralization process," said co-
author and APS senior scientist Ercan Alp, “producing in-
teresting results. | expect more applications will follow.”

In addition, co-author Paul Smeets of Northwestern
used transmission electron microscopy at the Northwest-
ern University Atomic and Nanoscale Characterization and
Experiment (NUANCE) Center.

The results showed that the rare santabarbaraite dis-
persed throughout the chiton’s upper stylus, a long, hol-
low structure that connects the head of the tooth to the
flexible radula membrane.

“The stylus is like the root of a human tooth, which
connects the cusp of our tooth to our jaw,” Joester said. “it
is a tough material composed of extremely small santabar-
baraite nanoparticles in a fibrous matrix made of bio-
macromolecules, similar to bones in our body.”

Joester’s group challenged itself to recreate this ma-
terial in an ink designed for 3-D printing. Stegbauer devel-
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oped a reactive ink
comprising iron and
phosphate ions
mixed into a biopoly-
mer derived from
chitin. Along with
Shay Wallace, a
Northwestern gradu-
ate student in Mark
Hersam’s laboratory,
Stegbauer found that
the ink printed well
when mixed immedi-
ately before printing.

“As the nanoparti-
cles form in the
biopolymer, it gets stronger and more viscous. This mix-
ture can then be easily used for printing. Subsequent dry-
ing in air leads to the hard and stiff final material,” Joester
said. Joester believes we can continue to learn from and
develop materials inspired by the chiton’s stylus, which
connects ultra-hard teeth to a soft radula. “We’ve been
fascinated by the chiton for a long time,” he said. “Me-
chanical structures are only as good as their weakest link,
so it’s interesting to learn how the chiton solves the engi-
neering problem of how to connect its ultrahard tooth to a
soft underlying structure. This remains a significant chal-
lenge in modern manufacturing, so we look to organisms
like the chiton to understand how this is done in nature,
which has had a couple hundred million years of lead time
to develop.”
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An APS-authored science highlight

Multi-Scale Experiments Inform Modeling of

Titanium Alloy Durability

Fig. 1. HEXD experiment: (i) Experimental setup at Sector 1 of
the APS, showing the detector and the load frame; (ii) zoomed
in view of the load frame; (iii) observed diffraction rings on the
detector, with a zoomed view showing the a phase {hkl} planes
corresponding to the rings; (iv) schematic of the HEXD experi-
ment, showing the geometry of the specimen and the associ-
ated nomenclature.

Titanium alloys are widely used in the biomedical and
aerospace industries. Even though these alloys have
been in use for decades, the mechanisms associated with
their deformation and the ensuing mechanical properties
are still not well understood. A computational technique
called crystal plasticity modeling can effectively describe
the stress-strain response of these alloys at the single-
crystal level. The technique relies on a range of constitu-
tive equations, in which the incorporation of additional
physics-based relationships typically results in additional
model parameters. These additional parameters need to
be calibrated, which often requires the use of experimen-
tal data acquired at multiple length scales. Researchers
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recently developed a crystal plasticity based finite ele-
ment (CPFE) model for a dual-phase titanium alloy, Ti—
6AI-4V, with explicit modeling of the orientation and mor-
phology of the alloy’s a and 3 phases. The model was
then calibrated with experimental data consisting of
macroscopic stress-strain curves coupled with lattice
strains on different crystallographic planes for the two
phases obtained at the APS. The fully calibrated CPFE
model was then used to examine deformation within Ti—
6Al-4V. Their results, published in the Journal of the Me-
chanics and Physics of Solids show that compared to
dual-phase microstructures, single-phase a and 3 alloys
are not suitable due to homogeneity in the deformation
behavior leading to reductions in the fatigue lifetimes.
Comparing the dual-phase microstructures used in this
study, the results also show bi-modal microstructures, in
which a and 3 phases are oriented in a way that aligns
their slip systems, are more likely to minimize stress relax-



ation over time leading to improvements in the time-de-
pendent fatigue behavior of alloy components.

The atoms of pure titanium (Ti) align in either a hexag-
onal close-packed crystalline structure, called the alpha
(a) phase, or a body-centered cubic structure, called the
beta (B) phase. In the pure metal, transformation from the
a to the B phase occurs upon heating above 883° C, but
most alloying elements either stabilize the a phase to
higher temperatures (aluminum) or stabilize the 3 phase
to lower temperatures (vanadium). In dual-phase titanium
alloys, the phases exist alongside each other.

The titanium alloy Ti-6Al-4V is known for its high
strength-to-weight ratio and resistance to corrosion. Ac-
counting for half of all titanium alloy manufactured, Ti-6Al-
4V is commonly used in aerospace, biomedical, and high-
performance sports applications. A wide range of physical
and mechanical properties of Ti-6Al-4V can be achieved
by varying the microstructure of the alloy via deformation
and recrystallization processes. The mechanisms associ-
ated with deformation, however, have not been well char-
acterized.

In dual-phase titanium alloys with bi-modal mi-
crostructure, the a and 3 phases can be oriented in a
manner that makes their slip systems aligned or not
aligned. This orientation can be controlled by varying the
thermomechanical-processing route and the heat treat-
ment used to manufacture the alloy. Understanding the
effect of crystallographic orientation of the phases on
specific material properties like time-dependent cyclic
loading can inform the design of dual-phase alloys for
specific applications.

Traditional macroscopic models of Ti-6AIl-4V’s plastic-
ity are unable to capture the local details of the deforma-
tion mechanisms at the microstructural level. While defor-
mation in titanium alloys can be studied at different length
scales, examining the material at the meso-scale (crystal
scale) is necessary to understand strain localization asso-
ciated with various phenomena including fatigue crack ini-
tiation as the local microstructure significantly influences
the crack initiation and small crack propagation behaviors

Crystal plasticity modeling is a computational tech-
nique used to obtain the relationship between stress and
strain and which also captures the underlying physics of
materials at the crystal level.

Crystal plasticity-based finite element (CPFE) model-
ing is a powerful tool for understanding deformation at
the crystal scale. In an effort to reduce model complexity
and computation time, many CPFE models for dual-phase

titanium alloys neglect the 3 phase due to its relatively low
volume fraction. In addition, several other parameters that
have an inherent physical basis also pose challenges in
being measured directly at the grain scale that best illus-
trates deformation. Therefore, the calibration of accurate
and precise crystal plasticity modeling requires the use of
a larger dataset derived from experiments performed
across multiple length scales.

To calibrate CPFE model parameters, the researchers
in this study coupled stress-strain curve data from speci-
men-level tension tests with lattice strain data from the in-
dividual a and B phases of Ti—-6AI-4V, the latter of which
were obtained from high-energy x-ray diffraction (HEXD)
experiments (Fig. 1) conducted at the XSD Materials
Physics & Engineering Group’s beamline 1-ID at the APS.

They found that not including the 3 phase in the simu-
lations results in under-predicting the localized hetero-
geneity in deformation. They also showed that single-
phase a and {3 alloys are not suitable due to homogeneous
slip resulting in relatively higher amount of plasticity in the
microstructure, compared to dual-phase microstructures. In
addition, the results demonstrated Ti-6Al-4V with higher
concentration of the 3 phase will result in higher accumula-
tion of plasticity, which would have detrimental effects on
the time-dependent fatigue behavior. The research further
suggests that introducing mechanisms to promote the
alignment of a and 3 phases slip systems limits the redistri-
bution of stresses within the alloy and hence may improve
time-dependent cyclic loading performance. — Chris
Palmer
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An APS-authored science highlight

Probing the Structure of a Promising

NASICON Material

Fig. 1. NASICON crystal structure showing the tetrahedral P* phosphate
motifs (purple), octahedral GeO4 motifs (cyan) and Na' ions (green). Oxy-

gen atoms are depicted in red.

As physicists, materials scientists, and engineers
continue striving to enhance and improve batteries and
other energy storage technologies, a key focus is on
finding or designing new ways to make electrodes and
electrolytes. One promising avenue of research involves
solid-state materials, making possible batteries free of
liquid electrolytes, which can pose fire and corrosion
hazards. An international group of researchers joined
with scientists at Argonne National Laboratory to investi-
gate the structure of crystalline and amorphous com-
pounds based on the NASICON system, or sodium su-
per-ion conductors. The work (using research carried out
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at the APS and published in the Journal of Chemical
Physics) reveals some substantial differences between
the crystalline and glass phases of the NAGP system,
which affect the ionic conductivity of the various materi-
als. The investigators note that the fraction of non-bridg-
ing oxygen (NBO) atoms appears to play a significant
role, possibly altering the Na“ ion mobility, and suggest
this as an area of further study. The work provides fresh
insights into the process of homogeneous nucleation
and identifying superstructural units in glass — a neces-
sary step in engineering effective solid-state electrolytes
with enhanced ionic conductivity.



Because of their high ionic conductivity, materials with
a NASICON structure are prime candidates for a solid
electrolyte in sodium-ion batteries. They can be prepared
by a glass-ceramic route, which involves the crystallization
of a precursor glass, giving them the usefulness of mold-
able bulk materials. In this work, the research team
specifically studied the NAGP system [Na,,Al,Ge, (PO,).]
with x=0, 0.4 and 0.8 in both crystalline and glassy forms.
Working at several different facilities, they used a combi-
nation of techniques, including neutron and x-ray diffrac-
tion, along with /Al and *'P magic angle spinning and
*IP/2Na double-resonance nuclear magnetic resonance
spectroscopy. The glassy form of NAGP materials was ex-
amined both in its as-prepared state and after thermal an-
nealing, so that the changes on crystal nucleation could
be studied.

Neutron powder diffraction measurements were per-
formed at the BER |l reactor source, Helmholtz-Zentrum
Berlin, using the fine resolution powder diffractometer E9
(FIREPOD), followed by Rietveld analysis. Further neutron
diffraction observations were conducted at the Institut
Laue-Langevin using the D4c diffractometer and at the
ISIS pulsed neutron source using the GEM diffractometer.
X-ray diffraction studies were performed at XSD Magnetic
Materials Group’s beamline 6-ID-D of the APS.

The studies reveal the structural changes that accom-
pany the increase with x in the ionic conductivity of the
crystalline material (Fig. 1). The NAGP x=0 and x= 0.4
compounds are classified as space group R3 while the x=
0.8 compound is space group R3c. The x= 0 phase
shows tetrahedral PO, motifs linked by bridging oxygen
(BO) atoms to four octahedral GeOg4 motifs. This permits
Na"ions to reside at the interstices, allowing ionic conduc-
tivity. In the glassy NAGP phases, the formation of sub-oc-
tahedral Ge and Al-centered units leads to NBO atoms.
Upon annealing, the fraction of NBO atoms decreases as
the Ge and Al coordination numbers increase. Again, the
ionic conductivity increases with the concentration of Na+
ions in the glassy NAGP material.

Based on the Ren and Eckert model for vitreous
sodium phosphosilicates, the researchers propose a
model for the x = 0 glass in which superstructural units are
formed. In these units, P® phosphate motifs with three BO
and one NBO atoms are converted to P® phosphate mo-
tifs with four BO atoms, thereby converting GeO, to GeOgq

motifs and increasing the size of the superstructural units.
Annealing the as-prepared glass leads to increases in
both the Ge coordination number and the fraction of P*
motifs, which provide the nucleation sites for crystal
growth. — Mark Wolverton
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An APS-authored science highlight

Building a Better Simulation for a

Better Refractory Oxide

Fig. 1. Multiphase, high-energy x-ray and spallation neutron
data, measured over a wide range of temperatures, are used to
drive an active learning algorithm that tests many density func-
tional theory simulations on a supercomputer. A machine-
learned Gaussian approximation potential is trained from those
simulations that agree best with the experimental data. The re-
sulting model is used to reproduce the structures as well as
predict the thermodynamic and thermophysical properties of
the system.

Refractory materials, defined as nonmetallic sub-
stances with very high melting points that allow them to
withstand extremely high temperatures above 1500° C,
are essential for industrial applications and processes that
occur in such extreme conditions. Refractory materials are
used to coat the interiors of furnaces, incinerators, reac-
tors, and wherever it's necessary to withstand great pres-
sures and temperatures. Properly testing such materials
in such extreme environments is obviously challenging, so
materials scientists greatly depend upon computational
modeling techniques to accurately characterize the be-
havior of refractory materials. Methods such as ab initio
molecular dynamics simulations (AIMD) have their limita-
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tions, however. Some modeling techniques can only han-
dle relatively small systems and short time scales, or do
not always agree with experimental data. Recent attempts
to address these issues have focused on incorporating
machine learning methods with quantum-mechanical cal-
culations to achieve models of larger systems and time
scales. A group of researchers demonstrated this ap-
proach by creating a scheme to generate multiphase ma-
chine learning inter-atomic potentials (ML-IP) for the com-
mon refractory oxide material hafnium dioxide (HfO,) and
testing it at the APS and Spallation Neutron Source. Their
results were published as an Editor’'s Suggestion in Physi-
cal Review Letters.

The investigators from the from University of Cam-
bridge (UK), Helmholtz-Institute Munster (Germany), and
Argonne devised an automated scheme of three parts,
beginning with experimental measurements of sample
material to obtain phase information up to the melting
point. In this work, x-ray diffraction data was collected on
high-purity samples of HfO, up to about 3000° C in reduc-
ing and oxygen atmospheres at the XSD Magnetic Materi-



als Group’s 6-ID-D x-ray beamline of the APS, followed by
complementary neutron diffraction measurements at the
Spallation Neutron Source of Oak Ridge National Labora-
tory (Fig. 1).

In the second step of the researchers' automated
scheme, the dataset of x-ray and neutron diffraction meas-
urements is used to initialize active learning to create ap-
proximate ML-IP models of the interaction potentials be-
tween atoms, and then in the final step, using these to
perform ab initio calculations which are used to retrain the
ML-IP model to its final form. The process continues in a
closed loop until an interatomic potential is found that can
reproduce the measured structures over the experimen-
tally determined phase space.

The active learning in this demonstration uses the
Gaussian approximation potential (GAP) framework to
generate and train the ML-IP model. ML-IP based on
GAPs have been previously shown to be applicable to a
broad range of models including liquids, crystal defects,
and amorphous, multicomponent, and molecular systems.
Here, the resulting model spans the HfO, phase space
from the liquid to amorphous to crystalline over 2053 con-
figurations.

As it is heated, HfO, passes from monoclinic to tetrag-
onal to cubic phases and melts at about 2800° C. Produc-
tion simulations were conducted with the ML-IP model, us-
ing a 6144-atom cell for monoclinic and cubic HfO, and a
6912-atom cell for the tetragonal phase. The decrease in
long-range ordering with higher temperatures seen by
neutron diffraction patterns in the tetragonal and cubic
forms in the liquid and amorphous phases was accurately
shown in the ML model. Multiphase potential of HfO2 was
also theoretically evaluated by comparing cohesive en-
ergy and diffusion coefficients using several methods.
The GAP technique was most accurate in predicting cohe-
sive energies. Diffusion calculations based on the MD
simulations show little diffusion of either Hf or O at simula-
tion temperatures but indicate greater diffusion of Hf in lig-
uid HfO, at higher temperatures.

This work provides a proof of concept demonstrating
how a three-step automated scheme can be used to gen-
erate a multiphase ML-IP for a refractory oxide material.
The scheme can initialize ab initio calculations directly
from experimental models or measurements and thus ef-
fectively validate the models with ab initio accuracy.

The scheme presented here can also be used with
ML-IP techniques other than the GAP framework em-
ployed in this demonstration and can be adapted to char-
acterize a wide range of refractory oxides and similar ma-
terials. It offers a new tool for computational modeling
and simulation to supplement and enhance the develop-
ment of unique materials for difficult applications.

— Mark Wolverton
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An APS-authored science highlight

Enhanced Electrical Transport in
Two-Dimensional Perovskite Solar Cells

Visualization of a 2-D perovskite lattice in the dark (left) and illuminated (right). In the region
under light, the structure has contracted, bringing the layers closer to together; electrons are
flowing between the layers (as represented by the red lightning bolts), which was not possi-

ble prior to illumination.

Scientists using the APS and the National Synchrotron
Light Source Il (NSLS-Il) have captured details of the
atomic level interactions in a novel type of two-dimen-
sional (2-D) solar cell. The international team of re-
searchers from universities and U.S. national laboratories
say that these findings could help us develop more effi-
cient and stable perovskite solar cells, which have the po-
tential to be cheaper, lighter and more flexible than their
silicon counterparts. The results were published in Nature
Nanotechnology.

Most solar cells are made from crystalline silicon. But
in the last decade, there has been increasing interest in
solar cells made from perovskites. These materials have a
similar crystal structure to calcium titanium oxide, a min-
eral also known as perovskite.

In recent years, the performance of perovskite solar
cells has started to match that of silicon solar cells, with re-
ported laboratory efficiencies of around 25%. Researchers
have also developed dual silicon—perovskite solar cells
with even higher efficiencies. But perovskite solar cells
have issues with chemical stability and can degrade rap-
idly outdoors. This is a challenge to their wider adoption.
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Perovskites in solar cells typically have a three-dimen-
sional (3-D) crystal structure. In 2016, researchers devel-
oped solar cells made of layered 2-D perovskites. These
showed lower efficiencies than their 3-D cousins but much
more stability to light exposure, humidity, and heat stress.

Since then, the team, led by engineers at Rice Univer-
sity, have been trying to increase the efficiency of 2-D per-
ovskite solar cells, while maintaining their stability. These
2-D perovskites consist of atomically thin layers of inor-
ganic material separated by insulating organic spacers,
which act as springs. In such 2-D materials, electrical
charges can typically travel within the layers — in two di-
rections, or dimensions — but there is little interaction be-
tween the layers.

Now the researchers have shown that under continu-
ous light illumination in some 2-D perovskites, the interac-
tion between the layers is enhanced, allowing charge to
flow across the layers. This in turn increases the efficiency
of the solar cells. They have reported a 2-D perovskite so-
lar cell with an efficiency of 18.3%, pushing it much closer
to that of 3-D perovskite and silicon solar cells.

There are three known types of 2-D perovskites,



which each have slightly different crystal structures. The
researchers noticed that when they shone light on one
type, known as Dion—Jacobson perovskite, where the gap
between the atomically thin layers is smaller than the oth-
ers, they kept getting spikes in the voltage produced by
the material.

To find out what was going on, the researchers
teamed up with XSD at the APS, and the Center for Func-
tional Nanomaterials at the NSLS-II, at Argonne National
Laboratory and Brookhaven National Laboratory, respec-
tively. They used the XSD Dynamics & Structure Group’s
beamline 8-ID-E at the APS and beamline 11-BM at the
NSLS-Il to perform grazing-incidence wide-angle x-ray
scattering to measure changes in the structure of the per-
ovskites when illuminated by a solar simulator, with simul-
taneous measurement of electrical transport properties.

The team found that under continuous illumination, io-
dine atoms in the 2-D perovskite become electron poor
and more positively charged. This increases the interac-
tion between these atoms in the different 2-D layers,
changing the interlayer electrical transport and resulting in
a 3-fold increase in charge carrier mobility. These changes
start to occur after around 10 minutes of illumination.

X-rays showed that the abrupt change in charge trans-
port occurs at the same time as a contraction of the struc-
ture of the perovskite; the layers move slightly closer to
each other. According to the researchers, this is caused by
the enhanced bonding of the iodine atoms. Due to the im-
proved charged transport, the efficiency of a Dion—Jacob-
son-based photovoltaic device increases from 15.6% to
18.3%, they calculate.

The researchers say their results show that by focus-
ing on atomic structure, interactions between positively
charged atoms and the sensitivity of 2-D perovskites to
external stimuli (like sunlight), interactions between the
layers can be enhanced leading to performances closer to
those of 3-D perovskites.

Using these techniques to probe structural changes in
the materials could also give clues to their long-term sta-
bility; for example, do they degrade or undergo changes
in the crystal structure over time. The team add that their
results and techniques could also improve our under-
standing of the physics of other 2-D materials.

— Michael Allen
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An APS-authored science highlight

A Sharper Picture of Conductive
2-D Metal-Organic Frameworks

Fig. 1. (@) The x-ray absorption spectra for Cu (black), Cu,O
(orange), Cu(acac), (green), Cu(OH), (blue), and CusHHTT,
(red) at the Cu K edge (8.979 keV), with enlarged pre-edge
region depicted in (b).

One of the most exciting recent developments in ma-
terials science is the discovery that some two-dimensional
(2-D) metal-organic framework (MOF) materials, generally
considered to be strong electrical insulators, can actually
be conducting in certain forms. This opens a whole range
of possible applications for MOF materials: for batteries,
for fuel cells, for supercapacitors, and for sensors. Such
applications would require precise structural information
of the materials to allow tailoring of the desired properties
but obtaining single crystals of these MOFs for detailed
analysis has been a problem. An international team of re-
searchers, with an assist from the high-brightness x-rays
produced by the APS, has succeeded in precisely defining
single crystals of a group of 2-D m-coordinated MOFs with
atomic resolution, also demonstrating a strong correlation
between their structure and conductivity. The close corre-
lation between conductivity and sheet packing in MOFs
revealed by the precise structural picture made possible
in this work raises a host of interesting prospects for the
development of new metal-organic framework materials
and applications. Armed with a far more detailed under-
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standing of the properties and specific structure of these
conductive MOFs, scientists will eventually be able to tai-
lor them for specific purposes, choosing different metal
ions, organic ligands, and packing arrangements. The
work appeared in Nature Materials.

Getting a clear understanding of the fundamental
structure of a material generally means examining its crys-
talline arrangement through x-ray diffraction and various
other means, but the very nature of MOF structure, con-
sisting of cores of metal ions connected to organic ligands
to form a hexagonal one, two, or three-dimensional struc-
ture, makes growing a single crystal an elusive proposi-
tion. Electrically conductive 2-D MOFs form very strong
metal-ligand bonds in the a-b or horizontal plane but far
weaker 11-stacking bonds in the ¢ or vertical direction, with
the result that these materials tend to grow in long needle
or thread-like formations and single crystals too small to
adequately characterize with x-ray diffraction. The re-
search team set out to control this growth behavior to
make it easier to grow larger sheets of the material and
thereby isolate single crystals.



Realizing that the typical strategies for controlling
crystal growth, such as adjusting temperature or reactant
concentration and timing, would be ineffective, the experi-
menters instead chose to alter an organic ligand in the
MOFs in a way that would allow larger crystal structures to
grow by modifying the nature of the metal-ligand bond to
alter in-plane growth while also modifying the m-stacking
between the 2-D sheets. They identified a particular lig-
and, hexahydroxytetraazanaphthotetraphene (HHTT), that
features reduced electron density at its metal-binding site,
enabling it to form weaker in-plane bonds so that the MOF
crystal grows faster and more readily in the a-b direction.
To alter out-of-plane m-stacking growth and arrangement,
the experimenters also combined several different metal
molecules with the HHTT ligand including cobalt, nickel,
copper, and magnesium.

Using these methods, the investigators were able to
grow single crystal MOFs in large enough sizes so that
their structure could be studied at the atomic level with
various techniques including x-ray absorption spec-
troscopy (Fig. 1) at the MR-CAT 10-BM beamline and syn-
chrotron powder x-ray diffraction at the XSD Structural Sci-
ence Group’s 11-BM beamline, both at the APS. Further
studies, including atomic force microscopy, high-resolution
transmission electron microscopy at the Center for Func-
tional Nanomaterials at Brookhaven National Laboratory,
x-ray photoelectron spectroscopy and scanning electron
microscopy at the Harvard Center for Nanoscale Systems,
and single-crystal x-ray diffraction at beamlines BL17B1,
BL19U1 of the Shanghai Synchrotron Radiation Facility.

To study the electrical conductivity of the different
MOF structures, the research team fabricated a series of
samples using the HHTT ligand and each of the four met-
als. The samples used both “eclipsed” stacking, in which
the layers of metal-ligand units are precisely aligned with
those above and below to create a highly porous struc-
ture, and “staggered” packing, in which the MOF layers
out of alignment vertically and eliminating porosity. As ex-
pected, the experimenters found that conductivity in-plane
tended to be higher than out-of-plane in all the various
HHTT-metal forms, but conductivity was much greater
both horizontally and vertically in the eclipsed configura-
tions. In particular, the CuHHTT displayed conductivity
comparable to the highest yet reported in MOFs, while the

eclipsed form of NiIHHTT was ten times more conductive
than the staggered form. Vertical conductivity in all the
samples increased with closer stacking of the layers,
whether eclipsed or staggered. — Mark Wolverton

See: Jin-Hu Dou', Maxx Q. Arguilla, Yi Luo??, Jian Li*?,
Weizhe Zhang”, Lei Sun', Jenna L. Mancuso®, Luming
Yang', Tianyang Chen', Lucas R. Parent®, Grigorii Skorup-
skii', Nicole J. Libretto’, Chenyue Sun', Min Chieh Yang®,
Phat Vinh Dip®, Edward J. Brignole®, Jeffrey T. Miller’, Jing
Kong?®, Christopher H. Hendon?®, Junliang Sun®**, and
Mircea Dinca™*, “Atomically precise single-crystal struc-
tures of electrically conducting 2D metal—organic frame-
works,” Nat. Mater. 20, 222 (February 2021).
DOI: 10.1038/541563-020-00847-7
Author affiliations: 'Massachusetts Institute of Technol-
ogy, “Beijing National Laboratory for Molecular Sciences,
3Stockholm University, “Shanghai Advanced Research In-
stitute, *University of Oregon, ®University of Connecticut,
’Purdue University, ®Massachusetts Institute of Technology
Correspondence: * junliang.sun@pku.edu.cn,

** dinca@mit.ed

This work was supported by the Army Research Office
(grant number W91INF-17-1-0174). J.S. thanks the National
Natural Science Foundation of China (grant number
21527803,21621061) and Ministry of Science and Technol-
ogy of China (grant number 2016YFA0301004). The Cen-
ter for Functional Nanomaterials, Brookhaven National
Laboratory, is supported by the U.S. Department of Energy
(DOE). MR-CAT operations are supported by the U.S. DOE
and the MR-CAT member institutions. Part of the charac-
terization and device fabrication was performed at the
Harvard Center for Nanoscale Systems, a member of the
National Nanotechnology Infrastructure Network, which is
supported by the National Science Foundation (NSF) un-
der NSF award no. ECS-0335765. Y.L. thanks the Swedish
Research Council and the Knut and Alice Wallenberg
Foundation (KAW). 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
Contract No. DE-AC02-06CH11357.

Argonne National Laboratory 43



FrRom “APS/User NEwS”

Rodolakis of the APS Conveys Excitement of Science Via Argonne STEM Chat

Fanny Rodolakis was a big hit with the Lowell Ele-
mentary fifth graders when she spoke to them virtually
about science under the auspices of the Argonne Na-
tional Laboratory STEM Chat program sponsored by
Argonne Education and Outreach. Rodolakis, who is a
physicist with the Argonne X-ray Science Division
Magnetic Materials Group at the U.S. Department of
Energy’s APS, held a Google Meet with 15 students
from the District 200 Wheaton-Warrenville (IL) school.

Her chat subjects ranged from the personal to the
professional to the scientific as she described herself, her
work, how she became a physicist, what light is, what
physics is, what kinds of experiments she does, and why
that type of research is important.

“The kids were very engaged,” Rodolakis said. “They
asked a lot of excellent questions." These included:

How small are the samples you measure? (“From a
few millimeters [mm]—roughly the size of a sharp pencil
point—down to 1/10 of a mm, about the size of a human
hair.”)

How do you find them if they are so small? (“Good
question. | use cameras to locate the sample and some-
times, if they are too small to be seen with a camera, |
have to move them around in the x-ray beam; when the x-
ray beam touches the sample, a lot of electrons come out,
which tells me | am on the sample.”)

Do the samples burn when you put the x-ray on them?
(“It depends what type of sample; the ones | measure are
like rocks, so they are not destroyed by the x-ray beam,
but if you were to put some plastics, for example, in the x-
ray path, then yes, they will burn.”)

What is the coolest thing you have measured? (“Some
scientists have measured mummies! | did not participate in
this one but | think that is definitely the coolest experiment
that was done at the APS!”)

“Il absolutely love the STEM chats,” said Rodolakis,
who is co-chair of the APS Diversity, Equity & Inclusion
(DEI) Council. “I believe outreach is an essential part of the
Argonne DEI effort. Representation is key; the more chil-
dren get exposed to this kind of thing, the better we can
increase diversity in science. Every little girl | can inspire to
become a scientist is a step toward improving that diver-
sity. It is going to be a long haul, but definitely worth it. A
parent contacted me on LinkedIn to thank me for inspiring
his little girl to become a scientist!
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Image: AnneMarie McDonald, District 200 Wheaton-Warrenville (IL)

“l focus on the youngest grades [K-5] because | be-
lieve that if you don't like science by the time you reach
middle school, it is often too late; there is no coming back
from it. Talking science to a 6-year-old is definitely a chal-
lenge, but it is also more impactful. Kids that age are so
genuinely curious!

“I literally spent an entire day on my first presentation,
trying to find ways to make it accessible and interesting,
following the guidance of [Argonne Outreach Coordinator]
Brandon Pope who gave us some tips during the STEM
Chat training session. | ended up giving my presentation
to both of my kids’ classes, after which my son Owen told
me two of his female friends said they wanted to become
a scientist like me (my youngest son Micah was more in-
terested in the presentation from a University of Chicago
student who talked about black holes!)”

These STEM chats are free, 30-minute, live virtual
Q&A sessions with a STEM professional (either an Ar-
gonne staff member or a University of Chicago student).
Teachers are instructed to select up to a maximum of two
chats/slots from the session list. After selection and confir-
mation, the Argonne Education office sends a bio of the
elected STEM professional(s), so that students can pre-
pare questions ahead of the chat day and time. The STEM
professional gives a brief 10-minute presentation, then the
remaining 20 minutes are open for Q & A by the students.

“One of the best things STEM chat volunteers say to
the students are comments like ‘| had no idea this is what |
would end up being while | was in high school!,” said
Brandon Pope. “Those statements tell students that it is ok
to not have your life figured out while in your teens. Fur-
thermore, as long as they are open to new opportunities,
they will have many professional options to choose from.”

— Fanny Rodolakis & Richard Fenner


https://www.anl.gov/education/stem-chat-0

Electronic and
Magnetic Materials

Argonne National Laboratory 45




An APS-authored science highlight

Probing Exotic Excitations in a
Kitaev Magnet Using RIXS

Fig. 1. lllustration of the basic experimental setup. The honeycomb-like structure
of the Kitaev magnetic material 3-Li,IrO, is depicted, with small black spheres,
representing atoms and molecules, joined together via distinct chemical bonds
(the red, green, and blue rods). The B-Li,IrO; crystal was irradiated with high-en-
ergy x-rays during RIXS experiments at the APS, as indicated by the sinusoidal
wave coming from the upper right of the figure. The RIXS experiments detected
numerous exotic excitations, most notably magnons and spinons.

The elusive state of matter known as a quantum spin
liquid (QSL) is currently the subject of intense research.
This special magnetic state arises in materials when the
spins of strongly interacting electrons refuse to arrange in
orderly patterns, even at very low temperatures, and in-
stead exhibit a variety of ever-shifting, liquid-like arrange-
ments of spins. In this work, scientists looked for the tell-
tale signs of a QSL within crystals of lithium iridate (Li,IrO,)
by studying the low-energy magnetic excitations emerging
from the electron spin interactions. To measure these exci-
tations, the researchers utilized the APS. Their experi-
ments, detailed in the journal Physical Review B, revealed
two distinct types of excitations. The first were conven-
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tional magnons arising from a low-temperature, antiferro-
magnetic ordering of electron spins. The magnons existed
from near-absolute zero up to 38 K. The second type con-
sisted of spinon-like excitations that coexisted with the
low-temperature magnons, but then continued to persist
up to room temperature. These exotic spinons are ex-
pected to show up in the fluctuating quantum-spin state
and have been proposed as the basis of quantum comput-
ing; they may also shed light into the physics of high-tem-
perature superconductors.

Quantum spin liquids can only form by the frustrated
interaction of electron spins in certain magnetic materials.
A Kitaev quantum spin liquid is a special subtype of QSL



that arises in a honeycomb-like lattice with a frustrated
magnetic exchange between spins. Li,IrO, crystals come
in three distinct structures, or polymorphs, identified by
the Greek letters a, b, and g (alpha, beta, and gamma).
The researchers investigated the beta structure, denoted
as B-Li,IrO,.

Although B-Li,IrO, can theoretically support a Kitaev
quantum spin state, other quantum interactions tend to
stabilize antiferromagnetic order at low temperature, ob-
scuring the QSL formation. Nevertheless, clear fingerprints
of Kitaev physics have been found in the magnetic excita-
tions of 3-Li,IrO; and a few other compounds. Several re-
search teams have probed these compounds using tech-
niques such as highly precise thermal Hall measurements,
neutron scattering, and x-ray measurements like resonant
inelastic x-ray scattering (RIXS).

Likewise, a quasiparticle can move within a crystal
even though it's not a real particle. Whereas magnons are
collective excitations of the electrons’ spins that show up
in most magnetic materials, spinons are very exotic excita-
tions which can be found in a QSL when the spin moves
independently from other degrees of freedom of electrons
such as charge and orbital.

The researchers in this study performed RIXS experi-
ments at the XSD Inelastic X-ray & Nuclear Resonant Scat-
tering Group’s 27-ID x-ray beamline at the APS. They
searched for quasiparticles within a highly-pure crystal of
B-Li,IrO, (see Fig. 1). Finding the right sorts of quasiparti-
cles might indicate the presence of Kitaev-type processes.

The x-ray data revealed a dichotomy between two
types of quasiparticles, namely conventional magnons de-
tected at low temperatures, and spinon-like excitations de-
tected at both low and high temperatures. Additionally,
during the x-ray experiments, the (3-Li,IrO, sample was
subjected to both O and large (2 tesla) magnetic fields.
The same quasiparticles were detected regardless of
magnetic field strength.

The magnons observed in 3-Li,IrO; disappeared with
the antiferromagnetic order at 38 K. In contrast the
spinon-like excitations remained constant up to 100 K be-
fore gradually declining with increasing temperature, in
agreement with theoretical calculations involving the Ki-
taev model. In this model the spinons are expected as
pairwise excitations of Majorana fermions, which are fermi-
ons that act as their own antiparticle. Unequivocal experi-
mental observation of Majorana fermions remains elusive,
but recent experiments carried out on various Kitaev QSL
candidate materials show promising results.

While stopping well short of declaring detection of the
long-sought-after Majorana fermions, the researchers
nonetheless contend that their findings provide additional
evidence toward confirming their existence. What the re-
searchers did firmly establish is that a “proximate” Kitaev
spin state exists in 3-Li,IrO,, with exotic spinons being
present even when the material’s electron spins arranged
into ordered states at low temperatures. — Philip Koth
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An APS-authored science highlight

Direct Observation of Piezomagnetic Domains in
Uranium Dioxide using X-ray Diffraction in a

Pulsed Magnetic Field

Fig. 1. Top: The integrated intensity vs scattering angle
for selected fields and at temperature, T =25 K. The
higher angle peak is initially larger, but then a change in
relative intensities and peak position can be seen. Bot-
tom: A plot of the relative strain calculated from the peak
positions in the reversed field state at 25 K. The peak
corresponding to the dominant strain behavior as deter-
mined by the bulk magnetostriction is the blue squares
and the secondary peak corresponding to negative strain
is the red circles. Open symbols are used for rising fields
and closed for falling fields. The blue solid line is guide
to the eye. The solid black line is the reversed field
measurements using the FBG technique taken in positive
and negative fields at 25 K. From D. Antonio et al.,,
“Piezomagnetic switching and complex phase equilibria
in uranium dioxide” Commun. Mater. 2, 17 (2021). DOI:
10.1038/s43246-021-00121-6. ©2020 Springer Nature
Limited
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Only a few crystalline compounds are known to ex-
hibit the rare phenomenon of piezomagnetism. Squeezing
or stretching a piezomagnetic material alters its internal
magnetic ordering and creates a magnetic moment. Con-
versely, exposing the material to a magnetic field causes it
to expand or contract. Although previous studies had ex-
amined piezomagnetism in uranium dioxide (UO2) and a
few other crystalline materials, none had observed the de-
tailed crystallographic changes that occur during the tran-
sition to piezomagnetic behavior. In a first-of-its-kind ex-
periment, scientists have now used x-ray diffraction to
directly measure the microscopic distortions in crystalline
UO2 associated with piezomagnetism induced by pulsed
magnetic fields. The x-ray diffraction measurements were
gathered at the APS. The experimental results provide
new information on the complex relationship between
piezomagnetism and crystallographic structure, which will
aid in clarifying the origins of this obscure phenomenon. It
is hoped that these insights will eventually allow scientists
to control piezomagnetism in new ways, for instance by
applying an electric field to materials with strong piezo-
magnetic properties. Such control could lead to new types
of sensors and other electronic devices. The study was
published in Communications Materials.

Piezomagnetism is analogous to the better-known
phenomenon of piezoelectricity. A piezoelectric material
produces electricity when deformed; applying electricity
to the material causes it to change shape. Piezoelectric
behavior was fully confirmed in the 1880s via experimental
and theoretical studies. A broad range of compounds are
known piezoelectrics, including quartz, topaz, compounds
called ferroelectrics, and even cane sugar. Piezoelectrics
are used in a myriad of industrial and consumer applica-
tions, from ultrasound machines to solid-state lighters.

Piezomagnetism, in contrast, was only fully confirmed
in the 1960s and its widespread application awaits devel-
opment. The biggest obstacle lies in the uncertainty sur-
rounding its origins. While experiments have shed light on
piezomagnetic behavior, no firm theoretical framework ex-
plaining its underlying mechanism has been established.



All known piezomagnetic compounds are antiferro-
magnetic. In an antiferromagnetic material, its molecular-
scale magnetic moments, akin to tiny bar magnets, are
aligned opposite one another. Uranium dioxide, which is
best known as one of the main nuclear fuels in fission re-
actors, transitions from a paramagnetic to antiferromag-
netic state at very low cryogenic temperatures, where-
upon it exhibits one of the strongest known magnitudes of
piezomagnetism.

To obtain new information about the factors respon-
sible for piezomagnetism in uranium dioxide, the multina-
tional, multi-institution team of researchers employed
synchrotron x-rays at the XSD Magnetic Materials
Group’s 6-ID-C x-ray beamline at the APS to view
changes at the unit-cell level of a high quality UO, crys-
tal. The powerful x-rays from the APS were compli-
mented by an advanced prototype x-ray detector—a com-
pound-type mixed-mode pixel array detector with a
silicon sensor—which together provided a series of highly
precise images of the crystal’s diffraction peaks, each
recorded within a millisecond time frame. Additional
structural characterization in zero-field using XRD was
carried out on an HPCAT-XSD 16-BM-D beamline.

During x-ray diffraction measurements, the UO, crystal
was subjected to a pulsed magnetic field. The strength
and direction of the field could be altered with half-sine
pulses with a rise time of as little as 3.5 milliseconds. The
crystal reacted differently depending on whether the mag-
netic field direction remained constant or was switched. X-
ray diffraction revealed that two magnetic domains coex-
isted within the UO,, crystal during exposure to an
alternating magnetic field direction. This behavior was not
seen when the magnetic field's direction remained fixed.

As the magnetic field grew from zero to maximum
strength, the crystalline lattice containing one domain ex-
panded while the other domain's lattice shrank. When the
field was suddenly reversed, the domain that had previ-
ously expanded began to contract, while the other domain
shifted from shrinking to expanding. Plotting the expan-
sion and contraction of the domains in relation to a back-
and-forth reversal of magnetic field direction yields a so-
called butterfly pattern (see bottom illustration of Fig. 1).
The x-ray diffraction setup utilizing back-reflection geome-
try designed for this study was essential in providing the
researchers the first molecular-scale data of dynamic
piezomagnetic behavior. Although any observations of
magnetic domains were beyond the reach of this scatter-
ing study due to pulsed nature of magnetic fields, future
availability of high-field DC magnets at user facilities will

usher in direct investigations of such domains.

The two observed piezomagnetic domains persisted
throughout the experiment. This seems somewhat puz-
zling as one might suspect that the two domains would ir-
reversibly merge together. The researchers have pro-
posed several mechanisms to explain the observed
behavior. For instance, sensitivity of the phenomena to
small stresses induced within the crystal, such as from glu-
ing the UQO, crystal to its substrate, might support the cre-
ation and maintenance of the domains. Also, electric multi-
poles that can arise in uranium dioxide may also have
contributed to the observed complex piezomagnetic be-
havior. This later possibility suggests that piezomagnetism
in some materials might be controlled through applied
electric fields. — Philip Koth
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An APS-authored science highlight

Dynamic Ferroelectric Domain Tilting Opens a
New Window to Domain Wall Charging

Fig. 1 (a) Time-resolved synchrotron x-ray diffraction experiments on a
BTO thin film with the a/c domain pattern. Femtosecond 400-nano-
meter light pulses were used to excite the BTO film probed by syn-
chrotron x-ray pulses. Delay times, t, between pump and probe pulses
were electronically shifted. Domain wall tilt orientation, a, is the angle
between the plane of domain walls and the film/substrate interface. (b)
Change in tilt orientation of the a/c domain wall as a function of delay
time, t, at 298 K. Negative changes indicate that the domain walls tilt
toward the film/substrate interface.

Ferroelectric domains were considered well under-
stood until about 10 years ago when new analytical capa-
bilities began revealing their true complexity. There is now
evidence that nanoscale-thickness regions near ferroelec-
tric domain walls possess dramatically different properties
than the domains themselves in both bulk and thin-film
ferroelectrics. These discoveries have demonstrated the
importance of probing the physical properties of
nanoscale volumes near domain walls to learn how they
evolve with domain configuration and in response to ex-
ternal stimuli. Recently an international team of re-
searchers used the APS to investigate both areas. They
showed that the coexistence of two different types of do-
main patterns in a barium titanate (BaTiO,) (BTO) thin film
can create a delicate balance of elastic forces. Their re-
sults were published in Physical Review Letters.

50 APS Science 2021

The balance is easily perturbed, making it possible to
produce large effects with relatively modest excitations.
The team found that instantaneous changes in domain
wall tilt orientation occur in a BTO film that is optically ex-
cited by 50-femtosecond-duration, 400-nanometers light
pulses generated by an ultrafast laser source. Time-re-
solved synchrotron x-ray diffraction experiments at the
XSD Time Resolved Research Group’s 7-ID beamline of
the APS used the configuration shown in Fig. 1(a). The ex-
periment showed that the resultant changes in tilt orienta-
tion emerged over a period of about a nanosecond and
then relaxed over several more nanoseconds, an interval
similar to the time constant for the recombination of pho-
toexcited charge carriers. The tilting and recovery are
shown in Fig. 1(b). The effect clearly depended on the bal-
ance of two competing domain configurations. The tilt



variations did not change when the relative abundance of
the two domain patterns was varied by adjusting the tem-
perature and ceased when only one of the patterns re-
mained in the film.

In the lower end of the temperature range probed in
these experiments, the BTO layer essentially consisted of:
(i) a domain configuration with alternating orthogonal do-
mains of in-plane and out-of-plane polarization (the a/c
pattern, as in Fig. 1(a)) and (ii) stripes of orthogonal in-plane
polarization (a/b pattern). Temperature-dependent x-ray
diffraction measurements conducted at the European Syn-
chrotron Radiation Facility indicated that the a/c and a/b
phases coexisted at 298 K, with the majority of the volume
of the BTO film being in the a/b phase. The configuration
was quite different at higher temperatures. At 343 K, all of
the domains were in the better ordered a/c phase.

In modeling the optically induced tilting phenomenon,
the researchers determined that the orientation of domain
walls depends on multiple contributions to the free en-
ergy, including the contribution from the density of bound
charges. Changes in the electrostatic contribution to the
free energy can occur through screening of the bound
charges by mobile charges, such as photoexcited elec-
tron-hole pairs that had come under the influence of the
large electrical potential step at the domain walls. This
change in the screening ultimately led to the variation of
the domain wall orientation.

When no other phases are present, the head-to-tail
orientation of the polarization in the a/c pattern ensures
that there is no net bound charge at the domain walls.
Bound charges are possible only when multiple domain
configurations coexist. Phase coexistence at 298 K leads
to an increased domain-wall charge density, and thus to a
larger screening effect by optically excited charge carriers
than in the single-phase regime.

The domain-wall tilting uniquely occurs in domain con-
figurations in which there is elastic heterogeneity near do-
main walls due to a coexistence of different domain pat-

terns. The mechanism relating domain tilting changes to
domain-wall charging allows the tilting and other domain
distortion effects to be used to probe the existence of do-
main-wall charge. The structural heterogeneity in complex
domain patterns is, further, a route toward the discovery of
unusual responses to external perturbations.

— Vic Comello

See: Youngjun Ahn', Arnoud S. Everhardt?, Hyeon Jun
Lee', Joonkyu Park', Anastasios Pateras', Silvia Damerio?,
Tao Zhou?, Anthony D. DiChiara*, Haidan Wen*, Beatriz
Noheda?, and Paul G. Evans'™, “Dynamic Tilting of Ferro-
electric Domain Walls Caused by Optically Induced Elec-
tronic Screening,” Phys. Rev. Lett. 127, 097402 (2021).
DOI: 101103/PhysRevLett127.097402

Author affiliations: 1University of Wisconsin-Madison,
2University of Groningen, *European Synchrotron Radia-
tion Facility, “Argonne National Laboratory
Correspondence: * pgevans@wisc.edu

This work was supported by the U.S. National Science
Foundation (NSF) through Grant No. DMR-1609545. AS.E.,
S.D., and B.N. acknowledge financial support from the
alumni organization of the University of Groningen, De Ad-
uarderking (Ubbo Emmius Fonds). HW. acknowledges the
support of U.S. Department of Energy (DOE) Office of Sci-
ence-Basic Energy Sciences, Materials Sciences and Engi-
neering Division, for instrumentation development of time-
resolved x-ray microdiffraction. The researchers gratefully
acknowledge use of facilities and instrumentation sup-
ported by the NSF through the University of Wisconsin
Materials Research Science and Engineering Center, Grant
No. DMR-1720415. This research used resources of the
Advanced Photon Source, a DOE Office of Science user
facility operated for the DOE Office of Science by Argonne
National Laboratory under Contract No. DE-ACO2-
O6CH11357.

Argonne National Laboratory 51



An APS-authored science highlight

Under Pressure, Quantum Secrets Emerge

Fig. 1. High-energy x-ray diffraction data on a LaCrGe, single crystal measured at different
temperatures and pressures. Image plots of the (H H L) plane are shown in each panel with
intensities color coded to a log plot as indicated in the color bars. The large, noncentral, black
circles are from masking the Bragg peaks from the diamond anvils in the DAC, whereas the
polycrystalline rings are from the silver foil and the stainless-steel gasket, as exemplarily indi-
cated by the white arrows in the top right panel. From E. Gati et al., Phys. Rev. B 103, 075111

(2021). ©2021 American Physical Society

Some materials can show interesting new properties
under the right conditions, such as at high pressures and
ultracold temperatures when the effects of quantum me-
chanics start to take over from classical physics. For in-
stance, near absolute zero, many metals become super-
conducting, allowing current to flow unimpeded. If
scientists can understand the quantum behavior, they
might be able to harness its power, for instance by creat-
ing superconductors that operate closer to room tempera-
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ture and could provide lossless electrical transmission. Re-
searchers are using the APS to help them identify exotic
behavior resulting from quantum effects. Their latest re-
sults were published in Physical Review B.

The researchers in this study, from the U.S. Depart-
ment of Energy’s Ames Laboratory and Oak Ridge Na-
tional Laboratory, from lowa State University, and from the
Paul Scherrer Institute (Switzerland) studied the ferromag-
netic metal lanthanum chromium germanium (LaCrGe,) at



low temperatures and high pressures. Based on their ther-
modynamic data, they created a temperature-pressure
phase diagram delineating the stability region of various
phases, such as ferromagnetism and paramagnetism. As
they increased pressure, they found that the ferromag-
netic-paramagnetic transition temperature was sup-
pressed to lower temperatures. As quantum effects
started to take over, LaCrGe, did not show a direct transi-
tion from ferromagnetism to paramagnetism. Instead, a
new state of quantum matter appeared.

The main result of the research was that this new
quantum state consists of clusters of short-range ferro-
magnetic order at high pressures in the phase diagram.
Short-range order refers to clusters of a few nanometers
in size in which the magnetic spins are aligned, but differ-
ent clusters are not aligned with each other.

Existing theory and earlier experiments on the same
compound suggested that the material would have long-
range antiferromagnetic order at high pressures. However,
the formation of ferromagnetic clusters suggests this is
not the case.

To understand the structure of their material, the re-
searchers performed x-ray diffraction measurements un-
der pressure on single crystals at the XSD Magnetic Mate-
rials Group’s beamline 6-ID-D at the APS, and on powder
at the HPCAT-XSD beamline 16-BM-D at the APS. They
used diamond anvil cells (DACs) to pressurize the sam-
ples, with steel gaskets and helium gas as a pressure-
transmitting medium. The single-crystal and powder meas-
urements provided complementary data that allowed the
researchers to check whether changes in pressure and
temperature led to any modification in the material’s crys-
talline structure that could cause changes in its magnetic
properties (Fig. 1). Ruling that out reassured them that it
was indeed quantum effects that were behind the phase
transitions.

They also performed neutron diffraction measure-
ments on the single crystals using the HB1 diffractometer
at the High Flux Isotope Reactor at Oak Ridge National
Laboratory and muon-spin resonance (USR) measure-
ments at the Paul Scherrer Institute. Whereas the APS was
used to study crystallographic structure, the JSR and neu-
tron diffraction data provided information about the mag-
netic structure of the material. As a result, the SR and
neutron studies provided the researchers with an estima-
tion of the size of the short-range clusters.

This is just one of several materials systems that the
researchers are examining to understand phase transi-
tions and how quantum effects give rise to various phe-

nomena, beyond just superconductivity. The measure-
ments help condensed matter physicists to refine their
theoretical models, which in turn points experimentalists
to new areas to explore. The hope is to gather enough
data to determine which key features are needed in a
model to explain observed quantum behavior in materials
and to eventually predict novel, unconventional quantum
phenomena. — Neil Savage
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A news release from an APS user institution

Induced Flaws in Quantum Materials
Could Enhance Superconducting Properties

Fig. 1. Diffuse x-ray scattering in deformed strontium titanate.

The original University of Minnesota news brief can be
read here. © 2020 Regents of the University of Minnesota.
All rights reserved.

In a surprising discovery, an international team of re-
searchers, led by scientists in the University of Minnesota
Center for Quantum Materials using two U.S. Department
of Energy (DOE) national user facilities including the APS,
found that deformations in quantum materials that cause
imperfections in the crystal structure can actually improve
the material’s superconducting and electrical properties.
The groundbreaking findings could provide new insight
for developing the next generation of quantum-based
computing and electronic devices. The research was pub-
lished in Nature Materials.
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“Quantum materials have unusual magnetic and elec-
trical properties that, if understood and controlled, could
revolutionize virtually every aspect of society and enable
highly energy-efficient electrical systems and faster, more
accurate electronic devices,” said study co-author Martin
Greven, a Distinguished McKnight Professor in the Univer-
sity of Minnesota’s School of Physics and Astronomy and
the Director of the Center for Quantum Materials. “The
ability to tune and modify the properties of quantum mate-
rials is pivotal to advances in both fundamental research
and modern technology.”

Elastic deformation of materials occurs when the ma-
terial is subjected to stress but returns to its original shape
once the stress is removed. In contrast, plastic deforma-
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tion is the non-reversible change of a material’s shape in
response to an applied stress—or, more simply, the act of
squeezing or stretching it until it loses its shape. Plastic
deformation has been used by blacksmiths and engineers
for thousands of years. An example of a material with a
large plastic deformation range is wet chewing gum,
which can be stretched to dozens of times its original
length.

While elastic deformation has been extensively used
to study and manipulate quantum materials, the effects of
plastic deformation have not yet been explored. In fact,
conventional wisdom would lead scientists to believe that
“squeezing” or “stretching” quantum materials may re-
move their most intriguing properties.

In this pioneering new study, the researchers used
plastic deformation to create extended periodic defect
structures in a prominent quantum material known as
strontium titanate (SrTiO,). The defect structures induced
changes in the electrical properties and boosted super-
conductivity.

“We were quite surprised with the results” Greven
said. “We went into this thinking that our techniques would
really mess up the material. We would have never
guessed that these imperfections would actually improve
the materials’ superconducting properties, which means
that, at low enough temperatures, it could carry electricity
without any energy waste.”

Greven said this study demonstrates the great prom-
ise of plastic deformation as a tool to manipulate and cre-
ate new quantum materials. It can lead to novel electronic
properties, including materials with high potential for ap-
plications in technology, he said.

Greven also said the new study highlights the power
of state-of-the-art neutron and x-ray scattering probes in
deciphering the complex structures of quantum materials
and of a scientific approach that combines experiment
and theory. Diffuse neutron scattering experiments were
performed on the CORELLI spectrometer of the DOE’s
Spallation Neutron Source at Oak Ridge National Labora-
tory. Diffuse x-ray scattering experiments (Fig. 1) were car-
ried out on the XSD Magnetic Materials Group’s beamline
6-ID-D at the APS.

“Scientists can now use these techniques and tools to
study thousands of other materials,” Greven said. “l expect
that we will discover all kinds of new phenomena along
the way.”
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FrRom “APS/User NEwS”

APS Research on COVID-19 Drug and
Superionic Ice are Spotlighted by DOE

A new drug candidate, Paxlovid, which has proven to
be effective against the SARS-CoV-2 virus, and a superi-
onic ice that is neither liquid nor solid, both based on re-
search at the APS, are featured in the November 15, 2021
issue of the U. S. Department of Energy (DOE) “Commu-
nique” e-newsletter.

Stephen Streiffer, then Argonne Deputy Laboratory Di-
rector for Science & Technology and Interim Associate
Laboratory Director for Photon Sciences, called this “great
recognition for our users and for the APS!”

The “Communique” Basic Breakthrough section re-
ports that the “Advanced Photon Source helps Pfizer cre-
ate COVID-19 antiviral treatment. Pharmaceutical company
Pfizer has announced the results of clinical trials of its new
oral antiviral treatment against COVID-19. The new drug
candidate, Paxlovid, proved to be effective against the
SARS-CoV-2 virus, which causes COVID-19, according to
results released by Pfizer on November 5. The antiviral
drug has the potential to eliminate up to nine out of ten
hospitalizations caused by the virus. Scientists at Pfizer
created Paxlovid with the help of the ultrabright x-rays of
the APS. The National Virtual Biotechnology Consortium
helped make the APS available for COVID-19 research.
The scientists used the facility to determine the atomic
structure of the antiviral candidate.” This breakthrough re-
search was carried out at the Industrial Macromolecular
Crystallography Association Collaborative Access Team
(IMCA-CAT) beamline at the APS, operated by the Haupt-
man-Woodward Medical Research Institute on behalf of a
collaboration of pharmaceutical companies, of which
Pfizer is a member.

Under the heading “In the News,” Strange, dark, and
hot ice could explain Uranus and Neptune’s wonky mag-

56 APS Science 2021

netic fields links to the Popular Science article about a
layer of “hot,” electrically conductive ice that could be re-
sponsible for generating the magnetic fields of ice giant
planets like Uranus and Neptune. This work from the
Carnegie Institute for Science and the University of
Chicago Center for Advanced Radiation Sources re-
searchers was carried out at the GSECARS 13-ID x-ray
beamline at the APS. The study, published in Nature
Physics, reveals the conditions under which two such su-
perionic ices form. More on this subject can be found on
the APS web site, the Carnegie Institute for Science web
site, and the University of Chicago web site.

A Mummy's Secrets

In an interview by Karen Thomas with the International
Society for Optics and Photonics (SPIE), APS user Stuart
Stock (above) from Northwestern University (NU) dis-
cussed how x-ray diffraction reveals details of mummified
remains.

In 2018, NU's Block Museum of Art held an exhibit ti-
tled "Paint the Eyes Softer: Mummy Portraits from Roman
Egypt." The centerpiece of the exhibit was the "Hawara
Portrait Mummy Four"—a mummified child buried with a lu-
minous painted portrait. Stock used position-resolved x-
ray diffraction at the APS with “a very narrow beam of x-
rays, smaller than the diameter of a hair-one scans the
beam across the sample and observes the resulting dif-
fraction patterns” to characterize an object superimposed
on the mummy's abdomen as possibly a scarab, a sacred
symbol of rebirth in the ancient Egyptian, made of culture
calcite. Read the entire interview here. Excerpt © 2021
SPIE
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Soft Materials and
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An APS-authored science highlight

Kitaev Quantum Spin Liquid Revealed by Phonons

Fig. 1. Panel (a) depicts the honeycomb-like lattice of crystalline RuCl;. The chemical bonds highlighted in red, green, and blue repre-
sent three perpendicular interactions that occur in a Kitaev quantum spin liquid. In the Kitaev QSL, quantum excitations are quasiparti-
cles composed of Majorana fermions (red arrows) and magnetic flux modes (blue and yellow hexagons). Schematic in (b) shows the
nearly 90° bonds between the ruthenium atoms (blue) and chlorine atoms (yellow), which supports a magnetic interaction perpendicu-
lar to the blue-green plane. Lattice vibrations (indicated by circular arcs near each atom) modify the magnetic interactions, inducing a
coupling between phonons and quasiparticles. Top of panel (c) shows phonon excitations derived by x-ray measurements. The ex-
tracted phonon peak positions appear at bottom, revealing both optical and acoustic phonons. From H. Li et al., Nat. Commun. 12,

3513 (2021). © 2021 Springer Nature Limited

An international research team has demonstrated a
new technique for detecting exotic quantum states in crys-
talline materials. The researchers used the quantum-me-
chanical equivalent of sound waves to confirm that a
phase of matter known as a quantum spin liquid was pres-
ent in a crystal of ruthenium trichloride (RuCl;) chilled to
cryogenic temperatures. A quantum spin liquid, or QSL, is
a special kind of magnetic state that can only occur in par-
ticular types of materials. By observing changes in the
quantum sound waves (phonons) traveling within a tiny
sample of RuCl,, the scientists were able to identify two
distinct quantum excitations characteristic of a QSL. The
phonons were detected and measured during inelastic x-
ray scattering (IXS) experiments carried out using the APS.
The experimental results, published in the journal Nature
Communications, confirm that RuCl; can host a QSL,
which was suspected based on previous investigations
and theoretical considerations. More importantly, demon-
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strating that phonons can be used to identify quantum
spin liquids and other quantum states provides scientists a
powerful new tool for probing a wide variety of promising
materials for these exotic phenomena. Future research
into QSLs may lead to advances in quantum materials and
quantum computing.

A quantum spin liquid arises when the spins of the
electrons in certain compounds enter a fluctuating mag-
netic arrangement. This arrangement is quite different
than those of typical magnetic systems. For example, in a
ferromagnetic material such as iron the spins of its elec-
trons tend to align in the same direction within a magnetic
field. By contrast, a QSL exhibits a frustrated spin state.
This state consists of continuous fluctuations of the mater-
ial's electron spins. This absence of ordinary spin/mag-
netic order is reminiscent of the molecules in liquid, hence
the reference to “liquid” in “quantum spin liquid.”

Although scientists are confident that quantum spin



liquids can exist in a variety of compounds, confirming
their presence has proven rather difficult. In previous sci-
entific studies, magnetic measurements and neutron dif-
fraction experiments have met with limited success in con-
firming the QSL state. In this study a new approach using
phonons was used for the first time to spot a QSL.

Theoretical models indicate that certain quantum qua-
siparticles and excitations will arise within a QSL. Although
not actual particles, quasiparticles sometimes behave like
particles. For instance, a semiconductor “doped” with an
impurity can produce an electron hole, which is a region
lacking one or more electrons. Like an electron, the posi-
tively-charged hole can move around and form an electri-
cal current. Though not a real particle, the hole behaves
like one. Because of this particle-like behavior, the elec-
tron hole is considered a quasiparticle.

Majorana fermions are quasiparticles that appear in
quantum spin liquids. Majorana fermions follow the same
quantum rules that govern the ubiquitous fermions that
compose ordinary matter, such as protons and electrons.
In addition to Majorana fermions, so-called gauge flux
modes can also arise in a QSL. A gauge flux mode is a
kind of magnetic quasiparticle. Theorists have proposed
that both types of quasiparticles can couple (interact) with
phonons. This interaction can significantly alter the
phonons, and these changes can be measured to confirm
the presence and strength of the quasiparticles.

The researchers looked for the fingerprints of the
quantum spin liquid state in ruthenium trichloride by look-
ing for changes in its phonons. These phonons were de-
tected and their intensity measured via inelastic x-ray scat-
tering (IXS) performed on single crystals of RuCl; using the
HERIX spectrometer at the XSD Inelastic X-ray & Nuclear
Scattering Group’s 30-ID x-ray beamline. The lattice of the
RuCl; crystals formed a honeycomb-like structure, as de-
picted in Fig. 1(a). This honeycomb structure is very impor-
tant because it supports a special type of QSL, called a Ki-
taev quantum spin liquid.

The RuCl, crystals were subjected to a range of cryo-
genic temperatures during the x-ray scattering experi-
ments. The x-rays detected distinct phonons within the
crystals (Fig. 1c). At certain temperatures abrupt changes
in the phonon spectral intensity and phonon energy were
observed, indicating the presence of Majorana fermions
and gauge flux modes. The detection of these quasiparti-
cles in the RuCl, samples unequivocally demonstrated the
presence of a Kitaev quantum spin liquid.

The experimental results show that phonons can be
used to detect and characterize quantum spin liquids, in-

cluding Kitaev QSLs. The researchers note that the
phonon coupling method might prove especially helpful
for detecting QSLs in iridium-based compounds, which are
resistant to neutron diffraction. — Philip Koth

See: Haoxiang Li', T. T. Zhang?, A. Said®, G. Fabbris®, D.G.
Mazzone*®, J.Q. Yan', D. Mandrus'®, Gabor B. Haldsz', S.
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A news release from an APS user institution

Researchers Discover Foam “Fizzics”

Micellar foam films show grayscale intensity variations that cor-
respond to rich nanoscopic topography mapped using IDIOM
protocols. Image: Chrystian Ochoa and Vivek Sharma/UIC

The original UCLA Samueli School of Engineering arti-
cle can be read here. © Copyright 2022 UCLA Samueli
School Of Engineering

Chemical engineers at the University of lllinois
Chicago and UCLA used the APS in answering longstand-
ing questions about the underlying processes that deter-
mine the life cycle of liquid foams. The breakthrough in
understanding how liquid foams dissipate could help im-
prove the commercial production and application of foams
in a broad range of industries and could lead to improved
products. Findings of the research were featured in the
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Proceedings of the National Academy of Sciences of the
United States of America.

Foams are a familiar phenomenon in everyday lives —
mixing soaps and detergents into water when doing
dishes, blowing bubbles out of soapy water toys, sipping
the foam off a cup of lattes or milk shake. Liquid foams
can occur in a variety of natural and artificial settings.
While some foams are produced naturally, as in bodies of
water creating large ocean blooms on the beaches, others
arise in industrial processes. In oil recovery and fermenta-
tion, for example, foams are a byproduct.


https://samueli.ucla.edu/ucla-and-uic-researchers-discover-foam-fizzics/
https://samueli.ucla.edu/ucla-and-uic-researchers-discover-foam-fizzics/

Whenever soapy water is agitated, foams are formed.
They are mostly gas pockets separated by thin liquid films
that often contain tiny molecular aggregates called mi-
celles. Oily dirt, for example, is washed away by hiding in
the water-phobic cores of micelles. In addition, fat diges-
tion in our bodies relies on the role of micelles formed by
bile salts.

Over time, foams dissipate as liquid within the thin
films is squeezed out. Soap and detergent molecules that
are by very nature amphiphilic (hydrophilic and hydropho-
bic) aggregate within water to form spherical micelles,
with their outward-facing heads being hydrophilic and wa-
ter-phobic tails forming the core.

Micelles are tiny, but influential, not just in cleaning
and solubilizing oil-loving molecules but also in affecting
flows within foam films,” said co-principal investigator
Vivek Sharma, an associate professor of chemical engi-
neering at the UIC College of Engineering. For nearly a
decade, he has pursued the question of how and why the
presence of micelles leads to stepwise thinning, or stratifi-
cation, within ultrathin foam films and soap bubbles.

To solve the puzzle, Sharma and his collaborators de-
veloped advanced imaging methods they call IDIOM (in-
terferometry digital imaging optical microscopy) protocols
that are implemented with high speed and digital single-
lens reflex cameras. They found that foam films have a
rich, ever-changing topography, and the thickness differ-
ences between different strata are much greater than the
size of micelles.

“We used the precision technique called small-angle
x-ray scattering [SAXS] to resolve the micelles’ shape,
sizes, and densities,” said co-principal investigator Saman-
vaya Srivastava, an assistant professor of chemical and
biomolecular engineering at the UCLA Samueli School of
Engineering. “We found that the foam film thickness de-
creases in discrete jumps, with each jump corresponding
to the exact distance between the micelles in the liquid
film.” The SAXS studies were performed on the XSD
Chemical & Materials Science’s 12-ID-B x-ray beamline at
the APS.

The team also discovered that the arrangement of mi-
celles in foam films is governed primarily by the ionic inter-

actions between micelles. The electrostatic attraction and
repulsion between ions influences how long foams remain
stable and how their structure decays. With these findings,
the researchers determined that by simply measuring the
foam film thickness, which can be accomplished with a
DSLR camera using the IDIOM protocols, they could char-
acterize both the nanoscale interactions of micelles in lig-
uids and the stability of the foams.

Compared to previous techniques that are more time-
consuming and require expensive, customized equipment,
the new method is not only less expensive but is also
more comprehensive and efficient.

“The knowledge and understanding could aid in the
development of new products — from food and personal
care to pharmaceuticals,” said the study’s co-lead authors,
graduate students Shang Gao of UCLA Samueli and
Chrystian Ochoa of UIC. “It could also help engineers im-
prove the control of foams in industrial processes.”

See: Chrystian Ochoa', Shang Gao?, Samanvaya Srivas-
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U.S.A. 118(25), 2024805118 (2021).
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An APS-authored science highlight

Strong, Resilient Synthetic Tendons from Hydrogels

Fig. 1. SEM images (left) showing the deformation of the mesh-
like nanofibril network during stretching and corresponding in
situ SAXS patterns (right). Scale bars, 1 um (SEM images); 0.025
A-1 (SAXS images). From M. Hua et al., Nature 590, 594 (25
February 2021). © 2021 Springer Nature Limited

Human tissues exhibit a remarkable range of proper-
ties. A human heart consists mostly of muscle that cycli-
cally expands and contracts over a lifetime. Skin is soft
and pliable while also being resilient and tough. And our
tendons are highly elastic and strong and capable of re-
peatedly stretching thousands of times per day. While lim-
ited success has been achieved in producing man-made
materials that can mimic some of the properties of natural
tissues (for instance polymers used as synthetic skin for
wound repair) scientists have failed to create artificial ma-
terials that can match all the outstanding features of ten-
dons and many other natural tissues. An international
team of researchers has transformed a standard hydrogel
into an artificial tendon with properties that meet and even
surpass those of natural tendons. This new material was
examined via electron microscopy and x-ray scattering to
reveal the microscopic structures responsible for its out-
standing features. The x-ray measurements were gath-
ered at the APS. The researchers have shown that their
new hydrogel-based material can be modified to mimic a
variety of human tissues and could also potentially be
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adapted to non-biological roles. Their results were pub-
lished in the journal Nature.

Connective tissues are present throughout the body.
Skin is connective tissue, as are tendons and ligaments.
Tendons anchor muscles to bone, while ligaments bind
bones together. The two primary constituents of connec-
tive tissues are water and the protein collagen. The re-
silience, flexibility, and toughness of connective tissues
are in large part due to the way they are structured. Dis-
tinct structural arrangements at each length scale, from
nanoscale features up to the millimeter scale, work syner-
gistically to achieve optimum performance.

In order to produce artificial tissues, scientists start
with materials that share key traits with living tissues. Nat-
ural tendons, for instance, are composed of 70% water.
Hydrogels are a class of soft materials with an inherently
high water content, making them a good starting point for
constructing tendons and other synthetic tissues. Consid-
erable effort has been devoted to transforming weak hy-
drogels into robust artificial tissues by using a variety of
processing techniques, such as extruding the hydrogel,
stretching it, or inserting microscopic synthetic fibers.

However, these efforts have failed to create materials
that can simultaneously match all the outstanding proper-
ties of most natural tissues. For example, hydrogels
processed to increase their toughness and strength typi-



Fig. 2. Comparison of real-versus-synthetic tendon structure. Upper half shows the hi-
erarchical structures present in human tendons. Note that collagen fibers form highly
ordered structures from the millimeter scale to the nanoscale. Similarly, the hydrogel-
based polymer material is also highly ordered over a range of dimensions. In the four

ray beamline of the APS (Fig. 1). To-
gether these imaging techniques re-
vealed that the modified hydrogel
formed distinct structures over multiple
length scales, from the nanoscale to
the millimeter level (Fig. 2). Such multi-
scale structures are reminiscent of
those seen in natural tendons, and
were responsible for the modified hy-
drogel's exceptional strength, tough-
ness, stretchability, and fatigue resist-
ance.

The researchers demonstrated the
adaptability of their new hydrogel-
based material by varying its stiffness
and other properties, including making
it electrically conducting by infusing it
with conductive polymers, all without

images at the bottom of the illustration, successively smaller structures of the syn-

thetic tendon are shown. Scale bars (tiny line segments) appear at lower left in each
image. From left to right the scale bar indicates 5 millimeters, 50 micrometers (50

um), 1 um, and 0.5 pm.

cally show poor stretchability. The researchers in this
study have demonstrated hydrogel-based artificial ten-
dons with performance parameters that rival or even ex-
ceed those of their natural counterparts. The synthetically
derived tendons exhibited very high stress resistance cou-
pled with a toughness 10 times greater than natural ten-
don. Furthermore, the simulated tendons readily endured
30,000 stretch-and-release cycles without failure.

The new synthetic materials were created by applying
the processes of freeze-casting and salting-out to a hydro-
gel consisting of polyvinyl alcohol (PVA) polymers dis-
bursed in an aqueous solution. Freeze-casting was first
applied to directionally freeze the polymer solution, mean-
ing that the solution initially froze at one end and then
continued freezing to the other end. After the water was
extracted, a highly porous, sponge-like solid remained.
The salting-out process was then applied. The porous
solid was immersed in a concentrated salt solution, which
caused the microscopic polymers to clump together to
form tiny fibrous bundles. The end result was a highly
anisotropic (directionally oriented) material with outstand-
ing properties.

The highly modified hydrogel was examined using
scanning electron microscopy (SEM) along with two com-
plimentary x-ray techniques, small angle x-ray scattering
(SAXS) and wide angle x-ray scattering (WAXS), both per-
formed at the XSD Dynamics & Structure Group’s 8-ID-E x-

reducing strength and toughness.

The researchers further note that
the processes they developed for
PVA-based hydrogel can be applied
to other types of polymers and compounds, which they
also demonstrated by greatly increasing the strength
and toughness of alginate and gelatin hydrogels, both
notoriously weak materials. — Philip Koth
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An APS-authored science highlight

A Better Look at Ultrafast Plasmas in Water

Fig. 1. Nanosecond-pulsed plasmas in water imaged with four
different methods, in order of decreasing exposure time: (a) 67
milliseconds, (b) 2.38 microseconds, (c) 10 nanoseconds and (d)
50 picoseconds. Figures from C. Campbell et al., Phys. Rev.
Res. 3, L022021(2021). ©2021 American Physical Society. All
rights reserved.

Plasmas travel through water at extreme hypersonic
speeds. Using the APS ultrabright x-ray beams, scientists
have captured images of these electrical discharges for
the first time. Their results provide insight into the way
plasmas propagate in liquids and could help realize the
potential of nanosecond-pulsed plasmas, which have at-
tracted interest in fields from medicine to three-dimen-
sional printing. The results were published in Physical Re-
view Research.
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Plasma is a state of matter in which many of
the atoms and molecules have been ionized, cre-
ating an electrically conducting medium with a
similar number of positive and negative charged
particles. Plasmas have long been used in scien-
tific fields ranging from nuclear fusion to ion
thrusters on spacecraft. In recent years, there has
been significant interest in nanosecond-pulsed
plasmas. These have been shown to improve the
deposition of particles in nanochemistry and the
strength of bonds in three-dimensional printing.
They also have potential medical uses, particularly
in wound healing, tissue regeneration and the
treatment of skin diseases.

To help realize their potential, a thorough un-
derstanding of how these electrical discharges
propagate is needed. This process is well under-
stood in gases, but is less clear in liquids, with sci-
entists proposing a few hypotheses. Keen to ex-
plore some of these theories, researchers at Texas
A&M University and the Los Alamos National Lab-
oratory turned to high-speed imaging.

The team submerged a tungsten electrode in
filtered and distilled water. When they applied a
positive high-voltage, a branched-structure
plasma formed around the tip of the electrode. To
produce pulsed plasmas, the researchers used a
nanosecond-pulsed laser to trigger repeated
electrical pulses in the circuit connected to the
electrode.

The first frame captured by a high-speed video cam-
era—with an exposure time of 2.38 microseconds—showed
the propagation of light-emitting plasmas across the full
field (Fig. 1). By the next frame this had stopped, and
spherical bubbles had begun to form. Analysis of these
images found that the plasmas propagated out from the
electrode for about 100 nanoseconds before extinguish-
ing, with the longest branches extending around 4 mil-
limeters. The researchers estimated that the plasmas were
travelling through the water at speeds of 29.1 kilometers
per second, almost 20 times the speed of sound.

These hypersonic speeds make some of the pro-
posed theories for how plasmas propagate in water un-
likely. But the bright light emitted by the plasmas made



further analysis of the processes using high-
speed video captures challenging. To ad-
dress this, the researchers teamed up with
the XSD Imaging (IMG) Group at the APS.
They used the extremely bright (and thus
fast) high-powered x-rays at the IMG-oper-
ated beamline 32-ID-B to image pulsed
plasmas.

The x-rays showed that the plasmas
propagated along narrow (around 10 microm-
eters) channels and then either expanded to
form a single large bubble or collapsed and
produced a train of small spherical bubbles
(Fig. 2). The bubbles lasted for almost 50 mi-
croseconds. This shows that there is signifi-
cant electrical charge near the bubble sur-
face for tens of microseconds after they start,
producing an electrostatic force, the scien-
tists conclude. The researchers caution, how-
ever, that these process that dominate at the
longer timescales are not necessarily in-
volved in the initial plasma propagation.

Following further radiographic analysis of
the images and computational modelling, the team ruled
out some of the proposed hypotheses. Their results were
inconsistent with the idea that electrostriction—mechanical
deformation in response to a nonuniform electrical field—
opens nanopores in the water along which the plasma can
propagate. And because pre-existing bubbles were gen-
erally unaffected by the plasmas, they refute the idea that
these electrical discharges take advantage of dissolved
gases in water.

This suggests, but not conclusively, that field emission
could explain the propagation of the plasmas. In this sce-
nario, the emission of electrons from the electrode tip rap-
idly heats the surrounding water, leading to rapid expan-
sion and a low-density region through which electrons can
avalanche.

The researchers say that although the x-rays they
used at the APS were extremely fast they still did not cap-
ture the dynamics of single plasma events. They now plan
to return to the APS to use x-rays coupled to even faster
imaging frame rates in hopes of capturing single events.

— Michael Allen

Fig. 2. Nanosecond-pulsed plasmas in water imaged with optical (left) and x-
ray (right) methods, with exposure times of 67 milliseconds and 50 picosec-
onds, respectively.
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An APS-authored science highlight

Examining the Dual Personality of
Weak Colloidal Gels

Fig. 1. The pictured microscale knitting balls are inor-
ganic zeolite particles. These microporous crystalline We probably encounter colloidal gels several times to-
minerals are formed via precipitation as the end re-
sult of an aging process in aluminosilicate colloidal
hydrogels. The authors study their journey from

day. It may have been in the detergent used to do the
laundry, the kitty litter poured out for the cat, or even the

aqueous solutions through a viscoelastic gels to a makeup put on your face or something for breakfast. Used
soft glassy solid. Time-resolved scattering and me- in everything from paints to cosmetics to drugs to food
chanical rheometry reveals the dichotomous nature products and more, colloidal gels are ubiquitous in mod-

of the intermediate gels which exhibit features of
both glasses and gels, depending on (internally
evolving) length and time scales. This gel/glass dual-

ern life, yet their specific nature is a challenge to pin
down. Their microstructural properties change over time

ity provides insight into the formation of zeolites as between gel-like and glassy during the gelation process,
they progress through a soft amorphous stage be- and their mechanical characteristics, including elasticity,
fore crystallization. also change steadily as they age, making a complete pic-

ture hard to capture. Now, a team of researchers from
Massachusetts Institute of Technology and the French Al-
ternative Energies and Atomic Energy Commission (CEA)
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has used the APS and a variety of research techniques to
provide a much fuller understanding of the structure and
behavior of colloidal gels. The work appeared in Proceed-
ings of the National Academy of Sciences of the United
States of America.

Past work on these materials generally concentrated
on studying them in their fully mature state, thus missing
the changes in their properties as they went through the
full process of formation and aging. In this study, the team
studied aluminosilcate gels (Fig. 1), adopting an approach
called the time-connectivity superposition principle in
which a series of repeated chirp signals are applied to the
gel sample at regular intervals to achieve snapshots of the
gelation process covering eight orders of magnitude.
Combining mechanical spectroscopy, time-resolved small-
angle x-ray scattering carried out at the SWING beamline
of the SOLEIL Synchrotron (France) and ultra-small-angle
x-ray scattering/small-angle x-ray scattering studies con-
ducted at the XSD Chemical & Materials Science Group’s
9-ID x-ray beamline at the APS provided a virtually com-
plete picture of the viscoelastic response of these gels.

The experiments demonstrate that one reason these
weak colloidal gels have been difficult to adequately char-
acterize is that they have a distinctly dual nature, some-
times behaving as a glassy material and other times as a
gel. They begin as an unremarkable collection of random
Brownian nanoparticles in a solvent. As the time-resolved
and ultra-small-angle x-ray scattering studies reveal across
length scales from 0.1 nanometer to around 1 um, over
time these particles begin to aggregate into larger and
larger clusters. At smaller time and length scales, the ma-
terial is soft and glassy in nature; but at longer time scales
and lengths, as clusters come together to form larger
structures, the material assumes a more gel-like appear-
ance and a defined fractal structure that persists even as
the material grows and ages.

At a critical point, the relaxation time spectrum is set
for the material, characterized by a power-law exponent
that is positive for short relaxation times and negative for
longer times. In this study, the time-connectivity superposi-
tion principle allows the various moments of this structural
evolution to be placed on a universal master curve so that
the material's viscoelastic properties can be determined
over a broad range of deformation time scales that spans
eight orders of magnitude.

To confirm the results seen in the aluminosilicate ma-
terial, the team applied the same techniques to study the
gelation of a silica-based colloidal gel system. With some
small differences in numerical parameters, the shape of
the relaxation spectrum curve was the same, demonstrat-
ing that all of these weak colloidal gels share the dual vis-
coelastic behavior of gel-like characteristics at long time
scales, but glass-like nature at shorter timescales.

As this work demonstrates quite well, sometimes a
dual nature is simply a matter of scale. The picture pre-
sented in these studies shows that the rheological behav-
ior of weak colloidal gels at the macroscale is dependent
upon what happens at the microstructural scale, as clus-
tering nanoparticles form larger and larger repeated struc-
tural networks preserved in a fractal manner across length
scales. In a way, the material can be two things at once,
appearing glassy to a researcher performing one type of
tests and gel-like to another investigator performing a dif-
ferent set of measurements.

Whichever perspective one chooses, the current work
offers perhaps the best and broadest portrait yet of the
dual personality of these important materials, giving a bet-
ter understanding that could open the way to their more
precise application and design. — Mark Wolverton
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A news release from an APS user institution

A Crystal-Clear Way to Save Time

Two crystalline phases found in the diblock polymer
materials used in this work. With the proper thermal
and shear processing, these “unit cells” can repeat
hundreds of thousands of times in every direction

in perfect symmetry. Source: Connor Valentine

The original Carnegie Mellon University College of En-
gineering article by Tara Moore can be read here. ©2021
Carnegie Mellon University

Carnegie Mellon University (CMU) Chemical Engineer-
ing and University of Minnesota Chemical Engineering &
Materials Science (CEMS) researchers collaboratively used
the APS in their discovery of a better way to make a new
class of soft materials—reducing a process that used to
take five months down to three minutes. Their results
were published in the journal ACS Macro Letters.

Working with Lynn Walker (CMU) and Mahesh Mahan-
thappa (UMN), Connor Valentine, a CMU chemical engi-
neering Ph.D. student, and recent UMN CEMS graduate
Dr. Ashish Jayaraman study diblock polymers. Diblock
polymers are chain-like molecules where one end of the
chain is hydrophobic, and the other is hydrophilic. Mole-
cules like this are used in soap because the hydrophobic
side grabs onto dirt and oil, but the hydrophilic side keeps
the molecules dissolved into the water.

When these molecules are placed in water at high
enough concentrations, they begin to form clusters: the
hydrophobic parts clump together in the center of the ball
in order to avoid water. The hydrophilic sides arrange into
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a brush-like layer on the outside of the ball, protecting the
hydrophobic center.

As you add more polymers into the water, however,
they begin to run out of room and pack themselves intelli-
gently and spontaneously. It would be as if you were try-
ing to fit the maximum number of tennis balls in a box—
you would carefully stack each layer.

When these stacks form, they are called crystals, be-
cause the organizational patterns will repeat over and
over in every direction. Crystalline structures like this are
found throughout nature, including in gemstones, metals,
and polymeric materials. People have taken advantage of
the repeating and consistent spacing to create polymeric
membranes for filtering water and gases. There are also
exciting potential uses in new soft materials, with applica-
tions that include medical implants, adhesives, sustainable
food packaging, liquid beauty products, and condiments.

However, the problem comes in when researchers are
trying to make specific crystalline structures. Engineers
need to be able to consistently produce crystals with spe-
cific arrangements and sizes so that they can achieve the
desired material performance at market scale. However,
processing issues can arise when they don’t fully under-
stand the forces driving crystal formation. The wrong tem-
perature change, mixing speed, or formulation can cause
crystals to suddenly form, degrade, or transition to another
crystalline organization. The accompanying change in ma-
terial properties can jam mixers, ruin equipment, and re-
sult in a worthless final product.
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In the case of this work, the desired crystalline state
can take months to form at room temperature. This can
cause huge issues, with companies discovering they have
a product with completely different properties after three
months—maybe it’s chunky, or it's become stiff—or per-
haps the company just has to wait three months to sell
their product because it takes that long to get the gel con-
sistency they desire.

“It’'s important for people to understand how these
polymer molecules will turn into crystals,” said Valentine.
“And that’s not just if they turn into the crystal they want,
it's the rate of it, the speed. Also, are there going to be
other crystal phases present? Is every piece of that crys-
talline material going to be oriented consistently?”

Valentine and Walker worked with collaborators from
the University of Minnesota, who discovered that the rate
of heating and cooling can produce intermediate crystal
structures that last for several months. Valentine’s team
built on the initial work of their University of Minnesota col-
laborators, Ashish Jayaraman and Mahesh K. Mahan-
thappa, and investigated the impact of shear processing
on these crystal structures. Shear processing is a broad
term that includes steps like mixing, painting, coating, and
shaking—the material is moving. The speed, duration, and
direction of shear can really matter for materials like those
used in this work.

“Ketchup is a great example about why shear pro-
cessing affects soft materials because ketchup has a yield
stress and thins when you mix or process it,” said Valen-
tine. “If you’re trying to get ketchup out of a glass bottle
and it is gel or solid-like, it will not flow. But small taps (on
the correct part of the bottle) will get the ketchup to flow
very nicely. The shear is changing the microstructure of
the ketchup, which then changes the flow properties. It's
important we understand how shear impacts any material
we work with in the same way.”

The authors used an oscillatory shear flow, which in-
volves placing the gel or soft material between two par-
allel plates—where the top plate can rotate back and
forth. Researchers can control the speed and length of
the top plate. When Valentine and his team put the di-
block polymer crystals into this shear cell, they were able
to cause the crystalline phase to change into the equilib-
rium structure within three minutes. The Minnesota team
had previously found this same structural change to take
almost five months sitting at room temperature without
shear.

“Shear processing can help with the dynamics, the
speed, and the rates of structural change, not just the final
result, which is something people don’t really think about,”
said Valentine. “They often think when you shear these
materials, it's going to change the structure into some-
thing different, but that’s not necessarily true.”

The team was able to measure these results by em-
ploying small-angle x-ray scattering at the X-ray Science
Division Chemical & Materials Science’s 12-ID-B x-ray
beamline at the APS, an Office of Science user facility at
Argonne National Laboratory, which is essentially a mile-
wide particle accelerator. The high-intensity x-ray beams
from the APS allowed the research team to measure the
crystal structure in real-time.

Their findings not only showed that the speed in-
crease occurs, but also detailed how to tune the shear pa-
rameters to achieve the desired rate of crystal formation.
They even found that you can prevent the change from
happening entirely if the shear is at very low frequencies
with very long cycles of oscillation.

“We were able to show that this shear processing step
is just a very controllable way to get the structure you
want and how fast you want it,” said Valentine.
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A news release from an APS user institution

Revealing Platinum's Role in

Clean Fuel Conversion

Scientists studying a water gas shift reaction catalyst made of
platinum atoms (red and blue) on a cerium oxide (CeOQ,) surface
discovered that only some platinum atoms around the periph-
ery of the nanoparticle (shiny dark red) get activated to take
part in the reaction. These activated platinum atoms transfer
oxygen from OH groups (originally from water molecules) to
carbon monoxide (CO), transforming it to CO,, leaving the H to
combine with atomic hydrogen to form H,. Understanding
these dynamics may help scientists design catalysts that re-
quire fewer platinum atoms.

The original Brookhaven National Laboratory news re-
lease can be read here.

Because platinum is rare and expensive, scientists
have been seeking ways to create catalysts that use less
of this precious metal. Understanding exactly what the
platinum does is an essential step. Using a number of
U.S. Department of Energy (DOE)-funded experimental
resources, including experiment facilities at Brookhaven
National Laboratory and high-brightness x-rays from the
APS, scientists from Stony Brook University (SBU),
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Brookhaven, and other collaborating institutions have un-
covered dynamic, atomic-level details of how an impor-
tant platinum-based catalyst works in the water gas shift
reaction. This reaction transforms carbon monoxide (CO)
and water (H,0) into carbon dioxide (CO,) and hydrogen
gas (H,), an important step in producing and purifying hy-
drogen for multiple applications, including use as a clean
fuel in fuel-cell vehicles, and in the production of hydro-
carbons.

The new study, published in the journal Nature Com-
munications, identifies the atoms involved in the catalyst's
active site, resolving earlier conflicting reports about how
the catalyst operates. The experiments provide definitive
evidence that only certain platinum atoms play an impor-
tant role in the chemical conversion.

"Part of the challenge is that the catalyst itself has a
complex structure," said lead author Yuanyuan Li, a re-
search scientist at SBU's Materials Science and Chemical
Engineering Department.
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"The catalyst is made of platinum nanoparticles
(clumps of platinum atoms) sitting on a cerium oxide (ceria)
surface. Some of those platinum atoms are on the surface
of the nanoparticle, some are in the core; some are at the
interface with ceria, and some of those are at the perime-
ter--the outside edges--of that interface," Li said. "Those
positions and how you put the particles on the surface
may influence which atoms will interact with the support or
with gas molecules, because some are exposed and some
are not."

Earlier experiments had produced conflicting results
about whether the reactions occur on the nanoparticles or
at single isolated platinum atoms, and whether the active
sites are positively or negatively charged or neutral. De-
tails of how the ceria support interacts with the platinum to
activate it for catalytic activity were also unclear.

"We wanted to address these questions," said Li. "To
identify the active site and determine what is really hap-
pening at this site, it is better if we can investigate this
type of catalyst at the atomic level," she noted.

The team, which included scientists from the Brook-
haven Center for Functional Nanomaterials (CFN) and
other institutions throughout the U.S. and in Sweden, used
a range of techniques to do just that. They studied the cat-
alyst under reaction conditions and, unexpectedly, cap-
tured a peculiar effect that occurred when the catalysts
reached their active state in reaction conditions.

"The platinum atoms at the perimeter of the particles
were 'dancing' in and out of focus in an electron mi-
croscopy experiment carried out by our collaborators,
while the rest of the atoms were much more stable,"
Frenkel said. Such dynamic behavior was not observed
when some of the reactants (CO or water) were removed
from the stream of reacting molecules.

"We found that only the platinum atoms at the perime-
ter of the interface between the nanoparticles and ceria
support provide the catalytic activity," Li said. "The dy-
namic properties at these perimeter sites allow the CO to
get oxygen from the water so it can become CO,, and the
water (H,O) loses oxygen to become hydrogen."

Now that the scientists know which platinum atoms
play an active role in the catalyst, they may be able to de-
sign catalysts that contain only those active atoms.

"We might assume that all the surface platinum atoms
are working, but they are not," Li said. "We don't need
them all, just the active ones. This could help us make the
catalyst less expensive by removing the atoms that are

not involved in the reaction. We believe that this mecha-
nism can be generalized to other catalytic systems and re-
actions," she added.

Electron microscopy "snapshots" at the CFN and at
the National Institute of Standards and Technology re-
vealed the dynamic nature of the perimeter platinum
atoms. "In some images, the perimeter site is there, you
can see it, but in some images, it is not there. This is evi-
dence that these atoms are very dynamic, with high mobil-
ity," Li said.

Infrared (IR) spectroscopy studies in the Brookhaven
Chemistry Division revealed that the appearance of the
perimeter sites coincided with "oxygen vacancies"—a kind
of defect in the cerium oxide surface. These studies also
showed that CO tended to migrate across the platinum
nanoparticle surface toward the perimeter atoms, and that
hydroxy (OH) groups lingered on the ceria support near
the perimeter platinum atoms.

"So it seems like the perimeter platinum atoms bring
the two reactants, CO and OH (from the water molecules)
together," Li said.

X-ray photoelectron spectroscopy studies in the
Chemistry Division revealed that perimeter platinum
atoms also became activated—changed from a nonmetal-
lic to a metallic state that could capture oxygen atoms
from the OH groups and deliver that oxygen to CO. "This
really shows that these activated perimeter platinum sites
enable the reaction to take place," Li said.

A final set of experiments—x-ray absorption spec-
troscopy studies conducted at the XSD Spectroscopy
Group’s 20-ID-C x-ray beamlime at the APS—showed the
dynamic structural changes of the catalyst. "We see the
structure is changing under reaction conditions," Li said.

Those studies also revealed an unusually long bond
between the platinum atoms and the oxygen on the ceria
support, suggesting that something invisible to the x-rays
was occupying space between the two.

"We think there is some atomic hydrogen between the
nanoparticle and the support. X-rays can't see light atoms
like hydrogen. Under reaction conditions, those atomic hy-
drogens will recombine to form H,," she added.

The structural features and details of how the dynamic
changes are connected to reactivity will help the scientists
understand the working mechanism of this particular cata-
lyst and potentially design ones with better activity at
“Platinum’s” cont’d. on page 73
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An APS-authored science highlight

Fine Tuning Single-Atom Catalysts with LCSCs

Fig. 1. Fourier transformation of k2-weighted EXAFS spectra (solid black lines) with the first shell fitting (magenta
dash lines) of Pt-ligand/TiO, (a) before and (b) after reaction for three Pt-ligand catalysts and comparison to Pt
nanoparticles (NPs). Note that the Pt-ligand LCSCs do not show Pt-Pt coordination, indicating single atom character,

even after reaction.

Most of chemical and industrial manufacturing world-
wide is driven by processes that involve heterogeneous
catalysis, which is crucial for the large-scale production of
all kinds of products and for countless other applications.
This makes the quest for better, cheaper, and more versa-
tile catalysts of enduring importance. In recent years, a
new approach called single-atom catalysis (SAC) has of-
fered fresh possibilities to increase catalyst selectivity and
efficiency, but stability can be a problem. One possible
solution is the use of ligand-coordinated supported cata-
lysts (LCSCs). Researchers using the APS demonstrated
that the LCSC strategy both stabilizes the structure and
activity of single-atom metal centers and also allows them
to be tuned and engineered for specific catalytic applica-
tions. This work was the cover subject of the journal
ChemSusChem.

The research team examined the structure and ethyl-
ene hydrogenation reactivity of three metal-organic plat-
inum (Pt)-ligand complexes with different coordination
motifs. They characterized the structure of each by a va-
riety of techniques, including x-ray absorption spec-
troscopy (XAS) at the XSD Spectroscopy Group’s beam-
line 9-BM at the APS. In each catalyst, one of three
ligands (PDO, DPTZ, or BPDCA) was coordinated to Pt
atoms on a TiO, surface.

Extended x-ray absorption fine structure (EXAFS)
measurements (Fig. 1) of the local coordination environ-
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ment around the Pt centers in each of the LCSCs shows
good Pt-N/O and Pt-Cl coordination without significant
evidence of Pt scattering, demonstrating that most Pt on
the catalyst surface is single-atom in nature without no-
table nanopatrticle clustering. The coordination number
of the Pt centers appears to be dependent on choice of
ligand.

Definite differences among the three ligands were
seen in the ethylene hydrogenation reaction. The high-
est reaction rate, lowest reaction temperature and great-
est stability were shown by LCSCs made with the PDO
ligand, which achieved full conversion of ethylene to
ethane at 30° C. The BPDCA and DPTZ Pt-ligands re-
quired higher temperatures from 70° C to as high as 110’
C. The latter two ligands also showed slower conversion
rates.

The researchers attribute these differences among
the three LCSC ligands to a variety of factors, including
the Pt coordination number, which is lowest with the PDO
ligand. This provides a greater number of active sites for
Pt hydrogenation at lower temperatures, as shown by the
EXAFS studies. Hydrogen dissociation is affected by tem-
perature, and the Pt-ligands facilitate this at higher tem-
peratures. The EXAFS experiments also show no Pt-Pt
path throughout the reaction, which indicates the stability
of the LCSC structures. The Pt ligands also appear to
"Fine” cont’d. on next page
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show no measurable changes in oxidation state or their
coordination environment, also confirming their structural
stability.

As a further check on the functioning of the LCSCs,
the experimenters studied the Pt-TiO, catalyst system
without supporting ligands. They found that the absence
of the ligands results in greater Pt clustering and aggrega-
tion under the same conditions, which indicates that these
phenomena are suppressed when the ligand is present.

Finally, the team investigated the activity of the PDO
LCSCs with iridium, another metal often considered for
use in the hydrogenation catalysis process. The PDO lig-
and formed a stable and active coordination complex with
iridium on TiO,. The hydrogenation reaction rate was no-
tably slower with Ir than with Pt and followed a somewhat
different reaction pathway, but was found to work well
with no metal nanoparticle formation or clustering.

The experiments demonstrate the feasibility of ligand-
supported coordinated catalysts for single-atom heteroge-
neous catalysis, showing their excellent stability and activ-
ity in the ethylene hydrogenation process under both
ambient and reaction conditions. Of the three LCSCs
tested, the Pt-PDO ligand proved the most favorable, indi-
cating the importance of the choice of the particular ligand
and its coordination with the single-atom metal centers.
The work therefore suggests greater possibilities for cus-
tom-designing single-atom catalysts for specific purposes.

— Mark Wolverton
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lower cost. The same techniques can also be applied to
studies of other catalysts.
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A news release from an APS user institution

Catalyst Technology Converts Methane
Greenhouse Gas into Useful, Valuable Chemicals

Fig. 1. lowa State University researchers’ MXene, made from carbon, molybdenum, and titanium.

The original lowa State University press release by
Mike Krapfl can be read here. Copyright ©2021 Oregon
State University

Methane, which produces more warming than other
greenhouse gases and is the subject of newly announced
U.S. emission restrictions, is hard to break down and keep
out of the atmosphere. It’s not that the primary component
of natural gas is chemically complex; a methane molecule
is just one carbon atom and four hydrogens. But those
carbon-hydrogen bonds are hard to break. Typically, that
involves high temperatures and mixing the flammable gas
with oxygen to produce syngas to make methanol and hy-
drogen to make ammonia, which is expensive and poten-
tially explosive. Other conversion reactions aren’t very effi-
cient and also produce the most abundant of the
greenhouse gases, carbon dioxide. Is there another way
to use methane and keep it out of the atmosphere? One
that’s safe and efficient, that returns value, nd that helps
fight climate change? Yue Wu and his research group at
lowa State University have been looking for ways to do all
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that over several years. Now, they and a group of collabo-
rators using two U.S. Department of Energy (DOE) x-ray
light sources including the APS have found and tested a
catalyst technology that appears to be an answer. Their
results were published in the journal Nature Catalysis.

“The results provided a potential solution to this long-
time challenge and represented the best stability, conver-
sion rate, and selectivity to convert methane to ethane or
ethylene, two main precursors for the modern petrochemi-
cal industry,” according to a project summary written by
Wou, the Herbert L. Stiles Professor in Chemical Engineer-
ing at lowa State. The lowa State University Office of Inno-
vation Commercialization is seeking a patent for the tech-
nology.

The catalyst consists of one or two layers of platinum,
each layer just an atom thick, deposited on two-dimen-
sional metal carbide structures called “MXenes.” In this
case, the structures are made from carbon, molybdenum
and titanium (Fig. 1). Wu said his research group discov-
ered the thin layers essentially allow every platinum atom
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to be used as a catalyst and prevents the formation of
residues that cover and deactivate the platinum. That
means less platinum is required to make the catalyst.

Wu said his group started studying carbides—combina-
tions of carbon and metals—about five years ago with sup-
port from the Office of Naval Research. The original work
was to identify the electrical and thermal properties of var-
ious carbides. But the work didn’t go as expected — the
material’s thermal conductivity was much lower than pre-
dicted.

“You can think of this as a failure,” Wu said.

But the researchers discovered the MXene surfaces
are very active and able to absorb many molecules. And
so, with support from Wu'’s Stiles professorship and the
lowa State College of Engineering, Wu’s research group
began studying these MXenes as a potential catalyst. “We
had never seen carbide so active,” Wu said. “It’s usually
very inert. It’s used, for example, for high-speed drill bits —
the surface is hard and inert.”

Their research included fluorescence in situ x-ray ab-
sorption spectroscopy measurements at the MR-CAT 10-
BM bending magnet beamline at the APS, and ex situ x-
ray absorption spectroscopy measurements carried out at
beamline 2-2 of the Stanford Synchrotron Radiation Light-
source (SSRL) at the SLAC National Accelerator Labora-
tory.

The team started using the technology to remove hy-
drogen from shale gas, the natural gas found in shale rock
formations. That work evolved to study other reactions in-
volving natural gas. “Nobody tried to use these carbides
for these high-volume reactions before,” Wu said.

Keys to the methane-to-ethane/ethylene conversion
are making the carbides pure enough and making the sur-
faces clean enough to support the reactions, Wu said. Get
it all right, and those reactions exhibit about 7% methane
conversion with about 95% selectivity toward ethane/eth-
ylene in a continuously operating fixed-bed reactor. The
products can be turned into plastics and resins, such as
the common and ubiquitous polyethylene plastic.

“Remarkably, these novel catalysts run for 72 hours of
continuous operation without any signs of deactivation, in-
dicating a promising start toward technologies suitable for
exploitation on the industrial scale,” Wu said.

That’s all very good news.

Methane emissions, after all, are such a contributor to
climate change that world leaders took steps to restrict
them during COP26, the United Nations summit on cli-
mate change in Glasgow, Scotland. More than 100 coun-
tries also signed a Global Methane Pledge to reduce

methane emissions by 30% over the next nine years.

The researchers’ new catalyst technology could ad-
vance those efforts to keep methane out of the atmos-
phere. Wu calls the technology “revolutionary,” saying it
“opens the door to reducing the emission of methane and
its combustion product, CO,, in the future.”
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An APS-authored science highlight

A Good Dose of Iron Boosts
Electrocatalytic Water Oxidation

Fig. 1. Understanding how Fe in the electrolyte gets incorpo-
rated in the nickel hydroxide electrocatalyst is critical for pin-
pointing the roles of Fe during water oxidation. Here, the
authors report that iron incorporation and oxygen evolution re-
action (OER) are highly coupled, especially at high working po-
tentials. The iron incorporation rate is much higher at OER
potentials than that at the OER dormant state (low potentials).
At OER potentials, iron incorporation favors electrochemically
more reactive edge sites, as visualized by synchrotron x-ray flu-
orescence microscopy. Fe incorporation can lead to improved
OER catalytic activity. From C. Kuai et al., J. Am. Chem. Soc.
143(44), 18519 (October 2021). Copyright © 2021 American
Chemical Society

One of the most important and basic processes in the
continual quest for cleaner and more efficient energy is
the generation of molecular oxygen from water through a
catalytic process called the oxygen evolution reaction
(OER). Electrocatalysis by OER is relatively slow and ineffi-
cient, however, spurring great efforts to study the OER
mechanism and develop high-performance OER catalysts.
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One approach involves the incorporation of iron into the
process, but its exact role and effect are fiercely debated.
An international group of researchers used the APS and
Stanford Synchrotron Radiation Lightsource (SSRL) to
track iron incorporation in nickel hydroxide nanosheets
and its effects on electrocatalytic performance. Their
work appeared in the Journal of the American Chemical
Society.

Nickel (Ni)-based hydroxides have been recognized
for some years to be extremely promising candidates as
alkaline OER catalysts. Adding to their attractiveness is
the relative abundance and low cost of nickel compounds
compared to catalysts based on rare precious metals. In
this work, the researchers expanded on their previous
studies to investigate the dynamic OER chemical environ-
ment in finer detail by following the lattice incorporation
and distribution of iron (Fe) in two-dimensional Ni hydrox-
ide nanosheets (Fig. 1) using synchrotron x-ray fluores-
cence microscopy (XFM) and hard x-ray absorption spec-



troscopy (XAS) at the XSD Microscopy Group’s 2-ID and
XSD Spectroscopy Group’s 20-ID x-ray beamlines (respec-
tively) at the APS, and soft x-ray absorption spectroscopy
at the SSRL at the SLAC National Accelerator Laboratory.

The research team first conducted cyclic voltammetry
(CV) studies on the nanosheets in an electrolyte solution
with added Fe cations and conducted XFM studies at the
APS 2-ID beamline. After 50 CV cycles, the nanosheets
show definite Fe incorporation into the Ni hydroxide lat-
tice, mostly concentrated at edge sites. The experi-
menters propose that this likely indicates a strong connec-
tion between Fe incorporation and the OER process,
because these lattice edge sites contain more oxygen va-
cancies and are thus more OER reactive. Incorporation
also appears to occur more actively when the sample is
cycled at more reactive OER states than during dormant
cycles, a conclusion confirmed with chronoamperometry
(CA) measurements.

After these experiments, the x-ray studies of the
nanosheets provided deeper insight into how the chemi-
cal environment at high OER potential was altered by Fe
incorporation. Hard XAS measurements at the APS 20-ID
beamline and soft XAS at the Stanford facility confirmed
that Fe incorporation, mostly but not exclusively at the Ni
edge sites, suppresses Ni oxidation and enhances Ni re-
ducibility, with the overall effect of improving OER catalytic
activity.

Electrochemical measurements of the Ni nanosheets
in electrolyte with and without added Fe appears to con-
firm the relationship between reduced Ni and increased
OER activity. The researchers hypothesize that this may
be due to increased electron density between Ni and oxy-
gen with the incorporation of Fe into the lattice, a finding
confirmed with density functional theory calculations.

Along with the previous work performed by this group
of researchers, these new experiments offer new and vital
insight into OER electrocatalysis, demonstrating how dy-
namic metal dissolution and subsequent redeposition set
the stage for significantly enhanced catalytic performance.

With this more detailed understanding of the dynamics of
the electrocatalyst-electrolyte interface, the design and
tailoring of electrochemical materials becomes a practical
prospect. It's possible to improve the performance of Ni-
based hydroxide catalysts by tuning their electronic modu-
lation not with expensive rare materials but with the incor-
poration of iron—the most common element in the Earth's
crust. — Mark Wolverton

See: Chunguang Kuai"??, Cong Xi?, Anyang Hu?, Yan
Zhang?*, Zhengrui Xu?, Dennis Nordlund®, Cheng-Jun
Sun®, Christopher A. Cadigan®, Ryan M. Richards®, Luxi
Li®*, Cun-Ku Dong?, Xi-Wen Du**, Feng Lin***, “Revealing
the Dynamics and Roles of Iron Incorporation in Nickel Hy-
droxide Water Oxidation Catalysts,” J. Am. Chem. Soc.
143(44), 18519 (October 2021). DOI: 101021/jacs1c07975
Author affiliations: "Wuhan University, “Tianjin University,
3Virginia Tech, *SLAC National Accelerator Laboratory, *Ar-
gone National Laboratory, °Colorado School of Mines
Correspondence: * luxili@anl.gov, ** xwdu@tju.edu.cn,
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An APS-authored science highlight

Understanding Carbon-Hydrogen Bond Activation
Could Improve Chemistry's Sustainability

Fig. 1. The resulting molecular structure before and after photolysis cleaves the apical chlorine atom from an
iron (lll) chloride-pyridinediimine complex. The middle structure highlights that the apical chlorine atom acti-
vates the more distant hydrogen bond (on the methyl group depicted above the pyridinediimine complex).

To make industrial, pharmaceutical, and other com-
mon chemical processes more sustainable, chemists are
turning to types of chemical reactions that require less en-
ergy and fewer precious metals. One type of reaction that
fits these criteria is photoredox catalysis. In photoredox
catalysis, light (such as sunlight) is used to trigger the
movement of an electron from one compound to another,
most often by the removal of a hydrogen atom. To be able
to more efficiently apply photoredox catalysis to a variety
of chemical processes, scientists need clearer insight into
the intermediate reaction steps that occur when the bond
between a carbon atom and a hydrogen atom is broken.
Research at the APS demonstrates the synthesis of a new,
metal-based photoredox catalyst that allows the team to
directly observe the intermediate species during hydro-
gen-carbon bond cleavage, increasing society's ability to
benefit from more sustainable chemical processes. These
results were published in the Journal of the American
Chemical Society.

While carbon-hydrogen bonds are ubiquitous in na-
ture and commercial chemical processes, there are chal-
lenges in determining what occurs when a bond splits.
One challenge is that the exact sequence of compounds
formed during bond fission is difficult to determine be-
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cause the intermediate species created in the process are
unstable. Another is the challenge of designing a com-
pound to cleave the hydrogen atom from the carbon
atom.

To address the first issue, the team chose to measure
the fission process using time-resolved transient absorp-
tion spectroscopy because it allows them to directly ob-
serve the intermediates. This is different from previous
studies that rely on measurements from multiple tech-
niques.

To address the second, the team designed a com-
pound which would easily cleave hydrogen atoms from a
hydrocarbon in a crystalline lattice.

To be certain that they could remove a hydrogen atom
from its existing bond, the team built a specific molecular
complex that leverages chlorine for two reasons: first, be-
cause chlorine radicals are very good at cleaving hydro-
gen atoms from their existing bonds, and second, be-
cause chlorine can be excited from its existing position in
a molecular complex through photolysis.

The new molecule is an iron (lll) chloride-pyridinedi-
imine complex where the iron atom is bonded to two chlo-
rine atoms, one of which is located above the plane of the
iron-nitrogen bonds (in what is called the apical position).



Crystallographic measurements of the complex revealed
five methyl groups relatively near the apical chlorine atom,
four part of the same complex and one part of an adjacent
complex, giving many carbon—hydrogen bond options for
the chlorine radical.

The team used photocrystallography with the Chem-
MatCARS 15 ID-B x-ray beamline at the APS to measure
the positions of atoms in the crystalline lattice and the
complex, both before and after illuminating the system
(which began the fission process by photolysing the chlo-
rine atom). The team applied molecular dynamics and
density functional theory modeling to their measurements,
allowing them to determine the trajectory of the relevant
atoms during carbon-hydrogen bond activation. Combin-
ing the results from these techniques allowed the team to
piece together the following sequence of events, whose
beginning and end stages are shown in Fig. 1.

When the applied light removed the apical chlorine
atom from the complex (through photoelimination), the
chlorine radical interacted with a neighboring complex by
sharing small amounts of electron charge (a charge-trans-
fer complex). This then activated a carbon—hydrogen
bond of either a methyl group directly adjacent to the api-
cal chlorine atom or a methyl group on a nearby iron (lll)
chloride-pyridinediimine complex, which resulted in forma-
tion of a carbon-centered radical and hydrogen chloride.

Unexpectedly, the team found that activation of the
more distant carbon—hydrogen bond was favored rather

than the activation of one directly adjacent to the apical
chlorine atom. From this the team concluded that carbon
hydrogen bond activation is affected by the direction in
which the chlorine radical is photo-eliminated.

By determining the sequence of events and species
created during the carbon-hydrogen bond activation, the
team was able to create a complete reaction profile for
the process. With this greater insight into the details, the
team's results make further progress toward the employ-
ment of more sustainable chemical processes in a variety
of pharmaceutical and industrial applications.

— Mary Alexandra Agner
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An APS-authored science highlight

Characterizing Countercations around a
Polyoxometalate Cluster Explains its

Coagulation Behavior

Fig. 1. Catching a rambling counterion in solution: Counterions regulate all kinds of processes in liquid
solutions, and they are yet to be understood, due to their highly mobilized and diffused nature. The
ASAXS studies carried out at ChemMatCARS provided a quantitative spatial distribution of counterions
around charged macromolecules, which revealed the secret behind unprecedented solution behaviors
of charged macromolecules with certain charge distributions.

The current pandemic has made the names of bio-
macromolecules like nucleic acids, antibodies, etc., com-
mon household terms. However, in order to study these
biomacromolecules, scientists first need to purify them
from their crude product. Salting-out is a low-cost purifica-
tion technique that uses the presence of salts to precipi-
tate biomacromolecules in solution by reducing the solu-
bility of the macromolecules. How salt affects the solubility
of the biomacromolecules is still poorly understood. One
of the most famous puzzles in this field is the more than
100-year-old “Hofmeister Series,” which holds that the
small ions carrying the same amount of charges can still
show their distinct effects on biomacromolecules. Al-
though it is still in debate, a function of the interaction be-
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tween the electrostatic and hydration effects has been
proposed to explain such effects. Understanding the cir-
cumstances that allow for the domination of each type of
effect requires more insight into how ions interact in solu-
tion. To illuminate the interactions, a team of scientists
from The University of Akron used the APS to examine a
model, measuring the quantity and spatial distribution of
its surrounding small ions. Their results, published in the
journal Angewandte Chemie International Edition, show
the valency of the counterions and the charge distribution
of the macromolecule directly impacts whether hydration
or electrostatic effects will play a larger role.

The model chosen by the team was a molybdenum-
based polyoxometalate cluster (denoted as {Mo,,,}): @ 2.5-



nanometers-diameter hollow spherical nanoparticle with a
net negative charge, balanced by countercations. {{Mo,;,}
is interesting for its unusual higher solubility with divalent
alkaline earth metal cations than with monovalent alkaline
metal cations. It is opposite to common observations and
the prediction in classical theories that the counterions
with higher valency will more effectively screen the elec-
trostatic repulsion between the macromolecules, and
therefore macromolecules with higher valent counterions
are easier to aggregate and eventually precipitate from
solution.

Although it is known that counterions with the same
valency in the Hofmeister Series have hydration-depen-
dent interactions, electrostatic interactions dominate when
it comes to the difference in valency. Therefore, classical
theories cannot explain the unusual solubility behavior of
the {{Mo,,,} cluster in the presence of different valence
counterions. The team hypothesized that this behavior
was caused by other factors that put the effects of hydra-
tion over the difference of electrostatic interactions be-
tween the divalent strontium (Sr*) cations and monovalent
rubidium (Rb") cations.

To test this hypothesis, the team characterized the dis-
tribution and quantity of the countercations around {{Mo,s,}
using anomalous small-angle x-ray scattering (ASAXS) at
the ChemMatCARS 15-ID-D x-ray beamline at the APS. In
solution, the counterions will form a “cloud” around the
charged macromolecule, called the electrical double layer.
The electrical double layer has two parts: an inner layer
consisting of strongly bound ions and a diffuse one of
loosely bound ions further from the core. In solution, these
clusters' countercation cloud is diffused and loosely inter-
acting in nature, so the only research technique that will
directly probe the countercations is ASAXS. The team’s
ASAXS results are summarized in Fig. 1. They found that,
independent of the concentration of salts in the solution,
most of the rubidium cations were located near the skele-
ton of {{Mo,;,} or in the inner layer of its countercation
cloud. Increasing the concentration of the RbCl salt in-
creased the amount of Rb" in the inner layer and eventu-
ally lead to coagulation. Larger amounts of Sr** were de-
tected in both the inner and diffuse layers. And, unlike
RbCl, increasing the concentration of the SrCl, salt did not
appreciably increase the number of Sr** in the inner layer,
nor did it lead to coagulation up to 1 M (compared with
RbCl where coagulation occurred at approximately 15-fold
less).

The team concluded that the differences in rubidium
and strontium results are a function of whether the elec-

trostatic interaction or hydration effects are stronger. The
electrostatic attraction between countercation and macro-
molecules facilitates their association, while the hydration
(layer) around countercations prevents the association.
Because most of the {{Mo,;,} charges are within its skele-
ton, there is a larger separation distance between its neg-
ative charge and the countercations. As the strength of
the electrostatic interacts is reversely proportional to the
square of the distance, the longer separation weakens the
electrostatic interactions. Although Sr** has a much
stronger electrostatic interaction with {{Mo,;,} than Rb+
due to its higher valency, Sr** is also much more heavily
hydrated than Rb". In this case, due to the special charge
distribution of {{Mo,3,}, the effects of the electrostatic inter-
action are weaker than the hydration, thus Sr** has a lower
affinity to {{Mo,;,} and stays further. The team concluded
that these differences also explain why the critical coagu-
lation concentration differs between strontium and rubid-
ium solutions. Sr** spread further from the skeleton of
{{Mo,3,)] and, unlike Rb", cannot facilitate the short-range
attraction that makes coagulation happen.

The team's results diligently show the balance be-
tween the electrostatic interaction and hydration effects,
adding to our understanding of the behavior of charged
macromolecules in solution and furthering the step to the
solution of the long-standing puzzle of the Hoffmeister Se-
ries. — Mary Alexandra Agner
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AWARDS ETC.

Decker, Thurman, and Zholents of APS Receive Argonne
Board of Governors Awards

L. to r.: Glenn Decker, Arista Thurman, Sasha Zholents
Alexander (Sasha) Zholents was presented with a
2021 Argonne National Laboratory Distinguished Perform-
ance Award by the UChicago Argonne, LLC, Board of Gov-
ernors. Zholents is an Argonne Distinguished Fellow and a
Senior Physicist in the APS Accelerator Systems Division

(ASD).

Glenn Decker (APS Upgrade) was presented with a
2021 Outstanding Safety Leadership Award by the
UChicago Argonne, LLC, Board of Governors.

Arista Thurman (APS Engineering Support Division)
was presented with a 2021 Excellence in Diversity and In-
clusion Award by the UChicago Argonne, LLC, Board of
Governors.

These awards recognize distinguished performance
and outstanding scientific or engineering achievement by
individual members of the Argonne professional staff,
technicians, and others engaged in scientific and technical
activities.

Sun of ASD Named Accelerator Operations and

Physics Group Leader

Yine Sun was appointed group

leader of the ASD Accelerator Opera-

tions and Physics Group. Sun is a

member of the Scientific Advisory

Board for the International Particle

Accelerator Conference and a con-
venor for the Snowmass 2021 Accelerator Frontier, Accel-
erator Technology Topical Group. Sun’s honors include the
ASD Appreciation Award for extraordinary effort in the
planning, management, commissioning, and operation of
linac interleaving; and a Fermilab Exceptional Performance
Recognition Award for her work in beam phase-space ma-
nipulation in a photo-injector. She is the author or co-au-
thor on many peer reviewed publications and has an ex-
tensive list of invited talks at conferences and workshops.
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Greene, NHMFL Chief Scientist and Member of the
APS Scientific Advisory Committee, Named to PCAST
Laura Greene has been ap-
pointed by President Biden to serve
on the President's Council of Advi-
sors on Science and Technology
(PCAST). Greene is the chief scientist
at the National High Magnetic Field
Laboratory located at Florida State
University, the University of Florida, and Los Alamos Na-
tional Laboratory; and is a member of the APS Scientific
Advisory Committee. PCAST advises the president on
matters involving science, technology, and innovation pol-
icy, as well as on matters involving scientific and techno-
logical information that is needed to inform public policy
relating to the economy, worker empowerment, educa-
tion, energy, the environment, public health, national and
homeland security, racial equity, and other topics.

llavsky of XSD Named a Fellow of the American
Crystallographic Association
Jan llavsky, physicist and beam-
line scientist with the XSD Chemical
& Materials Science Group, which op-
erates or co-operates four x-ray
beamlines at the APS, has been
named a Fellow of the American
Crystallographic Association (ACA).
llavsky is one of seven scientists named to the ACA Fel-
lows class of 2021.

Kelly Named XSD Spectroscopy Group Leader
Shelly Kelly was appointed
leader of the XSD Spectroscopy
Group. She is an expert in x-ray ab-
sorption spectroscopy (XAS) and was
a long-time user of the APS as an Ar-
gonne research physicist studying
the fate and transport of contami-
nants in natural systems using XAS. In 2011, Kelly joined
Honeywell UOP, studying catalysis systems, and served as
Senior Manager R&D of the Advanced Characterization
Group. Kelly is an author or co-author on over 70 peer-re-
viewed publications and three book chapters on XAS.
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A news release from an APS user institution

Mouse Brain Imaged from the Microscopic to the

Macroscopic Level

Fig. 1. By using an imaging pipeline of MRI, uCT, and EM, Foxley, Kasthuri, and their team
were able to simultaneously resolve brain structures, like the white matter, at (a) macro-,
(b) meso-, and (c) microscopic-scales in the same brain. Image from Foxley et al., Neu-
rolmage 2348, 118250 (September 2021). Copyright © 2021. Published by Elsevier Inc.

The original University of Chicago Medical Center
press release by Alison Caldwell can be read here.
© 2021 The University of Chicago Medical Center. All
rights reserved.

Researchers at the University of Chicago and Argonne
have leveraged existing advanced x-ray microscopy (EM)
techniques to bridge the gap between MRI (magnetic res-
onance imaging) and electron microscopy imaging, pro-
viding a viable pipeline for multiscale whole brain imaging
within the same brain. The proof-of-concept demonstra-
tion involved using high-brightness, intense x-rays from
the DOE’s APS to image an entire mouse brain across five
orders of magnitude of resolution, a step which re-
searchers say will better connect existing imaging ap-
proaches and uncover new details about the structure of
the brain. The advance, which was published in the journal
Neurolmage, will allow scientists to connect biomarkers at
the microscopic and macroscopic level (Fig. 1), improving
the resolution of MRI imaging, and provide greater context
for electron microscopy.

“Our lab is really interested in mapping brains at multi-
ple scales to get an unbiased description of what brains
look like,” said senior author Narayanan “Bobby” Kasthuri,
Assistant Professor of Neurobiology at the University of
Chicago and a neuroscience researcher at Argonne.
“When | joined the faculty here, one of the first things |
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learned was that Argonne had this extremely powerful x-
ray microscope [the APS], and it hadn’t been used for
brain mapping yet, so we decided to try it out.”

The “microscope” uses a type of imaging called syn-
chrotron-based x-ray tomography, which can be likened to
a “micro-CT,” or micro-computerized tomography (LCT)
scan. Thanks to the powerful x-rays produced by the APS
the researchers were able to image the entire mouse
brain—roughly one cubic centimeter—at the resolution of
a micron, or 1/10,000 of a centimeter. It took roughly six
hours to collect images of the entire brain, adding up to
around 2 terabytes of data. This is one of the fastest ap-
proaches for whole brain imaging at this level of resolu-
tion.

Magnetic resonance imaging can quickly image the
whole brain to trace neuronal tracts, but the resolution
isn’t sufficient to observe individual neurons or their con-
nections. On the other end of the scale, EM can reveal the
details of individual synapses, but generates an enormous
amount of data, making it computationally challenging to
look at pieces of brain tissue larger than a few microme-
ters in volume. Existing techniques for studying neu-
roanatomy at the micrometer resolution typically are either
merely two-dimensional or use protocols that are incom-
patible with MRI or EM imaging, making it impossible to
use the same brain tissue for imaging at all scales.
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The researchers realized that their new micro-CT ap-
proach could help bridge this existing resolution gap.
“There have been a lot of imaging studies where people
use MRI to look at the whole brain level and then try to
validate those results using EM, but there’s a discontinuity
in the resolutions,” said article first author Sean Foxley, Re-
search Assistant Professor at UChicago. “It’s hard to say
anything about the large volume of tissue you see with an
MRI when you’re looking at an EM dataset, and the X-ray
can bridge that gap. Now we finally have something that
can let us look across all levels of resolution seamlessly.”

Combining their expertise in MRI and EM, Foxley,
Kasthuri, and the team opted to attempt mapping a single
mouse brain using these three approaches. “Why did we
choose the mouse brain? Because it fits in the micro-
scope,” Kasthuri said with a laugh. “But also, the mouse is
the workhorse of neuroscience; they’re very useful for an-
alyzing different experimental conditions in the brain.”

After collecting and preserving the tissue, the team
placed the sample in an MRI scanner to collect structural
images of the entire brain. Next, it was placed on a rotat-
ing stage in the puCT scanner at the XSD Imaging Group’s
32-ID x-ray beamline at the APS to collect the CT data be-
fore specific regions of interest were identified in the
brainstem and cerebellum for targeting for EM.

After months of data processing and image tracing
that included using uCT reconstruction algorithms at the
Argonne Leadership Computing Facility’s supercomput-
ers, the researchers determined that they were able to
use the structural markers identified on the MRI to localize
specific neuronal subgroups in designated brain regions,
and that they could trace the size and shape of individual
cell bodies. They could also trace the axons of individual
neurons as they traveled through the brain and could con-
nect the information from the uCT images with what they
saw at the synaptic level with the EM.

This approach will not only be helpful for imaging the
brain at the pCT resolution, but also for informing MRI and
EM imaging. “Imaging a 1-millimeter cube of the brain with
EM, which is the equivalent to about the minimum resolu-
tion of an MRI image, produces almost a million gigabytes
of data,” Kasthuri said. “And that’s just looking at a 1-mil-
limeter cube! | don’t know what’s happening in the next
cube, or the next, so | don’t really have context for what
I’'m seeing with EM. MRI can provide some context except
that scale is too big to bridge. Now this uCT gives us that
needed context for our EM work.”

Foxley is excited about how this approach can be
used for understanding the living brain via MRI. “This tech-
nique gives us a really clear way to identify changes in the
microstructure of the brain when there is a disease or in-
jury present,” he said. “So now we can start looking for
biomarkers with the uCT that we can then trace back to
what we see on the MRI in the living brain. The APS x-rays

lets us look at things on the cellular level, so then we can
ask, what changed at the cellular level that produced a
global change in the MRI signal on a macroscopic level?”

The team is already using this technique to begin ex-
ploring important questions in neuroscience, looking at
the brains of mice that have been genetically engineered
to develop Alzheimer’s disease to see if they can trace the
Ab plaques seen with uCT back to measurable changes in
MRI scans, especially in early stages of the disease.Be-
cause this work was done at Argonne, this resource will
be open and freely accessible to other scientists around
the world, making it possible for researchers to begin ask-
ing and answering questions that span the whole brain
and reach down to the synaptic level.

At the moment, the UChicago team is most interested
in continuing to refine the technique. “The next step is to
do an entire primate brain,” said Kasthuri. “The mouse
brain is possible, and useful for pathological models. But
what | really want to do is get an entire primate brain im-
aged down to the level of every neuron and every synap-
tic connection. And once we do that, | want to do an entire
human brain.”
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modal imaging of a single mouse brain over five orders of
magnitude of resolution,” Neurolmage 2348, 118250 (Sep-
tember 2021). DOI: 10.1016/j.neuroimage.2021.118250
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An Argonne press release

Shining a Healing Light on the Brain

Artist’s rendering shows x-rays striking radioluminescent
nanoparticles in the brain, which emit red light that triggers a
sodium (Na") and potassium (K") ion influx and thereby activates
brain neurons. Image: Zhaowei Chen/Argonne National Labora-
tory.

The original Argonne press release by Joseph E.Har-
mon can be read here.

Many people worldwide suffer from movement-related
brain disorders. Epilepsy accounts for more than 50 mil-
lion; essential tremor, 40 million; and Parkinson’s disease,
10 million. Relief for some brain disorder sufferers may one
day be on the way in the form of a new treatment invented
by researchers from Argonne and four universities. The
treatment is based on breakthroughs in both optics and
genetics as reported in the journal ACS Nano. It would be
applicable to not only movement-related brain disorders,
but also chronic depression and pain.

This treatment involves stimulation of neurons deep
within the brain by means of injected nanoparticles that
light up when exposed to x-rays (nanoscintillators) and
would eliminate an invasive brain surgery currently in use.

“Our high-precision noninvasive approach could be-
come routine with the use of a small x-ray machine, the
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kind commonly found in every dental office,” said Elena
Rozhkova, a lead author of the ACS Nano paper and a
nanoscientist in Argonne’s Center for Nanoscale Materials
(CNM).

Traditional deep brain stimulation requires an invasive
neurosurgical procedure for disorders when conventional
drug therapy is not an option. In the traditional procedure,
approved by the U.S. Food and Drug Administration, sur-
geons implant a calibrated pulse generator under the skin
(similar to a pacemaker). They then connect it with an insu-
lated extension cord to electrodes inserted into a specific
area of the brain to stimulate the surrounding neurons and
regulate abnormal impulses.

“The Spanish-American scientist José Manuel Ro-
driguez Delgado famously demonstrated deep brain stim-
ulation in a bullring in the 1960s,” said Vassiliy Tsytsarev, a
neurobiologist from the University of Maryland and a co-
author of the study. “He brought a raging bull charging at
him to a standstill by sending a radio signal to an im-
planted electrode.”

About 15 years ago, scientists introduced a revolution-
ary neuromodulation technology, “optogenetics,” which
relies on genetic modification of specific neurons in the
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brain. These neurons create a light-sensitive ion channel
in the brain and fire in response to external laser light.
This approach, however, requires very thin fiberoptic wires
implanted in the brain and suffers from the limited pene-
tration depth of the laser light through biological tissues.

The team’s alternative optogenetics approach uses
nanoscintillators injected in the brain, bypassing im-
plantable electrodes or fiberoptic wires. Instead of lasers,
they substitute x-rays because of their greater ability to
pass through biological tissue barriers.

“The injected nanoparticles absorb the x-ray energy
and convert it into red light, which has significantly greater
penetration depth than blue light,” said Zhaowei Chen, for-
mer CNM postdoctoral fellow.

“Thus, the nanoparticles serve as an internal light
source that makes our method work without a wire or
electrode,” added Rozhkova. Since the team’s approach
can both stimulate and quell targeted small areas,
Rozhkova noted, it has other applications than brain disor-
ders. For example, it could be applicable to heart prob-
lems and other damaged muscles.

One of the team’s keys to success was the collabora-
tion between two of the world-class facilities at Argonne:
the CNM and the APS. The work at these facilities began
with the synthesis and multi-tool characterization of the
nanoscintillators. In particular, the x-ray excited optical lu-
minescence of the nanoparticle samples was determined
at the XSD Spectroscopy Group’s 20-BM beamline at the
APS. The results showed that the particles were extremely
stable over months and upon repeated exposure to the
high-intensity x-rays.

According to Zou Finfrock, a staff scientist at the 20-
BM beamline and at the Canadian Light Source, “They
kept glowing a beautiful orange-red light.”

Next, Argonne sent CNM-prepared nanoscintillators to
the University of Maryland for tests in mice. The team at
University of Maryland performed these tests over two
months with a small portable x-ray machine. The results
proved that the procedure worked as planned. Mice
whose brains had been genetically modified to react to
red light responded to the x-ray pulses with brain waves
recorded on an electroencephalogram.

Finally, the University of Maryland team sent the ani-
mal brains for characterization using x-ray fluorescence
microscopy performed by Argonne scientists. This analy-
sis was performed by Olga Antipova on the Microscopy
Group’s microprobe beamline (2-ID-E) at the APS, and by
Zhonghou Cai of the Microscopy Group on the Hard X-ray

Nanoprobe at APS beamine 26-ID, which is jointly oper-
ated by the CNM and the APS Microscopy Group.

This multi-instrument arrangement made it possible to
see tiny particles residing in the complex environment of
the brain tissue with a super-resolution of dozens of
nanometers. It also allowed visualizing neurons near and
far from the injection site on a microscale. The results
proved that the nanoscintillators are chemically and bio-
logically stable. They do not wander from the injection site
or degrade.

“Sample preparation is extremely important in these
types of biological analysis,” said Antipova, a physicist in
the XSD. Antipova was assisted by Qiaoling Jin and Xueli
Liu, who prepared brain sections only a few micrometers
thick with jeweler-like accuracy.

“There is an intense level of commercial interest in op-
togenetics for medical applications,” said Rozhkova. “Al-
though still at the proof-of-concept stage, we predict our
patent-pending wireless approach with small x-ray ma-
chines should have a bright future.”
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Cortical Neurons Enabled by Radioluminescent Nanoparti-
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An APS-authored science highlight

From Amphibians to Mammals, the Same Spark of Life

Fig. 1. X-ray fluorescence microscopy images of the animal
poles of fixed Xenopus egg/embryo slices show that zinc
and manganese are localized in small cortical compart-
ments. Scale bars, 20 um. Images were acquired at APS
beamline 2-ID. Pixel size, 300 x 300 nanometers; slice thick-
ness, 2 um; scan time, 500 ms per pixel. These are repre-
sentative images of slices of eggs/embryos from seven
different frogs imaged over three experiments. From J.F.
Seeler et al., Nat. Chem. 13, 683 (July 2021). © 2021

Springer Nature Limited

At the very earliest moments of mammalian life—im-
mediately after fertilization of an egg—there is metallic
explosion. The newly minted embryo releases a coordi-
nated display of zinc ions into the surrounding environ-
ment, with the goal of confounding unwanted extra
sperm from attempting to enter the cell. Such
polyspermy can be devastating. While scientists have ob-
served the “zinc spark” in mice, monkeys, and humans, it
hasn’t been clear how far down the evolutionary line this
phenomenon stretches. To help find out, researchers
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looked to a species of frog—Xenopus laevis—known for
the large size and abundance of their eggs. Using the
APS they performed x-ray fluorescence microscopy
(XFM) on frog eggs and embryos. This and other pub-
lished data suggested that frog eggs do indeed exhibit
the zinc spark, but the researchers also found something
surprising: a manganese spark. The findings, published
in Nature Chemistry, point to the conservation of zinc
and manganese release in vertebrates, with the overall
goal of blocking polyspermy, and saving a life.



It wasn’t always clear that frog eggs would exhibit the
zinc spark; in fact, some studies suggested otherwise.
While the zinc content in mouse eggs decreases by 20%
after fertilization, mass spectroscopy studies—which can
hone in on zinc concentrations in cells—showed that
Xenopus eggs and embryos appear to have similar
amounts of zinc. Inductively coupled plasma mass spec-
trometry (ICP-MS) studies also didn’t show zinc concentra-
tion differences between Xenopus eggs and embryos 1
hour after fertilization. And yet, fluorescence optical mi-
croscopy clearly reveals zinc exiting cells immediately af-
ter fertilization. To explain this seeming discrepancy, the
researchers in this study point to the size of the Xenopus
eggs. Unlike mammalian eggs, Xenopus eggs store most
of their zinc in the yolk, which wouldn’t be accessible for
release after fertilization. The methods that failed to ob-
serve a difference in zinc levels between eggs and em-
bryos may not be sensitive enough to account for the rela-
tively small release of zinc after fertilization compared to
the large store of zinc in the yolk.

But why stop at zinc? The researchers used these
same methods to explore the concentrations of other tran-
sition metals in Xenopus eggs before and after fertiliza-
tion. That’s when they saw a whopping 53% drop in man-
ganese levels after fertilization, which clearly required
some additional study, as such a phenomenon had not
been noticed previously across the animal kingdom.

As a first step in their manganese exploration, the re-
searchers tried to figure out where in the cell the man-
ganese was located and with what other molecules the
manganese was associating. Using XFM at the XSD Mi-
croscopy Group's 2-ID x-ray beamline at the APS, they
were able to visualize metals within single cells and dis-
covered that the manganese, along with the zinc, was
compartmentalized (Fig. 1). The cellular location of these
metals was further characterized using analytical electron
microscopy (AEM) performed using the Argonne Pico-
Probe as well as AEM resources in the Argonne Center for
Nanoscale Materials. In mammalian cells, the zinc that
eventually leaves the cell upon fertilization is first housed
within the cell in compartments called cortical granules.
These organelles are found in egg cells, located around
the outskirts of the cell, and are designed to be secreted
from the cell. Upon fertilization, the cortical granules
emerge from the cell to release zinc, promoting the hard-
ening of the cell that thwarts polyspermy. It turns out that
manganese release also blocks polyspermy.

In the end, the study established that zinc aggregates
in vesicles near the surface of frog eggs, which are re-

leased after fertilization to block sperm from entering the
cell. The surprising release of manganese alongside zinc
demands that scientists ask the question of whether man-
ganese plays a similar role in other vertebrates, particu-
larly humans. Future single cell studies in other organisms,
similar to those performed in these frog cells, may reveal
the importance of manganese at these critical early mo-
ments of life. — Erika Gebel Berg
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A news release from an APS user institution

“Dancing Molecules” Successfully Repair
Severe Spinal Cord Injuries

The original “Northwestern [University] Now” article by
Amanda Morris can be read here.© 2021 Northwestern
University

Northwestern University researchers have developed
a new injectable therapy that harnesses “dancing mole-
cules” to reverse paralysis and repair tissue after severe
spinal cord injuries. In a new study, which included re-
search at the APS and was published in the journal Sci-
ence, the team administered a single injection to tissues
surrounding the spinal cords of paralyzed mice. Just four
weeks later, the animals regained the ability to walk.

By sending bioactive signals to trigger cells to repair
and regenerate, the breakthrough therapy dramatically im-
proved severely injured spinal cords in five key ways: (1)
The severed extensions of neurons, called axons, regen-
erated; (2) scar tissue, which can create a physical barrier
to regeneration and repair, significantly diminished; (3)
myelin, the insulating layer of axons that is important in
transmitting electrical signals efficiently, reformed around
cells; (4) functional blood vessels formed to deliver nutri-
ents to cells at the injury site; and (5) more motor neurons
survived.

After the therapy performs its function, the materials
biodegrade into nutrients for the cells within 12 weeks and
then completely disappear from the body without notice-
able side effects. This is the first study in which re-
searchers controlled the collective motion of molecules
through changes in chemical structure to increase a thera-
peutic’s efficacy.

“Our research aims to find a therapy that can prevent
individuals from becoming paralyzed after major trauma or
disease,” said Northwestern’s Samuel I. Stupp, who led the
study. “For decades, this has remained a major challenge
for scientists because our body’s central nervous system,
which includes the brain and spinal cord, does not have
any significant capacity to repair itself after injury or after
the onset of a degenerative disease. We are going
straight to the FDA to start the process of getting this new
therapy approved for use in human patients, who currently
have very few treatment options.”

According to the National Spinal Cord Injury Statistical
Center, nearly 300,000 people are currently living with a
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spinal cord injury in the United States. Life for these pa-
tients can be extraordinarily difficult. Less than 3% of peo-
ple with complete injury ever recover basic physical func-
tions. And approximately 30% are re-hospitalized at least
once during any given year after the initial injury, costing
millions of dollars in average lifetime health care costs per
patient. Life expectancy for people with spinal cord in-
juries is significantly lower than people without spinal cord
injuries and has not improved since the 1980s.

“Currently, there are no therapeutics that trigger
spinal cord regeneration,” said Stupp, an expert in regen-
erative medicine. “l wanted to make a difference on the
outcomes of spinal cord injury and to tackle this problem,
given the tremendous impact it could have on the lives of
patients. Also, new science to address spinal cord injury
could have impact on strategies for neurodegenerative
diseases and stroke.”

The secret behind Stupp’s new breakthrough thera-
peutic is tuning the motion of molecules, so they can find
and properly engage constantly moving cellular receptors.
Injected as a liquid, the therapy immediately gels into a
complex network of nanofibers that mimic the extracellular
matrix of the spinal cord. By matching the matrix’s struc-
ture, mimicking the motion of biological molecules and in-
corporating signals for receptors, the synthetic materials
are able to communicate with cells.

“Receptors in neurons and other cells constantly
move around,” Stupp said. “The key innovation in our re-
search, which has never been done before, is to control
the collective motion of more than 100,000 molecules
within our nanofibers. By making the molecules move,
‘dance’ or even leap temporarily out of these structures,
known as supramolecular polymers, they are able to con-
nect more effectively with receptors.”

Stupp and his team found that fine-tuning the mole-
cules’ motion within the nanofiber network to make them
more agile resulted in greater therapeutic efficacy in para-
lyzed mice. They also confirmed that formulations of their
therapy with enhanced molecular motion performed bet-
ter during in vitro tests with human cells, indicating in-
creased bioactivity and cellular signaling.

The team employed a wide range of experimental
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techniques to characterize the synthetic materials, includ-
ing nuclear magnetic resonance imaging; transmission
electron microscopy; cryogenic transmission electron mi-
croscopy; scanning electron microscopy; circular dichro-
ism spectroscopy; Fourier transformed infrared spec-
troscopy; and synchrotron solution small-angle x-ray
scattering, which was carried out at the DND-CAT x-ray
beamline station 5-ID-D at the APS.

“Given that cells themselves and their receptors are in
constant motion, you can imagine that molecules moving
more rapidly would encounter these receptors more of-
ten,” Stupp said. “If the molecules are sluggish and not as
‘social, they may never come into contact with the cells.”

Once connected to the receptors, the moving mole-
cules trigger two cascading signals, both of which are criti-
cal to spinal cord repair. One signal prompts the long tails
of neurons in the spinal cord, called axons, to regenerate.
Similar to electrical cables, axons send signals between
the brain and the rest of the body. Severing or damaging
axons can result in the loss of feeling in the body or even
paralysis. Repairing axons, on the other hand, increases
communication between the body and brain.

The second signal helps neurons survive after injury
because it causes other cell types to proliferate, promot-
ing the regrowth of lost blood vessels that feed neurons
and critical cells for tissue repair. The therapy also induces
myelin to rebuild around axons and reduces glial scarring,
which acts as a physical barrier that prevents the spinal
cord from healing.

“The signals used in the study mimic the natural pro-
teins that are needed to induce the desired biological re-
sponses. However, proteins have extremely short half-
lives and are expensive to produce,” said Zaida Alvarez,
the study’s first author. “Our synthetic signals are short,
modified peptides that — when bonded together by the
thousands — will survive for weeks to deliver bioactivity.
The end result is a therapy that is less expensive to pro-
duce and lasts much longer.” A former research assistant
professor in Stupp’s laboratory, Alvarez is now a visiting
scholar at SQI and a researcher at the Institute for Bio-
engineering of Catalona in Spain.

While the new therapy could be used to prevent
paralysis after major trauma (automobile accidents, falls,
sports accidents and gunshot wounds) as well as from dis-
eases, Stupp believes the underlying discovery — that
“supramolecular motion” is a key factor in bioactivity —
can be applied to other therapies and targets.

“The central nervous system tissues we have success-
fully regenerated in the injured spinal cord are similar to
those in the brain affected by stroke and neurodegenera-
tive diseases, such as ALS, Parkinson’s disease and
Alzheimer’s disease,” Stupp said. “Beyond that, our funda-
mental discovery about controlling the motion of molecu-
lar assemblies to enhance cell signaling could be applied
universally across biomedical targets.”
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An APS-authored science highlight

Measuring Cartilage Dynamics at Nanoscale

Fig. 1. A time-averaged two-dimensional small-angle x-ray scattering (SAXS) pattern was deter-
mined for a representative cartilage sample (A). The cartilage structure is anisotropic; therefore,
beam scattering is also anisotropic. A horizontal mask was created to simplify data analysis and
can be visualized with the white dashed lines (B). Only data between the two white dashed lines
were analyzed. XPCS acquisition parameters were adjusted to reduce radiation damage to the car-
tilage (C). The one--dimensional SAXS was averaged in 100 frame increments and then the 100
frame increments were overlaid. The overlaid static structures remained the same, demonstrating
the structural integrity of the cartilage extracellular matrix did not change during XPCS measure-
ment collection. From B.D. Partain et al., Osteoarthr. Cartilage 29(9), 1351 (September 2021). Copy-
right © 2021 Elsevier B.V. or its licensors or contributors

Cartilage is a connective tissue made of solid and fluid
components. Cartilage mechanics vary according to inter-
actions between these components. Therefore, under-
standing how they interact is crucial to developing accu-
rate models of how cartilage functions. In this study,
researchers used high brightness x-rays at the APS to di-
rectly measure solid/fluid interactions in a model system
comprising bovine cartilage and various fluids. The quali-
ties of the APS x-rays and the capacity of the technique
they employed (x-ray photon correlation spectroscopy or
XPCS) to capture nanometer-scale dynamics enabled the
researchers to study these components at microscopic-
length scales and depths for the first time, providing novel
insight into factors that influence the mobility of the extra-
cellular matrix (ECM) of cartilage. Their findings suggest
that smaller ECM components are more mobile than larger
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components; dehydration slows mobility; and ECM dynam-
ics are faster the closer they are to the cartilage surface.
Their findings, published in the journal Osteoarthritis and
Cartilage, also show that XPCS can be used to effectively
measure ECM dynamics simultaneously at the submicron
scale and the nanometer scale due to the use of large
area detectors. Taken together, these results advance our
understanding of cartilage dynamics and demonstrate a
valuable new research tool.

Biological tissues perform complex mechanical func-
tions, but questions remain regarding how the dynamics
of biosolid-biofluid interactions affect tissue mechanics.
Current cartilage biomechanics models are largely based
on assumptions about how the viscous fluid interacts with
the solid ECM, with many models showing that small shifts
in nanoscale physical structures produce major effects. Di-



rect measurements would help verify these models but
capturing these interactions at the necessary nanoscale is
challenging.

Small-angle x-ray photon correlation spectroscopy
(SA-XPCS) can make these direct measurements at
nanoscale. When a coherent x-ray beam from a light
source like APS passes through a sample, the microstruc-
ture of the sample scatters the beam and generates an
optical interference pattern called a “speckle” pattern on
the x-ray detector. The motion of the sample microstruc-
ture creates time-dependent changes in the speckles,
thereby conveying information about the sample’s dynam-
ics with nanoscale sensitivity. Prior to this study, the only
application of XPCS to biological samples was performed
with complex fluids and protein solutions. In this study,
half-moon-shaped cartilage samples (3 mm diameter and
3 mm thickness) from three juvenile bovine femoral
condyles (two rounded prominences at the end of the fe-
mur) were inserted into a specimen holder and exposed to
different conditions for specific XPCS experiments at the
8-ID-I beamline operated by the XSD Dynamics & Struc-
ture Group at the APS.

First, a proof-of-concept experiment was performed
showing hydration was necessary for XPCS to measure
cartilage mobility. As cartilage contains multiple compo-
nents of varying sizes and lengths, the researchers used
XPCS to determine the lengths of components that con-
tributed to ECM dynamics.

Cartilage has a hierarchical structure, such that the
ECM composition and hydration varies at different depths
into the sample. Thus, in the second experiment, the re-
searchers assessed ECM mobility at various depths in car-
tilage exposed to bovine synovial fluid (the viscous liquid
that bathes the cartilage in joints). XPCS was able to
measure submicron- to nanometer-level fluctuations, mak-
ing this the first study to show that biosolid-biofluid dy-
namics change with depth.The cartilage ECM is often de-
scribed as having different structural zones, all of which
contain collage. Therefore, in the third experiment, the re-
searchers evaluated the effects of collagen cross-linking
to selectively determine collagen’s contribution to matrix
dynamics. Collagen was cross-linked by soaking the carti-
lage samples in genipin and XPCS measurements were
collected near the cartilage surface. They found that as
cross-linking increases, ECM mobility decreases (Fig. 1).

Even though the surface of cartilage is in contact with
synovial fluid, many experiments modeling ECM mobility
use phosphate buffered saline or deionized water. In the

fourth experiment, the researchers explored the effects of
different fluids on ECM mobility. They exposed the carti-
lage samples to deionized water, phosphate buffered
saline, or non-degraded bovine synovial fluid for 20 to 30
minutes, and then collected XPCS measurements near the
cartilage surface. They found that ECM mobility was slow-
est in synovial fluid and fastest in deionized water.

In joint diseases like osteoarthritis (OA), the long
hyaluronic chains in synovial fluid break down, causing a
loss in synovial fluid viscosity. In the final experiment, the
researchers evaluated whether a change in viscosity af-
fected ECM mobility. They found that the less viscous the
synovial fluid was, the more mobile the ECM became. This
could affect the stability of the ECM at the surface of the
cartilage as the disease advances.

This research is significant in a number of ways. First,
the data collected at the APS can be used to expand our
understanding of cartilage mobility and how it contributes
to biomechanics of healthy and diseased joints. The data
also help to verify the accuracy of assumption-based mod-
els, improve the design of cartilage therapies, and help
scientists evaluate the effect that cartilage drugs have on
the dynamics of the ECM. Finally, it shows the effective-
ness of the XPCS technique in evaluating nanoscale dy-
namics in an opaque biological tissue and the spatial se-
lectivity enabled by the micro-focused beam that allows
for comparative studies at different regions of the sample.
For these reasons, both the research itself and the XPCS
that facilitated it may help scientists remediate joint dis-
eases like osteoarthritis. — Judy Myers
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An APS-authored science highlight

Squeezing Fast Skeletal Myosin-Binding Protein-C
Reveals Its Structure and Function

On a molecular level, muscle contraction and relax-
ation are achieved when thick filaments containing myosin
and thin filaments containing actin interact in the sarcom-
ere—the fundamental functional unit of striated muscle.
Myosin-binding protein-C (MyBP-C) is a thick-filament reg-
ulatory protein expressed in striated muscle. It has three
paralogs, each encoded by a different gene: slow skeletal
(sMyBP-C), fast skeletal (fMyBP-C), and cardiac (cMyBP-C).
Much effort has been expended toward studying the car-
diac isoform due to its role in hypertrophic cardiomyopa-
thy, a disease caused by abnormal genes in the heart
muscle, which cause the walls of the heart chamber (left
ventricle) to contract harder and become thicker than nor-
mal, causing the thickened walls to become stiff, while
fMyBP-C remains the least studied. However, interest in
fMyBP-C is increasing because the fast skeletal isoform
has been linked to congenital skeletal muscle diseases.
These myopathies include distal arthrogryposis and lethal
congenital contracture syndrome, which can cause devas-
tating impairments such as muscle weakness and atrophy,
and can even be incompatible with life. A team of re-
searchers set out to better understand fMyBP-C on a mo-
lecular level. Using knockout mice, the researchers con-
ducted a suite of experiments including x-ray diffraction
(XRD), which was carried out at the APS. Insights from
these experiments helped the team elucidate the struc-
tural and functional roles that fMyBP-C plays in fast skele-
tal muscle contraction. These findings, published in the
Proceedings of the National Academy of Sciences of the
United States of America, elevate the field’s understand-
ing of myosin-binding proteins and move forward re-
search related to skeletal myopathies.

Human skeletal and cardiac muscle is made up of
thousands of organelles called myofibrils that allow mus-
cles to contract. As they contract, sliding occurs between
the myosin-based thick and the actin-based thin filament
contractile proteins, allowing the muscles to shorten.
Myosin-binding protein-C (MyBP-C) governs this process.
The three MyBP-C paralogs, sMyBP-C, fMyBP-C, and
cMyBP-C have similar protein structures but are each en-
coded by different genes and have unique functional and
regulatory mechanisms.
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To better understand the structural, functional, and
physiological roles of fMyBP-C in skeletal muscle, the re-
searchers in this study conducted in vitro and in vivo stud-
ies on newly generated homozygous fMyBP-C knockout
mice (C27). The C2” mice showed decreased grip
strength and plantar flexor muscle strength and reduced
peak isometric tetanic force and isotonic speed of contrac-
tion in isolated extensor digitorum longus (EDL) muscle.

Using the Bio-CAT 18-ID beamline at the APS for small-
angle x-ray diffraction studies, the researchers measured
the x-ray diffraction pattern of EDL muscle both at rest and
during isometric contraction. The resulting data (Fig. 1) on
the C27" EDL muscle showed increased mobility of myosin
heads. During contraction, there was a shift of myosin
heads toward actin and, at rest, the myosin heads were
less ordered. The data also suggested increased spacing
in the interfilament lattice spacing for C27" EDL muscle.

These findings were corroborated by experiments
which examined fMyBP-C myofilament calcium sensitivity.
They found that, during Ca**-activation, C2” mice EDL
muscle fibers demonstrated decreased steady-state iso-
metric force. They also observed decreased myofilament
calcium sensitivity and sinusoidal stiffness. The study also
showed that fMyBP-C null muscles respond weakly to me-
chanical overload, displaying muscle damage and dis-
rupted inflammatory and regenerative pathways.

This study improved our understanding about how the
three fMyBP-C paralogs differ in structure and function. Re-
sults from this work reveal important functional information
about fast-skeletal MyBP-C in fast-twitch muscle: that
fMyBP-C regulates force, power, and contractile speed. By
regulating myofilament calcium sensitivity and actin—
myosin interactions, fMyBP-C produces forces that meet
the demands of fast-twitch skeletal muscles. These new in-
sights increase the field’s knowledge of myosin-binding
proteins and will accelerate skeletal muscle disease re-
search. — Alicia Surrao

See: Taejeong Song', James W. McNamara™,#, Weikang
Ma?, Maicon Landim-Vieira®, Kyoung Hwan Lee*##, Lisa A.
Martin', Judith A. Heiny®, John N. Lorenz®, Roger Craig®,
Jose Renato?®, Thomas Irving?, and Sakthivel Sadayappan™,



Fig. 1. Small-angle XRD data for C2 EDL fibers suggest increased myofilament lat-
tice spacing and increased disorganization of myosin heads but smaller proportion of
force-producing cross-bridges. A display of XRD patterns of EDL muscle at rest and
during contraction (A). Force vs. time during maximally activated isometric tetanus (B).
[11/110 ratio as a function of force (C). Average 111/110 during rest and contraction (D).
From T. Song et al., Proc. Natl. Acad. Sci. U.S.A 118(17), e2003596118 (2021). Copy-

right © 2021 National Academy of Sciences
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118(17), €2003596118 (2021). DOI:
10.1073/pnas.2003596118

Author affiliations: 1University of Cincinnati, 2lllinois Insti-
tute of Technology, *Florida State University College of
Medicine, 4University of Massachusetts Medical School,
®University of Cincinnati College of Medicine Present ad-
dresses: The Royal Children’s Hospital, #The University of
Melbourne, # University of Massachusetts Medical School
Correspondence: * sadayasl@ucmail.uc.edu

S.S. has received support from National Institutes of
Health (NIH) grants RO1 HL130356, RO1 HL105826, RO1

ARO78001, and RO1 HL143490; and American Heart Asso-
ciation (AHA) 2019 Institutional Undergraduate Student
(19UFEL34380251) and transformation (19TPA34830084)
awards. T.S. (19POST34380448) and JW.M.
(17POST33630095) were supported with AHA Fellowship
training grants. R.C. was supported by NIH grants PO1
HL059408, RO1 AR067279, and RO1 HL139883. Bio-CAT is
supported by grant P41 GM103622 from the National Insti-
tute of General Medical Sciences of the NIH. 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 Argonne National Laboratory under
contract no. DE-AC02-06CH11357.

Argonne National Laboratory 95



An APS-authored science highlight

The Unseen Complexities of
Early Liquid-Liquid Phase Separation

Fig. 1. TR-SAXS measurements quantify the nucleation rate in biomolecular LLPS. SAXS
measurements were recorded as a function of time after initiation of LLPS (top left). The
formation of critical nuclei was quantified from the SAXS profiles as a function of time (top
right). These measurements revealed the two-step nucleation process shown schemati-
cally on a qualitative reaction coordinate on the bottom.

Usually, eukaryotic cells organize the functions of life
by compartmentalization inside lipid membranes, but
some fast processes requiring great precision happen in
compartments formed through liquid-liquid phase separa-
tion (LLPS), similar to the way oil droplets will separate in a
water solution. LLPS has become increasingly recognized
as an important biological process not only in normal
physiology but in certain pathologies, including neurode-
generative diseases such as Alzheimer’s, amyotrophic lat-
eral sclerosis, and Parkinson's. A more detailed under-
standing of LLPS could lead to better therapeutic
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approaches, but the blazingly fast microsecond-to-mil-
lisecond time scales on which LLPS happens as a solution
changes from the one-phase to the two-phase regime
have made characterization of the process extremely
challenging. A team of researchers from a diverse range
of institutions approached that challenge by using the
high-brightness x-rays from the APS to capture for the first
time the kinetics of how LLPS happens in a biomolecular
solution. The work appeared in Nature Communications.
The investigators from St. Jude Children's Research
Hospital, the Max Planck Institute, the lllinois Institute of



Technology, Washington University in St. Louis, and the
National Institutes of Health focused on a prion-like do-
main called A1-LCD, the low-complexity domain of the hn-
RNPA1 protein, which has been implicated in neurodegen-
erative diseases in its mutated form. LLPS occurs when
local conditions transform a single-phase solution to two
phases. In the vast majority of biological systems, LLPS is
initiated by a phenomenon known as nucleation. Previ-
ously, nucleation was thought to be largely dependent on
perturbation of the equilibrium between the solvent and
the biomolecules it contained, but the extreme time reso-
lution achieved in this work reveals that the process is
more complex than previously believed.

One factor used to facilitate A1-LCD phase separation
in these experiments is the salt concentration of the solu-
tion, a parameter which can be used to control the
“quench depth,” defined as the degree to which the solu-
tion is perturbed into the two-phase regime. The experi-
menters examined this process using fluorescence corre-
lation spectroscopy to characterize A1-LCD molecules in
six samples of different salt concentrations in equilibrium.
As the salt concentration of the solution is increased, in-
teractions among protein molecules increase and they be-
gin to form into clusters.

In studying the time-dependent process of LLPS, the
research team used the technique of rapid-mixing, time-
resolved small-angle x-ray scattering (TR-SAXS) at the Bio-
CAT 18-ID-D beamline at the APS. The TR-SAXS tech-
niques offer a detailed look into the earliest stages of the
transition (Fig. 1). By combining data from two different mi-
crofluidic mixers, the investigators were able to conduct
SAXS observations on a time scale from 80 microseconds
to 80 milliseconds for the first time in the same experi-
mental session. This provided key insights into the out-
standing question of why the nucleation of some biomole-
cules can occur in fractions of a second, while others
require hours to complete phase separation.

On the mesoscale, the A1-LCD phase separation
seems to follow a classical homogeneous nucleation pat-
tern. In this regime, the nucleation and assembly rate are
determined by the quench depth, both slowing as quench
depth decreases. Taking advantage of the power of SAXS
to observe assembly also on the nanoscale, the re-
searchers noticed that early assembly steps were unfavor-
able before additional monomers were added to form
larger clusters. These findings indicate the presence of
two distinct kinetic steps in the LLPS of A1-LCD, which in-
troduce a time lag, noticeable for A1-LCD only with these

high-precision measurements. This time lag likely con-
tributes to the long time periods needed for phase sepa-
ration in some proteins.

The work demonstrates that phase separation in
some biological systems can be more complex than in
simpler physical systems, which only require crossing the
phase boundary. Since additional steps can occur at dif-
ferent timescales and conditions, equilibrium analysis is
not enough to provide a full understanding of the phase
separation process, and a careful kinetic analysis is nec-
essary. Additional steps offer opportunities for cells to reg-
ulate phase separation, revealing the newly recognized
biological usefulness of this process.

The small, bright beams of the APS Upgrade will
make these kinds of SAXS experiments with microfluidic
mixers much easier to do, with expected gains in time,
resolution, and data quality. — Mark Wolverton
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An APS-authored science highlight

Nature Uses Springs and Latches to Overcome
the Limitations of Muscles

Fig. 1. High-speed synchrotron imaging analysis of click beetles.
A. Click beetle hinge. B. Imaging set-up. High-speed x-ray cam-
era shows insect’s internal structures while visible light camera
records beetle’s movements. C. Phases of click beetles’” motion:
latching, loading, and energy release with timeframe in millisec-
onds. Image A provided by Olivia F. Boyd, Oregon State Univer-
sity. From O. Bolmin et al., Proc. Natl. Acad. Sci. U.S.A. 118(5),
€2014569118 (2021). Copyright © 2021 National Academy of
Sciences

Some insects and plants are what are termed “power-
amplified organisms.” That is, they have found creative
ways to slowly store elastic energy and release it quickly
to create extremely fast motion that is not possible with
muscle power alone. Examples of this include the trap-jaw
ant that can store elastic energy in its jaw for 400 millisec-
onds (ms) and then close it in just 0.6 ms, 600 times faster.
The Venus flytrap plant stores energy and snaps its jaw
shut in about 100 ms. Amazingly fast motion for an organ-
ism without muscles! Another insect in this extreme mo-
tion category is the click beetle. This beetle stores energy
in its thoracic hinge and then unbends with a click and a
release of energy that causes it to jump extremely quickly.
Although the kinetic aspects of the click beetle’s jump
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have been studied, the dynamics of how the ultra-fast
clicking or bending movement is generated are less well
understood because it has been difficult to capture the
details of the super-fast action. Now, with data generated
thanks to extreme-brightness x-rays from the APS, re-
searchers used high-speed synchrotron x-ray imaging to
analyze the dynamics of the click beetle’s unique spring
and latch system. The work, published in the Proceedings
of the National Academy of Sciences of the United States
of America, provides tools for others interested in study-
ing extreme motion in natural systems and also offers in-
sights into how these systems work that may be used for
the design of insect-inspired robots.

The work started with collection of four candidate
click beetles from the University of lllinois Urbana-Cham-
paign natural area and preparation of the motion capture
set-up. The team of researchers from the University of Illi-
nois at Urbana—Champaign, Virginia Tech, and Argonne
National Laboratory used visible-light imaging to monitor
the beetles and make sure the observed movements were
clicks. High-speed synchrotron x-ray imaging at the XSD
Imaging Group’s 32-ID x-ray beamline at the APS allowed



for viewing and recording of the internal structures of the
insect (see Fig. 1, panels A and B). Analysis of the high-
speed synchrotron x-ray images allowed the researchers
to identify and categorize the click beetles’ motion into
three phases: latching, loading, and energy release.

The latching phase involves the beetle rotating its
head around a hinge, leaving the head angled upward
compared to the back part of its body and deforming an
area of soft cuticle while in this braced position (A in the
figure). This position is held because the peg in the hinge
(B in the figure) moves out of the cavity where it normally
rests and latches onto what is called the mesosternal lip.
Once latched, the beetle stays in this braced position to
“load” the elastic energy in the latch. The beetles in the
experiment did this for 33 ms to 243 ms.

Next, the soft cuticle displaces in less than 1 ms and
the peg slips, causing rapid release of the stored energy
through an elastic recoil that provides the energy for the
fast-motion jump (see C in the figure). This release causes
the beetle’s head to move back to its normal position, and
generates the click sound associated with the jump. The
peg swings back into the cavity and then oscillates, very
much like a spring that is tethered at one end, for a total
energy release phase lasting “10 ms.

Analysis of the kinematics of the elastic recoil in the
first part of the energy release stage showed that the ve-

locity of the release is 1.8 meters per second or 1,000 peg
lengths per second with an acceleration that is 530 times
the natural acceleration due to gravity. That is very fast in-
deed! In addition, analysis of the energy release (through
the peg oscillations) as a one-degree-of-freedom system
allowed the team to
calculate the damping
and elastic forces as-
sociated with the re-
lease. These results
demonstrate how ef-
fective these power-
amplified organisms
are at using elastic en-
ergy storage to pro-
vide the speed and
force to overcome the
limitations of their
muscles.
Understanding the
forces governing
these complex natural
systems will enable
the creation of insect-
inspired robots capa-
ble of super-fast mo-
tion that can be used
for various tasks or as research platforms to understand
more about how nature achieves these amazing feats. —
Sandy Field
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An APS-authored science highlight

Demystifying an Important Protein Complex
Pertinent to DNA Packaging and Accessibility

Fig. 1. A. Pair distance distribution P(r) functions of ASH2L (red)
and the ASH2L-DPY30 complex (black). B. Derived biophysical
properties from SAXS data. Molecular weight (MW) was esti-
mated from the Porod volume. C. Ensemble Optimized Method
(EOM) analyses for ASH2L. Distribution of a pool of 10,000
structures (blue) and optimally fit ensemble (red) are plotted
against D,,,. EOM results suggest two main conformations of
ASH2L are present in solution. D. Model of structural modula-
tion of ASH2L by DPY3O0. Intrinsically disordered regions (IDRs,
orange) in ASH2L are in extended conformation. DPY30 (blue)
binding induces conformation change in ASH2L IDRs. Cyan,
DPY30 interacting domain; magenta, SPRY domain.

In order for DNA to be read and converted into RNA, this interaction and influence are enigmatic. In recent work
other proteins make modifications to densely packaged researchers using the APS employed a variety of sophisti-
structures that make DNA accessible or inaccessible. An cated methods to shed light on this complex interaction.
important set of these modifying proteins are referred to Specifically, they show in results published in Nature Com-
as the mixed-lineage leukemia (MLL) family of histone munications that DPY30 binds ASH2L, which in turn leads
methyltransferases. These health-pertinent proteins are to integration with MLL1. Broadly speaking, the rotational
implicated in various cancers as well as distinct genetic dynamics of MLL1 are influenced by DPY30 and ASH2L. In
disorders. One of these proteins, dubbed MLL1, has been the same publication, the authors demonstrate that
reported to interact with, and be influenced by, the pro- DPY30 is responsible for full MLL1 activity in embryonic
teins DPY30 and ASH2L. However, details surrounding stem cells. In addition to teaching us more about funda-
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mental biology, these findings have far-reaching implica-
tions and the potential to be built upon to better under-
stand human disease.

Due to the sheer amount of DNA in human cells, an in-
tricate network of collaborative proteins must work to-
gether to densely package DNA. The basic structural units
of packaged DNA are referred to as nucleosomes and the
entire complex of DNA and protein is referred to as chro-
matin. Within nucleosomes, histone proteins serve as
spools for DNA to be wound around. Since DNA is tightly
compressed in a complex with proteins, it is highly re-
stricted. In order to gain access to precious base pairs,
other proteins must make modifications to chromatin to
open or close it. Since the proteins making these modifi-
cations ultimately serve as guardians of the genome, their
biological and clinical importance cannot be understated.

A health-pertinent group of chromatin-modifying pro-
teins are the MLL family of histone methyltransferases.
These enzymes are frequently mutated in human cancers
and have been connected to the human congenital disor-
ders Kabuki, Kleefstra, and Wiedemann-Steiner syn-
dromes. Mutations in the gene encoding the histone
methyltransferase MLL1 cause the latter-most Wiedemann-
Steiner syndrome, a disorder characterized by reduced
muscle tone, developmental delays, issues with feeding
and digestion, and other symptoms. This syndrome is au-
tosomal dominant, meaning that only one copy is needed
to pass it along from a parent to a child. MLL1 has also
been directly linked to severe human malignancies, in-
cluding acute leukemia, and colon and breast cancer.

As is quite common for histone methyltransferases,
various proteins—like DPY30 and ASH2L—-have been re-
ported to engage with the MLL1 complex, which in turn in-
teracts with the nucleosome. The extent of this interaction
and the degree of influence these proteins have on MLL1
remain mysterious. In novel research spearheaded by
these researchers, it was discovered that both DPY30 and
the intrinsically disordered regions of ASH2L operate in
concern to influence MLL1. Specifically, the MLL1 com-
plex's rotational dynamics are restricted by these proteins.
Moreover, the integration of ASH2L's intrinsically disor-
dered regions into the MLL1 complex is caused by
DPY30's binding to ASH2L. The overall activity of the MLL1
complex is dramatically increased by the presence of
these two partner proteins. Other members of the MLL
family are also influenced by DPY30 and ASH2L.

The authors of this study additionally demonstrate
that the establishment of an important histone modifica-

tion, H3K4me3, is caused by DPY30 in embryonic stem
cells. This impressive and comprehensive study was car-
ried out in order to better understand the conformations of
DPY30 and ASH2L. The researchers used a variety of re-
search techniques including nuclear magnetic resonance
spectroscopy; cryo-EM; and small-angle x-ray scattering
(SAXS), which was carried out at the Bio-CAT 18-ID x-ray
beamline at the APS.

Given the connection of MLL1 to the congenital disor-
der Wiedemann-Steiner syndrome and deadly human can-
cers, the societal importance of this work is palpable. The
discoveries made by these researchers have the potential
to be expanded to better understand human disease. Fol-
low-up research is certainly justified to see if these find-
ings can be built upon to ultimately improve human health.

— Stephen Taylor
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AWARDS ETC.

Chen of XSD Earned U.S. DOE Early Career Research
Program Award
Si Chen, a physicist with the XSD
Microscopy Group, was one of six Ar-
gonne researchers who received
2021 DOE Early Career Research
Program awards. Among other proj-
ects, Chen led the development of
the Bionanoprobe, a hard x-ray scan-
ning nanoprobe with cryogenic capabilities and the first in-
strument of its kind in the world. With colleagues at Ar-
gonne and collaborators from other institutions, Chen has
successfully applied advanced technologies to solve prob-
lems in the areas of biological, biomedical, environmental,
and materials science. The DOE award will support Chen’s
research in developing an innovative multiscale imaging
platform that combines an x-ray nanoprobe and a plasma-
focused ion beam. Chen’s research was selected by the
DOE Basic Energy Sciences Program.

Winans of XSD Named Winner of ACS Division of
Energy and Fuels 2020 R. A. Glenn Award
Randall (Randy) E. Winans was
named the winner of the American
Chemical Society’s (ACS’s) R. A.
Glenn Award presented for the most
innovative and interesting paper pre-
sented at each ACS national meeting
in the Energy and Fuels Division. The
fall 2020 Glenn Award was awarded to Winans for his pa-
per and presentation on “Enhancing unconventional reser-
voir ultimate recoveries with in-situ nano-catalysts.”
Winans, now retired, was a Senior Chemist with the Chem-
ical & Materials Science Group in XSD. He worked with
colleagues to develop and apply methods to understand
the fundamental chemistry of complex disordered sys-
tems, such as batteries, catalysts, soot, coals, heavy petro-
leum, and carbons. He is author or co-author on more than
290 peer-reviewed journal articles.

Rivers and Sutton of GSECARS Named Winners of
2021 APSUO Compton Award
Mark L. Rivers (left) and
Stephen R. Sutton (right) of
GSECARS received the Ad-
vanced Photon Source
Users Organization (APSUO)
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Arthur H. Compton Award, which recognizes an important
scientific or technical accomplishment at the APS. Rivers is
a Research Professor in the Department of the Geophysi-
cal Sciences and Center for Advanced Radiation Sources
(CARS) at The University of Chicago, and currently the Ex-
ecutive Director of CARS. Sutton is also a Research Pro-
fessor in the Department of the Geophysical Sciences and
CARS, as well as a Research Associate in the Earth Sci-
ences Section of The Field Museum in Chicago. Together,
the two have co-directed the design, construction, and op-
eration of GSECARS, which provides users with high-pres-
sure diffraction and spectroscopy, x-ray microprobe, x-ray
absorption spectroscopy, and microtomography research
techniques. Rivers and Sutton were nominated for their
“sustained efforts over the past three decades [which]
have ensured that a national and international community
of scientists have access to some of the most advanced x-
ray analytical facilities and techniques, enabling thousands
of scientists to conduct cutting edge research in geo-
chemistry, cosmochemistry, petrology, mineralogy, and
mineral/rock physics for environmental, Earth, and plane-
tary sciences.

Zhao of XSD Received 2021 Gopal K. Shenoy Award
for Excellence in Beamline Science
Jiyong Zhao, a physicist in the
XSD Inelastic X-ray and Nuclear Res-
onant Scattering Group, received the
2021 APSUO Gopal K. Shenoy Award
for Excellence in Beamline Science at
the APS. In the last two decades,
Zhao and his colleagues have built
the world’s leading nuclear resonant x-ray scattering pro-
grams for high-pressure and high/low-temperature re-
search at APS Sector 3. These programs have made sev-
eral exceptionally high-impact contributions in the
deep-Earth research: the spin and valence transitions in
the Earth’s mantle, sound velocities of iron alloys in the
core, iron isotope geochemistry of the deep Earth, and
high-pressure physics and materials science. The Gopal K.
Shenoy Award for Excellence in Beamline Science at the
Advanced Photon Source is intended to recognize beam-
line scientists who have made significant scientific contri-
butions in their area of research or instrumentation devel-
opment and have promoted the user community in this
area.
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APS and IMCA-CAT Help Pfizer Create
COVID-19 Antiviral Treatment

On December 22, 2021, the U.S. Food and Drug Ad-
ministration (FDA) issued emergency use authorization for
Paxlovid, developed by the pharmaceutical company
Pfizer, for the treatment of mild-to-moderate coronavirus
disease in adults and children 12 years of age and older
who are at high risk for progression to severe COVID-19
disease caused by the SARS-CoV-2 virus. Paxlovid was the
first oral antiviral to be authorized by the FDA for treating
COVID-19. This development followed the Friday, Novem-
ber 05, 2021, Pfizer announcement of the results of clinical
trials of Paxlovid, which showed Paxlovid to be effective.

Scientists at Pfizer created Paxlovid with the help of
the ultrabright x-rays of the APS, a U.S. Department of En-
ergy Office of Science user facility at Argonne.

“Today’s news is a real game-changer in the global ef-
forts to halt the devastation of this pandemic,” said Albert
Bourla, chairman and chief executive officer of Pfizer, in a
company press release on November 5. “These data sug-
gest that our oral antiviral candidate, if approved or author-
ized by regulatory authorities, has the potential to save pa-
tients’ lives, reduce the severity of COVID-19 infections
and eliminate up to nine out of 10 hospitalizations.”

Work to determine the structure of the antiviral candi-
date was done at the Industrial Macromolecular Crystallog-
raphy Association Collaborative Access Team (IMCA-CAT)
beamline at the APS, operated by the Hauptman-Wood-
ward Medical Research Institute on behalf of a collabora-
tion of pharmaceutical companies, of which Pfizer is a
member.

As a member of IMCA-CAT, Pfizer routinely conducts
drug development experiments at the APS, and the
process of narrowing down and zeroing in on this drug
candidate was performed over many months, according to
Lisa Keefe, executive director of IMCA-CAT and vice presi-
dent for advancing therapeutics and principal scientist at
Hauptman-Woodward Medical Research Institute. IMCA-
CAT, she said, delivers quality results in a timely manner,
much faster than the home laboratories of the companies
themselves can do. “Access like this to a DOE facility such
as the APS is vitally important for a breakthrough like
Paxlovid to happen. This is an important illustration of how
valuable the national laboratories are to advancing the
work of U.S. industries, and that has a hugely beneficial im-
pact on society,” Keefe said. “When the results have a
global impact, as in the case of treatments against COVID-
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IMCA-CAT director Lisa Keefe in the 17-ID-B research station.

19, they motivate us and inspire us.”

Paxlovid is the first oral antiviral specifically designed
to inhibit a key protease (3CL) of the SARS-CoV-2 virus.
For the final phase of clinical trials, Pfizer tested the treat-
ment on more than 1200 adults, all of whom had been di-
agnosed with COVID-19 no more than five days prior, and
had at least one medical condition or characteristic that
enhanced the risk of severe illness.

Results reported by Pfizer showed an 89% reduction
in risk of COVID-19-related hospitalization or death, com-
pared with a similar number of patients who took a
placebo.

Results of the first phase of trials were published in
the journal Science.

“This is excellent news, and we’re very pleased to
have played a part in the creation of this potentially life-
saving antiviral treatment candidate,” said Stephen Streif-
fer, Argonne’s deputy laboratory director for science and
technology and then interim director of the APS. “DOE fa-
cilities such as the APS have performed an important role
in the fight against this global pandemic, from providing
the foundation for vaccines to enabling more reliable data
about the spread of the virus.”

DOE invests in user facilities such as the APS for the

benefit of the nation’s scientific community, and supports
biological research as part of its energy mission. This re-
search has been critical in the fight against COVID-19. The
DOE national laboratories formed the National Virtual
Biotechnology Laboratory (NVBL) consortium in 2020 to
combat COVID-19 using capabilities developed for their
DOE mission, and that consortium helps support research
into antiviral treatments such as Paxlovid.


https://www.science.org/doi/10.1126/science.abl4784
https://www.science.org/doi/10.1126/science.abl4784
https://www.science.org/doi/10.1126/science.abl4784

A news release from an APS user institution

Deconstructing the Infectious Machinery of

SARS-CoV-2

A rendering of the SARS-CoV-2 machinery illustrating its ability
to rapidly shift structural arrangement — like a bicycle changing
gears — in order to perform different tasks. Image: Greg
Hura/Berkeley Lab

The original Lawrence Berkeley National Laboratory
press release by Aliyah Kovner can be read here.

In February 2020, a trio of bio-imaging experts were
sitting amiably around a dinner table at a scientific confer-
ence in Washington, D.C., when the conversation shifted
to what was then a worrying viral epidemic in China. With-
out foreseeing the global disaster to come, they won-
dered aloud how they might contribute. Nearly a year and
a half later, those three scientists and their many collabo-
rators across three U.S. Department of Energy (DOE) na-
tional laboratories have published a comprehensive study
in the Biophysical Journal, based on research at those
DOE laboratories that — alongside other recent, comple-
mentary studies of coronavirus proteins and genetics —
represents the first step toward developing treatments for
that viral infection, now seared into the global conscious-

ness as COVID-19. Their foundational work focused on the
protein-based machine that enables the SARS-CoV-2 virus
to hijack our own cells’ molecular machinery in order to
replicate inside our bodies.

“It has been remarked that all organisms are just a
means for DNA to make copies of itself, and nowhere is
this truer than in the case of a virus,” said Greg Hura, a
staff scientist at Lawrence Berkeley National Laboratory
(Berkeley Lab) and one of the study’s lead authors. “A
virus’s singular task is to make copies of its genetic mate-
rial — unfortunately, at our expense.”

Viruses and mammals, including humans, have been
stuck in this battle for millions of years, he added, and
over that time the viruses have evolved many tricks to get
their genes copied inside us, while our bodies have
evolved counter defenses. And although viruses often
“Infectious” cont’d. on page 108
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An APS-authored science highlight

Determining How Antibodies Target the
Virus That Causes COVID-19

Fig. 1. Structures of three SARS-CoV-2-neutralizing VH1-2 anti-
bodies reveal both “RBD-down” and “RBD-up” modes of spike
recognition. (A) Side and top views of three 2-43 antibody Fabs
bound to the prefusion SARS-COV-2 spike in the closed state.
Color schemes are 2-43, green; RBD, salmon; NTD, yellow; N-
linked glycans, magenta; other spike regions, gray. From M.
Rapp et al., Cell Rep. 35, 108950 (April 6, 2021). Copyright ©
2021 Elsevier B.V. or its licensors or contributors.
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COVID-19 has claimed millions of lives since the out-
break began in late 2019, prompting a wave of research
into vaccines and therapeutics to end the pandemic.
Studying the naturally occurring human antibodies created
in response to SARS-CoV-2, the virus that causes COVID-
19, helped researchers develop new therapies that can
prevent and treat COVID-19 infections. In a study, which in-
volved collecting x-ray diffraction data at the APS and was
published in the journal Cell Reports, researchers discov-
ered how different antibodies bind to the SARS-CoV-2
virus and identified clues for ways to optimize antibodies
so that they are more effective at targeting the virus.

When a person is exposed to a virus or given a vac-
cine, their immune system reacts by combining proteins
from different genes and connecting these proteins to cre-



ate a variety of antibodies that target a particular virus.
These are called “neutralizing antibodies.” Researchers
have isolated many different neutralizing antibodies from
people who had been infected with COVID-19, and these
antibodies have shown promise as a potential treatment
for COVID-19 infections. If researchers learn more about
how these neutralizing antibodies work, they may be able
to use this information to develop more successful treat-
ments or vaccines.

Neutralizing antibodies for the SARS-CoV-2 virus tar-
get a part of the virus called the spike protein, which helps
infect host cells by interacting with angiotensin-converting
enzyme 2 (ACE2) receptors on the surface of host cells.
The binding between the spike protein and the ACE2 re-
ceptor allows the virus to enter the host cell. Antibodies
block infection by binding to the spike protein, preventing
it from being able to bind to ACE2.

A team of researchers from Columbia University, the
Columbia University Vagelos College of Physicians and
Surgeons, and the National Institutes of Health used vari-
ous techniques to compare and contrast how different
SARS-CoV-2 antibodies interact with the spike protein at a
very detailed level.

First, the researchers collected information about 158
spike-specific antibodies from 10 published studies. They
found that a particular class of these antibodies — those
that derive from the VH1-2 antibody heavy chain gene —
are especially potent. VH1-2 antibodies are known to
bind to the receptor-binding domain (RBD) on the spike
protein—a part of the spike protein that binds to the
ACE2 receptor. The researchers concentrated their study
on three different VH1-2-derived antibodies: 2-15, 2-43,
and H4.

Next, the researchers used the single-particle cryo-
electron microscopy (cryo-EM) technique at the National
Center for Cryo-EM Access and Training and the Simons
Electron Microscopy Center located at the New York
Structural Biology Center, and the Columbia University
Cryo-Electron Microscopy Center to create high-resolution
three-dimensional reconstructions of how each antibody
interacts with the spike protein. The team found differ-
ences between how the different antibodies interacted

with the spike protein; While all three antibodies showed
binding to the spike protein RBD, the 2-43 antibodies only
bound to RBDs in a downward-facing conformation, and
the H4 antibodies only bound to RBDS in an upward-fac-
ing conformation. The 2-15 antibody particles bound to a
mix of upward-facing and downward-ward facing RBDs.

To get higher-resolution information about how the
different antibody particles interact with the spike protein,
the team used x-ray crystallography to create even more
detailed three-dimensional structures of the interactions
between the different antibodies and isolated spike pro-
tein fragments containing the RBD. These data were col-
lected at the NE-CAT beamline 24-ID-C at APS. Using this
technique, the researchers were able to get more accu-
rate information about the similarities and differences be-
tween how specific parts of each antibody interface with
the RBD.

Next, the researchers compared the ways six different
antibodies from the VH1-2 antibody class interacted with
the RBD. The team found that all six antibodies had similar
interactions with the RBDs and these interactions differed
from antibodies from other antibody classes. This detailed
information about how VH1-2 antibodies interact with the
RBD show that different humans respond similarly to
SARS-CoV-2 in their derivation of highly similar antibodies,
and may help explain how these antibodies are so effec-
tive at neutralizing SARS-CoV-2 and could help determine
which virus variants might be effectively neutralized—or
not neutralized—by this class of antibodies. Two mutations
- E484K/Q and L452R - carried by variant B1.351 (South
Africa), P1 (Brazil) or B1.617 (India), are within the VH1-2 an-
tibody epitopes, and ablate the binding of this class of an-
tibodies. The enrichment of such mutations in different
emerging strains, especially for E484K/Q, suggest conver-
gent evolution of SARS-CoV-2 by selection pressure from
VH1-2 class antibodies.

The researchers then wanted to see if they could im-
prove how well VH1-2 antibodies bind to the SARS-CoV-2
virus. They inserted a targeted mutation in both the 2-43
and 2-4 antibodies. This mutation improved how tightly
both antibodies bound to the spike protein, and the mu-
“Target” cont’d. on page 109
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perform a long list of activities, their ability to harm us with
an infection comes down to whether or not they can repli-
cate their genetic material (either RNA or DNA, depending
on the species) to make more viral particles, and use our
cells to translate their genetic code into proteins.

The protein-based machine responsible for RNA repli-
cation and translation in coronaviruses — and many other
viruses — is called the RNA transcription complex (RTC),
and it is a truly formidable piece of biological weaponry.

To successfully duplicate viral RNA for new virus parti-
cles and produce the new particles’ many proteins, the
RTC must: distinguish between viral and host RNA, recog-
nize and pair RNA bases instead of highly similar DNA
bases that are also abundant in human cells, convert their
RNA into mRNA (to dupe human ribosomes into translat-
ing viral proteins), interface with copy error-checking mol-
ecules, and transcribe specific sections of viral RNA to am-
plify certain proteins over others depending on need —
while at all times trying to evade the host immune system
that will recognize it as a foreign protein.

As astounding as this sounds, any newly evolved virus
that is successful “must have machines that are incredibly
sophisticated to overcome mechanisms we have evolved,”
explained Hura, who heads the Structural Biology depart-
ment in Berkeley Lab’s Molecular Biophysics and Inte-
grated Bioimaging Division.

He and the other study leads—Andrzej Joachimiak of
SBC-XSD at the APS and Center of Structural Genomics of
Infectious Disease at the University of Chicago and Hugh
M. O’Neill at Oak Ridge National Laboratory—specialize in
revealing the atomic structure of proteins in order to un-
derstand how they work at the molecular level. So, the trio
knew from the moment they first discussed COVID-19 at
the dinner table that studying the RTC would be particu-
larly challenging because multitasking protein machines
like the RTC aren’t static or rigid, as molecular diagrams or
ball-and-stick models might suggest. They’re flexible and
have associated molecules, called nonstructural and ac-
cessory proteins (Nsps), that exist in a multitude of rapidly
rearranging forms depending on the task at hand — akin to
how a gear shifter on a bike quickly adapts the vehicle to
changing terrain.

Each of these Nsp arrangements give insights into the
protein’s different activities, and they also expose different
parts of the overall RTC surface, which can be examined
to find places where potential drug molecules could bind
and inhibit the entire machine.

So, following their serendipitous convergence in
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Washington, the trio hatched a plan to pool their knowl-
edge and national lab resources in order to document the
structure of as many RTC arrangements as possible, and
identify how these forms interact with other viral and hu-
man molecules.

The investigation hinged on combining data collected
from many advanced imaging techniques, as no approach
by itself can generate complete, atomic-level blueprints of
infectious proteins in their natural states. They combined
small-angle x-ray scattering (SAXS), x-ray crystallography,
and small-angle neutron scattering (SANS) performed at
Berkeley Lab’s Advanced Light Source SIBYLS beamline
12.3.1, the SBC-XSD 19-ID beamline at the APS, and Oak
Ridge’s High Flux Isotope Reactor and Spallation Neutron
Source, respectively, on samples of biosynthetically pro-
duced RTC.

Despite the extraordinary hurdles of conducting sci-
ence during shelter-in-place conditions, the collaboration
was able to work continuously for more than 15 months,
thanks to funding for research and facility operations sup-
port from the DOE Office of Science National Virtual
Biotechnology Laboratory (NVBL). During that time, the
scientists collected detailed data on the RTC’s key acces-
sory proteins and their interactions with RNA. All of their
findings were uploaded into the open-access Protein Data
Bank prior to the journal article’s publication.

Of the many structural findings that will help with drug
design, one notable discovery is that assembly of the RTC
subunits is incredibly precise. Drawing on a mechanical
metaphor once more, the scientists compare the assembly
process to putting together a spring-based machine. You
can’t put a spring in place when the rest of the machine is
already in position, you must compress and place the
spring at a specific step of assembly or the whole device
is dysfunctional. Similarly, the RTC Nsps can’t move into
place in any random or chaotic order; they must follow a
specific order of operations.

They also identified how one of the Nsps specifically
recognizes the RNA molecules it acts upon, and how it
cuts long strands of copied RNA into their correct lengths.

“Having the vaccines is certainly huge. However, why
are we satisfied with just this one avenue of defense?”
said Hura. Added Joachimiak: “This was a survey study,
and it has identified many directions we and others should
pursue very deeply; to tackle this virus we will need multi-
ple ways of blocking its proliferation.”

“Combining information from different structural tech-
niques and computation will be key to achieving this goal,”
said O’Neill.



Due to the similarity of RTC proteins across viral
strains, the team believe that any drugs developed to
block RTC activity could work for multiple viral infections
in addition to all COVID-19 variants.

Reflecting back to the beginning of their research
journey, the scientists marvel at the lucky timing of it all.
When we started to talk, said Hura, “we had no idea that
this epidemic would soon become a pandemic that would
change a generation.”
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tated antibodies were also more effective at neutralizing
SARS-CoV-2 virus exposed to host cells in a dish.

The results from this study provide more information
about how antibodies bind to and neutralize the SARS-
CoV-2 virus. They also provide clues for how to further op-
timize antibodies and vaccines against the SARS-CoV-2
virus, which may prove particularly important as new
SARS-CoV-2 variants emerge. — Summer Allen
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An APS-authored science highlight

The Structure of a Key Viral Enzyme Helps
ldentify Novel Drugs for Treatment of COVID-19

Fig. 1. Compound 4 efficacy. Three repeat experi-
ments were done and the percentage of cells posi-
tive for the virus is reported for each experiment. 0%
of cells treated with the highest concentration of 4
were positive for the virus. From Jerzy Osipiuk et al.,
“Structure of papain-like protease from SARS-CoV-2
and its complexes with non-covalent inhibitors,” Nat.
Commun. 12, 743 (2021). © 2021 Springer Nature
Limited

The globally debilitating COVID-19 pandemic is
caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), which is a single-stranded RNA virus that
can encode for at least 29 different proteins. One of these
proteins, an enzyme named PLpro, is responsible for re-
leasing other proteins from a larger protein complex and it
plays an important function in disrupting host response. A
recent high-impact paper based on research at the APS
and published in Nature Communications reports a high-
resolution structure of the protein PLpro and provides in
vitro evidence that a set of chemical compounds are capa-
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ble of inhibiting the activity of this protein. Some of these
compounds also demonstrate an ability to block SARS-
CoV-2 from replicating in cells. Although such inhibitors
will need to undergo in vivo testing in animal models be-
fore use in human clinical trials, the data presented in this
work is shows clinical promise.

Recent studies show that the SARS-CoV-2 virus is less
than 200 nanometers in diameter, contains a RNA
genome, and has a lipid envelope studded with the follow-
ing four structural proteins: envelope (E), membrane (M),
nucleocapsid (N), and spike (S). In addition to these struc-



tural proteins, there are 15 nonstructural proteins (Nsp)
and several other proteins that the SARS-CoV-2 genome
encodes. One of these proteins is PLpro, a domain within
Nsp3. It is an enzyme referred to as a protease. Protease
enzymes cleave specific sites within proteins to produce
smaller components such as individual building blocks of
proteins (i.e., amino acids) or protein subunits (i.e.,
polypeptides). PLpro is found in all corona viruses, not just
SARS-CoV-2, and cleaves a larger protein complex to lib-
erate the three proteins Nsp1, Nsp2, and Nsp3. The pro-
tein Nsp2 has been proposed to influence the survival of
infected host cells, suggesting that PLpro may be impor-
tant for replication efficiency.

In a study that employed x-ray diffraction at SBC-XSD
19-ID x-ray beamline, members of SBC-XSD together with
researchers from The University of Chicago who are mem-
bers of the National Institutes of Health/ National Institute
of Allergy and Infectious Diseases-funded Center for
Structural Genomics of Infectious Diseases to generate
high-quality crystal structures of PLpro and its complexes
with inhibitors. The authors report that PLpro has a struc-
ture similar to the PLpro enzymes of SARS and Middle
East Respiratory Syndrome (MERS) corona viruses. The
structure shows fine molecular details of this enzyme that
reveal how it works and how its action might be inhibited,
which could potentially disrupt coronavirus replication.

Having solved this structure, the authors then tested
various compounds that inhibit PLpro for their ability to af-
fect replication efficiency in infected cells. They found that
many of these compounds inhibit the activity of this en-
zyme in vitro and effectively block the replication of the
SARS-CoV-2 virus in infected cells. The researchers car-
ried out their viral replication assays at the University of
Chicago Ricketts Laboratory for. Ultimately, five com-
pounds were observed to both 1) inhibit viral replication
and 2) impact cell viability. Compound 4 was especially
effective, as shown in Fig. 1.

Given the severity of the COVID-19 pandemic, these
data are timely and tangibly meaningful. The authors have
not only solved the structure of a key viral enzyme, but
have provided compelling evidence that several different
compounds are capable of inhibiting this protein and com-
bating viral replication in infected cells. If these com-
pounds are validated in pre-clinical animal models, they
will be ready for human testing and could serve as novel
anti-viral medications that increase the survival of patients
infected with not just SARS-CoV-2, but other corona-
viruses too. — Alicia Surrao
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An APS-authored science highlight

Engineering More Powerful Antibodies

against COVID-19

The COVID-19 pandemic highlights the need for new
treatment options. Monoclonal antibodies—lab-produced
proteins that mimic antibodies created by the immune sys-
tem—can be effective treatments for viral diseases and
have been used successfully to target SARS-CoV-2, the
virus that causes COVID-19. However, these monoclonal
antibodies have proven to be less effective against some
SARS-CoV-2 variants. In a recent study, which involved
collecting x-ray diffraction data at the APS and was pub-
lished in Nature Communications, researchers developed
a new “plug-and-play” antibody platform that produces ex-
ceptionally potent neutralizers of SARS-CoV-2 with the
ability to overcome viral sequence variability. The results
could lead to more effective therapeutics for treating
COVID-19 and other viruses that threaten public health.

Monoclonal antibodies can successfully treat viral in-
fections, including COVID-19. As RNA viruses mutate, how-
ever, these antibodies become less effective virus “neu-
tralizers.” Already, some monoclonal antibodies
developed to treat COVID-19 are significantly less effec-
tive at neutralizing certain SARS-CoV-2 variants. Because
there is a time cost to identifying new antibodies specific
to new virus variants, researchers are looking for ways to
improve the neutralizing ability and potency of existing an-
tibodies so they can remain effective against new variants.

One way to make antibodies more potent is to in-
crease their ability to interact with a target virus at multiple

112 APS Science 2021

Fig. 1. Crystal structure of the Fab fragments of
two antibodies (52 Fab and 298 Fab) bound to
the RBD domain of the SARS-CoV-2 spike pro-
tein. Multabodies (MB) have a higher neutraliza-
tion potency and a greater capacity to
overcome viral escape mutations than tradi-
tional antibodies (IgG).

places simultaneously. This property is known as avidity.
To optimize the avidity of SARS-CoV-2 antibodies, re-
searchers developed a new method to “multimerize” sev-
eral different antibodies in a single unit. They call their
platform a MULTi-specific, multi-Affinity antiBODY (or
Multabody for short).

To develop a Multabody, the researchers attached a
human protein called apoferritin to a small antibody frag-
ment known to target SARS-CoV-2. Because the natural
state of apoferritin is a cluster of 24 protein molecules, the
Multabodies are also a cluster of 24 in a spherical shape
with antibody fragments sticking out. This shape allows
multiple antibody fragments to interact with SARS-CoV-2
at once. The conformation was so successful at increasing
avidity that the Multabody had up to ~10,000-fold greater
neutralization potency against SARS-CoV-2 than the
parental monoclonal antibody.

In addition to the small antibody fragment, the re-
searchers next incorporated the portion of a human anti-
body known as Fc into the Multabody aiming to endow
their molecules with greater human antibody-like proper-
ties. To test the effectiveness of this approach, the re-
searchers developed a mouse version of the platform. In-
jection of this Multabody into mice was well tolerated,
showed days of bioavailability and was distributed in the
body similar to traditional antibodies.

The researchers then selected seven monoclonal anti-



bodies that, when tested in the Multabody, led to the high-
est neutralization potencies against SARS-CoV-2 and used
structural biology techniques to determine where these
antibodies interact with the receptor binding domain (RBD)
of the spike protein, the part of SARS-CoV-2 that the virus
uses to enter host cells. Specifically, they used macromol-
ecular crystallography carried out at the GM/CA-XSD
beamline 23-ID-D at the APS (Fig. 1)—as well as cryo-elec-
tron microscopy—to create more detailed three-dimen-
sional images of how these antibodies interact with the
spike protein.

The structural information from these experiments
helped the researchers to delineate a new class of anti-
body-based therapy that targets an antigenic site not pre-
viously described on the receptor-binding domain (RBD)
of SARS-CoV-2.

Next, the researchers tested whether the Multabodies
could neutralize SARS-CoV-2 variants containing RBD mu-
tations. Amazingly, they found that, in contrast to mono-
clonal antibodies, none of the mutations tested had signifi-
cant effects on the neutralization potency of the
corresponding Multabodies, suggesting a superior ability
of the Multabodies to overcome sequence variability of
SARS-CoV-2 variants.

To mitigate potential immune evasion, it is desirable to
use antibody ‘cocktails’ — a combination of multiple anti-
bodies that target different parts of the virus. When the re-
search team created cocktails combining three different
Multabodies against SARS-CoV-2, they found that the
Multabody cocktails efficiently overcame viral sequence
variability with 10 to 100-fold higher potency than the cor-
responding mixture of the three monoclonal antibodies.
Furthermore, a single Multabody molecule that contained
fragments of three different antibodies was similarly able
to overcome viral mutations with exceptional potency.

Together, these results suggest that Multabodies may
become a powerful treatment option for COVID-19. More-
over, the flexible “plug-and-play” Multabody platform may
one day lead to next-generation antibody-based im-
munotherapies against other viruses, and provide solu-
tions against other biomedical challenges where binding
avidity can deliver improved health outcomes.

— Summer Allen
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A news release from an APS user institution

Escape Artist

The original Harvard
Medical School article
by Ekaterina Pesheva
can be read here.
© 2021 by The Presi-
dent and Fellows of Har-
vard College

The vast majority of
people infected with
SARS-CoV-2 clear the
virus, but those with
compromised immu-
nity—such as individu-
als receiving immune-
suppressive drugs for
autoimmune diseases—
can become chronically
infected. As a result,
their weakened immune
defenses continue to
attack the virus without
being able to eradicate
it fully. This physiologi-
cal tug-of-war between
human host and
pathogen offers a valu-
able opportunity to un-
derstand how SARS-
CoV-2 can survive
under immune pressure
and adapt to it. Now, a
new multi-institution
study led by Harvard
Medical School scientists employing data obtained at the
APS offers a look into this interplay, shedding light on the
ways in which compromised immunity may render SARS-
CoV-2 fitter and capable of evading the immune system.

The research, published in Cell, shows that a mu-
tated SARS-CoV-2 from a chronically infected immuno-
compromised patient is capable of evading both natu-
rally occurring antibodies from COVID-19 survivors as
well as lab-made antibodies now in clinical use for treat-
ment of COVID-19.
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The patient case
was originally de-
scribed December 3,
2020, as a New Eng-
land Journal of Medi-
cine report by scientists
at Brigham and
Women’s Hospital a few
weeks before the vari-
ants initially detected in
the U.K. and South
Africa were first re-
ported to the World
Health Organization. In-
terestingly, the patient-
derived virus contained
a cluster of changes on
its spike protein—the
current target for vac-
cines and antibody-
based treatments—and
some of these changes
were later detected in
viral samples in the U.K.
and South Africa, where
they appear to have
arisen independently,
the researchers said.

The newly pub-
lished study, which built
on the initial case re-

Fig. 1. Ribbon diagram of the crystal structure of the RBD complex.

port, shows something

more alarming still.
Some of the changes found in the patient-derived virus
have not been identified yet in dominant viral variants
circulating in the population at large. However, these
changes have been already detected in databases of
publicly available viral sequences. These mutations re-
main isolated, the authors of the report said, but they
could be harbingers of viral mutants that may spread
across the population. Crucial information for this study
was derived from determination of the virus structure
(Fig. 1) carried out via x-ray macromolecular x-ray diffrac-
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tion at the NE-CAT 24-ID-C and 24-ID-E x-ray beamlines
at the APS.

The researchers emphasize that variants initially de-
tected in the U.K. and South Africa remain vulnerable to
currently approved mRNA vaccines, which target the en-
tire spike protein rather than just portions of it. Nonethe-
less, the study results could also offer a preview into a
future, in which current vaccines and treatments may
gradually lose their effectiveness against next-wave mu-
tations that render the virus impervious to immune pres-
sures.

“Our experiments demonstrated that structural
changes to the viral spike protein offer workarounds that
allow the virus to escape antibody neutralization,” said
study senior author Jonathan Abraham, assistant profes-
sor of microbiology in the Blavatnik Institute at Harvard
Medical School and an infectious disease specialist at
Brigham and Women’s Hospital. “The concern here is
that an accumulation of changes to the spike protein
over time could impact the long-term effectiveness of
monoclonal antibody therapies and vaccines that target
the spike protein.”

Although the scenario remains hypothetical for now,
Abraham said, it underscores the importance of two
things. First, reducing the growth and spread of muta-
tions by curbing the virus’s spread both through infec-
tion-prevention measures and through widespread vacci-
nation. Second, the need to design next-generation
vaccines and therapies that target less mutable parts of
the virus.

“How the spike responded to persistent immune
pressure in one person over a five-month period can
teach us how the virus will mutate if it continues to
spread across the globe,” added Abraham, who co-leads
the COVID-19 therapeutics working group of the Massa-
chusetts Consortium on Pathogen Readiness (MassCPR).
“To help stop the virus from circulating, it’s critical to
make sure that vaccines are rolled out in an equitable
way so that everyone in every country has a chance to
get immunized.”

Mutations are a normal part of a virus’s life cycle.
They occur when a virus makes copies of itself. Many of
these mutations are inconsequential, others are harmful
to the virus itself and yet others may become advanta-

geous to the microbe, allowing it to propagate more eas-
ily from host to host. This latter change allows a variant
to become more transmissible. If a change on a variant
confers some type of evolutionary advantage to the
virus, this variant can gradually outcompete others and
become dominant.

In the early months of the pandemic, the assump-
tion—and hope—was that SARS-CoV-2 would not change
too fast because, unlike most RNA viruses, it has a
“proofreading” protein whose job is to prevent too many
changes to the viral genome. But last fall, Abraham and
colleagues became intrigued by—and then alarmed
about—a patient receiving immune-suppressive treat-
ment for an autoimmune disorder who had been infected
with SARS-CoV-2. The patient had developed a chronic
infection. A genomic analysis of the patient’s virus
showed a cluster of eight mutations on the viral spike
protein, which the virus uses to enter human cells and
that is the target of current antibody treatments and vac-
cines. Specifically, the mutations had clustered on a seg-
ment of the spike known as the receptor-binding domain
(RBD), the part that antibodies latch onto to prevent
SARS-CoV-2 from entering human cells.

Abraham and colleagues knew the changes were a
sign that the virus had developed workarounds to the
patient’s immune defenses. But would these mutations
allow the virus to dodge the immune assault of antibod-
ies that were not the patient’s own?

To answer the question, Abraham and colleagues
created lab-made, noninfectious replicas of the patient
virus that mimicked the various structural changes that
had accumulated in the span of five months.

In a series of experiments, the researchers exposed
the dummy virus to both antibody-rich plasma from
COVID-19 survivors and to pharmaceutically made anti-
bodies now in clinical use. The virus dodged both natu-
rally occurring and pharmaceutical-grade antibodies.

Experiments with a monoclonal antibody drug that
contains two antibodies showed the virus was entirely
resistant to one of the antibodies in the cocktail and
somewhat, although not fully, impervious to the other.
The second antibody was four-times less potent in neu-
tralizing the mutated virus.

“Escape Artist” cont’d. on next page
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Not all eight mutations rendered the virus equally re-
sistant to antibodies. Two particular mutations conferred
the greatest resistance to both natural and lab-grown an-
tibodies.

In a final experiment, the researchers created a su-
per antibody by cobbling together proteins from naturally
occurring antibodies that had evolved over time to be-
come more attuned to and better at recognizing SARS-
CoV-2 and capable of latching onto it more tightly. The
process, known as antibody affinity maturation, is the
principle behind vaccine booster shots used to fortify ex-
isting antibodies. One specific variant containing muta-
tions that had occurred late in the course of the patient’s
infection was capable of withstanding even this super-
potent antibody. But the super-potent antibody did man-
age to neutralize viral mutations detected at a different
time in the course of the infection.

“This observation underscores two points: That the
virus is smart enough to eventually evolve around even
our most potent antibody therapies, but that we can also
get ahead by ‘cooking’ new potent antibodies now, be-
fore new variants emerge,” Abraham said

Taken together the findings underscore the need to
further understand human antibody responses to SARS-
CoV-2 and to untangle the complex interplay between
virus and human host, the researchers said. Doing so
would allow scientist to anticipate changes in the virus
and design countermeasures around these mutations be-
fore they become widespread.

In the short term, this speaks to the greater need to
design antibody-based therapies and vaccines that di-
rectly target more stable, less mutable parts of the spike
protein beyond its mutation-prone RBD region.

Long-term, this means that scientists should pivot to-
ward developing therapies that go beyond antibody im-
munity and include also so-called cellular immunity,
which is driven by T cells—a separate branch of the im-
mune system that is independent of antibody-based im-
munity.

The most immediate implication, however, Abraham
said, is to stay on top of emerging mutations through ag-
gressive genomic surveillance. This means that instead
of merely detecting whether SARS-CoV-2 is presentin a
patient sample, the tests should also analyze the viral
genome and look for mutations. The technology to do so
exists and is used in several countries as a way to moni-
tor viral behavior and track changes to the virus across
the population.
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“In the United States, especially, the strategy has been
to test and say whether a person is infected or not in-
fected,” Abraham said. “But there’s a lot more information
in that sample that can be obtained to help us track
whether the virus is mutating. | am encouraged by the
concerted efforts across the world to monitor sequences
more aggressively—doing so is critical.”

“It is important for us to stay ahead of this virus as it
continues to evolve,” said study first author Sarah Clark,
member of the Abraham lab and a fourth-year student in
the Ph.D. Program in Virology at Harvard University. “My
hope is that our study provides insights that allow us to
continue to do that”
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An APS-authored science highlight

Novel Behavior Coordinates Construction of

Cell Walls in Bacteria

Bacteria build walls
around themselves as
protection from the en-
vironment. Cell wall ma-
terial synthesis begins
in the cell; a precursor,
called Lipid Il, is flipped
to the outside of the cell
wall, where it’s used to
form glycan strands,
which are then cross-
linked. While the
strands are being syn-
thesized and trans-
ported, they are still
linked to the bac-
terium’s cell membrane.
Before the strands can
be cross-linked to the
growing cell wall, these
links must be cleaved. Up until now, the synthesizing and
cross-linking steps have received a great deal of attention
as targets for antibiotics, but the cleaving step remained a
mystery. Using the APS, researchers have found that an
enzyme outside the bacterium forms a complex with a
protein spanning the bacterium’s cell membrane. The
complex performs two functions: it regulates the length of
the strands, and it cleaves their link to the cell membrane.
This newly discovered behavior provides insight into how
bacteria coordinate the mechanics of cell wall growth. The
finding, published is the journal Nature Microbiology, lays
the foundation for unanticipated avenues of research in
cell biology, cancer immunology, and drug discovery.

Like other bacteria, Staphylococcus aureus—the toxic
pathogen responsible for many skin infections, gastroen-
teritis, and toxic shock syndrome—synthesizes strands of
peptidoglycans (PG) inside the cell, then transfers them
outside the cell while they’re still attached to the cell
membrane. This link must be cut before the PG can be
fully incorporated into the growing cell wall.

In some bacteria, like the one that causes pneumonia,
the cell wall is composed of one super long strand
wrapped completely around the cell. In S. aureus, the bac-

Fig. 1. Crystal structures derived from diffraction data obtained at
the NE-CAT beamlines showing how the transmembrane protein
SpdC positions the enzyme SagB so that its active site is precisely
oriented to cleave the glycan strand.

terium studied in this research,
the cell walls comprise short
strands, little bricks made of
sugars and amino acids piled
on top of each other, cross-
linked by peptide bonds.

Using a variety of tech-
niques, the researchers in this
study investigated the long-
standing question of how bac-
teria cleave the newly synthe-
sized peptidoglycan strands
from the membrane so that
they can be incorporated into
the cell wall. Besides answering
their questions about how the
strand is cleaved from the
membrane, their research also
revealed the mechanism by
which S. aureus controls the
length of the strands.

To begin, the researchers looked for genes that are
important in cell wall assembly. They discovered that the
products of genes sagB and spdC shared certain genetic
and behavioral profiles, including the ability to cleave
larger molecules into smaller ones. This led the re-
searchers to conjecture that the gene products SagB and
SpdC may function as a sort of cleaving complex. Through
biochemical assays, they were able to show in vitro that
their conjecture was correct.

To understand how the enzyme and the protein inter-
acted within the complex, the researchers made crystals
of SagB and SpdC in complex. Using NE-CAT beamlines
24-1D-C and 24-ID-E at the APS to collect x-ray macromol-
ecular crystallography diffraction data, they solved the
crystal structure of the complex at a resolution of 2.6 A.

Their crystal structures showed that the transmem-
brane protein SpdC positions the enzyme SagB so that its
active site is precisely oriented to cleave the glycan strand
(Fig. 1). What’s more, the SpdC provided a path extending
from an entry point in the membrane straight into SagB’s
cleavage site. Remarkably, the length of the path cor-
“Cell Walls” cont’d. on page 119
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A news release from an APS user institution

A New Molecular Target for Therapeutic
Interventions Aimed at C. Difficile Infection

The VPI10463 and M68 represent the classic and the hypervirulent C. difficile, respectively. GTD-
VPI preferentially modifies Rho family GTPases (Cdc42, for example) by glucosylation, while GTD-
M68 more effectively modifies R-Ras. Due to their different selectivity toward Rho or Ras family
GTPases, these two different TcdB variants cause two distinct types of cytopathic effects.
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The original University of California, Irvine press re-
lease can be read here.© 2021 UC Regents

A University of California, Irvine (UCI)-led study sug-
gests that the glucosyltransferase domain (GTD) is an
ideal molecular target for therapeutic interventions for
Clostridioides difficile infection (CDI). Based on their find-
ings that established the structural basis for Toxin B recog-
nition of the small GTPases Rho and R-Ras families, the
study, which used data obtained at the APS and was pub-
lished in Science Advances, may lead to new treatments
to fight this deadly disease.

CDl is the leading cause of antibiotic-associated diar-
rhea and gastroenteritis-associated deaths worldwide, ac-
counting for 500,000 cases and 29,000 deaths annually
in the U.S. Classified by the Centers for Disease Control
and Prevention as one of the top health threats, there is
growing global concern surrounding the emerge and
spread of hypervirulent C. difficile strains, resembling the
occurrence of new virus variants in the current COVID
pandemic. TcdB is one of two homologous C. difficile exo-
toxins, and TcdB alone is capable of causing the full spec-
trum of CDI diseases.

“We focused on the structure and function of TcdB'’s
crucial GTD, which is the toxin’s ‘warhead.’ The GTD is de-
livered by the toxin inside the host cells and causes most
of the cytosolic damage to patients,” said Rongsheng Jin,
professor in the Department of Physiology & Biophysics at
the UCI School of Medicine, and corresponding author.
“We discovered molecular mechanisms by which the GTD
specifically recognizes and blocks the physiological func-
tions of the human GTPases Rho and R-Ras enzyme fami-
lies that are crucial signaling molecules.” To determine the
structure of GTD, the team collected x-ray diffraction data
at the NE-CAT beamline 24-ID-C of the APS.

The team also demonstrated how the classic form of
TcdB and the hypervirulent TcdB recognize their human
targets in different ways, which leads to distinct structural
changes to the host cells caused by bacterial invasion.

“Once the GTD of TcdB is inside the cells, it is
shielded by our cells and becomes inaccessible to passive
immunotherapy. But our studies suggest that small mole-
cule inhibitors could be developed to disarm the GTD,
which will directly eliminate the root cause of disease
symptoms and cellular damage,” Jin said. “This new strat-
egy can potentially be integrated with and complement
other CDI treatment regiments.”
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“Cell Walls” cont’d. from page 117
responded to the average length of the strands to be in-
corporated into the cell wall.

Hydrolases like SagB are the current frontier in cell
wall research. Scientists have long understood the “what”
of bacterial cell wall growth. This work explains the “how.”
It lays the foundation for further research by this team,
combining chemistry, biochemistry, genetics, and func-
tional genomics to ultimately explain the why—a discovery
that could reveal the weak points in bacterial defense sys-
tems and enable scientists to disrupt their growth.

— Judy Myers
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A news release from an APS user institution

Synthesis of a Potent Antibiotic Follows an
Unusual Chemical Pathway

The synthesis of the potent antibiotic thiostrepton uses a radical SAM protein TsrM, whose crystal structure is shown at left while
bound to an iron-sulfur cluster and cobalamin. New images of this crystal structure allowed researchers from Penn State to infer
the chemical steps during the antibiotic’s synthesis (right), as a methyl group moves from a molecule called S-adenosyl-L-methion-
ine (SAM) to the cobalamin in TsrM to the substrate tryptophan. Image: Booker Lab, Penn State

The original Penn State press release by Gail Mc-
Cormick, Penn State, can be read here. The Pennsylvania
State University © 2021

Images of a protein involved in creating a potent an-
tibiotic reveal the unusual first steps of the antibiotic’s syn-
thesis. The improved understanding of the chemistry be-
hind this process is detailed in a new study led by Penn
State chemists based upon research at two U.S. Depart-
ment of Energy x-ray light sources, including the APS, and
published in the journal Nature Chemical Biology. These
results could allow researchers to adapt this and similar
compounds for use in human medicine.

“The antibiotic thiostrepton is very potent against
Gram-positive pathogens and can even target certain
breast cancer cells in culture,” said Squire Booker, a bio-
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chemist at Penn State and investigator with the Howard
Hughes Medical Institute. “While it has been used topically
in veterinary medicine, so far it has been ineffective in hu-
mans because it is poorly absorbed. We studied the first
steps in thiostrepton’s biosynthesis in hopes of eventually
being able to hijack certain processes and make analogs
of the molecule that might have better medicinal proper-
ties. Importantly, this reaction is found in the biosynthesis
of numerous other antibiotics, and so the work has the po-
tential to be far reaching.”

The first step in thiostrepton’s synthesis involves a
process called methylation. A molecular tag called a
methyl group, which is important in many biological
processes, is added to a molecule of tryptophan, the reac-
tion’s substrate. One of the major systems for methylating
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compounds that are not particularly reactive, like trypto-
phan, involves a class of enzymes called radical SAM pro-
teins.

“Radical SAM proteins usually use an iron-sulfur clus-
ter to cleave a molecule called S-adenosyl-L-methionine
(SAM), producing a “free radical” or an unpaired electron
that helps move the reaction forward,” said Hayley Knox, a
graduate student in chemistry at Penn State and first au-
thor of the paper. “The one exception that we know about
so far is the protein involved in the biosynthesis of
thiostrepton, called TsrM. We wanted to understand why
TsrM doesn’t do radical chemistry, so we used an imaging
technique called x-ray crystallography to investigate its
structure at several stages throughout its reaction.” The x-
ray crystallography experiments were carried out at the
GM/CA-XSD and LS-CAT x-ray beamlines at the APS, and
at the Berkeley Center for Structural Biology beamlines at
the Advanced Light Source at Lawrence Berkeley National
Laboratory

In all radical SAM proteins characterized to date, SAM
binds directly to the iron-sulfur cluster, which helps to frag-
ment the molecule to produce the free radical. However,
the researchers found that the site where SAM would typi-
cally bind is blocked in TsrM.

“This is completely different from any other radical
SAM protein,” said Booker. “Instead, the portion of SAM
that binds to the cluster associates with the tryptophan
substrate and plays a key role in the reaction, in what is
called substrate-assisted catalysis.”

In solving the structure, the researchers from the Mas-
sachusetts Institute of Technology and the Albert Einstein
College of Medicine, in addition to Pennsylvania State Uni-
versity, were able to infer the chemical steps during the
first part of thiostrepton’s biosynthesis, when tryptophan is
methylated. In short, the methyl group from SAM transfers
to a part of TsrM called cobalamin. Then, with the help of
an additional SAM molecule, the methyl group transfers to
tryptophan, regenerating free cobalamin and producing
the methylated substrate, which is required for the next
steps in synthesizing the antibiotic.

“Cobalamin is the strongest nucleophile in nature,
which means it is highly reactive,” said Knox. “But the sub-
strate tryptophan is weakly nucleophilic, so a big question
is how cobalamin could ever be displaced. We found that
an arginine residue sits under the cobalamin and destabi-
lizes the methyl-cobalamin, allowing tryptophan to dis-
place cobalamin and become methylated.”

Next the researchers plan to study other cobalamin-
dependent radical SAM proteins to see if they operate in

similar ways. Ultimately, they hope to find or create
analogs of thiostrepton that can be used in human medi-
cine.

“TsrM is clearly unique in terms of known cobalamin-
dependent radical SAM proteins and radical SAM proteins
in general,” said Booker. “But there are hundreds of thou-
sands of unique sequences of radical SAM enzymes, and
we still don’t know what most of them do. As we continue
to study these proteins, we may be in store for many more
surprises.”
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TsrM, a radical SAM methylase,” Nat. Chem. Biol. 17, 485
(2021). DOI: 10.1038/s41589-020-00717-y
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A news release from an APS user institution

First Detailed Look at a Crucial Enzyme
Advances Cancer Research

Fig. 1. Crystal structure of cp-Taspase1a41-233/B. From N. Nagaratnam et al.,
Structure 29(8), 873, (5 August 2021). ©2021 Elsevier Ltd.
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The Arizona State University press release by Richard
Harth can be read here. Copyright © 2021 Arizona Board
of Regents

In order to develop more effective drugs against a
range of cancers, researchers have been investigating the
molecular structure of many disease-linked enzymes in
the body. An intriguing case in point is Taspasel, a type of
enzyme known as a protease. The primary duty of pro-
teases is to break down proteins into smaller peptide snip-
pets or single amino acids. In a new study appearing in
the journal Structure, a collaborative team of researchers
from Arizona State University, Beryllium Discovery Corp.,
Washington University in St. Louis, the National Institutes
of Health, SRI International, and the Spanish National Re-
search Council, describe their investigations at the APS,
which reveal the structure of Taspasel as never before.

Taspasel appears to play a vital role in a range of
physiological processes, including cell metabolism, prolif-
eration, migration and termination. The normal functioning
of Taspasel can go awry however, leading to a range of
diseases, including leukemia, colon and breast cancers, as
well as glioblastoma, a particularly lethal and incurable
malighancy in the brain.

Because Taspasel dysregulation is increasingly impli-
cated in the genesis and metastasis of various cancers, it
has become an attractive candidate for drug develop-
ment. But before this can happen, researchers need a
highly detailed blueprint of the structure of this protease.

The study unveils, for the first time, the catalytically ac-
tive 3D structure of the catalytically active Taspase1 pro-
tein, revealing a previously unexplored region that is es-
sential for the functioning of the molecule. We developed
a novel cloning strategy to generate the fully active form
of Taspasel as circularly permuted variant (cpTaspasela41-
233/B) to allow us to obtain 3D crystals, which were meas-
ured by X-ray diffraction at the GM/CA-XSD x-ray beamline
23-ID-D at the APS. The structure of cpTaspasela41-233/3
protein was solved to 3-A resolution (Fig. 1) in the labs of
Petra Fromme at Arizona State University.

Fromme, director of the Biodesign Center for Applied
Structural Discovery, highlights the great importance of
the work: "l am so excited that we were able to solve the
first structure of the functional active enzyme, as it will
have huge implications for the structure-based develop-
ment on novel anti-cancer drugs.”

The results of this study show that reducing the size
of a critical helical region of Taspasel, limits protease ac-

tivity, while eliminating the helical region deactivates Tas-
pasel functioning altogether. Earlier research suggested
that disabling Taspase1 activity to block the progression of
cancer could be achieved without harmful side effects.
“We have reported the importance of a previously un-
observed long fragment of the protein in the catalytic ac-
tivity of Taspase1, which can be used as an attractive tar-
get to inhibit Taspasel," said Jose Martin-Garcia, lead
scientist on the project and co-corresponding author with
Fromme. “The crystal structure of the active Taspasel re-
ported in our article will be greatly beneficial to advance
the design of Taspase1 inhibitors for anti-cancer therapy.”
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An Argonne press release

How Antibodies Bind a Molecule

Linked to Cancer

A structural snapshot of a phosphohistidine analogue (ball and
stick model) nestled at the interface between different areas
(green, brown) of a phosphohistidine antibody. Such structures
provide insights into the molecular properties of the antibodies,
which makes them useful for revealing elusive phosphohisti-
dine-containing proteins in cells. Image: the Salk Institute.

The original Argonne news story by Joan Koka can be
read here.

Scientists are harnessing hard x-rays in the fight
against cancer. A team of researchers, in conjunction with
the U.S. Department of Energy’s (DOE) Argonne, has used
ultrabright x-ray light to determine how specific types of
antibodies can tell the difference between different forms
of a cancer-linked molecule. These new insights will help
scientists design better antibodies for potential treat-
ments.

Tony Hunter, professor at the Salk Institute for Biologi-
cal Studies, led this new research, building on years of
study at his lab into amino acids, the building blocks of
proteins. Hunter and his team were the first to show that
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adding phosphate to tyrosine, one of 20 amino acids in
the human body, contributes to the progression of cancer.
Their discovery not only led to the development of anti-
cancer drugs, but also inspired researchers to start exam-
ining phosphate in combination with other amino acids.

Histidine, an amino acid the body uses to synthesize
proteins, is the new target under study at the Hunter Lab.
When phosphate is added, it forms phosphohistidine, an
unstable molecule that has been linked to liver and breast
cancer and neuroblastoma, a type of cancer often found in
the adrenal glands.

To better understand phosphohistidine’s potential role
in cancer, the Hunter research team has, for the past eight
years, been developing and studying antibodies that can
bind to it. But to discern exactly how these antibodies
work, they needed a more specialized set of tools.

The APS was one of three light source facilities the re-
search team used to gain more insight into this problem.
At the facilities, they used a technique known as x-ray
crystallography to determine the crystal structures of their
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antibodies bound to peptides (short amino acid se-
quences) containing phosphohistidine. Their work and
findings were recently published in the Proceedings of the
National Academy of Sciences.

“Our antibodies are going to be key to studying this
relatively understudied process of histidine phosphoryla-
tion, and thanks to x-ray crystallography, we now know
how they work,” said Hunter “This means we can poten-
tially improve them for specific purposes and even per-
haps for use in the clinical arena where we see evidence
that histidine phosphorylation is connected to cancer.”

To make use of this technique, Hunter’s team worked
alongside researchers at The Scripps Research Institute
and used three different DOE light sources to collect data:
the GM/CA-XSD 23-ID-D beamline at the Argonne APS;
beamline 12-2 at the Stanford Synchrotron Radiation Light-
source, SLAC National Accelerator Laboratory; and beam-
line 5.0.3 at the Advanced Light Source at Lawrence
Berkeley National Laboratory. All three provide extremely
intense, small x-ray beams that are particularly useful for
this type of technique.

The researchers first grew crystals of their antibodies
bound to phosphohistidine peptides. These were then
sent to the light sources, which had capabilities that al-
lowed the researchers to place their crystals in an x-ray
beam remotely. Upon contact with the crystals, the beams
scattered, creating diffraction patterns that were collected
and used to determine the three-dimensional atomic
structure of the antibodies combined with the phosphohis-
tidine peptides.

“X-rays have wavelengths that are about the size of
atoms, and they scatter strongly. But it’s not so easy to
make a lens that can recombine these rays to form an im-
age near atomic resolution,” said protein crystallographer
Michael Becker of GM/CA-XSD. “So instead, researchers
collect diffraction data on detectors and use mathematics,
physics and chemistry in the computer to essentially cal-
culate an image of the molecule in the crystal.”

X-ray crystallography allows scientists to determine
the molecular and atomic structure of these tiny crystals.
By measuring these diffracted beams, scientists can re-
construct an image of the atoms and their position in the
sample, as well as a host of other information.

“What crystallography did was enable us to look at
atomic interactions between the antibody and the antigen,
which in this case was the phosphohistidine,” said lan Wil-
son, a structural biology professor at The Scripps Re-
search Institute and a co-author on the paper.

The resulting insights not only advance our under-
standing of phosphohistidine’s potential role in cancer, but
can also help other scientists looking to design better anti-
bodies to suit their own research purposes.

“From the data, we learned how small differences in
atomic interactions help the antibodies to differentiate the
two different isoforms of phosphohistidine, and also how
these antibodies are able to recognize different peptides
which undergo histidine phosphorylation,” said Rajasree
Kalagiri, a Salk postdoctoral researcher and lead author of
the study.
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An APS-authored science highlight

How Malaria Evades An
How the Body Fights B

Malaria is one of the most devastating diseases
impacting human health, causing approximately half a
million deaths each year. The disease is caused by in-
fection with the intracellular parasite Plasmodium and
is transmitted by female Anopheles mosquitoes dur-
ing feeding. Of the six species of Plasmodium, P. falci-
parum is both the most lethal and responsible for
most deadly cases. Some P. falciparum RIFINs—vari-
ant surface antigens expressed on infected red blood
cells—bind to multiple inhibitory receptors, including
LAIRT and LILRB1. Researchers identified antibodies
incorporating LILRB1 by screening plasma from
donors from the Republic of Mali. B cell clones iso-
lated from three of the donors showed large DNA in-
sertions in the switch region that encodes LILRB1 ex-
tracellular domain 3 and 4 (D3D4) or D3 alone in the
variable—constant (VH—CH1) elbow. By using a combi-
nation of biochemical and bioinformatic techniques,
the researchers identified a large set of RIFINs that
bound LILRB1 D3. Crystal and cryo-electron mi-
croscopy structures of RIFIN in complex with LILRB1
D3D4 revealed RIFIN-LILRB1 D3 interactions to be
similar though distinct from those of RIFIN-LAIR1. The
RIFIN-LILRB1 structures, including those obtained at
the APS and published in the journal Nature, further
revealed an unconventional triangular architecture
with the inserted LILRB1 domains opening the VH-

CH1 elbow. Better understanding the mechanism that
leads to receptor-binding specificity of RIFINs could guide
the development of malaria vaccines and therapeutic anti-
bodies.

The symptoms of malaria occur as Plasmodium para-
sites replicate within blood. This nutrient-rich environment
also contains much of the host’s immune-defense machin-
ery. To survive the immune response, Plasmodium para-
sites have evolved to replicate while hidden within host
cells. Only a few functionally critical parasite proteins are
exposed on host cell surfaces, which are grouped into
large protein families, allowing a immune evasion strategy
based on antigenic variation.

Repetitive interspersed families of polypeptides
(RIFINSs) are variable antigens expressed on infected red
blood cells. They mediate formation of clusters of unin-

126 APS Science 2021

tibodies and
ack

Fig. 1. Crystal structure of RIFIN V2 (PF3D7_1373400) domain in com-
plex with LILRB1 D3D4 domains in two orthogonal cartoon views,
based on data obtained at SER-CAT at the APS. RIFIN is colored in
rainbow and LILRB1 is colored in red. From Y. Chen et al., Nature 592,
639 (22 April 2021). © 2021 Springer Nature Limited

fected red blood cells surrounding a central P. falciparum-
infected red blood cell that occurs in severe malaria.
RIFINs bind LAIR1 and LILRB1—two inhibitory receptors
found on natural killer cells, T cells, and B cells—playing a
role in immune evasion by downregulating activation of
these immune cells. RIFINs, therefore, may potentially be
targets for protective immunity.

On the basis of their earlier discovery of LAIR1-con-
taining antibodies in malaria-exposed individuals, re-
searchers in the Antonio Lanzavecchia group at the Insti-
tute for Research in Biomedicine, Switzerland
hypothesized that B cell clones with insertions of other in-
hibitory receptors recognized by P. falciparum, such as
LILRB1, could be selected in the course of malaria infec-
tion. To test this, they screened 672 plasma samples from



a cohort of donors from Mali and identified six individuals
with LILRB1-containing antibodies. From three positive
donors, the researchers isolated B cell clones that pro-
duced LILRB1-containing monoclonal antibodies bound to
infected erythrocytes.

Through mass spectrometry and binding assays, the
researchers identified seven RIFINs that were recognized
by LILRB1-containing antibodies. Antibodies containing
LILRB1 D3D4 or D3 inserts bound to the seven identified
RIFINs, while deletion of the inserted domains completely
abolished binding, indicating a critical role for D3. These
RIFINs differ from those of an earlier report that bind to
LILRB1 D1D2 domains, which compete for the nature lig-
and binding, suggesting distinct binding mechanisms.

The researchers in the Peter Kwong group at the Vac-
cine Research Center, National Institutes of Health, then
determined the cryo-electron microscopy structure of a
RIFIN in complex with either LILRB1 D3D4 or a D3D4-con-
taining Fab (antibody fragment) at 3.5-A resolution. The
structure revealed an unconventional triangular Fab archi-
tecture owing to the elbow insertion of LILRB1 D3D4 do-
mains, with the VH-VL, D3D4, and CH1-CL domains com-
posing the three apexes. In particular, the angle of the
light chain elbow region was found to swing outward al-
most 90 degrees to accommodate the LILRB1 D3D4 inser-
tion in the heavy chain elbow region.

Because the reconstruction of RIFIN in the LILRB1-
RIFIN complex was not entirely clear, the researchers
used x-ray crystallography data collected at the SER-CAT
beamline 22-ID at the APS to determine the structure of
the complex between the LILRB1 D3D4 domain and the
RIFIN V2 domain to 2.6-A resolution (Fig. 1). Together, the
two structural papers of LILRB1-RIFIN complexes revealed
that the V2 apex is the common binding site used by
RIFINs to bind to different domains of the same receptor.

The results of this study provide insights into the role
of RIFINs in immune evasion. The finding that phylogenet-
ically distinct RIFINs target LILRB1 D1D2 and LILRB1 D3
provides a striking example of convergent evolution.
Overall, the polygenicity and polymorphism of the RIFIN
family is consistent with a strong selective pressure for
evading the antibody response while developing different
ways to bind to inhibitory receptors, a mechanism that can
be effectively countered by receptor-based antibodies.

— Chris Palmer
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A news release from an APS user institution

Shape-Shifting Ebola Virus Protein Exploits
Human RNA to Change Shape

Fig. 1. Left: The crystal structure of VP40 at 1.78-A resolution. Right: The crystal structure at 1.38-A
resolution. From S. Landeras-Bueno et al., Cell Rep. 35, 108986, (April 13, 2021). Copyright ©

2021 Elsevier Inc.

The original La Jolla Institute for Immunology press re-
lease by Madeline McCurry-Schmidt can be read here.
©2020 La Jolla Institute for Immunology. All rights re-
served

The human genome contains the instructions to make
tens of thousands of proteins. Each protein folds into a
precise shape—and biologists are taught that defined
shape dictates the protein’s destined function. Tens of
thousands of singular shapes drive the tens of thousands
of needed functions. In a new cover story in Cell Reports,
researchers at La Jolla Institute for Immunology, The
Scripps Research Institute, and The Ohio State University
using two U.S. Department of Energy x-ray light sources,
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including the APS, demonstrate how Ebola virus has found
a different way to get things done. The virus encodes only
eight proteins but requires dozens of functions in its life-
cycle. The new study shows how one of Ebola virus’s key
proteins, VP40, uses molecular triggers in the human cell
to transform itself into different tools for different jobs, pre-
senting the possibility of new therapies to combat Ebola
disease.

“We’re all taught that proteins have ‘@’ structure,” says
study co-leader Erica Ollmann Saphire, president and CEO
of La Jolla Institute for Immunology (LJI) and member of
the LJI Center for Infectious Disease and Vaccine Re-
search. “Ebola virus’s VP40 protein, however, changes it-
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self into different structures at different times, depending
on the function needed.”

VP40 is the protein that gives Ebola virus its distinc-
tive string-like shape. Saphire’s previous studies showed
that VP40 can take on a two-molecule, butterfly-shaped
“dimer” or an eight-molecule, wreath-like “octamer” form.

There are dramatic rearrangements of the protein as it
transforms from one to the other. The dimer is what physi-
cally constructs new viruses that emerge and release from
infected cells. The octamer functions only inside the in-
fected cell, in a controlling role, directing other steps of
the viral life cycle.

The new study shows exactly what triggers these
structural changes. The researchers found that VP40
senses and relies on particular human mRNA to make the
transformation from the dimer to octamer.

Saphire worked with study co-corresponding author
Scripps Research Professor Kristian Andersen, to deeply
sequence RNAs captured and selected by VP40 inside
cells. VP40 selected particular sequences, most often
found in the untranslated tails of human mRNA.

Saphire lab postdoctoral fellows Hal Wasserman and
co-first author Sara Landeras Bueno, worked with purified
VP40 in test tubes to get a glimpse of the dimer-to-oc-
tamer transformation in action. They tested many combi-
nations of RNA molecules to try to trigger the transforma-
tion and found that particular human mRNA sequences
rich in bases guanine and adenine were ideal for driving
the same conformational change in vitro that they saw in
high-resolution structures of VP40. The structures were
obtained via macromolecular x-ray crystallography at the
LRL-CAT 31-ID x-ray beamline at the APS, and the 12-2
beamline of the Stanford Synchrotron Radiation Light-
source at SLAC National Accelerator Laboratory (Fig. 1).

“We were very excited and surprised to see that the
RNA that triggers this change comes from the host cell
and not the virus,” says Landeras Bueno. “The virus is hi-
jacking the host cell—this is another example of a virus
acting like a parasite.”

Saphire says the study sheds light on the fundamen-
tals of how information is encoded in the genome. There’s
the genetic code, of course, but Ebola virus also controls
how VP40 is deployed during different stages of its life cy-
cle. “It has an additional layer of programming,” Saphire
says.

The new study also offers further evidence that VP40
is a promising target for effective therapies. Because
Ebola virus cannot spread without VP40, the virus is un-

likely to acquire VP40 mutations that let it “escape” anti-
body therapies. This vulnerability has led the LJI team to
think of VP40 as Ebola’s Achilles’ heel.

“VP40 fulfills an elaborate system of requirements for
Ebola virus, so we don’t expect it to change much,” says
Wasserman. “That means if we could attack VP40 specifi-
cally, the virus would be helpless.”

Wasserman says the octamer’s regulatory function is
still slightly mysterious. The octamer is known to be es-
sential to the Ebola virus life cycle, but more work needs
to be done to understand how this VP40 structure con-
trols Ebola virus replication.

Saphire is very interested in investigating whether
other viruses—or living organisms—have proteins with the
same “structural plasticity” as VP40. “I've always wanted
to know if this kind of functionality is more common in bi-
ology than we think,” she says.
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An APS-authored science highlight

Finding New Ways to Treat Diabetes and
Other Inflammatory Diseases

Fig. 1. The figure illustrates the difference between the guinea pig BLT1 (green) and human BLT1 (blue).
Both receptors are cut in the middle to show their binding pockets with corresponding binding molecules:
BIIL-260 (yellow) and MK-D-046 (orange). The receptors are shown inside a cell membrane with the extra-
cellular side on the top and intracellular side on the bottom.

Currently, more than 460 million adults worldwide live
with diabetes and its complications. That number is ex-
pected to grow to 700 million adults by 2045. Unfortu-
nately, available treatments for type 2 diabetes, which
make up approximately 90 percent of adult cases, can
have serious adverse effects including gastrointestinal
problems, hypoglycemia, increased cholesterol, and even
heart failure. A new study carried out by a multinational,
multi-institution research group, which involved collecting
x-ray diffraction data at the APS, provides important in-
sights into the structure of the human leukotriene B4 re-
ceptor 1, which is thought to play an important role in type
2 diabetes. This research, published in Nature Communi-
cations, could result in new treatments for diabetes as
well as other inflammatory conditions like asthma, inflam-
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matory bowel disease, rheumatoid arthritis, and cancer.

Inflammation is a key hallmark of many diseases, in-
cluding diabetes. Several studies implicate a protein
called the leukotriene B4 receptor 1 (BLT1), which is found
in white blood cells, as being involved in inflammatory
processes that cause disease. Research also suggests
that blocking BLT1 activity may be a potent strategy for
combating inflammatory diseases like type 2 diabetes. For
example, one study found that removing BLT1 using ge-
netic engineering prevented obese mice from developing
insulin resistance, a precursor to diabetes.

Unfortunately, attempts to develop drugs that target
BLT1 have been unsuccessful thus far with potential candi-
dates showing poor efficacy and adverse side effects.
One reason why these attempts have not been successful



may be that the compounds developed may not have
been able to selectively bind BLT1 and block its activity.

In order to learn more about BLT1 and how it might be
better targeted by candidate drugs, a multi-institution
group conducted a series of experiments designed to re-
veal the structure of human BLT1 and to determine how
various molecules interact with the receptor.

First, the researchers used macromolecular x-ray
crystallography to create a detailed, three-dimensional
structure of human BLT1 while it was bound to MK-D-046,
a selective BLT1 blocker that was developed by Merck &
Co. as a candidate GM/CA-XSD) 23-ID-B x-ray beamline at
the APS.

The results showed that human BLT1 has a structure
similar to many other receptors that span cell membranes
and includes an internal channel pocket. The crystal struc-
ture also allowed the researchers to determine exactly
how MK-D-046 “docks” within the receptor’s pocket.

Using specialized software, the researchers modeled
how leukotriene B4 (LTB4) likely docks with the human
BLT1. LTB4 is a naturally occurring binding partner for the
receptor and is thought to play a protective role in viral in-
fections and in some forms of lung injury.

The researchers also compared the structure of hu-
man BLT1 to the previously reported structure of guinea
pig BLT1, which had been the previous best model for un-
derstanding drug interaction with the human receptor
(Fig. 1). They found significant differences in the receptor
structures, including at sites where potential drugs would
bind. This is despite the fact that the amino acid se-
quences of human BLT1 and guinea pig BLT1 are nearly
74% similar.

To test which differences between the human and
guinea pig BLT1 are likely to be most important for drug
binding, the researchers mutagenized particular amino
acids within human BLT1 so they matched sites from
guinea pig BLT1. They then tested how well MK-D-046
blocked the mutated human BLT1. They found that certain
amino acid substitutions significantly decreased the ability
of MK-D-046 to inhibit human BLT1 activity, thus gaining
an understanding of which amino acids are critical for
high-affinity binding of drugs to human BLT1.

Together, these results suggest that the structure of

human BLT1 will be useful for designing compounds that
target BLT1. By presenting a detailed structure of human
BLT1, the results from this study may one day lead to the
development of more effective methods for preventing
and treating inflammatory diseases, including diabetes.

— Summer Allen
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An APS-authored science highlight

Clearing Up an Antiviral Immune System Strategy

Fig. 1. A) A fluorescence polarization assay assessing binding
of p204 HIN domains to double-stranded DNA. The apparent
dissociation values (Kda) are shown for p204 HINab, HINa,
and HINb domains. B) The overall crystal structure of the
p204 HINab:DNA complex. Three p204 HINab molecules
bind two copies of double-stranded DNA. Molecule A is
shown in orange (HINa) and slate (HINb). Molecule B is shown
in pink (HINa) and cyan (HINb). Molecule C is shown in yellow
orange (HINa) and light blue (HINb). Two copies of double-
stranded DNA are shown in gray. C) p204s dynamic flexible
linker between HINa and HINDb. (Top, left) HIN domain linker of
p204 (DNA free) in solution by SAXS analysis. (Top, right) HIN
domain linker in the crystal structure of the p204 HINab:DNA
complex. (Middle schematic, Bottom) Conformational changes
of the HIN domain linker in p204 with and without double-
stranded DNA. The superposition of the SAXS model (DNA
free) and crystal structure (DNA bound) of p204 shows HINb
domain swings 90 degrees to bind DNA.
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The immune system has devised many clever ways to
thwart invading viruses and other pathogens. One ap-
proach is the deployment of protein sentinels that monitor
the body for viral genetic material. Viral genomes can con-
sist of RNA or DNA, with nucleic acid patterns that reveal
their viral nature to immune system proteins. A class of im-
mune system proteins focuses on detecting double-
stranded viral DNA, in a non-sequence dependent man-
ner. In many cases, it remains a mystery how the protein
identifies the viral DNA. Researchers studying one such
protein in mice called p204—a homolog of human protein
interferon gamma-inducible protein 16 (IFI16)—uncovered
the mechanism behind how it detects viral DNA. They
used the DOE’s APS at Argonne National Laboratory and
National Light Synchrotron Light Source Il (NSLS ) at
Brookhaven National Laboratory to solve the structure of
p204 in complex with viral DNA. Additionally, small-angle
x-ray scattering data from the NSLS Il helped the re-
searchers figure out the size of p204 complexes. To-
gether, the data pointed to a mechanistic model for how



p204 ensnares viral DNA and triggers a chain reaction
that recruits the immune system to initiate a virus-fighting
inflammatory response. The results, published in the jour-
nal Nucleic Acids Research, indicate that the human ho-
molog uses a similar mechanism, offering new insight into
the functioning of the innate immune system, not only pro-
viding a deeper understanding of how the innate immune
system works, but having implications for cancer and
other pathologies as well, as IFI16 appears to play multiple
roles in human health.

The p204/IFI16 homologs are in a family of receptor
proteins known as PYHIN or hematopoietic interferon-in-
ducible nuclear (HIN)-200. PYHIN proteins are thought to
be cystolic (the fluid portion of the cytoplasm exclusive of
organelles and membranes) DNA sensors that can recog-
nize both self and pathogenic DNA, with diverse down-
stream signaling. p204/IFI16 contains two HIN domains
(HINa and HINb). How the HIN domains grab onto DNA
generally is rather straightforward: positively charged
residues on the HIN surface interact with the negatively-
charged phosphate backbones of DNA. But the details
had remained elusive; prior to this study, no one had
solved the structure of both HIN domains in complex with
double-stranded DNA.

Part of the reason p204/IFI16 had remained so myste-
rious was that it's rather unique. Unlike other members of
the PYHIN family, p204/IF116 has two HIN domains in tan-
dem, one right after the other. One of the big lingering
questions had been “why two?” There was a lack of con-
sensus over the extent to which each domain contributes
to DNA binding. So in this study, the researchers per-
formed fluorescence polarization assays to assess the
DNA-binding affinity of p204 HINa and HINb separately,
and then both domains together (HINab). Indeed, binding
affinity for HINab was higher than HINa or HIND, but the
question remained as to why.

To answer that question, the researchers turned to x-
ray crystallography. They solved the structures of double
stranded DNA in complex with HINa, HINb, and HINab us-
ing x-ray diffraction data collected at the SER-CAT 22-ID x-
ray beamline and GM/CA-XSD structural biology facility
23-ID beamline, both at the APS; and at beamlines X12C,
X29A, and X25 of the NSLS Il at Brookhaven National
Laboratory (both the APS and NSLS Il are Office of Sci-
ence user facilities). The structure gave insight not only
into how the protein binds viral DNA but also how the pro-
tein then triggers the downstream activation of immune
system proteins (Fig. 1).

In addition to the two HIN domains in p204/IFI16, the
protein also has an N-terminal PYD domain. Based on the
structural studies and other data, the researchers devel-
oped a working model of double-stranded DNA recogni-
tion. In the absence of DNA, the researchers believe
p204/IFI16 adopts an elongated structure as it hunts
around for signs of pathogens. When the protein happens
upon double-stranded viral DNA, the two HIN domains co-
operatively bind to the DNA. Multiple p204/IFI26 proteins
start binding along double-stranded DNA, with the HINa
domains from separate molecules associating together,
forming a complex. The PYD domains become critical at
this point; the PYD domains from different molecules of
p204/IFI26 interact and aggregate. This triggers the acti-
vation of STING, a mediator of cystolic DNA-induced sig-
naling events, setting in motion a cascade of protein inter-
actions that ultimately prompts the release of pro-
inflammatory cytokines to go after the virus.

— Erika Gebel Berg
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A news release from an APS user institution

Solving the Structure of BRCA2
Protein Complex Important in DNA Repair

Electron density for BRCA2MBD. From D. F. Pendlebury et al., Nat.
Struct. Mol. Biol. 28, 671 (August 2021). © 2021 Springer Nature Limited

The original University of Michigan press release by
Suzanne Tainter can be read here. © 2021 The Regents of
the University of Michigan

The initials BRCA2 may be best known for a gene as-
sociated with many cases of breast cancer, and the pro-
tein encoded by the BRCA2 gene is critical to repairing
breaks in DNA. The breakdown of this interaction is a hall-
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mark of many cancers. University of Michigan (U-M) and
University of Gothenburg scientists used the APS to deter-
mine the structure of a complex of two proteins—BRCA2
together with MEILB2—that allows repairs to happen effi-
ciently in cells undergoing cell-splitting, called meiosis.
Their results, reported in Nature Structural and Molecular
Biology, have major implications for cancer and infertility.
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“We know how the literature is rich with examples of
BRCA2 mutations in cancer, but our findings now suggest
that the MEILB2-binding region of BRCA2 might be a
hotspot for discovering mutations related to infertility,”
said study author and U-M structural biologist Jayakrish-
nan Nandakumar, associate professor of molecular, cellu-
lar, and developmental biology.

In germ cells—the cells that give rise to sperm or
eggs—DNA breaks occur in every chromosome before the
cells undergo meiosis. The breaks ensure mixing of genes
to create genetic diversity rather than exact copies of the
parents. In meiosis, each germ cell splits twice so that
each egg or sperm ends up with only one copy of each
chromosome. Then when egg meets sperm, the embryo
has the right number of chromosome pairs.

Before the first split occurs, the chromosomes in the
germ cell pair up tightly and then each chromosome
within a pair breaks and rejoins with pieces from its part-
ner to exchange genes in a process called crossover.
Then all these DNA breaks need to be rejoined quickly.

Think of a sandwich, Nandakumar explains. The “bun”
is composed of four identical copies of a protein called
MEILB2 on the top and bottom, with the two BRCA2 pro-
teins between. The MEILB2 protein sandwich carries the
BRCAZ2 protein precisely to the DNA break points.

To determine the structure of this BRCA2 complex, the
researchers used x-ray crystallography at the LS-CAT 21-
ID-D x-ray beamline at the APS. This helped them figure
out how the BRCA2 protein is connected to the MEILB2
protein.

The first step was to grow crystals of the BRCA2 com-
plex. After much trial and error, Devon Pendlebury, a
chemical biology graduate student in the Nandakumar lab,
successfully crystallized the human form of the BRCA2
complex. In a bit of good fortune, the U-M researchers
were able to collect data at the Argonne National Labora-
tory days before all research was shut down in March
2020. From the x-ray crystallography data and additional
experiments by MCDB graduate student Ritvija Agrawal,
the team determined the structure of the protein complex
and how the two proteins worked together. It was a some-
what unusual protein-interaction, they report.

To validate their findings, they created mutant ver-
sions of BRCA2 and MEILB2 based on their structure and
showed how these mutants failed to form this complex
with each other. In further validation of the MEILB2-BRCA2
complex structure, Hiroki Shibuya’s research group at the
University of Gothenburg in Sweden introduced equiva-
lent mutant versions in mouse cells undergoing meiosis.

Mutant BRCA2 or MEILB2 failed to get to the DNA breaks
that needed to be rejoined.

“While we have known BRCA2 was necessary for
DNA recombination in meiosis, we didn’t know how it was
able to do this critical job efficiently,” Nandakumar said.
“The MEILB2 that is part of this repair complex is only sup-
posed to be present in cells that undergo meiosis but
MEILB2 has also been found in several cancers. It may be
that MEILB2 is very efficiently ‘hijacking’ the BRCA2 in
cancer cells, preventing proper repair of the DNA.”

Without other factors usually found in meiotic cells,
the BRCA2 in these MEILB2-positive cancers might not
get to the DNA breakpoints. Having a structure of this
complex in hand, researchers may now find new ap-
proaches to regain BRCA2 function in MEILB2-positive
cancers, Nandakumar suggests.
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An APS-authored science highlight

How Proteins Fold: A Guided Model

Fig. 1. Molten globule structures derived from TRXSS and MD simulation data (cyan) for
folding intermediate states overlaid on the crystal structure (purple) of BLA. The bound

calcium ion is shown as a green dot.

Biologists have studied the question of protein folding
for a long time because understanding how proteins fold
can help us to understand what goes wrong in diseases
caused by misfolded proteins and can guide structure-
based drug design efforts to develop new disease thera-
pies. However, on a more basic level, scientists are also
fascinated by the wonder of a process that takes an RNA
message and “prints” out the correct amino acids in a lin-
ear string that then automatically folds itself, via a number
of partially-folded transient states, into a complex three-di-
mensional structure, such as an enzyme. One model that
has been extensively used for these investigations is a
small protein from milk called bovine lactalbumin (BLA) for
which the structure is well known, including some, but not
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all, details of its folding intermediates. Recently, a team us-
ing the APS reported on a new approach that has pro-
vided a way to capture more detailed information about
these important folding intermediates. Their results were
published in The Journal of Chemical Physics.

The basis for this technical advance was the develop-
ment of a method for transforming the structural data sig-
nal from time-resolved x-ray solution scattering (TRXSS)
experiments to a format that can be fed into molecular dy-
namics (MD) simulations to provide a kind of “guardrail” to
guide the simulations and make sure that atomic-level
data provided by the simulation agree with the secondary
structure data provided by the TRXSS. The MD simula-
tions balance the TRXSS data by filling in the details that



are inherently lost in the spatial orientation data for TRXSS
compared to x-ray crystallography. For the TRXSS, the
high time resolution of the synchrotron pulsed x-rays (100
picoseconds) at the BioCARS 14-ID-B beamline at the APS
allowed separation of distinct conformational states of the
protein.

One important aspect of this experiment was to find
conditions in which the BLA protein molecules in the so-
lution could be triggered to rapidly unfold all at once,
and allow researchers from Northwestern University, The
University of Chicago, and Argonne to capture the trans-
formation process in action. This is achieved by a sud-
den temperature rise, called a T-jump, provided by a
nanosecond infrared pulse that heats the solvent and un-
folds the proteins while the researchers capture the
TRXSS structural data. There is evidence that folding and
unfolding travel through the same intermediates, so this
method provides a way to capture the event in a con-
trolled manner.

The first steps were to decide on the temperature for
the T-jump and to calibrate the MD simulations of BLA to
equilibrium conditions. After performing melting tempera-
ture experiments, the team settled on an 11.5° C T-jump
performed at 60° C, 65° C, and 70° C with data recorded
from 20 microseconds to 70 milliseconds after the jump.
The TRXSS data captured several intermediates that fit to
a kinetic model in which the protein went from a folded
state to an intermediate state and then an unfolded state
or from a folded state directly to one of two unfolded
states. The initial molecular modeling simulations using
data derived from TRXSS to steer the simulations con-
verged on the same structures, demonstrating that the
MD simulations guided by the scattering data were finding
relevant conformations.

Further investigation of the unfolding process using
the TRXSS data-guided MD simulations enabled the re-
searchers to look at changes in the features of second-
ary structures, well-known a-helical and -sheet struc-
tures in BLA, during the unfolding process. Interestingly,
the unfolded structures retain some a-helical secondary
structure that is likely to be stabilized by the presence of
a bound calcium ion and a disulfide bridge in the protein.
The intermediate structure was determined to represent
the “molten globule” state that describes a protein that
has reached a thermodynamic threshold for folding. Per-

haps surprisingly though, the intermediate molten glob-
ule displayed more unstructured helices than the un-
folded state. However, the intermediate state was more
conformationally ordered than the unfolded state with a
more compact size, consistent with it being the molten
globule state.

Taken together, these data provide a confirmation that
this approach of using the TRXSS data to guide MD simu-
lations can provide atomic-level data for understanding
the protein folding process. Now that this proof-of-con-
cept experiment has been successful, the team hopes to
apply their TRXSS-guided simulation method to other im-
portant protein folding questions. — Sandy Field
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An APS-authored science highlight

Understanding How Cyanobacteria Tune
Photoreceptors to Sense Far-Red Light

Fig. 1. Crystal structure of a far-red-light sensing CBCR from An-
abaena. A network of protein molecules in the crystal lattice of
space group P4(2)22 are shown in two orthogonal views. Left:
the top view looking down the major 4-fold axis. Right: the side
view highlights the helical bundles via which two adjacent pro-
tein molecules are tethered. Space-filling models in cyan mark
the positions of the bilin chromophores.

Cyanobacteria are some of the oldest organisms on
earth, dating back 3.5 billion years, and can be found al-
most everywhere on our planet. These single-cell organ-
isms are photosynthetic and have found ways to adapt to
a variety of diverse and extreme ecological niches. One
way they have achieved this is by adapting and tuning
their photosynthetic machinery to the light color of the en-
vironment. This process, known as complementary chro-
matic acclimation, is mediated by photoreceptor proteins
containing light-sensing chromophores, in particular, a
family of bilin-binding photoreceptors called cyanobacteri-
ochromes (CBCRs). CBCRs were previously thought to ab-
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sorb light in the shorter wavelength range of the visible
spectra. However, a family of CBCRs has been recently
discovered to absorb far-red light, suggesting a new
mechanism of spectrum tuning. Making use of the high-
brightness x-rays produced by the APS the structural basis
for the far-red sensing ability has been investigated for
one representative far-red absorbing CBCR (frCBCR). Due
to the fact that far-red light can penetrate deep tissues in
animals, mechanistic studies on frCBCRs may offer strate-
gies for developing novel optical reagents and fluorescent
probes for a variety of medical applications. These results
obtained by researchers from the University of lllinois at
Chicago and the University of California Davis, were pub-
lished in the Proceedings of the National Academy of Sci-
ences of the United States of America.



Light-sensing phytochromes from plants, fungi, and
bacteria, including cyanobacteria, possess a conserved
light-sensing module to perceive and relay the light signal
to whatever output domain the sensor is connected to.
Cyanobacteria have evolved to integrate a wide array of
sensor and signaling modules to feed into a variety of bac-
terial metabolic processes that respond to light. This work
focused on elucidating the structure of the far-red-absorb-
ing dark state of the chromophore-binding domain of the
frCBCR from Anabaena cylindrica, a genus of filamentous
cyanobacteria that exist as plankton. This frCBCR uses a
phycocyanobilin (PCB) chromophore, similar to those
found in most known CBCRs, to undergo a previously un-
explored far-red/orange photocycle. The team solved the
crystal structure of the Anabaena frCBCR domain at both
cryogenic and room temperature (Fig. 1). The cryogenic
data were obtained at the LS-CAT 21-ID-D x-ray station at
the APS. Room-temperature Laue diffraction data were ob-
tained at the BioCARS 14-ID beamline, also at the APS.

The structural data showed that the Anabaena frCBCR
exhibits many of the typical features of other known
CBCRs including an a/f3 fold with a central 3 sheet and a
chromophore pocket surrounded by several conserved
aromatic residues observed in other CBCRs (Fig. 1). How-
ever, the PCB chromophore, which is covalently attached
to the protein via cysteine 943, adopts a very unusual all-
Z,syn configuration that differs from all known CBCRs and
phytochromes. This unusual configuration along with the
clockwise rotation of the chromophore gives rise to
unique protein-chromophore interactions in the chro-
mophore binding pocket.

In order to identify amino acids responsible for the far-
red absorption properties of frCBCRs, the team performed
34 site-directed mutagenesis changes at 25 different
amino acid positions that potentially affect protein-chro-
mophore interactions. These mutational studies pointed to
two hallmark residues of frCBCRs, namely leucine 944 and
glutamic acid 914, positioned at the opposite faces of the
chromophore. As a result of their dispositions relative to
the chromophore, the side chain of Glu914 engages direct
hydrogen bond interactions with the pyrrole rings A and D

of the chromophore, suggesting two distinct mechanisms
of spectrum tuning. Together with pH titration and chro-
mophore swapping experiments, the team proposed that
the far-red sensing ability of the Anabaena frCBCR comes
from the additive effects of these two mechanisms.

The team hopes to answer unresolved questions re-
garding their proposed far-red tuning mechanism with fol-
low-up experiments using vibrational and NMR spec-
troscopy and learn more about the transition between the
far-red sensing dark state and the photoproducts using
dynamic crystallography. — Sandy Field

See: Sepalika Bandara', Nathan C. Rockwell', Xiaoli Zeng',
Zhong Ren', Cong Wang', Heewhan Shin', Shelley S. Mar-
tin?, Marcus V. Moreno?, J. Clark Lagarias®*, and Xiaojing
Yang™*, “Crystal structure of a far-red—sensing cyanobac-
teriochrome reveals an atypical bilin conformation and
spectral tuning mechanism,” Proc. Nat. Acad. Sci. U.S.A.
118(12), 2025094118 (2021).
DOI: 10.1073/pnas.2025094118
Author affiliations: 'University of lllinois at Chicago, 2Uni-
versity of California, Davis
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** xiaojing@uic.edu

We thank the staff at BioCARS and LS-CAT for support
in x-ray diffraction data collection. This work is supported
by grants from the U.S. Department of Energy (DOE) Office
of Science-Basic Energy Sciences, under Contract E-
FGO2- 09ER16117 to J.C.L., and from the National Institutes
of Health (NIH) under RO1EY024363 to X.Y. Use of LS-CAT
is supported by the Michigan Economic Development Cor-
poration and the Michigan Technology Tri- Corridor under
Grant 085P1000817. Use of BioCARS was supported by
the National Institute of General Medical Sciences of the
NIH under grant number P41 GM118217. 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 Argonne National Laboratory under
Contract DE-AC02-06CH11357.

Argonne National Laboratory 139



An APS-authored science highlight

Using Protein Structural Information to
Understand the Mechanism of an Essential
Enzyme for Fighting Tuberculosis

Fig. 1. Structure of the M. tuberculosis PheRS heterotetramer in complex with tRNA molecules.

Antibiotic resistance is a global problem that many sci-
entists are racing to solve. Bacterial infections that were
once easily controlled by penicillin or tetracycline are now
impossible to treat except with our most recently devel-
oped antimicrobials. This is due to the fact that bacteria
can develop, and spread/disperse, mutations that allow
them to evade the effects of antibiotics. One type of bac-
teria that has been very successful at this is Mycobac-
terium tuberculosis, a deadly bacterium responsible for
the deaths of ™.5 million people in 2018. Multi-drug resist-
ant and extensively drug-resistant strains of M. tuberculo-
sis have become a major global problem, increasing the
need for new antibiotics. This has driven researchers to
seek new bacterial targets for structure-based drug de-
sign. In recent work conducted at the APS, researchers
gained important insights into understanding the structure
and mechanism of a critical enzyme involved in protein
synthesis in M. tuberculosis. Their work, published in Nu-
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cleic Acids Research, will form the basis of structure-
based drug design efforts aimed at exploiting the unique
features of this enzyme, a method that has been success-
ful in developing pharmaceuticals against methicillin-resis-
tant Staphylococcus aureus (MRSA) and some fungal in-
fections.

The research focuses on learning more about an es-
sential enzyme involved in making proteins from a mes-
senger RNA (mRNA) transcript. This is a basic function of
all cells, in both bacteria and multi-cellular organisms, and
involves a coordinated set of specific enzymes and spe-
cial RNA molecules called transfer RNAs (tRNAs). The tR-
NAs show “L” shape and they recognize a 3-base se-
quence in the mRNA called a codon and translate it into
the correct amino acid code using a matching anticodon
sequence. A set of 20 critical enzymes in this process are
the aminoacyl tRNA synthetases (aaRS). Each aaRS loads
the specific amino acid onto correct tRNA molecule in a



two-step reaction. One important consideration is that, al-
though aaRSs function in a very evolutionarily conserved
process that all organisms carry out, these enzymes have
diverged structurally enough make the ones in bacteria
distinct from our own so we can target them without dis-
rupting protein synthesis in our own cells.

The work was done as a collaboration between re-
searchers at Argonne National Laboratory, The University
of Chicago, Auburn University, and the University of
Dundee (Scotland) and involved structural analysis of the
M. tuberculosis aaRS, called MtFRS, that transfers the
amino acid phenylalanine to its specific tRNA, tRNAPhe. In
order to join the correct amino acid to its appropriate
tRNA, the enzyme must recognize specific features of tR-
NAPhe that distinguish it from the tRNAs for the other 19
amino acids and then bring the phenylalanine and tR-
NAPhe into proximity to catalyze the ligation reaction.

Using the SBC-XSD x-ray beamline 19-ID at the APS,
the team solved four structures of large complexes that
capture the two steps of the MtFRS enzyme’s catalytic ac-
tion and tRNA recognition (Fig. 1). The initial binding of the
amino acid was demonstrated by two crystal structures of
MtFRS bound to M. tuberculosis tRNAPhe (MttRNAPhe)
with phenylalanine and one with a non-hydrolyzable
phenylalanine analog. The aminoacylation “ready” state, in
which the tRNA is set to accept loading of the amino acid,
was demonstrated by crystallization of MtFRS bound to
MttRNAPhe with an inhibitor, the non-hydrolyzable analog
of amino acid.

The structures confirmed previous work showing that
MtFRS adopts a large and complex heterotetrameric struc-
ture and it binds two molecules of MttRNAPhe. In this
work, the team discovered that initial recognition of the tR-
NAPhe is performed by one half of the heterotetramer
while aminoacylation is performed by the other half. Selec-
tive recognition of the tRNA is provided by enzyme inter-
actions with the anticodon loop and stem regions of the
tRNAPhe but, surprisingly, not the unique anticodon se-
quence itself. Instead, MtFRS appears to recognize only
the wobble base, the least important aspect of recognition
between the tRNAPhe anticodon and mRNA codon se-
quence. These interactions are maintained in the ready

state and this work reported, for the first time, the process
of stabilization and ordering of the active site that brings
the correct catalytic groups into the appropriate geometry
for the aminoacylation reaction, confirming the proposed
catalytic mechanism of MtFRS. Comparison of these struc-
tures to those of human aaRSs and those of other bacteria
allowed the team to identify some unique features of Mt-
FRS that provide a good starting point for the design of
small molecule inhibitors to fight tuberculosis infection.

— Sandy Field
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Wower?®, Changsoo Chang'?, Beatriz Baragafia®, lan H.
Gilbert*, Barbara Forte?, and Andrzej Joachimiak"?*, “My-
cobacterium tuberculosis Phe-tRNA synthetase: structural
insights into tRNA recognition and aminoacylation,” Nu-
cleic Acids Res. 1, 5351 (21 May, 2021).
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An APS-authored science highlight

Uncovering Mechanisms that Regulate
Activation of the Immune System

Fig. 1. cGAS phase separation inhibits TREX1-mediated

DNA degradation and enhances cytosolic DNA sensing.

Inside a cell, DNA belongs in the nucleus. DNA that
appears elsewhere, such as in the surrounding semi-fluid
substance called the cytosol, signifies possible disease,
including viral infection or cancer. When this happens, the
cGAS enzyme recognizes the out-of-place DNA and sig-
nals the immune system to come to the rescue. Under
normal conditions, this defense mechanism works well,
but when unregulated, it can trigger either too much or
too little immune reaction. One of the key players that reg-
ulates cGAS activity is TREX1, a protein that degrades
DNA, thereby controlling how much immune response is
generated. Too little degradation of DNA will result in
overreaction of the immune system and autoimmune dis-
ease, while too much degradation will let a virus or cancer
cell escape immune reaction. For example, mutated TREX1
that is unable to degrade cytosolic DNA can lead to se-
vere conditions like Aicardi-Goutiéres syndrome. Using
APS, researchers discovered that mutations alter the way
TREX1 interacts with cGAS and DNA, upending previous
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models and suggesting new targets for treating cancer
and autoimmune disease. The research was published in
the journal Molecular Cell.

When cGAS recognizes DNA, the two bind together
and form a liquid droplet that functions as a unique envi-
ronment within the cell—a process called liquid-liquid
phase separation (Fig. 1). Within the droplet, DNA activates
cGAS to synthesize a small signaling molecule called
cGAMP, which activates the immune system via the STING
pathway. In the absence of any regulation, cGAS will syn-
thesize cGAMP over and over, issuing an incessant alarm
and overexciting the immune system. Fortunately, our
bodies produce regulators—chief among them TREX1,
which mediates the process by degrading the DNA.

Scientists wanted to understand why cGAS formed lig-
uid droplets in the presence of DNA. Prior to the current
research, the working model postulated that phase sepa-
ration was necessary to activate cGAS and drive synthesis



of cGAMP. In the new work, the researchers used a variety
of techniques, such as in vitro reconstitution and in cell mi-
croscopy, to disprove this model by showing that phase
separation had little to no effect on the synthesis of
cGAMP but was necessary for cGAS to sense DNA in the
cytosol.

They also found that within the physical environment
of the droplet, DNA, cGAS, and various nucleotides and
metals diffuse freely in and out, but TREX1 is restricted to
the droplet’s exterior. Based on this finding, the re-
searchers proposed a nhew model: phase separation cre-
ates a selective environment that suppresses the activity
of regulators like TREX1 while protecting DNA sensing by
cGAS. Their model was confirmed when they found that a
genetically engineered form of TREX1 was capable of pen-
etrating the interior of the droplet but, once inside, could
not degrade the DNA it found there.

One of the most frequent causes of Aicardi-Goutiéres
syndrome and systemic lupus erythematosus are muta-
tions in TREX1 that impair regulation of cGAS. To investi-
gate the connection on an atomic level, the researchers
determined crystal structures of TREX1 protein with a mu-
tation associated with disease. Using the NE-CAT beam-
line 24-ID-E x-ray beamline at the APS to collect x-ray dif-
fraction data, they found that mutations change the
surface electric charge of TREXI, altering its interaction
with the cGAS-DNA droplet. Specifically, a single mutation
significantly changed the surface charge from neutral to
very positive, leading them to postulate that a positive
charge may attract mutated TREX1 into the interior of the
droplet, where its activity is repressed.

Finding a new point of regulation within the cGAS acti-
vation pathway affects research in many different areas:
DNA replication, pathogen replication in the cytosol,
phagocytosis of cancer cells, among many others. The dis-
covery also suggests targeting cGAS phase separation or

the way TREX1 interacts with the phase-separated droplet
may be a new opportunity for drug discovery. Moreover, it
demonstrates how mutations control TREX1 behavior in
cells and result in disease. — Judy Myers
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APS X-RAY AVAILABILITY AND RELIABILITY

In fiscal year 2021*, the APS x-ray source continued to
function as a highly reliable delivery system for x-ray
beams for research. Several factors support the overall
growth in both the APS user community and the number
of experiments carried out by that community. But there is
a direct correlation between the number of x-ray hours
available to users; the success of the APS experiment pro-
gram; and the physicists, engineers, and technicians re-
sponsible for achieving and maintaining optimum x-ray
source performance. Below are definitions of important
measures for the delivery of x-ray beam to users (latest
data shown graphically).

X-ray availability FY99-FY21

X-ray Availability: The number of hours that beam is avail-
able to users divided by the number of hours of sched-
uled 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.

MTBF FY99-FY21

Storage Ring Reliability: A measure of the mean time be-
tween beam losses (faults, MTBF, calculated by taking the
delivered beam and dividing by the total number of faults.
A fault is defined as complete unavailability of beam ei-
ther 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 2021, data on accelerator performance and
user statistics are measured on the basis of fiscal years.
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TypicaL APS MACHINE PARAMETERS

LiNAC
Output energy

Output beam charge

Normalized emittance

Frequency

Modulator pulse rep rate

Gun rep rate

(1-13 pulses, 33.3 ms apart every 0.5 s)
Beam pulse length

Bunch length

PARTICLE ACCUMULATOR RING
Nominal energy

Circumference

Cycle time

Fundamental radio frequency (RF1)
12th harmonic RF frequency (RF12)
RMS bunch length

(after compression)

INJECTOR SYNCHROTRON (BOOSTER)
Nominal extraction energy

Injection energy
Circumference
Ramping rep rate

Natural emittance

Booster RMS bunch length
Radio frequency

Momentum offset

STORAGE RING SYSTEM
Nominal energy

Circumference

Number of sectors

Length available for insertion device
Nominal circulating current, multibunch
Natural emittance

RMS momentum spread

Effective emittance

Vertical emittance

Coupling (operating)

Revolution frequency

Radio frequency

Operating number of bunches

RMS bunch lengths

RMS bunch length of 16 mA in hybrid mode

425 MeV
0.3-3nC

5-20 mm-mrad
2.856 GHz

30 Hz

2-26 Hz

8-15 ns
1-10 ps FWHM

425 MeV
30.66 m
0.5 sorls
9.77 MHz
17.3 MHz
0.34 ns

7.0 GeV
425 MeV
3680m
2Hzor1Hz

132 nm-rad
(on momentum)

87 nm-rad
(with -0.6% offset)

100 ps
351.935 MHz
0.6%

7.0 GeV

104 m

40

50m

100 mA

2.5 nm-rad
0.096%

31 nm-rad
0.035 nm-rad
1.4%

271.555 kHz
351.935 MHz
24 t0 324

33 psto 25 ps
50 ps
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An APS-authored science highlight

The Effects of Toxic Metalloids on Indigenous
Microorganisms near an Antimony Mine

Fig. 1. Study site and sampling locations. Samples were designated as RF or LS depending on
their location. (RF: soil samples near the refinery, LS: soil samples from the landfill site). From
S.-C. Park et al., J. Hazard. Mater. 403, 123625 (2021). © 2021 Elsevier B.V. All rights reserved.

This study, carried out at the APS and published in the
Journal of Hazardous Materials, determined the distribu-
tion, speciation, and deleterious effects of antimony (Sb)
and other toxic contaminants on the soil and the indige-
nous microbial community at an antimony refinery in
South Korea. Researchers can now use this information to
determine new and more effective ways to clean up anti-
mony-contaminated sites.

Antimony is a trace element in Earth’s crust, water,
and soils. Although Sb is toxic, its alloys are used in batter-
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ies, printing presses, and bullets. Other antimony com-
pounds appear in flame-retardant materials, paints, enam-
els, glass, and pottery. To isolate Sb for use, Sb-containing
compounds must undergo mining and smelting.

Waste materials from ore refining are high in Sb and
other toxic co-contaminants. Sb is genotoxic and so can
damage DNA. Humans exposed to high levels of Sb may
develop serious metabolic disorders. Sb also has deleteri-
ous effects on indigenous microorganisms. Sb methylation
by microorganisms impacts Sb transformation and is criti-



cal in its biogeochemical cycle. Despite these dangers,
South Korea does not limit antimony pollution, although
many other nations, including the European Union, do.

To determine the best in situ and ex situ remediation
strategies, researchers must understand the element’s
speciation. The majority of Sb found in soils is as Sb(V),
the mineral tripuhyite (FeSbQO,), an immobile phase with
low Sb bioavailability. Oxidation is caused by both abiotic
and biotic processes. Little is known about the effects of
co-contaminants, such as arsenic (As) and lead (Pb), on
Sb, although they appear to help control Sb bioavailability
and transport. For example, Sb(lll) mobility is significantly
decreased by adsorption to iron (hydr)oxides or by precip-
itation as Sb(lll) sulfide.

This study analyzed Sb and other toxic metal(loid)s
near an operating Sb refinery and landfill site in South Ko-
rea (Fig. 1). In the 1980s, Sb-containing wastes were buried
near the processing plant, resulting in local contamination.
The site was remediated in the early 2000s by excavating
and relocating the wastes. Nonetheless, there is still
heavy residual contamination of Sb and the other toxic
metal(oids) in the soil.

The researchers used antimony K-edge (30,491 eV) x-
ray absorption near-edge spectroscopy (XANES) and ex-
tended x-ray absorption fine-structure (EXAFS) spectra
collected under ambient conditions at the MR-CAT 10-BM
x-ray beamline at the APS. For microbial analyses, DNA
was isolated, quantified, sequenced, and compared with
DNA data from Sb-oxidizing bacteria.

In sediment samples taken horizontally and vertically,
at both the refinery and landfill, Sb concentrations were
high relative to EU guidelines. In the topsoil near the refin-
ery, Sb levels were high, but other toxic metal(oids) were
low. Some of the Sb appeared as Sb(lll) in Sb,0,, but most
was oxidized to Sb(V). Tripuhyite is stable with low solubil-
ity and so is a sink for Sb in oxidizing and supergene envi-
ronments. At greater depths, concentrations of As and Pb
increased; Sb was up to 15 times higher than in the top-
soil. Sb concentrations decreased with distance from the
refinery in the path of the prevailing wind.

Indigenous microorganisms are affected by Sb speci-
ation and also by co-contamination with other heavy
metal(oids). Throughout the study site, microbial popula-

tions were low relative to bulk soil but seemed unaffected
by Sb. The populations were lowest where levels of co-
contaminants were highest. Yet, even small differences in
co-contaminants greatly influenced the composition of the
microbial communities.

The researchers suggest that high Sb in topsoil is due
to the release of Sb-containing dust from the refinery.
Higher concentrations of Sb and other toxic metal(loid)s
with soil depth is likely due to impurities in the Sb203
starting material used in earlier (1980s) refining opera-
tions. Apparently, this material was not removed during re-
mediation in the 2000s. — Dana Desonie
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“Distribution and speciation of Sb and toxic metal(loid)s
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microorganisms,” J. Hazard. Mater. 403, 123625 (2021).
DOI: 10.1016/j.jhazmat.2020.123625
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A news release from an APS user institution

Reading Between the Diamonds:

Expanding Deep Carbon

Fig. 1. Schematic illustration of the fate of carbonates in the oceanic crust (dark blue) subducted to the lower mantle. Through subduc-
tion, the carbonates may undergo melting (red arrow), redox freezing with metallic iron (purple arrow), decarbonation reaction with
free silica (blue arrow), and exchange reaction with lower mantle silicates (green arrow). Based on the observation of reversal of the
carbonate-silicate cation exchange reaction at conditions relevant to cold subducted slabs at mid-lower-mantle depths, CaCQO, is the
potential stable phase that hosts oxidized carbon in the lowermost mantle. From M. Lv et al., Nat. Commun. 12, 1712 (2021). © 2021

Springer Nature Limited

The original Michigan State University press release
can be read here. © Michigan State University

In a paper published in Nature Communications
based on research at the APS, scientists in Susannah
Dorfman’s Experimental Mineralogy Lab at Michigan State
University (MSU) redefined the conditions under which
carbonates can exist in the Earth’s lower mantle, adding to
our understanding of the deep carbon cycle and the
Earth’s evolution.

“The circulation of carbon and minerals from the sur-
face of the Earth through subduction to the base of the
Earth’s mantle has been happening for billions of years,”
said Dorfman, assistant professor in the MSU Department
of Earth and Environmental Science (EES) in the College of
Natural Science and co-author of the paper. “Our lab asks,
‘how can we use experiments to predict what it looks like
and to follow it chemically?””
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During subduction, surface carbonates (think lime-
stone and coral skeletons) hitch a ride on cold slabs of
rock diving under Earth’s crust through tectonic motion fu-
eled by the mantle’s heat. Some carbonates melt and are
spewed back into the atmosphere by volcanoes. Some
travel further down and are pressed into diamonds.

But what about the carbonates that make it even
deeper, toward the Earth’s core-mantle boundary almost
1,800 miles below the surface? A place so deep it is im-
possible to recover a sample?

Dorfman’s previous research showed that some car-
bonates could indeed escape being melted or turned into
diamonds in a hot, oxygen-poor environment like the core-
mantle boundary, but no one knew what form they would
take in a real rock until now.

In the current study, Dorfman and co-author Mingda
Lv, a fifth-year EES doctoral student, conducted highly


https://natsci.msu.edu/NEWS/READING-BETWEEN-THE-DIAMONDS-MSU-SCIENTISTS-EXPAND-DEEP-CARBON-STORY/
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complex experiments to synthesize mantle rock and illumi-
nate the fate of those deeply subducted carbonates for
the first time.

“For this project, we wanted to know how carbonate
would coexist with the majority of mantle silicates when
subducted to the lower mantle,” Lv explained. “We de-
signed the experiments to extend the pressure and tem-
perature conditions on these minerals to high regimes,
simulating conditions at the core-mantle boundary of the
Earth.”

“What we were interested in is, when is carbon not di-
amond?” added Dorfman.

Cooking up rock under the extreme temperature and
pressure conditions of Earth’s lower mantle goes far be-
yond the ability of your kitchen’s pressure cooker. Their
experiments required a device made of material with the
highest-pressure tolerance of any substance on Earth—di-
amonds. “The diamond anvil cell, even though it is some-
thing you can hold in your hand, gives us the very highest
pressures in any lab without using explosions,” Dorfman
said. “All of what we know about what goes on in the cen-
ter of planets is dependent on this device.”

Dorfman and Lv assembled thin carbonate and silicate
discs like a sandwich between the two diamonds of the di-
amond anvil cell. Then, they squeezed the discs together
like a mineral panini and used powerful lasers to heat
them to soaring temperatures of up to 4,500°F.

The result was something no one thought possible, a
synthesized form of highly pressurized calcium carbonate
rock that could exist in lower mantle conditions.

“Before this study, the idea was that you should never
have calcium carbonate in the deep Earth, but only in a
shallow environment where it hasn’t gotten down to great
depths,” Dorfman said. “Our experiments show that to-
ward the base of the mantle, the chemical reaction
changes direction and swaps minerals like partners in
square dancing—the magnesium and calcium swap their
carbonate and silicate partners producing calcium carbon-
ate and magnesium carbonate” (Fig. 1).

The size of their newly synthesized rock was only the
width of a human hair, and the individual crystals compris-
ing the rock were up to 1,000 times smaller. To read be-
tween the diamonds, Dorfman and Lv needed the
sharpest knife and brightest light they could find.

Working at the GSECARS x-ray beamline 13-ID-D at
the APS, the team reproduced high-temperature condi-
tions found at the mantle by using a double-sided ytter-
bium fiber laser-heating system and then employed the
extremely powerful, high-brightness APS x-rays to probe

sample properties in situ at extreme conditions with the
high-resolution angle-dispersive x-ray diffraction tech-
nique before, during, and after laser heating. Then, with
the help of collaborators at the Institute of Earth Physics of
Paris and the University of Michigan’s Center for Materials
Characterization, they used ion beams to slice the new
rock into cross-sections.

Finally, using the state-of-the-art electron microscopy
techniques at MSU’s Center for Advanced Microscopy,
they successfully characterized the elemental distribution
of their recovered samples.

“Without these labs, we would never have been able
to directly observe what is going on in our experiments,”
Lv said. “Our collaboration with these facilities is a high-
light of the study.”

“We know that a vast majority of the Earth’s carbon is-
n’'t up in the atmosphere, it’s in the interior, but our guess
as to how much and where depend mostly on measure-
ments of chemical reactions,” Dorfman added. “Mingda
Lv’s work shows that calcium carbonate can be stable in
mantle conditions and provides a new mechanism to take
into account when we make models of the carbon cycle
inside the Earth.”
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An APS-authored science highlight

Where Does Iron Go in Earth’s Lower Mantle?

To investigate the effects of iron enrichment on the
properties of dense pockets of material within Earth’s
lower mantle, researchers using the APS examined parti-
tioning of iron among magnesiowdstite, bridgmanite, and
post-perovskite phases synthesized from Fe®*-rich olivine
in laser-heated diamond anvil cells at pressure and tem-
perature conditions spanning the entire range of the lower
mantle: 33 gigapascals (GPa) to 128 GPa and 1900 K to
3000 K. The researchers characterized these assem-
blages with a combination of in situ x-ray diffraction and
ex situ transmission electron microscopy. They found that
the preference of iron for bridgmanite relative to magne-
siowustite decreases with pressure and iron enrichment
and increases with temperature. Thermodynamic model-
ing determined that both incorporation and partitioning of
iron in bridgmanite are well explained by excess volume
associated with Mg-Fe exchange. Partitioning results were
used to model compositions and densities of mantle
phase assemblages as a function of pressure, FeO-con-
tent, and SiO,-content. Unlike average mantle composi-
tions, iron-rich mantle compositions were found to exhibit
negative dependence of density on SiO,-content at all
mantle depths, an important finding for better understand-
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Fig. 1. In this cross-section of a sam-
ple recovered from high-pressure
experiments in the laser-heated dia-
mond anvil cell at beamline 13-ID-D
of the GSECARS sector, layers of
salt (recrystallized to larger cubes
due to time spent in air before mi-
croscopy) and the region of the
sample that was heated with the
laser can be seen. The dark sec-
tions are bridgmanite and the bright
sections are magnesiowustite—the
two most abundant minerals of
Earth’s lower mantle.

ing deep lower-mantle structures. Their results were pub-
lished in the journal Minerals.

Earth’s mantle is about 82.5% of the volume of the
planet, and its behavior is responsible for the motions of
tectonic plates that make earthquakes and volcanoes. The
biggest challenge in studying the mantle is that it can’t be
seen, and samples cannot be retrieved. So, instead, geol-
ogists study it with seismographs. Seismic wave patterns
reveal changes in contrast that suggest variations in
squishiness and density.

Seismic observations combined with experimental
measurements of mineral properties indicate the lower
mantle is composed of three major mineral species: bridg-
manite [(Mg,Fe)(Si,Al)O,], ferropericlase [(Mg,Fe)O], and
calcium silicate perovskite [CaSiO,]. However, global
analysis of seismic observations suggests there are two
vast regions within the mantle that have different chemical
composition (and that are warmer and softer) than the sur-
rounding mantle. These regions, called large low-shear-
velocity provinces (LLSVPs), and smaller ultra-low-velocity
zones (ULVZs) at their bases, may have settled near the
boundary between the mantle and the core like crystal-
lized honey at the bottom of a honey jar.



These heterogeneities are thought to be enriched in
iron, as measured by Fe/(Mg + Fe), or Fe#, up to 7% higher
than surrounding areas, and their physical properties are
thought to depend on the exact distribution of iron among
the species (Mg,Fe,Al)(Fe,Al,Si)O; bridgmanite, its poly-
morph (Mg,Fe,Al)(Fe,Al,Si)O, post-perovskite, and
(Mg,Fe)O magnesiowustite. Partitioning of Fe between
these species, or phases, is the preference of iron for ox-
ide versus silicate.

The dependence of partitioning on bulk iron content
is key to the modern composition of dense mantle hetero-
geneities. Previous studies of silicate-oxide iron partition-
ing have found that the preference of iron for bridgmanite
decreases with increasing amounts of ferrous iron, but
these studies have not been performed at the intense
pressure and temperature conditions representative of the
deep lower mantle.

To investigate iron partitioning among bridgmanite,
post-perovskite, and magnesiowdustite, researchers at the
Swiss Federal Institute of Technology Lausanne, Michigan
State University, Université de Paris, and the University of
Chicago reacted synthetic ferrous-iron-rich olivine crystals
with compositions (Mg, ssFeg 45),SI0, and
(Mg, 25Fe07,),Si0,, dubbed Fa72 and Fa45, to form the
lower mantle bridgmanite-oxide mixture in a device called
a laser-heated diamond anvil cell (Fig. 1). This powerful
tool for studying materials under extreme pressures and
temperatures allowed the researchers to mimic conditions
of the lower mantle, which range from 33 GPa to 128 GPa
and 1,900 K to 3,000 K. Laser heating was performed for
15 to 60 minutes at beamline 13-ID-D of the GSECARS sec-
tor of the APS (Fig. 1) and at the Earth and Planetary Sci-
ence Laboratory at Ecole polytechnique fédérale de Lau-
sanne (EPFL).

The researchers used high-resolution synchrotron x-
ray diffraction technique combined with double-sided
laser heating at GSECARS beamline to confirm the identi-
ties of the high-pressure phase assemblages in situ at
high-temperature, high-pressure conditions. They then
used a combination of focused ion beam and analytical
transmission electron microscopy to measure percent-
level material compositions of all phases.

In all samples, magnesiowustite composition was
found to be enriched in Fe relative to the starting material,
demonstrating that Fe favors the oxide over the silicate
phase throughout the lower mantle. In Fa72 samples, x-
ray diffraction indicated that magnesiowustite was within
5% Fe# of pure FeO between 50 and 100 GPa. Fe-content
in bridgmanite increased with pressure up to about 80

GPa, reaching a maximum Fe# of 51in Fa72 at 82 GPa. At
128 GPa, the iron content of the silicate phase was found
to be higher than that measured at lower pressures due to
the higher favorability of Fe dissolution into post-per-
ovskite relative to bridgmanite. The observations also
showed no evidence of change in partitioning due to a
spin transition in bridgmanite and magnesiowdustite. Fi-
nally, observed partitioning behaviors were successfully
reproduced by self-consistent thermodynamic modeling
with updated equation of state parameters for iron-rich
bridgmanite and FeO.

These results provide important constraints on the ef-
fect of iron content on partitioning of iron and the resulting
physical properties of iron-rich lower mantle hetero-
geneities. The researchers conclude that the dynamics of
iron-rich regions over Earth’s history may have resulted in
silicate depletion at the base of the mantle in LLSVPs and
ULVZs. — Chris Palmer
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An APS-authored science highlight

Using Chromium Valence Systematics to
Model Crystallizing Basaltic Magma Systems

Fig. 1. XANES spectra of Cr*" and Cr**-bearing glass stan-
dards showing shift in energy of the main Cr K absorption
edge and appearance of the 1s-4s shoulder absorption

that accompany changes in Cr valence.

Basaltic rocks represent one of the most abundant ig-
neous rock types found on the Earth’s surface and in
many extraterrestrial bodies including on the Moon and on
Mars. These are typically hard, dense, dark igneous rocks
composed chiefly of plagioclase feldspar, pyroxene, and
olivine, and often having a glassy appearance. These
rocks may also preserve samples of quenched magmas
and lavas as glasses in these igneous rocks. Redox stud-
ies of basaltic rocks frequently employ synchrotron spec-
troscopic analysis of such glasses as a means of trying to
constrain the oxygen fugacity (the vapor pressure of oxy-
gen corrected for non-ideal gas behavior) of the magmas
from which these rocks formed.
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For this work, the researchers developed a new tech-
nique using the Cr**/Cr’* measured in olivine phenocrysts
(a common very crystal that precipitates in basaltic mag-
mas as they cool) to determine the oxygen fugacity of
their basaltic parental liquid at the time of olivine crystal-
lization. Using this model, which was tested at the APS,
will provide researchers with a better understanding of
magma source chemistry in terrestrial and even extrater-
restrial settings. Their results were published in the journal
Geochimica et Cosmochimica Acta.

At the Earth’s mid-ocean ridges, low silica mafic are
derived from the olivine-rich source rock, peridotite, in the
mantle materials below the ridge. These magmas are ex-



truded onto the seafloor as lavas and quench instantly in
the frigid ocean as basalt. This process typically results in
the formation of a layer of glass around the basaltic rock.
Such glasses can also be found trapped within magmatic
phenocrysts as small samples of magma referred to as
melt inclusions. The glass often reflects the chemistry of
the mantle source if no minerals have crystallized to mod-
ify its composition. Geochemical analyses of the glass can
reveal the exact composition of the source from which
they melted, and oxygen barometers (such as x-ray ab-
sorption near edge structure [XANES]-based Fe*'/Fe®*
measurements) have been developed to measure the oxy-
gen fugacity (f O,) of the glass. However, most magmas
cool too slowly to form glasses, so making such oxygen
fugacity measurements from basalts from other types of
geological settings can be difficult due to their scarcity.

For this work, the authors developed a new technique
for determining the oxygen fugacity from analysis of the
crystalline (non-glassy) components preserved in basalt.
As this primitive basaltic magma cools, the mineral olivine
is the first phase to crystallize. Chromium is a minor ele-
ment found in basaltic magmas and the minerals that crys-
tallize from them, including some spinels, pyroxenes, and
olivine, will incorporate the trace element. Olivine can ac-
commodate both Cr*" and Cr** equally. Synchrotron
XANES measurements of the Cr valence ratio in olivine pro-
vides a high-resolution, temporally resolved record of fO,
in the early magma source. Olivine is ideally suited for
capturing and storing information about the Cr** and Cr**
ratio of the parent liquid at the time the olivine crystallized.

The researchers’ goal was to create a framework and
predictive model to relate Cr** and Cr** in olivine phe-
nocrysts to the temperature, liquid composition, and fO,
of the parental melt of the olivine. This model was cali-
brated from a suite of laboratory experiments in which
olivine and melts equilibrated at magmatic temperatures
and controlled fO,. Chromium K-edge XANES data from
these experiments were acquired with the x-ray micro-
probe at the GSECARS beamline 13-ID-E at the APS. With
these data, the researchers constructed a model that al-
lows them to translate the Cr*" and Cr*" measured in

olivine phenocrysts into geologically useful, quantitative
redox information (Fig. 1). This model will help future re-
searchers calculate magmatic f O, values from olivine
phenocrysts in non-glassy basalts and extrapolate these
data to infer the degree of redox heterogeneity present in
the mantle peridotite source of the basalt in question.
Since the spectroscopy beamline at the APS allows

for synchrotron-based XANES measurements to be made
on a micrometer scale, this new technique can also reveal
information on the redox changes that take place as the
olivine phenocrysts grow from the melt. That is, evaluating
how changes in Cr valence correlates with compositional
zoning of major elements such as Fe and Mg in the phe-
nocrysts. This method can be used as a redox chronome-
ter, so using this as a clock that tracks the redox evolution
of basaltic magmas over the course of their crystallization
and degassing history. This method works for basalts from
magmas that erupt, not only at mid-ocean ridges, but in
other terrestrial and extraterrestrial settings.

— Dana Desonie
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An APS-authored science highlight

Getting to Mercury’s Core

Fig. 1. Data obtained during heating the sample at high pressure. (a) X-ray spectra up at
temperatures to 1599 K show crystalline sample. At 1543 K and higher temperature, the
sample is (at least partially) molten. At temperatures above 1564 K, the ultrasonic (sound)
signal shows the R2 signal, which is the reflection from the back side of the fully liquid sam-
ple, whereas R1is the ultrasonic reflection at the top of the sample. The travel time of sound
through the samples is determined as the time delay between R1 and R2. A radiographic
image of the sample is used to determine the thickness of the sample. The sound velocity
(Vp) is, then, obtained by dividing the travel time by sample thickness.

Understanding the physics and chemistry of the
planet Mercury requires determining the density and com-
position of the planet’s core at extremely high tempera-
tures and pressures. For this work, experiments carried
out at the APS and the European Synchrotron Radiation
Facility (ESRF, France) revealed the properties of a liquid
iron-silicon-carbon (Fe-Si-C) metal alloy at pressures up to
5.8 gigapascals (GPa) and temperatures around 2000 K.
The researchers used these properties in new interior
structure models with variable core compositions. Using
geophysical constraints on the structure of the planet and
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the density of Mercury’s core, the group of multi-nation,
multi-institution researchers determined possible core
compositions and hypothesized on the origin of Mercury’s
magnetic field. Their results were published in the Journal
of Geophysical Research: Planets.

Mercury’s metallic core makes up 85% of its radius, a
much larger proportion than in the other rocky planets and
moons in our solar system. Therefore, understanding the
core is essential for understanding the planet’s composi-
tion and magnetic field. Researchers use the planet’s grav-
itational and rotational parameters to constrain the possi-



ble core compositions at the tremendous pressures and
temperatures found in Mercury’s interior. Mercury’s core
controls the distribution of elements in the planet and also
hosts the dynamo that generates the magnetic field, in-
duced by the convection of metallic liquid in the core.

Mercury’s surface is low in iron but high in sulfur (S),
suggesting that the core has low oxygen fugacity; it is
therefore likely that silicon is the dominant light element in
the planet’s core, with small amounts of carbon and sili-
con. The magnesium-rich surface and low oxidation state
of Mercury are similar to that of a rare carbonaceous
chondrite, the CB chondrite, and also to a subgroup of the
enstatite chondrites, the EH chondrites; both are primitive
meteorites that are unmodified by the processes of melt-
ing or differentiation. Such chondrites represent the mate-
rials that were present as the rocky planets formed, and
they yield many clues about the origin and age of the so-
lar system.

For this work (Fig. 1), the researchers measured the
density and P-wave velocities (V;) of Fe-Si-C liquids at ex-
tremely high pressures (up to 5.8 GPa) and temperatures
(2000 K). After the material’s density was determined by x-
ray absorption, density measurements of Fe-Si liquid met-
als [Fe-(<17 wt%) Si-(<4.5 wt%)] were performed by x-ray
absorption techniques with a Paris-Edinburgh (PE) press at
beamline ID-27 of the European Synchrotron Radiation Fa-
cility (France). Ultrasonic Vp measurements of Fe-Si liquid
metals were performed with a PE press at the HPCAT-XSD
beamline 16-BM-B of the APS. The V, of liquid is directly
related to its compressibility and is used to formulate ex-
pressions for the liquid’s density up to higher pressure.

The researchers characterized the planet’s internal
core layers by assuming an Fe-Si-C composition for the
largely liquid core. Models of Mercury’s interior structure
are constrained by the planet’s moment of inertia, which is
determined from geodetic measurements. Assuming a
bulk planet composition similar to a CB-chondrite allows
only low concentrations of light elements, Si and C, con-
sistent with a large range of feasible interior structure
models of Mercury. Alternatively, a bulk planet composi-
tion similar to an EH chondrite requires high concentra-
tions of Si in Mercury’s core, which are difficult to recon-
cile with the available geodetic measurements. The
addition of such a large amount of Si strongly lowers the
core’s density such that the planet’s mantle would need to
be denser, because the core-mantle boundary is inde-
pendently constrained. Therefore, the planet’s moment of

inertia would end up larger than the value that is inferred
from geodetic measurements.

The consequences for Si, C and/or S in the liquid
outer core for magnetic field generation were also briefly
studied. Because C and S strongly partition into the liquid
core, the growth of the inner core produces significant
compositional buoyancy that helps generate convection
and a dynamo. If Si is the dominant light element in the
core, the compositional buoyancy is limited and convec-
tion is possibly confined to the deeper region of the liquid
core and generated mainly by thermal buoyancy (a large
heat flow). These consequences for the measured mag-
netic field need to be studied in more detail by numerical
simulation of core convection. — Dana Desonie
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A news release from an APS user institution

Deep Water on Neptune and Uranus May Be

Magnesium-Rich

Fig. 1. A diamond-anvil (top right) and laser were used on a sample of olivine to reach the pres-
sure-temperature conditions expected at the top of the water layer beneath the hydrogen atmos-
phere of Uranus (left). In this experiment, the magnesium in olivine dissolved in the water.

The original Arizona State University press release by
Karin Valentine can be read here. Copyright © 2021 Ari-
zona Board of Regents

While scientists have amassed considerable knowl-
edge about the rocky planets in our solar system, like
Earth and Mars, much less is known about the icy water-
rich planets, Neptune and Uranus. In a new study pub-
lished in Nature Astronomy, a team of scientists recreated
the temperature and pressure of the interiors of Neptune
and Uranus at the APS and in so doing, have gained a
greater understanding of the chemistry of these planets’
deep water layers. Their findings also provide clues to the
composition of oceans on water-rich exoplanets outside
our solar system.

Neptune and Uranus are thought to have distinct sep-
arate layers, consisting of an atmosphere, ice or fluid, a
rocky mantle and a metallic core. For this study, the re-

156 APS Science 2021

search team was particularly interested in possible reac-
tion between water and rock in the deep interiors.

“Through this study, we were seeking to extend our
knowledge of the deep interior of ice giants and deter-
mine what water-rock interactions at extreme conditions
might exist,” said lead author Taehyun Kim, of Yonsei Uni-
versity in South Korea. “Ice giants and some exoplanets
have very deep water layers, unlike terrestrial planets. We
proposed the possibility of an atomic-scale mixing of two
of the planet-building materials (water and rock) in the in-
teriors of ice giants.”

To mimic the conditions of the deep-water layers on
Neptune and Uranus in the lab, the team first immersed
typical rock-forming minerals, olivine and ferropericlase, in
water and compressed the sample in a diamond-anvil to
very high pressures. Then, to monitor the reaction be-
tween the minerals and water, they took x-ray measure-
ments while laser heating the sample to a high tempera-
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ture. High-resolution x-ray diffraction data were collected
in situ at high-pressure and high-temperature conditions in
the double-sided laser-heated diamond anvil cell (Fig. 1) at
x-ray beamline 13-ID-D of the GSECARS earth sciences fa-
cility at the APS, and at the P02.2 Extreme Conditions
Beamline of PETRA Il at the Deutsches Elektronen-Syn-
chrotron. In addition, infrared experiments were carried
out at beamline 22-IR-1 at the National Synchrotron Light
Source Il using samples prepared at Yonsei University and
Arizona State University.

The resulting chemical reaction led to high concentra-
tions of magnesium in the water. Based on these findings,
the team concluded that deep oceans on water-rich plan-
ets may have similar chemical concentration as the Earth’s
ocean but rich in magnesium.

“We found that magnesium becomes much more solu-
ble in water at high pressures. In fact, magnesium may be-
come as soluble in the water layers of Uranus and Nep-
tune as salt is in Earth’s ocean,” said study co-author
Sang-Heon Dan Shim of Arizona State University’s School
of Earth and Space Exploration.

These characteristics may also help solve the mystery
of why Uranus’ atmosphere is much colder than Nep-
tune’s, even though they are both water-rich planets. If
much more magnesium exists in the Uranus’ water layer
below the atmosphere, it could block heat from escaping
from the interior to the atmosphere.

“This magnesium-rich water may act like a thermal
blanket for the interior of the planet,” said Shim.

Beyond our solar system, these high-pressure and
high-temperature experiments may also help scientists
gain a greater understanding of sub-Neptune exoplanets,
which are planets outside of our solar system with a
smaller radius or a smaller mass than Neptune.

Sub-Neptune planets are the most common type of
exoplanets that we know of so far, and scientists studying
these planets hypothesize that many of them may have a
thick water-rich layer with a rocky interior. This new study
suggests that the deep oceans of these exoplanets would
have fuzzy interface with underlying rocky layer due to the
selective leaching of magnesium from the rocky mantle.

“In the case of Uranus, if an early dynamic process en-
abled a rock—water reaction during the hot phases of
planetary accretion, the topmost water layer may remain
rich in magnesium, possibly affecting the thermal history
of the planet,” said Shim.

For next steps, the team hopes to continue their high-
pressure/high-temperature experiments under diverse
conditions to learn more about the composition of planets.

“This experiment provided us with a plan for further explo-
ration of the unknown phenomena in ice giants,” said Kim.
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AWARDS ETC.

Three APS Users Received 2021 Protein Society Awards
Petra Fromme (Arizona State
University) received the 2021
Christian B. Anfinsen Award, spon-
sored by The Protein Society
(TPS). This award recognizes tech-
nological achievement or signifi-
cant methodological advances in
the field of protein science.
Fromme, who is co-author on 20 peer-reviewed journal
publications based on research at the APS, is a world
leader in developing and applying novel technology for
determining the structures of proteins, including the most
challenging among them: membrane proteins. She has led
this field by assembling a large network of collaborators
spanning chemistry, physics, data science, biology, materi-
als science, and engineering to pioneer the method of se-
rial femtosecond crystallography, which is used to collect
snapshots of molecules in action. She has made important
contributions to the structural biology of large membrane
protein complexes, especially those involved in light cap-
ture and energy conversion.
Janet Smith (University of
Michigan) received the TPS 2021
Dorothy Crowfoot Hodgkin Award,
sponsored by Genentech, which is
granted in recognition of contribu-
tions in protein science that pro-
foundly influence our understand-
ing of biology. Smith is the
scientific director of the GM/CA-XSD structural biology fa-
cility at the APS and is co-author on 60 peer reviewed
journal publications based on research at the APS. She is
recognized for exceptional contributions to our under-
standing of the biological function of proteins through
knowledge of their three-dimensional structures. In major
studies of natural-product biosynthetic enzymes, she
demonstrated how macrolactones form, how biosynthetic
assembly lines function, and how nature has adapted en-
zymes from primary metabolism for surprising chemical
transformations such as cyclopropane formation. Her re-
cent investigations of viral proteins and host antiviral pro-
teins led to an understanding of how the flavivirus NS1
protein increases the virulence of dengue and Zika
viruses, and how the zinc-finger antiviral protein recog-
nizes viral RNA.
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Amy Rosenzweig (Northwest-
ern University) and Toshiya Endo
(Kyoto Sangyo University) were co-
recipients of the TPS 2021 Hans
Neurath Award, sponsored by the
Hans Neurath Foundation. This
award honors individuals who
have made a recent contribution
of exceptional merit to basic protein research. Rosenzweig
is co-author on 22 peer-reviewed journal publications
based on research at the APS. She is a preeminent protein
biochemist who tackles problems at the forefront of
bioinorganic chemistry. Her lab studies metal-dependent
methane oxidation, oxygen activation, and metal uptake
and transport using structural, spectroscopic, biochemical,
genetic, and bioinformatics approaches. Her contributions
characterizing the membrane-bound methane monooxy-
genase have inspired new ways to harness the energy of
methane, a potent greenhouse gas, as an alternative lig-
uid-fuel source. Other work from Rosenzweig on copper
uptake may hold therapeutic potential in Wilson’s disease,
a genetic disorder leading to copper overload in humans.

Haskel of XSD Selected as an American Physical Society
Outstanding Referee for 2021
Daniel Haskel, an Argonne senior
physicist and leader of the XSD Mag-
netic Materials Group, was selected as
one of the 151 Outstanding Referees by
the American Physical Society for 2021,
who “..have demonstrated exceptional
work in the assessment of manuscripts
published in the Physical Review journals.” Haskel’s
group supports researchers and drives advances in x-ray
scattering and spectroscopy techniques and instrumen-
tation aimed at studying frontier problems in condensed
matter physics. The group currently operates four x-ray
beamlines at the APS. Haskel is the only member of the
Argonne scientific staff named to the 2021 list, and 1 of
only 7 from DOE national laboratories. Instituted in 2008,
the Outstanding Referee program annually recognizes
approximately 150 out of about 78,000 referees for their
invaluable work. Comparable to Fellowship in the Ameri-
can Physical Society and other organizations, this is a
lifetime award
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An APS-authored science highlight

Come Together, Right Now:
Detonation Nanodiamonds’ Fast Aggregation
during Synthesis

Fig. 1. (@) Photograph of the system to collect dynamic SAXS at a
low g range at DCS. The detonation tank appears at the right, in
blue. X-rays enter from the right. The scattered x-rays exit the
tank and travel to the left to the four-camera detector system
placed against the back wall of the hutch. (b—e) Time series of
scatter beam images illustrating how the detonation wave
moves through the x-ray beam (approximate position for small-
angle scattering acquisition indicated by the enlarged white rec-
tangle). Here the difference in time between images is 614 ns.
This corresponds to four electron bunches in 24-bunch mode at
the APS. From J.A. Hammons et al., J. Phys. Chem. Lett. 21, 5286
(2021). Copyright © 2021 American Chemical Society
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Nanoscale diamonds are used in a broad array of ap-
plications, including optical or guantum computing, sen-
sors, and biomedicine. However, these materials, known
as nanodiamonds, are difficult to efficiently synthesize and
isolate. One way to generate nanodiamonds is through
oxygen-deficient detonation of carbon-rich, explosive
compounds. This method reliably produces “V4-nano-
meters nanodiamonds, but the resulting particles are al-
ways aggregated together and intertwined with graphitic
and other unwanted phases of carbon. Techniques to sep-
arate out individual nanodiamonds, such as sonication
with agents that break up and stabilize particles, can
change their surfaces and adversely affect their proper-
ties. Because little is known about the aggregation kinet-



ics of detonation nanodiamonds, or even their formation
or aggregation mechanisms, it's unclear whether it might
be possible to implement interventions that prevent ag-
gregation. To help elucidate the aggregation process, re-
searchers from Washington State University and the U.S.
Department of Energy’s Lawrence Livermore Laboratory
(LLNL) and used the APS to track nanodiamond formation
and aggregation over time. Their findings—published in
the Journal of Physical Chemistry Letters—suggest that be-
cause nanodiamond aggregation happens at nearly the
same time as nanodiamond formation, aggregation may
be difficult to completely prevent.

The researchers studied formation and aggregation
using two explosive mixtures known to produce detona-
tion nanodiamonds: a mixture of hexogen (RDX) and trini-
trotoluene (TNT) known as comp B, and a mixture of octo-
gen (HMX) and TNT known as octol. They also studied two
explosives that produce graphitic carbon allotropes: DNTF
(3,4-bis(3-nitrofurazan-4-yl)furoxan) and UFTATB (2,4,6-tri-
amino-1,3,5-trinitrobenzene). Each of these compounds
was pressed into a cylinder and detonated inside a tank
while time-resolved small-angle x-ray scattering (TR-SAXS)
data was collected at DCS at the APS.

Transmission electron microscopy on recovered deto-
nation products showed that each of the four explosives
produced a diverse range of carbon nanomaterials. While
ribbon-like aggregates dominated the UFTATB products
and distinct nano-onion structures dominated the DNTF
products, the main products of comp B and octol were
detonation nanodiamond aggregates.

Hierarchical scattering seen in the time-resolved
small-angle scattering during detonation suggest the nan-
odiamonds aggregate rapidly: as early as 0.1 Us after the
detonation front passes the x-ray measurement position.

Modeling experiments indicated that this phenome-
non is consistent with classical diffusion-limited aggrega-
tion mechanism in colloids, suggesting that the detonation
nanodiamond particles immediately attach to each other
when they collide in this high-pressure, high-temperature
environment. These aggregates may condense from an
extended network of carbon structures, especially in the
case of mixed explosives such as comp B and octol in
which excess carbon is primarily supplied by only one of
the components (TNT for both mixtures). Thus far, only
DNTF products remain as distinct, non-aggregated spheri-

cal nanoparticles under the conditions measured to sev-
eral microseconds post-detonation.

These results suggest that nanodiamond aggregation
may be difficult to avoid from current detonation methods,
since particle attachment occurs through irreversible
chemical bonding rather than electrostatic interactions.
Because the nano-onions from DNTF detonation don’t
tend to aggregate, it may be possible to draw inspiration
from their formation mechanism to develop new ways to
synthesize isolated detonation nanodiamonds.

— Christen Brownlee
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An APS-authored science highlight

Taking a Lesson from Kevlar® to Build
Ultra-Stable Nanomaterials

Fig. 1. Aramid amphiphiles are designed to spontaneously self-
assemble in water into nanoribbons with suppressed exchange
dynamics. Image: Peter Allen. From T. Christoff-Tempesta et al.,
Nat. Nano. 16, 447 (April 2021). © 2021 Springer Nature Limited

Stronger than steel and flexible to boot, Kevlar® is a
prized material that can withstand bullets while maintain-
ing the flexibility to be shaped into tires or stretched into
racing sails. On a molecular level, the key to Kevlar's®
strength and flexibility is a collective hydrogen-bonding
network formed by aromatic amides, commonly referred
to as aramids. With Kevlar® as inspiration, researchers de-
veloped an lightweight but very strong heat-resistant syn-
thetic aromatic polyamide material, or aramid, amphiphile
(a chemical compound possessing both hydrophilic or wa-
ter-loving, polar, and lipophilic [fat-loving] properties, that
self-assembles into nanoribbons. The nanoribbons can be
bundled together to create macroscale threads that can
support 200 times their weight while maintaining a high
degree of bendability. Synchrotron x-ray research tech-
niques coupled to ultra-bright x-rays from the APS showed
the threads to be highly organized on a molecular level,
with tight regular packing, long-range hierarchical order,
and extended hydrogen bonding networks. These threads
could form the foundation for soft materials that conduct
ions or thermal energy in electronics, optics, medicine,
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and architecture. These results were published in the jour-
nal Nature Nanotechnology.

Scientists have previously created a bunch of small
amphiphilic molecules that spontaneously self-assemble
in water to create ordered nanoscale structures with inter-
esting properties. However, these structures tend to be
fragile because the molecular interactions holding them
together are typically weak. Furthermore, they exhibit dy-
namic instabilities, as the molecules within migrate, ex-
change, rearrange, swap, or insert with each other or
other molecules in solution. Water is another problem,
contributing to degradation through hydrolytic or enzy-
matic means. Yet many of these nanomaterials can't exist
outside an aqueous environment as their structural stabil-
ity stems from the hydrophobic effect.

To build a stronger nanomaterial that is stable in air,
researchers in this study from the Massachusetts Institute
of Technology and CNRS (France) designed a motif that in-
corporates aramids as a structural domain within small-
molecule amphiphiles. In water, these aramid amphiphiles
(Fig. 1) spontaneously form nanoribbons that have amides
buried in the interior of the ribbon and charged head
groups on the exterior of the ribbon. These structures
boast six hydrogen bonds per molecule, pi-pi stacking,



and an overall organization that supports shorter, stronger
hydrogen bonding.

One desirable trait of nanomaterials is their tunability;
surface chemistries can be tweaked to fit a given applica-
tion. In this study, the researchers generated aramid am-
phiphiles with three different head group chemistries: an-
ionic (negatively charged), cationic (positively charged),
and zwitterionic (containing both negative and positive
charges). All three assembled into lamellar bilayers, ac-
cording to small-angle x-ray scattering and wide-angle x-
ray scattering profiles collected from an authors’ lab-
source machine and higher resolution profiles collected at
the XSD Chemical & Materials Science Group’s beamline
12-ID-B at the APS. The researchers also collected atomic
force microscopy, transmission electron microscopy, and
other structural data to determine that the nanoribbons
range in width from 5.1 to 5.8 nanometers--depending on
the headgroup—a thickness of 3.9 nanometers, and
lengths up to 20 micrometers.

To assess the mechanical properties of the nanorib-
bons, the researchers used statistical topographical analy-
sis of atomic force microscopy images. This provided a
measure of the Young's modulus, which reports on how
easy it is to stretch and deform a material, calculated to be
1.7 GPa. To assess strength, the researchers performed a
statistical analysis of atomic force microscopy profiles af-
ter horn-sonication-induced scission. This approach gen-
erates microscopic bubbles which fragment the nanorib-
bons when they collapse; a careful analysis of the
characteristic size of the resulting fragments revealed a
tensile strength of 1.9 GPa.

The next step was to see if they could generate larger,
macroscopic threads that could potentially be manipu-
lated by hand and analyzed using conventional
macroscale mechanical property testing methods. The re-
searchers annealed cationic nanoribbons together in wa-
ter and pulled them through a salt solution to produce
gels of aligned nanoribbons, as confirmed by birefrin-
gence data. They then demonstrated the unique capacity
of these nanomaterials to withstand air drying, creating a
dry thread that can be handled and bent like a piece of
wire. Thread diameters reached 20 micrometers and had
Young's moduli ranging from 400 to 600 megapascals.

These threads represent among the first strategies for cre-
ating self-assembled nanomaterials that can work outside
of liquids, in the solid-state. — Erika Gebel Berg
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An APS-authored science highlight

Revealing Fundamental Details Surrounding
Nanoparticle Self-Assembly

Fig. 1. Schematic of experimental geometry for in situ x-ray
measurements of a monolayer array of nanoparticles supported
on water surface. X-rays shine onto a macroscopically large
water surface to reveal the nanoscale ordering of nanoparticles
and ligands. X-ray reflectivity (XRR) measures the electron den-
sity profile along the interfacial depth of the entire interfacial
structure, which includes the effects of both ordered and disor-
dered regions of nanoparticles and free thiols.
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Nanoparticle self-assembly is a contemporary field
that shows considerable promise in various sectors, in-
cluding electronics and medicine. By definition, a nanopar-
ticle has a size in the range of 1to 100 nanometers. Be-
cause of their small size, nanoscale particles can adopt
unique properties that make them well-suited for a particu-
lar application. One potential application is the construc-
tion of liquid surfaces with tunable properties. In order for
self-assembly and surface ordering to occur, ligands (ions
or molecules attached to a metal atom by coordinate
bonding) must be provided to coat the surface of a
nanoparticle core. Presently, very little is known about how
ligands organize around a core and influence self-assem-
bly. To learn more about this exciting field, researchers in-
vestigated how sulfur-containing thiol ligands interact with
monolayers of water-supported gold-core nanoparticles.
Using high-brightness x-rays at the APS as well as molecu-
lar dynamics simulations, the research team found that
free thiols coat the core in a near-symmetrical fashion.
These results, published in the journal Nano Letters, em-
power our collective understanding of nanoparticle self-
assembly and may significantly impact how such assem-
blies are prepared for important societal applications.

In contrast to their larger material counterparts,
nanoparticles possess a large ratio of surface area to vol-
ume. This enables them to harness desirable physical and
chemical properties, which makes them quite appealing
for a variety of industries, including drug delivery, imaging,
and electronics. For example, nanoparticle-based drug de-
livery is appealing because nanoparticles can be designed
to exhibit a high stability, have a large carrying capacity,
can be conducive to different routes of administration, and
possess specificity for target sites. Much research is cur-
rently under way in the sub-fields of nanomedicine and
nano-delivery systems to treat cancer and enhance vac-
cine delivery. For example, the recently FDA-approved
vaccine for SARS-CoV-2 generated by Pfizer (see page
104) utilizes lipid nanoparticles.

One potential application of nanoparticles is the gen-
eration of novel liquid surfaces with tunable properties.
For this to occur, ligands must be provided to coat the sur-
face of a nanoparticle’s core. This coating impacts how a
nanoparticle interfaces with a liquid surface and dictates
how a nanoparticle self-assembles and orders itself. His-
torically, most research in the field has worked on design-
ing ligands to induce a specific type of interaction or to en-
courage assembly toward a certain higher-order structure.
In contrast, very little work has been done to understand
how ligands organize on a core and how this organization

impacts nanoparticle self-assembly and interactions.

The current research has helped to overcome this
gap in knowledge. The researchers chose to study thiol
ligands, which are organosulfur compounds containing
the chemical group R-SH, in conjunction with monolayers
of gold-core nanoparticles supported by water. They em-
ployed x-ray scattering at the ChemMatCARS 15-ID x-ray
beamline at the APS together with molecular dynamics
simulations to investigate how these thiol ligands interact
with and affect the metallic core of these nanoparticles
(Fig. 1). The team discovered that free thiols thoroughly
coat the gold core in a near-symmetrical fashion. Once
core-ligand coverage exceeds a threshold value, the
nanoparticle’s core rises above the water surface. The
edge-to-edge distance increases in value, which means
that the nanoparticles become more spaced apart. Con-
sequently, the total nanoparticle coverage of the liquid
surface is diminished.

In summary, this work demonstrates that free thiols
not only regulate ligand organization on a nanoparticle's
core, but they also influence how a nanoparticle interacts
with its surroundings. By filling a key knowledge gap in
the field of nanoparticle self-assembly, this essential re-
search enhances our collective ability to construct
nanoparticle materials. Given the relevance of nanoparti-
cles to medicine, electronics, and other important indus-
tries, these discoveries could be flexibly utilized to help
improve various aspects of society. — Alicia Surrao
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An APS-authored science highlight

Proteins of a Feather Come Together to

Create Color

Fig. 1. The bright blue and green colors in the feather of a blue-winged leafbird, visible in a light
microscope image at 4x magnification (this page), arise from the single gyroid crystal structure,
seen in an SEM image (next page). Images: Vinodkumar Saranathan

Biologists would like to understand how and why
birds are brightly colored. Some materials scientists,
meanwhile, look to nature to find better ways to recreate
such colors. A study conducted using the APS and pub-
lished in the Proceedings of the National Academy of Sci-
ences of the United States of America points to possible
answers to both those questions. This discovery repre-
sents the first directly self-assembled single gyroid crys-
tals known to science. The researchers say the results are
not only unexpected, but also happen to be highly rele-
vant to current challenges in the engineering of complex
nanostructures for advanced applications, potentially
opening new photonic technologies.

The bird in this case is the blue-winged leafbird
(Chloropsis cochinchinensis), a brightly colored species
found only in Asia. Like many animals, the color comes
not from pigments, but from an ordered crystal structure

in the leafbird’s feathers, which is quite unusual for birds.

These photonic crystals, consisting of the structural pro-
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tein beta-keratin and air, are arranged in a shape known
as a single gyroid and of a size scale—roughly 300
nanometers—that they interact with wavelengths of visi-
ble and ultraviolet light. The interfaces between air and
protein form a repeating series of changes in refractive
index, leading to the feathers’ colors.

Single gyroid crystals are rare. The same researchers
discovered the first one in biology in 2010 within the iri-
descent green scales of certain butterflies, also using the
APS, and now in the feathers of only one of 10,000 bird
species. The researchers say these crystals are unusual
given the way birds normally grow their feather nanostruc-
tures. This process seems to resemble the way foam
forms in beer, when dissolved carbon dioxide forms bub-
bles that push their way to the surface. In the case of the
feathers, water and beta-keratin undergo phase separa-
tion to form the single gyroid, and once the water evapo-
rates the structure of air and protein is left behind.

This is very different from the way butterflies or engi-



neers create single-gyroid crystals. Engineers can make
larger crystals, then apply heat to shrink them to a size
where they work with wavelengths of visible light, but it’s
difficult to do that at useful volumes, and the process can
lead to defects. Taking a cue from the birds, humans might
develop a process that relies on self-assembly to create
the crystals. Those could then be used to improve the effi-
ciency of photovoltaic cells, optical fibers, or catalysts.

To study the evolution of the nanostructures, the re-
searchers compared them to nanostructures in related
species of birds. They found that the ordered single gy-
roid structure evolved from a quasi-ordered state. The
more ordered versions produce more saturated or purer
hues that the birds can easily perceive. That suggests that
the evolution of these structures was driven by sexual se-
lection, where birds with more brilliant coloration were
seen as more desirable mates.

To reveal the crystalline structure, the scientists per-
formed synchrotron small-angle x-ray scattering (SAXS)
at the XSD Dynamics & Structure Group’s beamline 8-ID-I
at the APS. They performed pinhole SAXS experiments
using beams measuring either 10 x 10 um or 15 x 15 pm,
which allowed them to focus on just a small number of
barb cells on the inside of the feathers. They probed
cells from the feathers of 10 to 15 species of the leafbird,
and from two related species, the fairy bluebird. They
also imaged the feathers with a scanning electron micro-

scope and combined the data from the studies so they
could see both the short-range order and intermediate
structures in the feathers. — Neil Savage
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An APS-authored science highlight

Better-Educated Neural Networks for
Nanoscale 3-D Coherent X-ray Imaging

Fig. 1. Schematic of physics-aware framework for phase retrieval in 3-D coherent diffraction imaging. The main component of the
framework is a neural network model (3D-CDI-NN) that is trained offline using 3-D data (simulated diffraction pattern, crystal shape,
and local strain) derived from atomistic simulations that capture physics of the material. Once trained, the 3D-CDI-NN model can per-
form real-time prediction of crystal shape and local strain from experimentally measured diffraction pattern. The prediction can then be
refined using a gradient-based optimization procedure. From H. Chan et al., Appl. Phys. Rev. 8, 021407 (2021). ©2021 Author(s). Pub-

lished under an exclusive license by AIP Publishing.

One of the inescapable realities of various imaging
techniques is called the "phase problem," which simply
refers to the loss of phase information inherent in the na-
ture of imaging methods such as x-ray diffraction. Though
it might be inconvenient, it can be dealt with by using vari-
ous mathematical methods to retrieve the phase data from
the image with inverse computation. Such methods, how-
ever, are not only time-consuming but require a great deal
of computer power as they must run through multiple iter-
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ations to converge on a solution, which prevents real-time
imaging. A group of researchers working at the APS has
demonstrated a new approach to this perennial obstacle
by using a deep-learning neural network trained and opti-
mized for enhanced accuracy to perform fast three-dimen-
sional (3-D) nanoscale imaging from coherent x-ray data.
The work was published in Applied Physics Review.
Neural networks, which simulate the operation of the
brain's intricate networks of nerve cells for applications



such as artificial intelligence, have been criticized because
it can be difficult to adequately ‘train’ them for the task at
hand. If the training data or methodology are insufficient,
the neural network will fail to perform as desired; as the
computer programmer's cliché goes, garbage in, garbage
out. They may also be influenced by subtle biases in the
data or may be unable to extrapolate and generalize be-
yond the limits of their training.

In the present work, the investigators from Argonne
National Laboratory, the University of lllinois at Chicago,
Stats Perform, and Northwestern University confronted
this problem by using explicitly “physics-aware” training
that incorporates atomistic simulation data to create di-
verse training sets based on the physics of the material
under study (Fig. 1). The neural network predictions are
then further refined in the final stage. The research team
validated this 3-D convolutional encoder-decoder network
(3D-CDI-NN) on 3-D coherent x-ray diffraction data of gold
nanoparticles performed at the XSD Microscopy Group’s
34-ID-C x-ray beamline at the APS.

The 3D-CDI-NN model begins with an offline training
stage in which polyhedral shapes are created by randomly
clipping an FCC crystal lattice structure, applying and re-
laxing various stresses in the Large-scale Atomic/Molecu-
lar Massively Parallel Simulator (LAMMPS) molecular dy-
namics program, and voxelizing the data into a 32 x 32 x
32 voxel grid. The grid is then entered into 3D-CDI-NN
and its predictions matched with the known solutions.
The 3D-CDI-NN framework is quite accurate in its predic-
tions, even when working with under-sampled diffraction
patterns.

To enhance the accuracy of 3D-CDI-NN even further,
the investigators added a refinement that uses a reverse-
mode automatic differentiation (AD) technique on the
strain predictions and diffraction data. This proved espe-
cially effective in recovering details of structural strain
within the examined crystal samples, even when not using
oversampled data, as is generally done when using AD
techniques.

The team demonstrated the effectiveness of the
trained 3D-CDI-NN model with real-world data by imag-
ing gold nanoparticles. Although initial predictions
showed some underestimation of surface details and lo-
cal strain, perhaps due to downsampling of the coherent
x-ray data to the 32 x 32 x 32 size, these details were re-
covered after the AD refinement procedure. The 3D-CDI-
NN framework was demonstrated to be V4 times faster
compared to typical iterative phase retrieval methods.

As fourth-generation synchrotron x-ray sources like
the upgraded APS come online in the near future, with
ever brighter and more versatile beams and capable of
generating extremely large datasets, faster and more effi-
cient phase retrieval techniques will be essential. The re-
search team notes that machine-learning neural network
approaches such as 3D-CDI-NN can be trained and im-
proved to surpass traditional phase retrieval techniques
by hundreds of times in speed while placing far lesser de-
mands on scarce computing resources. Such automated
methods can also be effectively scaled to different re-
quirements and can even operate on datasets as they are
still being collected.

Perhaps the phase problem can never be eliminated
completely, but neural networks may make it easier to live
with. — Mark Wolverton
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Sankaranarayanan'?, Ross J. Harder', and Mathew J.
Cherukara™*, “Rapid 3D Nanoscale Coherent Imaging via
Physics-aware Deep Learning,” Appl. Phys. Rev. 8, 021407
(2021). DOI: 10.1063/5.0031486
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An APS-authored science highlight

Breaking the 10-nanometer Barrier
with X-ray Nanotomography

Fig. 1. Three-dimensional characterization of a defective 16-nm ArN FZP. a) Volume rendering
with the Dragonfly ORS software of the outermost part of a 1-um-thick FZP where most of
damages are seen. b) Longitudinal cross section highlighting large variations in the etch pro-
file, collapsed walls, and large portions of missing zones. ¢,d) Zoom on selected reconstructed
slices showing disorganization of walls geometry. Scale bars correspond to 250 nanometers.
c',d") Short profiles showing that 10-nanometers spacing between objects can be resolved.
From V. De Andrade et al., Adv. Mater. 33 (21), 2008653 (May 27, 2021). Copyright ©2021 John

Wiley & Sons, Inc. All rights reserved

Many important things exist at very tiny scales, from
neurons to the transistors on computer chips. To under-
stand them, researchers want to be able to look at them in
detail. X-ray nanotomography allows scientists to image
small objects in three dimensions, but the resolution of the
technique had been limited to approximately 30 nanome-
ters, not small enough for many significant features. Now
researchers using the APS have achieved nanotomogra-
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phy with resolution below 10 nanometers. Their results
were published in the journal Advanced Materials.

To do that, the researchers built a transmission x-ray
microscope at XSD Imaging Group’s beamline 32-ID at the
APS. The microscope includes a condenser to illuminate
the sample with x-rays. The x-rays pass through the sam-
ple and then through a Fresnel zone plate (FZP) with an
outermost zone width of 16 nanometers, which acts as an



objective lens, and then onto a detector. A rotary stage
spins the sample so the x-rays strike it at different angles,
necessary for computed tomography to reconstruct a
three-dimensional image. The sample stack and FZP mod-
ule were made extremely stiff to reduce vibrations that
could blur the reconstructed images. The team confirmed
that with an x-ray energy in the range of 8 kV to 9 kV, the
FZP has achieved a resolution of 9.8 nanometers.

Measuring the object for a longer time to get more
signal can bring the image closer to maximum theoretical
resolution. Previous experiments had achieved resolution
below 20 nanometers with more than 24 hours of sam-
pling. It is impractical to tie up expensive equipment for
days to acquire one dataset. In this case, the researchers
achieved spatial resolution below 10 nanometers in just
85 minutes (Fig. 1).

Another problem that gets worse with long sampling
times is drift. Either the sample or the optics can move,
due to a change in temperature or shifts in the rotary
stage, introducing blur and reducing the resolution. At
these extremely small scales, even the impact of x-ray ra-
diation can cause the sample to deform, further decreas-
ing image quality. Along with the mechanical improve-
ments, researchers developed algorithms to measure and
compensate for those deformations, sharpening the pic-
ture [1].

To test their system, the researchers applied their
techniques to examine an FZP for nanoscale defects intro-
duced by the metal-assisted chemical etching process
used in producing the optic. The etching process can go
several micrometers deep and produce defects that can-
not be found using a scanning electron microscope unless
the FZP is cut open, thus destroying it. With nanotomogra-
phy, the researchers were able to see areas where the
etching pattern deviated from the intended pattern, and
where thin walls had collapsed.

The team also examined thin films of titanium niobium
oxide that are used as cathodes in electrochemical stor-
age. The material was characterized with a resolution of
20 nanometers, so they could image three-dimensional
voxels with 16 times larger volumes than those used for
the FZP. That leads to a similar signal-to-noise ratio with a
lower dose of x-rays, so the researchers were able to ac-
quire two datasets in 10 and 20 minutes, respectively. The
imaging allowed them to compare thin films created by
atomic layer deposition to those created by sputtering

deposition and see how the thickness of film layers dif-
fered between the two methods.

The scientists say there is still room for improvement
in nanotomography. For instance, they’re working on ways
to build x-ray objective lenses that are even more efficient
than the one they designed. The APS is undergoing an
upgrade that will increase the brightness of its x-rays up to
500 times. A brighter source could increase the speed of
data acquisition by at least an order of magnitude.

— Neil Savage
REFERENCE
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Saphire Appointed President and CEO of LJI
Erica Ollmann Saphire was ap-
pointed President and CEO of La
Jolla Institute for Immunology. She is
co-author on 22 peer-reviewed jour-
nal articles based on her research at
the APS, which has centered on the
study of viruses, particularly the
Ebola virus. Her research has been carried out at several
APS beamlines including those operated by GM/CA-XSD,
SBC-XSD, LS-CAT, and NE-CAT.

Williams Wins SER-CAT Outstanding Science Award
Scott Williams, deputy chief of
the National Institute of Environmen-
tal Health Sciences Genome In-
tegrity and Structural Biology Labo-
ratory, received the Outstanding
Science Award from SER-CAT, which
operates a macomolecular x-ray
crystallography facility at the APS. Williams aims to under-
stand how DNA repair mechanisms can be used to treat
diseases like cancer. He studies how the body recognizes
when DNA is damaged after environmental exposures, and
how it is repaired, and how mutations affect proteins that
protect genome stability, in syndromes that predispose
some people to cancer or neurological disease.

Kasman of XSD Selected for Next Generation of Leaders
Elina Kasman (XSD Optics
Group) was selected by the Ar-
gonne Physical Sciences and Engi-
neering (PSE) directorate to partici-
pate in the second cohort of PSE
Next Generation of Leaders
(NextGen Leaders). This cohort in-
cludes two focus areas: Quantum Information Science and
Science Innovations for a Circular Economy. The goal of
PSE NextGen Leaders is to provide leaders with the tools
and skills needed to coordinate research activities across
the Lab's multidisciplinary directorates and to build strate-
gic programs. The program provides early- to mid-career
staff across the Laboratory with opportunities to develop
themselves and grow new strategic research directions
that will result in innovations impacting future technolo-
gies and the nation. Kasman, an x-ray optics fabrication
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engineer, is concentrating her program development ef-
forts on Science Innovations for a Circular Economy, first
under Cynthia Jenks and now under Amanda Petford-

Long, director of the Argonne Materials Science Division.

Streiffer Earns Secretary of Energy’s Honor Award
Stephen Streiffer, Argonne
deputy laboratory director for Sci-
ence and Technology and formerly
associate laboratory director for
Photon Sciences and director of the
APS, was among two groups of
seven Argonne scientists given DOE
2020 Secretary of Energy’s Honor Awards for battling the
COVID-19 pandemic. Streiffer and llke Arslan, director of
the Center for Nanoscale Materials (CNM) and the
Nanoscience and Technology Division; Andrzej
Joachimiak, director of the Structural Biology Center at the
APS and co-director of the Center for Structural Genomics
of Infectious Diseases; Charles “Chick” Macal, chief scien-
tist for the Argonne Resilient Infrastructure Initiative; and
Rick Stevens, associate laboratory director for the Comput-
ing, Environment and Life Sciences Directorate were rec-
ognized as part of the National Virtual Biotechnology Labo-
ratory Team, which received a Secretary of Energy’s
Achievement Award, for its pivotal role in supporting the
national response to COVID-19. The work was completed,
in part, through three Argonne DOE Office of Science user
facilities: the Advanced Leadership Computing Facility, the
APS, and the CNM.

Godbold Uses DOE Award to Understand Green Tech
at the Atomic Level

Perrin Godbold, a doctoral student in chemistry, nano-
materials, and electrocatalysis at the University of Virginia,
received a DOE Science Graduate Student Research
Award to work at the APS. The awardees work on research
projects that are of significant importance to the Office of
Science’s mission and that address societal challenges at a
national and international scale. The award provides God-
bold wth an opportunity to learn in situ x-ray absorption
spectroscopy and surface scattering, allowing him to gain
an atomic and chemical picture of how nanocatalysts form
and work. He chose his subfield because he is fascinated
by nano-catalysis and its application to green energy and
industry.



Novel Accelerator and
X-ray Techniques and
Instrumentation
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An Optical Society news release

Tiny, Chip-Based Device Performs
Ultrafast Manipulation of X-Rays

Fig. 1. The photograph shows two MEMS elements on a single chip
(A), with the active elements of 250 um x 250 um, and the micro-
graph (B) highlighting the size of the diffractive element, as com-
pared to a section of human hair (C).]

174 APS Science 2021



The original Optical Society press release can be read
here. Copyright ©2021 The Optical Society

Researchers from the APS and the Argonne Center for
Nanoscale Materials have developed and demonstrated
new x-ray optics that can be used to harness extremely
fast pulses in a package that is significantly smaller and
lighter than conventional devices used to manipulate x-
rays. The new optics are based on microscopic chip-
based devices known as microelectromechanical systems
(MEMS).

“Our new ultrafast optics-on-a-chip is poised to enable
x-ray research and applications that could have a broad
impact on understanding fast-evolving chemical, material
and biological processes,” said research team leader Jin
Wang from the XSD Time Resolved Research (TRR) Group
at the APS. “This could aid in the development of more ef-
ficient solar cells and batteries, advanced computer stor-
age materials and devices, and more effective drugs for
fighting diseases.”

In new results published in The Optical Society OSA)
journal Optics Express, the researchers demonstrated the
new x-ray optics-on-a-chip device (Fig. 1), which measures
about 250 micrometers and weighs just 3 micrograms, us-
ing the TRR Group’s 7-ID-C x-ray beamline at the APS. The
tiny device performed 100 to 1,000 times faster than con-
ventional x-ray optics, which that tend to be bulky.

“Although we demonstrated the device in a large x-ray
synchrotron facility, when fully developed, it could be used
with conventional x-ray generators found in scientific labs
or hospitals,” said Wang. “The same technology could also
be used to develop other devices such as precise dosage
delivery systems for radiation therapy or fast x-ray scan-
ners for non-destructive diagnostics.”

X-rays can be used to capture very fast processes
such as chemical reactions or the quickly changing dy-
namics of biological molecules. However, this requires an
extremely high-speed camera with a fast shutter speed.
Because many materials that are opaque to light are trans-
parent to x-rays it can be difficult to improve the speed of
shutters effective for x-rays.

To solve this challenge, the researcher team turned to
MEMS-based devices. “In addition to being used in many
of the electronics we use daily, MEMS are also used to
manipulate light for high-speed communication,” said
Wang. “We wanted to find out if MEMS-based photonic de-
vices can perform similar functions for x-rays as they do
with visible or infrared light.”

In the new work, the researchers show that the ex-
tremely small size and weight of their MEMS-based shutter
allows it to oscillate at speeds equivalent to about one mil-
lion revolutions per minute (rpm). The researchers lever-
aged this high speed and the MEMS material’s x-ray dif-
fractive property to create an extremely fast x-ray shutter.

“The x-ray diffraction angular range is extremely small,
about one-thousandth of a degree. The fast-rotating de-
vice then creates the fast x-ray shutter,” said Donald
Walko, a member of the research team, also from the TRR
group.

Using their new x-ray optics-on-a-chip developed at
the Center for Nanoscale Materials, the researchers
demonstrated that it provides a stable shutter speed as
fast as one nanosecond with an extremely high on/off
contrast. This is used to extract single x-ray pulses from
the source, even if the 352-MHz pulses were only 2.84
nanoseconds apart from each other.

“We show that our new chip-based technology can
perform functions not possible with conventional large
macroscopic optics,” said Wang. “This can be used to cre-
ate ultrafast probes for studying fast processes in novel
materials.”

The researchers are now working to make the de-
vices more versatile and robust so that they can be used
continuously over long periods of time. They are also inte-
grating the peripheral systems used with the tiny chip-
based MEMS devices into a deployable stand-alone in-
strument.
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A news release from an APS user institution

A New Method for Probing Material Strength

Fig. 1. Components used in the experiments at DCS alongside a schematic of the flyer plate geometry.

The original Lawrence Livermore National Laboratory
article by Michael Padilla can be read here.

In an effort to better understand how materials deform
under extreme conditions, researchers from the U.S. De-
partment of Energy’s (DOE’s) Lawrence Livermore National
Laboratory (LLNL) using the APS have developed a new
experimental method for probing large-strain and high
strain-rate material strength. In a paper published in Acta
Materialia, Jonathan Lind, LLNL physicist and lead author,
said results of the work aid in providing updated strength
information that can be used in simulation codes.

“This study demonstrated that the method can ob-
serve differences in mechanical behavior due to the way a
material was manufactured and processed prior to the ex-
periment,” Lind said. “The work provides updated strength
model parameters that more reliably capture the high
strain-rate, large plastic strain behavior of copper.”

The researchers also observed that a material’s prior
processing history influences its high strain-rate behavior.
With a demonstration of the efficacy of the approach, Lind
and his colleagues are now planning and conducting ex-
periments on five other materials.

Lind said the National Nuclear Security Administration
(NNSA) mission needs require LLNL to understand materi-
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als under extreme conditions, including under combined
large-strain and high strain-rate conditions that are chal-
lenging to access in well-controlled and diagnosed experi-
ments. This mission is carried out through NNSA’s Stock-
pile Stewardship Program, which utilizes materials
research and physics modeling and simulation codes to
accurately model nuclear weapons performance.

“Novel experiments that provide information on the
behavior of materials under extreme environments allow
for comparisons with existing models, comparisons across
manufacturing processes, and direct observation of phe-
nomenology not currently captured in models,” he said.

Many models of large-strain mechanical response
(strength) of materials have phenomenological aspects
that are calibrated to the observed behavior of materials.
These models are constrained in regimes where experi-
mental data exists. Certainty/reliability/confidence in these
models diminishes where models are unchecked, such as
at high strain-rates and large plastic strains where data are
currently lacking.

Lind and his team conducted the work by drilling a
small hole into a chunk of material. Plate-impact was per-
formed on the sample to subject it to a controlled mechan-
ical impulse—the passage of a shock that produces
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stresses in the material—while the hole is imaged over
longer time scales than those in traditional one-dimen-
sional plate impact experiments.

In the experiment setup (Fig. 1) at the DCS 35-ID
beamline at the APS, high-speed parallel-beam x-ray
phase contrast imaging was used to image the hole and to
monitor its shape change.

“The experimental imaging data is directly compared
with hydrocode simulations, and we can examine the pre-
dictions associated with various strength models,” Lind
said, adding that the discrepancy between experiment
and calculations can be ascribed to inadequacies in the
strength models and provide a path toward model modifi-
cation to bring the models into better agreement.

Lind said this is a topic of ongoing investigation.
“While one-dimensional experiments probing high-rate
material behavior provide valuable data about material re-
sponse, they are limited in the conditions that they can ac-
cess,” he said.

The research complements other work, such as the
Rayleigh-Taylor instability strength platform that is now
used at the National Ignition Facility and other facilities, to
probe two-dimensional deformation conditions that can
produce large strains.

“While this capability was demonstrated at the Dy-
namic Compression Sector, now that the concept has
been demonstrated, it will be possible to field similar ex-
periments at other facilities,” Lind said. “This opens up the
possibility to explore and test the behavior of other materi-
als under these extreme conditions, enabling opportuni-

ties to collaborate with colleagues at the Department of
Defense and academic institutions.”
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APS SOURCE PARAMETERS
UNDULATOR A (33 INSERTION DEVICES [IDS] IN 26 SECTORS)
Period: 3.30 cm
Length: 2.1 min sectors 16, 21, 23, 24, 25, 34; 2.3 m in Sector 6;
24 minsectors 1,2,5,7,8,9, 10, 11, 15, 17, 18, 19, 20, 22, 26, 28,
31, 32,33
Minimum gap: 10.5 mm
Biax/Kimax: 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/mrad®/mm?2/0.1%bw):
4.1x10" (2.4 m),4.0x10" (2.3 m), 3.3x 10" (2.1 m)
Source size and divergence at 8 keV:

20276 um 11 pm

2. 12.7 prad (2.4 m), 12.8 prad (2.3 m), 12.9 prad (2.1 m)

%, 6.7 prad (2.4 m), 6.8 prad (2.3 m), 7.1 prad (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
Bnax/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/mrad?/mm?/0.1%bw): 6.9 x 10
Source size and divergence at 12 keV:

3.0 276 um Z,o 11 um

3,123 yrad X, 5.9 urad

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
Binax/Kimax: 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/mrad’’mm?/0.1%bw):
5.7x10% (2.4 m), 4.7 x 10" (2.1 m)
Source size and divergence at 8 keV:

3,0 276 um 11 pm

2, 12.7 prad (2.4 m), 12.9 prad (2.1 m)

%, 6.7 pyrad (2.4 m), 7.1 prad (2.1 m)

3.00-cMm 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
Bax/Kimax: 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/mradz/mm2/0.1%bw):
4.8x10"(2.4m),3.9x10" (2.1 m)
Source size and divergence at 8 keV:

20276 um 11 pum

2. 12.7 prad (2.4 m), 12.9 prad (2.1 m)

%, 6.7 prad (2.4 m), 7.1 prad (2.1 m)

3.50-cM SMCO UNDULATOR (SECTOR 4)
Period: 3.50 cm Length: 2.4 m
Minimum gap: 9.75 mm
B nax/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/mradzlmm2/0.1%bw): 3.7 x 10"
Source size and divergence at 8 keV:

20276 um 11 pm

Z,:12.7 prad X, 6.7 prad
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3.60-cM UNDULATOR (SECTOR 13)
Period: 3.60 cm
Length: 2.1 m
Minimum gap: 11.0 mm
Bnax/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/mrad®’mm?/0.1%bw): 2.8 x 10
Source size and divergence at 8 keV:

X276 um Zo11 um

129 prad X0 7.1 prad

1.72-cMm 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
Binax/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/mrad?mm?0.1%bw):
1.0 x 10 (4.8 m), 4.4 x 10"° (2.4 m)
Source size and divergence at 23.7 keV:

%0276 ym X011 pm

2. 11.6 prad (4.8 m) 11.9 prad (2.4 m)

%, 4.3 prad (4.8 m), 4.9 prad (2.4 m)

1.80-cM UNDULATOR (SECTOR 32)
Period: 1.80 cm
Length: 2.4 m
Minimum gap: 11.0 mm
Brax/Kinax: 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/mradmm?/0.1%bw): 2.8 x 10"
Source size and divergence at 23.8 keV:

276 um X011 um

T 11.9 urad X,: 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
Knax: 2.73 (effective; at max. currents)

Bax: 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/mrad®/mm?/0.1%bw): 1.4 x 10"
Linear horizontal polarization mode:

Max. current: vertical coils 47.6 A

Khax: 5.39 (effective; at max. current

B o 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/mradzlmm2/0.1%bw): 1.1x10"
Linear vertical polarization mode:

Max. current: horizontal coils 50.3 A

Kax: 3.86 (effective; at max. current)
B o 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/mradz/mm2/0.1%bw): 1.1x10"
Fast polarization switching not required
Source size and divergence at 2 keV:

X276 uym Z,:13 um
%, 13.9 prad X, 8.8 prad



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

Khax: 2.85 (effective; at max. currents)

B ax: 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/mrad’’mm?0.1%bw): 3.1 x 10
Linear horizontal polarization mode:

Max. current: vertical coils 0.40 kA

Kax: 2.85 (effective; at max. current)

B ax: 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/mradz/mm2/0.1%bw): 2.3x10%
Linear vertical polarization mode:

Max. current: horizontal coils 1.60 kA

Khax: 3.23 (effective; at max. current)

B o 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/mradz/mm2/0.1%bw): 2.3x 10"
Switching frequency (limited by storage ring operation): 0-0.5 Hz
Switching rise time: 50 ms
Source size and divergence at 2 keV:

2,276 ym Z,0 12 um
%, 16.7 yrad  X,:12.7 prad

1.80-CcM 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
B ax/Kimax: 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/mradzlmm2/0.1%bw): 3.2x 10"
Source size and divergence at 13 keV:

X276 um Z011 um

%132 urad X0 7.5 prad

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
Brnax/Kmax: 0413 T/1.213 (B,=B, effective; at maximum current)
Tuning range: 6.0-13.0 keV (1st harmonic)
On-axis brilliance at 6.0 keV (ph/s/mrad’’mm?0.1%bw): 2.2 x 10
Source size and divergence at 6 keV:
2.0 276 um Zo11 um
%, 14.7 yrad  X,:10.0 prad

APS BENDING MAGNET

Critical energy: 19.51 keV

Energy range: 1-100 keV

On-axis brilliance at 16 keV (ph/s/mrad®/mm?/0.1%bw): 5.4 x 10

On-axis angular flux density at 16 keV (ph/s/mrad2/0.1%bw): 9.6x10"
Horizontal angular flux density at 6 keV (ph/s/mradh/0.1%bw): 1.6 x 10"

Source size and divergence at the critical energy:
2,92 um Z,:31 pm
%, 6 mrad Z,: 47 prad
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Access to Beam Time at the Advanced Photon Source

Five types of beam-time proposals are available at the APS: general user, partner or project 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, allocation
is competitive. Proposals expire in two years or when the number of shifts recommended in the peer review has been uti-
lized, 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.
Although a new BTR must be submitted each cycle, a specific amount of beam time is guaranteed for up to three years.

CAT-MEMBER PROPOSALS from CAT members are typically much shorter and are reviewed by processes developed by in-
dividual CATs. Allocation/scheduling is determined by each CAT’s 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/scheduled.
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 proposal
expires after one visit. The APS User Information page (www.aps.anl.gov/Users-Information) provides access to comprehen-
sive information for prospective and current APS users.

Advanced Photon Source Information
The APS produces a wide range of materials that offer insights about the APS and APS-user research.

Our Media Center provides links to:

« Argonne feature articles about the APS

« APS-related Argonne press releases

« “APS in the News” articles

« An APS chronology

« An on-line APS overview

« APS fact sheets

« APS PowerPoint decks

« Our Flickr Image Bank

« YouTube APS research videos (plus all APS videos, e.g., training, etc.)

« A 5-minute video tour of the APS, an APS drone fly-over with captions, an APS done fly-over without captions, and an

Argonne drone fly-over

Our annual highlights books “APS Science,” with issues dating back to 2003, feature articles on APS research and engi-
neering highlights that are written for the interested public as well as the synchrotron x-ray, engineering, and broader scien-
tific communities; potential facility users; and funding agencies.

An extensive collection of links to APS research highlights is continually updated with new content.

The APS brochure, “Lighting the Way to a Better Tomorrow,” shows how the APS helps researchers 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.

“APS/User News” is published quarterly to provide articles about the APS Upgrade, APS staff and APS-user accomplish-
ments, and other APS-related news.r

A list of SARS-CoV-2 publications, etc., from research at the APS is kept current with results our users contributed to the
fight against the COVID-19 pandemic.
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