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Cover story

In brief
With their unmatched 
ability to generate intense 
beams of radiation ranging 
from radio waves to X-rays, 
synchrotrons are indispens-
able tools for modern ma-
terials analysis. Worldwide, 
nearly 60 synchrotrons are 
running or nearing comple-
tion, with new ones being 
planned. Scientists working 
in fields such as energy 
storage, paleontology, 
catalysis, biology, and elec-
tronics are harnessing these 
facilities to study the micro-
scopic structure, chemical 
composition, and other 
properties of their materials 
of choice.
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 A
lexander Moewes is a high-energy physicist. Literally. 
The University of Saskatchewan researcher doesn’t 
smash atoms together to study subatomic particles—
the typical work of “real” high-energy physicists. 
Rather, Moewes radiates energy and enthusiasm when 

he talks about his favorite research tools—synchrotrons.

MITCH JACOBY, C&EN CHICAGO

With the ability to probe a wide range of materials, 
these powerful light sources are attracting 

researchers, from paleontologists to catalyst chemists 

Revealing
materials’ secrets with 

synchrotron light
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“With synchrotron radiation, you can 
do experiments in so many areas of sci-
ence that just cannot be done in any other 
way,” he says excitedly.

These stadium-sized, multi-mil-
lion-dollar research facilities enable sci-
entists to reveal the structure, chemical 
composition, electronic properties, and 
other features of specimens critical to 

materials science, chemistry, archaeology, 
molecular electronics, and a host of other 
disciplines.

For that reason, countries around the 
globe have built—or are in the process 
of building or  upgrading—about 60 syn-
chrotrons. Most of these facilities are in 
Europe, North America, and Asia. But 
the  SESAME (Synchrotron-light for Ex-

An aerial view of 
Argonne National 
Laboratory’s 
Advanced 
Photon Source 
near Chicago. 
Shown opposite 
is the inside of 
the European 
Synchrotron 
Radiation Facility 
in Grenoble, 
France.
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perimental Science & Applications in the 
Middle East) synchrotron near Amman, 
Jordan, the first such facility in the Middle 
East, is scheduled to be up and running by 
next year (see page 31). And last Novem-
ber, an international team of scientists 
took the first steps to establishing a syn-
chrotron center in Africa, the only habit-
able continent without such a facility.

Synchrotrons produce intense ra-
diation, ranging from radio waves to 
high-energy X-rays, by accelerating elec-
trons to nearly the speed of light and driv-
ing them through a circular storage ring 
lined with powerful magnets.

Researchers working at experimental 
stations, or beamlines, which are located 
along the ring’s perimeter, use various 
types of optics to tune in precisely to the 
exact wavelength range needed for their 
studies. The high degree of tunability, es-
pecially in the X-ray range, is one of the key 
features of synchrotrons that isn’t available 
with other light sources, explains Moewes, 
who, together with his group, conducts re-
search at the  Canadian Light Source, in Sas-
katoon, Saskatchewan, and the  Advanced 
Light Source, in Berkeley, Calif.

That capability of synchro-
trons, Moewes explains, not only 
enables researchers to selectively 
probe each element in a sample 
individually, but also allows them 
to zoom in on the orbital of inter-
est, distinguish among valencies 
and oxidation states, and deter-
mine an atom’s bonding geome-
try and coordination. 

 Anthony W. Van Buuren, a 
materials science research group 
leader at Lawrence Livermore 
National Laboratory, points to 
another unmatched synchrotron 
feature—exceptional brilliance 
or beam intensity. The large num-
ber of X-ray photons emitted in 
fleeting bursts of synchrotron 
light enables researchers to make 
ultrafast time-dependent mea-
surements, an ideal way to capture 
nanosecond snapshots of proteins 
and other molecules undergoing 
rapid changes.

With recent progress in con-
trolling synchrotron radiation, 
scientists can now also work with 
very fine beams of X-rays. This 
gives researchers a high degree of 
spatial control over their exper-
iments, opening the door to new 
types of microscopy that provide 
nanoscale structural information 
along with detailed chemical 
maps.

All of these unique capabilities of syn-
chrotron radiation offer unprecedented 
ways of peering deep into the interior of 
catalysts, battery materials, ancient arti-
facts, and other specimens without having 
to first isolate them from their natural or 
technologically relevant environments.

The wide applicability of synchrotron 
methods and the opportunity to use them 
to discover new phenomena continues 
to excite Moewes nearly 30 years after he 
first began working at these facilities.

Some adrenaline junkies get their thrills 
by jumping out of airplanes or scaling 
Mount Everest, he says. Moewes gets his fix 
by exploring uncharted scientific territory 
at the world’s most powerful light sources.

Peering into fossils and 
ancient artifacts
In 2003, paleontologists discovered centi-
meter-long fossilized eggs in northeastern 
Thailand that turned out to be 125 million 
years old. Originally, the scientists con-
cluded that a small theropod dinosaur or 
perhaps a primitive bird laid the tiny eggs.

By using a powerful synchrotron im-
aging method to scrutinize the hidden 
embryonic skeletons preserved in the 
eggs, the team now knows the egg layer’s 
true identity—an anguimorph lizard, a 
category that includes Komodo dragons 
(PLOS One 2015, DOI:  10.1371/journal.
pone.0128610).

According to team leader Vincent 
Fernandez, a beamline scientist at the 
 European Synchrotron Radiation Facil-
ity, in Grenoble, France, the embryonic 
lizard skeletons are the oldest ones ever 
discovered in fossil eggs. Most lizards lay 
so-called soft-shelled eggs, says Fernan-
dez, who was trained as a paleontologist. 
So the discovery that the eggs, which were 
the hard-shelled type, held anguimorph 
embryos “came as a surprise and alters our 
understanding of the evolution of lizard 
reproduction,” he says.

Synchrotron radiation was crucial to 
the discovery. During the initial exam-
ination of the fossils, the team observed 
minute embryonic bones poking out of the 
rocky material in some of the eggs. The 
fragile bones held critical clues about the 

species’ identity, but they were 
encased in rock, which prevented 
their extraction and presented 
another formidable analytical 
challenge.

“The problem often in pale-
ontology is that fossil bones and 
the surrounding rock have similar 
densities,” thwarting the chance 
of identifying them via common 
nondestructive imaging methods, 
Fernandez says.

Ultimately, the team solved 
the puzzle by using a synchro-
tron X-ray technique known as 
phase-contrast microtomog-
raphy, which is particularly 
sensitive to minute differences 
in the densities of a sample’s 
components.

Synchrotron X-ray methods 
are also revealing secrets hid-
ing inside other types of fragile 
ancient artifacts. For example, 
a recent study revealed the hand-
written text concealed inside 
 rolled-up papyrus scrolls that 
were charred when Mount Vesu-
vius erupted nearly 2,000 years 
ago.

Another investigation de-
termined that the secret to 
the strength of some  Roman 
architectural structures is the 
formation of platelike crystals 
of strätlingite, a durable calcium 
aluminosilicate mineral that 

A synchrotron-based X-ray tomography technique revealed 
hundreds of tiny embryo bones buried inside a 1-cm-long, 
125 million-year-old lizard egg.  
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Photons for peace  

In November 1995,  Eliezer Rabinovici 
sat in a large Bedouin tent on the 
southeast coast of the Sinai Peninsula 
contemplating the chances for scientific 
cooperation between Israeli and Arab 
scientists. The Israeli physics professor 
from Hebrew University of Jerusalem, 
together with Egypt’s minister of higher 
education and more than 100 Egyptian, 
Moroccan, Jordanian, Israeli, and Pal-
estinian scientists, had gathered in the 
Egyptian town of Dahab, hoping against 
hope to establish a lasting framework 
for an international center of scientific 
excellence in the Middle East.

As if on cue from the director of an 
epic biblical film, the ground began 
reverberating and Mount Sinai started 
shaking, Rabinovici recalls. A magni-
tude-6.9 earthquake rumbled through 
the region. None of the meeting attend-
ees was hurt.

“We took it as a clear sign from above 
that something was going on,” he says. 
“Hopefully, something good.”

Indeed, it was good.
Twenty-one years later, thanks to 

the perseverance and dedication of 
scientists from countries that are often 
at odds with one another, the first syn-
chrotron light source in the Middle East 
stands nearly ready to open its doors to 
scientists. At the end of July, officials at 
the facility called for research proposals.

Located near Jordan’s capital, Am-
man, the research center, which is 
known as Synchrotron-light for Exper-
imental Science & Applications in the 
Middle East, or SESAME, follows the 
organizational structure of the European 
Organization for Nuclear Research, or 
CERN, Europe’s multinational nuclear 
research center. SESAME’s current 
members are Bahrain, Cyprus, Egypt, 
Iran, Israel, Jordan, Pakistan, the Pales-
tinian Authority, and Turkey.

In February, engineers began installing 
the cells that make up SESAME’s elec-
tron storage ring. According to Mohamed 
Yasser Khalil, SESAME’s administrative 
director, installation and testing of the 
storage ring and associated equipment 
should be completed before the end of 
the year. Two beamlines, out of a total of 
roughly 25, are also nearing completion 
and expected to be up and running by 
spring 2017.

Even before researchers begin travel-
ing to Amman to use SESAME’s power-
ful radiation to reveal secrets about the 
structure and chemical composition of 

their samples, Rabinovici considers the 
20-year collaboration among Middle 
Eastern scientists to be a success in 
its own right. “Just consider how much 
turmoil has gone on in the region during 
that time,” says Rabinovici, who just 
completed a term as vice president of 
SESAME’s council.

Because synchrotrons are used by 
such a wide range of researchers, in-
cluding materials scientists, chemists, 
biologists, archaeologists, and others, 
the existence of a state-of-the-art light 

source in the Middle East should help 
“reverse the brain drain from the region,” 
says  Zehra Sayers, chair of SESAME’s 
scientific advisory committee.

Sayers, who is a professor of engi-
neering and natural sciences at Sabanci 
University, in Istanbul, Turkey, explains 
that many Middle Eastern scientists who 
wanted access to synchrotrons chose 
to accept synchrotron staff positions 
and academic appointments abroad. 
“SESAME offers an opportunity for them 
to come back,” she says. It also provides 
an incentive to young scientists to stay 
put in the Middle East.

A large-scale laboratory such as 

SESAME can also benefit the region 
by spurring development of engineer-
ing firms and high-tech companies to 
manufacture power supplies, cooling 
equipment, and other infrastructure 
components needed for experiments at 
the facility.

One of the most important goals 
of the new facility, according to Say-
ers, is to conduct first-class science. 
An excellent reputation will motivate 
top-level scientists to work there. And 
with those scientists come younger 

ones, Sayers says, who are energetic and 
social and often stay up all night running 
experiments.

“Through the language of science, 
especially at two o’clock in the morning, 
these young people from all over the 
Middle East will get to know each other 
and learn to trust one another,” Sayers 
stresses. “That kind of trust leads to col-
laborations and lasting relationships.”

“As scientists with a natural tendency 
to collaborate, we owe it to our society 
to try to build a bridge to understanding,” 
Rabinovici says. “Will we succeed or 
fail? Time will tell. But it’s our responsi-
bility to do our utmost.”

Construction of the SESAME synchrotron facility near Amman, Jordan, is almost 
complete.  
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prevents cracks from propagating through 
ancient buildings’ mortar.

Analyzing new types of 
electronics
For decades, the electronics industry has 
produced one generation after another of 
ever-faster and more powerful electronic 
devices by shrinking their silicon-based 
components. Physical limitations have be-
gun impeding that trend, driving scientists 
to look for alternative ways to squeeze 
more electronics into smaller spaces.

Some engineers want to turn to molecu-
lar electronics, a system in which individu-
al molecules serve as circuit components. 

Others are investigating spintronics, in 
which digital information is controlled by 
electron charge—as is done today—and 
electron spin, which is associated with 
magnetism. Implementing those strate-
gies requires understanding atomic-scale 
details of the underlying materials. Syn-
chrotron-based analytical methods have 
helped those studies.

At the Canadian Light Source, in Sas-
katoon, Saskatchewan, for example, a 
research team led by Univer-
sity of Saskatchewan physi-
cist Alexander Moewes has 
been studying iron-doped 
indium oxide. The material 
is a promising candidate 
for spintronics because it is 

semiconducting and magnetic. But the ba-
sis of its magnetism is poorly understood, 
which hampers efforts to design even bet-
ter spintronic materials.

On the basis of X-ray absorption and 
X-ray scattering methods, the team found 
that the magnetism is linked to the 3d or-
bital energies of iron atoms, specifically in 
the Fe3+ state, that reside in indium lattice 
sites directly adjacent to a vacancy created 
by a missing oxygen atom (Phys. Rev. Lett. 
2015, DOI:  10.1103/physrevlett.115.167401). 
That level of detail could only have been 
uncovered in a synchrotron experiment, 
Moewes points out. Meanwhile, Benjamin 
Stadtmüller and  Christian Kumpf of the 
Jülich Research Center and coworkers 

used a synchrotron X-ray technique to sort 
out some counterintuitive findings on a 
molecular electronics system. The team 
explores the charge-transfer interplay that 
occurs at interfaces between metal surfac-
es and organic molecules.

In some of these systems, for example 
in optoelectronic devices, the mole-
cules absorb light and transfer electrons 
through neighboring molecules to a metal 
electrode. In other systems, the molecules 

modify electric current for 
select applications. In all of 
these cases, the molecules’ 
bonding details strong-
ly affect their electronic 
properties.

The Jülich team’s stud-

ies focused on a silver-supported film 
of perylene tetracarboxylic dianhydride 
(PTCDA) and copper(II) phthalocya-
nine (CuPc). When they compared the 
mixed-molecule film to those with just 
a single component, the group found 
that the PTCDA-silver bond elongated, 
suggesting it became weaker, and the 
CuPc-silver bond contracted, suggesting it 
became stronger. But analysis of the orbit-
al energies showed the opposite was true: 
The bonds that elongated had become 
stronger, and those that shrunk became 
weaker.

Using a standing-wave X-ray technique 
and quantum calculations, the research-
ers determined that the bond length 
adjustments brought PTCDA and CuPc 
to nearly equal heights above the surface. 
That change caused CuPc to become 
a better electron donor and PTCDA a 
better acceptor, which improved charge 
transfer through the system—a key fea-
ture required of molecular electronic 
devices (Nat. Commun. 2014, DOI:  10.1038/
ncomms4685).

Improving solid catalysts
Many of today’s large-scale chemical pro-
cesses, such as petrochemistry, pollution 
scrubbing, and chemical synthesis, depend 
on solid catalysts. High temperatures, 
high pressures, and other harsh working 
conditions eventually cause these catalysts 
to fail, which causes downtime and raises 
costs. Synchrotron methods are providing 
researchers with clues about catalyst fail-
ure mechanisms and strategies for avoiding 
them.

In one such study, a team led by Bert 
M. Weckhuysen of Utrecht University 
used an X-ray nanotomography method 
to examine a series of fresh and used fluid 
catalytic cracking catalysts. Oil refiners 
use such catalysts to produce gasoline 
and other products from crude oil. The 
catalysts typically consist of two active 
components held together by a binder: a 
zeolite with roughly 1-nm-wide pores and 
a clay with larger pores.

The team found that the catalysts fail be-
cause iron and nickel impurities from crude 
oil accumulate at the entrances to the clay’s 
large pores. That process prevents crude 
oil molecules from reaching the zeolites’ 
catalytic sites, which are located in narrow 
channels in the interior (Sci. Adv. 2015, 
DOI:  10.1126/sciadv.1400199). Weckhuysen 
suggests that catalyst lifetimes might be 
extended by coating the catalysts with a 
clog-resistant macroporous layer.

To sort out the details of the pore-clog-
ging process, the Utrecht team again 

Video Online
To see how 

synchrotrons generate 
light, check out cenm.ag/
howasynchrotronworks. C
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Synchrotron-based studies show that on a silver surface, PTCDA (red) and CuPc 
(blue) adjust their bond lengths and energies to enhance the system’s charge-transfer 
properties.  




