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Ian Anderson,
Associate Laboratory Director
for Neutron Sciences

When I look back at the changes that have occurred in the past year, I can’t
help but marvel at the progress we’ve made in increasing and improving the
performance and instrumentation of the Spallation Neutron Source (SNS)
and High Flux Isotope Reactor (HFIR), bringing users to our facilities, and

producing scientific results. I must thank the staff of the Neutron Sciences
Directorate and our sponsor, the U.S. Department of Energy (DOE) Office
of Basic Energy Sciences, for its demonstrated commitment to the vision
of providing the scientific community with unprecedented capabilities for
understanding the structure and properties of materials.

Early in the year, SNS became the official Guinness World Record holder
for the most powerful pulsed spallation neutron source. With every in-
crease in power during the year, we continued to break that record and
ended the year at more than twice the power that won us the record. In
total, beam power was increased by nearly a factor of four to 625 kilo-
watts. The coming years will remain a challenge as we work to achieve
1.4 megawatts of beam power by FY 2010 or CY 2011. At HFIR, the
new cold source operated successfully all year, providing unique capa-
bilities to the research community. HFIR finished the year complet-
ing six cycles and beginning a seventh, which allowed us to provide
instrument time to students participating in the Neutron and X-Ray
Scattering School.

We made significant progress toward providing a full comple-
ment of instruments at SNS and HFIR (25 and 11, respec-
tively) by completing 4 instruments at SNS (CNCS, SNAP,
SEQUOIA, and FNPB) and 2 at HFIR (Powder and Single-Crystal

«o ORNL NEUTRON SCIENCES neutrons.ornl.gov



diffractometers). As we add instruments, the number
of users is also increasing. HFIR hosted 258 users,
and 165 were hosted at SNS. Improvements were
continually made with the Integrated Proposal Man-
agement System, making it easier for users to submit
proposals and obtain facility support.

As stewards of a national resource for scientific dis-
covery, it is most gratifying to see an increase in the
number of publications resulting from work at SNS
and HFIR. More than 140 open literature publica-
tions were produced, and inside this report you'll
find highlights from just a few. I’'m also particularly

INTRODUCTION 2008 ANNUAL REPORT ¢*

pleased to see our staff being recognized through
awards and invitations to share their expertise at
meetings such as the National Neutron and X-Ray
Scattering School (cohosted with Argonne National
Laboratory), the American Crystallographic Associa-
tion annual meeting, and the 2008 High-Intensity,
High-Brightness Hadron Beams Workshop. We

plan to take an even greater role in educating vari-
ous communities (e.qg., the public, scientific, and
academic) about using neutrons to study materials.
This year, for example, we cohosted the workshop on
“Leadership in Neutron Scattering Education.” We
also anticipate that completion of the Joint Institute
of Neutron Sciences in 2010 will spark exciting edu-
cational and outreach opportunities in collaboration
with the University of Tennessee and other institu-
tions.

The past year has provided us with some remarkable
achievements thanks to the continued dedication of
all our staff and collaborators, and I am particularly
proud of the excellent safety record that has been
maintained throughout another busy year.

I hope you enjoy reading this report and sharing with
us the excitement of neutron science at ORNL.

(e Andewson
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Neutron Primer

Neutron properties
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Neutrons are useful in research because
they reveal properties of materials that

other types of probes can’t. Why is
that?

Neutrality. Because they have no
electrical charge, neutrons can pen-
etrate deeply into materials without
being attracted to charged particles
in the atoms. This neutrality makes
neutrons ideal for determining the
molecular structure of materials.

Unique sensitivity to light
atoms, such as hydrogen. Neutrons
can precisely locate hydrogen at-
oms in a sample. Thus researchers
can get a clearer view of mo-
lecular structure than with other
probes. That’s especially impor-
tant in designing drugs. It also
enables neutrons to find hidden
water molecules in materials,
revealing microscopic cracks
and corrosion.

Magnetism. Neutrons act
like tiny magnets pointing in
a particular direction. Polar-
ized neutrons, which all point
in the same direction, let
scientists probe the proper-
ties of magnetic materials
and measure fluctuations in
magnetic fields.

Energy. The energies of neutrons closely match the
energies of atoms in motion. Thus they can be used
to track molecular vibrations; movements of atoms
during catalytic reactions; and behaviors of materi-

als under forces such as heat, pressure, or magnetic
fields.

Since neutrons are everywhere, why do we need spe-
cial neutron facilities to make them?

When a stream of neutrons hits a sample of material,
some of them go right through it. Others hit atomic
nuclei in the material and bounce away. Where they
bounce, how fast, and where they land reveal details
about the structure and properties of the material.
As we sometimes need to shine a bright light on
something to see it clearly, researchers need “‘bright”
beams of neutrons to see those fine details. HFIR
and SNS are two of the brightest sources of neutrons
in the world for research—opening the door to a
huge realm of possibilities in materials science.

In addition to the bright neutron sources, the ORNL
facilities provide two different types of neutron
beams. For some research, it’s better to have neu-
trons available in a series of pulses (as SNS pro-
vides); for other research, it’s more advantageous
to have a continuous source of neutrons (as HFIR
provides). Having both types of neutron beams avail-
able to users at one location provides an invaluable
resource for researchers from all over the world.

For more information about neutrons and neutron

scattering science, see neutrons.ornl.gov/science/
ns_primer.pdf.

«o ORNL NEUTRON SCIENCES neutrons.ornl.gov
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Year in Review

ORNL Director Thom Mason with the Guinness World Record award for SNS. The
record was reached when beam power was ramped up to more than 300 kilowatts,
producing 4.8 x 1016 neutrons per second. With every
increase in power during the year, we continued to break
that record and ended the year at more than twice the
record-breaking power. In total, beam power was in-
creased to 625 kilowatts—nearly a factor of four.

The past year was exciting and productive, as re-
search results started to appear in publication, six
new instruments were completed, and technology
developments continued to rise. Many more users
than expected conducted experiments at both SNS
and HFIR, and SNS became the official Guinness
World Record holder for the most powerful pulsed
neutron source.

o
o
=
(=)
]
-
(&
=
(e
(=)
(2 <
-
=
f—

Science Highlights

High-Temperature Superconductors
Saad Elorfi and Andrew Church

work on Slim SAM. Scientists are excited about last year’s discovery of

a new class of high-temperature superconductors
(HTSs). Continuing work begun at other facilities,

SNS Now Home to World’s First Actively Shielded researchers from ORNL, the University of Tennes-
Magnet for Neutron Scattering see, and the National Institute of Standards and
Technology conducted groundbreaking experiments
Neutron scattering scientists often need to apply strong magnetic fields to the confirming that the iron-based materials were indeed
materials they study, but the stray magnetic fields generated can wreak havoc on their (and their neigh- superconductors at 43 kelvin, a higher temperature
bors’) experiments. SNS has taken a big step toward solving this problem by commissioning the world’s than any recorded conventional superconductor. This
first actively shielded magnet system, known as Slim SAM (SAM = shielded asymmetric magnet), de- work is helping shed a light on the puzzling phenom-
signed specifically for neutron scattering. enon of how HTSs work, which, when better under-
stood, could have a tremendous impact on energy
Slim SAM not only eliminates the detrimental effects of stray fields but also offers new opportunities for use.
the growing number of scientists interested in polarized neutron diffraction. To produce Slim SAM, a team
of ORNL scientists, led by Hal Lee, developed detailed magnetic field profile specifications to ensure su- Protein Studies on Huntington’s Disease
perior polarized beam performance. They drafted a comprehensive solicitation package, evaluated vendor
proposals, and ultimately guided the winning vendor in producing an excellent design. Scientists are studying the aggregation of protein

fibrils (threadlike fibers) to determine their role in

ORNL NEUTRON SCIENCES The Next Generation of Materials Research e«
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the development of Huntington’s Disease, which is being used by the University of Tennessee Medical
caused by an abnormal sequence of amino acids in Center to better understand how these changes relate
the huntingtin protein. Using small-angle neutron directly to Huntington’s Disease.

scattering, researchers were able to look at samples

on a nanometer-length scale, allowing them to High-Pressure Studies
capture snapshots of protein structure as it ag-
gregated into fibrils and to determine the rate
of aggregation. Data from the experiments are

C

\““H\‘uun“.

Researchers have been using brucite to discover how
hydrogen and deuterium behave differently under
extreme pressure. Using a technique called angle-
dispersive diffraction, scientists were able to see

Will Reynolds of the SNS Detectors Group changes in the core shape of brucite crystals, indi-
installs a 2-meter-long linear position-sensitive cating how close the atoms in the samples become
detector into an 8-pack. under applied pressure. The work is helping to clarify

GE Energy to Market SNS Detector Electronics

GE Energy, manufacturer of radiation detection equipment, has signed a technology transfer
agreement to market the electronics and software developed by ORNL engineers for an award-
winning system of sensitive neutron detectors. Developed by Ron Cooper and Rick Riedel of
the Neutron Sciences Directorate and Lloyd Clonts of the Measurement Science and Systems
Engineering Division, the system was designed to accommodate the large detector areas and
high detection rates required by SNS.

The invention, explains Riedel, is called an 8Pack because each module contains eight long
parallel tubes. Inside each tube are a resistive wire and helium-3, an important isotope in
neutron detection instrumentation. Hundreds of tubes are needed to detect all the neutrons
scattered from an experimental sample at a variety of angles.

“The system is modular so that very large detector arrays can be built,” says Cooper. *We
can have greater than 50 square meters of detector coverage. The system has high rate
capability and good position resolution. And it features modern, distributed PC-based electronics.”

A solar-powered version, Pharos, won an R&D 100 award in 2007 as one of the year’s top technologies as determined by R&D
Magazine. This portable, cordless system could be of interest for security applications, such as monitoring shipments.

Using the integrated circuit designs and firmware developed by ORNL, GE will build the additional systems needed by SNS. Although SNS is currently the largest
customer for the 8Pack system, the market will likely expand to other neutron scattering facilities throughout the world.

"It's exciting that, even as SNS ramps up to its full power of 1.4 megawatts, technologies from its development are already finding their way to the marketplace,”
says ORNL Director Thom Mason.

«o ORNL NEUTRON SCIENCES neutrons.ornl.gov
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fundamental differences between the two isotopes in
terms of compressibility. Because of the abundance

from plants offers a
potentially abundant
source of ethanol, its
complex structure
makes it difficult to
break down and con-
vert to fuel. Under-
standing the structure
of biomass at a mo-
lecular level is key to
making practical use
of this resource. Using
small-angle neutron
scattering and ORNL's
supercomputing
capabilities, scientists
have been able to see
unprecedented levels
of detail in biomass
structure at both the
molecular and atomic
levels. This information

of hydrogen in the world around us, the potential im- Ted ';'.52,6/777 Detec;zr jroup, inspects a ®
pacts from these studies are wide ranging and could paranedral lens on the Anger camera. ®
lead to advances in fields such as medicine, geosci- =
ence, and industrial technology. =
) ) Jennifer Niedziela, scientific associate for CNCS, L-,
Biomass Studies in front of the instrument’s detector array. -
Although biomass i ——— | ————— g
L (a4

-
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users, including new instruments and

will help engineers develop new, cost-effective meth- expanded experimental capabilities.

ods for turning biomass into a viable energy source,

leading to lower energy costs and reduced pollution. Six instruments were completed and
are now being commissioned. These

Technology Development are the Powder and Four-Circle dif-
fractometers at HFIR and four new

Technological and research developments in 2008 instruments at SNS: CNCS, SNAP,

were many. Significant enhancements were added for SEQUOIA, and FNPB. Scientists have

ORNL NEUTRON SCIENCES The Next Generation of Materials Research e«
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been taking advantage of the unique capabilities of
CNCS and SNAP, and research results from each
instrument has already been published (see “Under
Extreme Pressure” and “‘Frustrated Spin Correla-
tions in Diluted Spin Ice” in the Science Highlights
section).

Sample environment capabilities were expanded by
commissioning of the world’s first actively shielded
magnet for neutron scattering— Slim SAM —opening
the door for a wide range of experiments (see
sidebar on page 7). The scientific scope of
several instruments has also been expanded
by development of a new Anger camera
system with a 1-mm position resolution. The
previously unavailable high resolution of

this camera permits new opportunities for
research on the molecular structure of solid
materials, or crystallography. In addition, a
contract was signed with GE Energy to mar-
ket the electronics and software associated
with a new award-winning neutron detector
system developed at SNS (see sidebar on
page 8).

A Wealth of Users

For our second full year of operations at
SNS and an upgraded HFIR, we hosted many
more users than expected. Our goals of 225
users at HFIR and 75 users at SNS were
surpassed with a final tally of 258 at HFIR
and 165 at SNS. Users came from a variety
of institutions all over the world, mainly from
academia, and produced an impressive array
of research results. More than 140 publica-
tions were authored or coauthored by scien-
tists using SNS and HFIR and by Neutron
Sciences staff conducting research at other
facilities.

Users Jerod Wagman and Gregory Van Gastell of
McMaster University analyze the results of their
measurements on high-Tc cuprates at the HB-3
Triple-Axis Spectrometer at HFIR.

Jaime Fernandez-Baca (left),
leader of the Triple-Axis Group,
with user Hirosha Fukazawa.

«o ORNL NEUTRON SCIENCES neutrons.ornl.gov
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ORNL Neutron Sciences

ORNL operates two of the world’s logical advances that benefit the scientific, business,

most advanced neutron scattering and industrial communities.

research facilities: the Spallation Funded by the DOE Office of Basic Energy Sciences,
Neutron Source and the High SNS and HFIR are national user facilities managed

Flux Isotope Reactor. Scientists by the ORNL Neutron Sciences Directorate. The

come from all over the world Neutron Sciences vision is to provide unprecedented
to conduct research at these capabilities for understanding the structure and
facilities. The basic scientific properties of materials across the spectrum of biol-

research conducted using SNS ogy, chemistry, physics, and engineering and to stay
and HFIR will lead to techno- at the leading edge of neutron science by developing
new instruments, tools, and services.

Clifford Shull conducted some of The main goal for the directorate is to achieve excel-

the world’s first neutron scat- lence in science, and all of our activities support this
tering experiments using this purpose. Through reliable operation and continual de-
diffractometer at ORNL. velopment, we strive to capitalize on the capabilities

of two of the world’s highest-flux pulsed and con-
tinuous beams of neutrons. We have a common user
program for the two facilities
and have integrated opera-
tions between them. In addi-
tion, we’re focusing efforts on
reaching out to the scientific
community to educate current
and future scientists about the
benefits of neutron scattering.

ORNL has a long history in neutron scattering. In
fact, the field was pioneered at ORNL in 1946 by
Clifford G. Shull. Shull went on to be a corecipient
of the 1994 Nobel Prize in Physics for his ground-
breaking work. Today, ORNL is becoming a pre-
ferred destination for neutron scattering research,
where scientific advancements at these state-of-the-
art facilities will continue for years to come.

Antonio Moreira dos Santos,
member of the SNAP team at
SNS, aligns diamond anvils before
an experiment. The diamond anvil
cell is the standard equipment for
researching materials under high
pressure.

«o ORNL NEUTRON SCIENCES neutrons.ornl.gov



Neutron scat-
tering research
impacts many
products and
technologies
that are part of
everyday life.
Scientists are
using neutron scattering to analyze
and improve materials used in a multitude of differ-
ent products, such as medicines and materials for
medical implants, chips and thin films for electron-
ics, lubricants and structural materials used in cars
and airplanes, and many more. Neutron scattering
research could also lead to improved processes that
help protect the environment and public health.

Facilities
Spallation Neutron Source

SNS is an accelerator-based
neutron source that provides
the most intense pulsed neutron
beams in the world for scientific
and industrial research and de-
velopment. With its eventual suite
of up to 25 best-in-class instru-
ments, SNS will give researchers
detailed snapshots of smaller
samples of physical and biologi-
cal materials than previously
possible. The diverse appli-
cations of neutron scattering
research will provide oppor-

High Flux Isotope Reactor

The 85-megawatt HFIR pro-
vides one of the highest steady-
state neutron fluxes of any
research reactor in the world.
HFIR fulfills four missions:
isotope production, materials ir-
radiation, neutron activation, and
research using neutron scattering,
which is the focus of this report.
The neutron scattering instru-
ments at HFIR enable fundamen-
tal and applied research into the
molecular and magnetic struc-
tures and behavior of materials.

HFIR has 11 instruments planned or in operation, including two cold-source instruments in the user program,

ABOUT US 2008 ANNUAL REPORT ¢*

tunities for experts in practically every scientific and technical field. Moreover, technological discoveries at
SNS will provide lasting benefits to the scientific, business, and industrial communities.

that greatly enhance the reactor’s research capabilities, particularly in the biological sciences.

ORNL NEUTRON SCIENCES The Next Generation of Materials Research e«
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Operations

Spallation Neutron Source

Fiscal year 2008 was the second full year of opera-
tion for SN'S, and operations progress was signifi-
cant. Operating power levels, neutron production, and
reliability have all steadily increased. By the end of
the fiscal year, we had achieved

> Continuous operation at 625 kilowatts

> A record number of protons per pulse:
1.1 x 10**

> 60-hertz beam to target at 625 kilowatts

> 945 megawatt-hours of beam to target

v

Accelerator availability of 72%

v

2758 neutron production hours

The graph below left shows the integrated beam
power delivered versus the SNS commitment for
fiscal year 2008 (October 2007 through September
2008).

The plot below right shows the energy and power on
target for fiscal year 2008. For fiscal year 2009,

plans are to operate for 4500 hours, reach an oper-
ating power of 970 kilowatts, and produce neutrons
for 3500 hours. In addition, machine availability is
expected to increase to about 88%.

Contact: George Dodson (dodsong@ornl.gov)
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High Flux Isotope Reactor

Fiscal year 2008 was
highly productive

for HFIR operations
and marked the first
full year of operation
with the cold neutron
source and a new suite
of scientific instru-
ments. By the end of
the fiscal year, we had

Users Hiroshi Kagayama (left) of Kyoto
University and Masakazu Nishi (right) of
the University of Tokyo analyze data at the
Polarized Triple-Axis Spectrometer at HFIR.
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The planned operations for fiscal year 2009 will be
similar to 2008, with a tentative schedule of 140
operating days provided over six operating cycles.
Steady-state operation will eventually provide neu-
tron beams and irradiation services for eight to ten
reactor cycles per year. With regular operation, the
next anticipated major shutdown—for a beryllium
reflector replacement—will not be necessary until
after 2020.

> Qperated for 3550
hours, or slightly
more than six
cycles.

> Irradiated mate- Contact: Mike Farrar (farrarmb@ornl.gov)

rials to provide

isotopes for medi-
cal research and
commercial uses
and to provide data for fusion reactor design.

> Irradiated and analyzed 221 samples in the
HFIR Neutron Activation Analysis Facility in
support of nuclear nonproliferation work, foren-
sics studies for criminal investigations, special
radioactive source production, reactor materials
dedication, and basic science.

RIEACTO'R

> Improved and upgraded HFIR for reliable, sus-
tained operation, including refurbishment of two
of its four main coolant pumps, electrical dis- ) : F el ! 2 =1 : fxg? AR =
tribution system upgrades, reactor temperature DI e - o et b T - e e e o .
control system upgrades, and building heating
and air conditioning system improvements.

ORNL NEUTRON SCIENCES The Next Generation of Materials Research e«
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Complementary ORNL Facilities

Research capabilities at HFIR and SNS are
enhanced by the proximity of other ORNL user
facilities, most with the same access and training
requirements. One of our major goals is to improve
integration between the facilities, making it easier
for users to access the support they need. Major
user facilities at ORNL include the following:

> Center for Structural Molecular Biology
(CSMB)

> Bio-Deuteration Laboratory

> Center for Nanophase Materials Sciences
(CNMS)

> National Center for Computational Sciences
(NCCS)

> Shared Research Equipment User Facility
(SHaRE)

> High Temperature Materials Laboratory
(HTML)

Center for Structural Molecular Biology
(www.cnms.ornl.gov)

CSMB operates the HFIR Bio-SANS instrument. The
center develops technologies and methodologies for
the structural molecular biology research community
and computational tools to reduce, analyze, model,
and interpret SANS data.

Bio-Deuteration Laboratory
(www.csmhb.ornl.gov/Bio-Deuteration)

The Bio-Deuteration Laboratory was designed for in
vivo production of hydrogen/deuterium—Ilabeled bio-
macromolecules. The laboratory provides facilities
and expertise for cloning, protein expression, puri-
fication, and characterization of deuterium-labeled
biological macromolecules.

Center for Nanophase Materials Sciences
(www.cnms.ornl.gov/)

CNMS is a research facility for nanoscale science
and technology. The center allows users access to a
complete suite of unique capabilities for studying
nanoscale materials and assemblies.

CNMS employees work with materials
100,000 times smaller than a human hair.

The NCCS "Jaquar” supercomputer.

<o ORNL NEUTRON SCIENCES neutrons.ornl.gov



National Center for Computational Sciences
(www.nccs.gov)

NCCS hosts the Cray “Jaguar’’ supercomputer, the
most powerful system in the world for open scientific
use. Jaguar is actually two systems, with a combined
peak theoretical performance of 1.64 petaflops, or
1.64 quadrillion floating point operations per second.
NCCS is also home to several smaller computers.

Shared Research Equipment User Facility
(www.ms.ornl.gov/share)

SHaRE provides access to a suite of advanced instru-
ments and expert staff scientists for the micrometer-
to-nanometer-scale characterization of materials

in several focused research areas: transmission and
scanning electron microscopy, atom probe tomog-
raphy, x-ray photoelectron spectrometry, and dual-
beam focused ion beam and ultramicrotomy speci-
men preparation and support.

High Temperature Materials Lahoratory
(www.html.ornl.gov)

HTML helps solve materials problems that limit the
efficiency and reliability of automotive systems. The
center’s instruments can characterize the structural,
chemical, physical, and mechanical properties of ma-
terials at the nanoscale and microscale over a wide
range of temperatures and pressures.

ABOUT US 2008 ANNUAL REPORT ¢*

Laura Riester adjusts a specimen
for measuring elastic properties
using resonant ultrasound at
HTML.

Niels de Jonge with SHaRE’s
scanning transmission electron
microscope.

ORNL NEUTRON SCIENCES The Next Generation of Materials Research e«
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Safety

Doug Abernathy explains the safety warning system
for ARCS at SNS.

Safety is critical to the success of neutron sciences
work at ORNL. Efficient operation and safety are
inextricably linked and are an integral part of every
individual’s performance plan. One of our primary
goals is to operate the best neutron facilities in the
world. Achieving this goal means involving staff in
all levels of work, from planning through posttask
analyses, and incorporating the best ideas from those
with the most knowledge of the hazards.

Our facilities are regulated by DOE requirements
for reactors (HFIR) and accelerators (SNS). These
safety-based requirements are clearly identified to
establish safe operating envelopes. Work control
processes ensure the integrity of systems created

to protect staff, the public, and the environment.

In addition to focusing on working safety, staff
strive to reduce or eliminate pollution and waste
materials, as well as to conserve energy and other
resources.

In the spirit of continuous improvement and to
avoid complacency, a number of programs are be-
ing implemented to move to more in-depth levels of
safe operation. One such program is the Manage-
ment Observation Program, which increases worker
involvement and ownership of the safety programs.
For example, involving workers in planning activi-
ties during the major maintenance periods at SNS
reduced the radioactive dose by about 60% from
the levels initially estimated for the work. This task-
level planning led to using as-low-as-reasonably-
achievable goals even more effectively than for
previous jobs and resulted in the use of real-time
dose feedback that provided immediate dose infor-
mation to workers. This instant-feedback method is
now used for maintenance and other tasks and is
implemented throughout

the entire work control
process.

One of our most important successes this year was
our outstanding safety record. We worked 1.4 million
hours with no injuries that resulted in restrictions or
lost workdays.

Contact: Frank Kornegay (kornegayfc@ornl.gov)

Bradley Alcorn demonstrates harness safety in the SNS Target Building.
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From the Neutron Scattering Chief Scientist

I am both pleased and privileged to introduce the “Science Highlights’ section of the second annual
progress report of the ORNL Neutron Sciences Directorate. It is exciting to look back over the past
year and consider the wide range of neutron science activity and to note how it is beginning to have a
major impact on the research community.

One of the year’s biggest stories is the rapid advance of knowledge concerning recently discovered
iron-based superconductors. Important results obtained at ORNL found antiferromagnetic behavior
in related parent compounds, characterized the phonon density of states in the superconductors
providing evidence for unconventional behavior, and established that a resonant magnetic excita-
tion appeared below the critical temperature at a wavevector related to the antiferromagnetism.
The complementary nature of pulsed and continuous neutron scattering was brilliantly illustrated
by this work, which used instruments at both SNS and HFIR, and led to the first publication of
data from the ARCS instrument at SNS.

The anticipated explosion of research utilizing the new SANS instruments has become a real-
ity. Much of the basic science work has clear societal relevance: looking for new means of solar
energy conversion, finding a cure for Huntington’s disease, understanding nanoparticles used

in skin care products, and researching new high-temperature alloys used in engine turbines are
just some of the examples. Neutron reflectivity has also come into its own with work ranging
from biofuels to artificial membranes to magnetic multilayers. High-resolution backscatter-
ing spectroscopy was used to probe exotic “'spin ice” as well as practical catalysis materials
coated with water that resists forming ice.

This introduction provides a small taste of the gems found in the work presented here. I
hope that you, the reader, will find something both interesting and inspirational. To aspiring
researchers, I hope it motivates you to dream about your own experiments. The opportuni-
ties for science have never been better —the only missing ingredient is you!

Stephen Nagler
Chief Scientist, Neutron Scattering Science Division

Stephen Nagler, Chief Scientist,
Neutron Scattering Science Division (naglerse@ornl.gov)
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Superconductors

In March 2008, Pengcheng Dai, a University of
Tennessee (UT)-ORNL joint faculty member and
researcher in the Neutron Scattering Science Divi-
sion (NSSD), attended a conference in his native
China. He asked a fellow scientist familiar with a
paper in the February 23, 2008, issue of the Jour-
nal of American Chemical Society why he and his
colleagues were so excited. The scientist called the
paper “‘fantastic’”” and said that the paper reports the
discovery in Japan of a new iron-based superconduct-
ing material.

After reading the paper, Dai shared their excite-
ment. After obtaining samples of the superconduc-
tor’s iron-based parent compound made by his col-
leagues in China, he returned to ORNL to analyze
the material’s magnetic structure using neutron
scattering. The experiments employed instruments at
HFIR and the National Institute of Standards and
Technology (NIST) research reactor in Maryland.

At about the same time, ORNL staff Michael Mc-
Guire and Athena Safa-Sefat became the first team
in the United States to report that they had synthe-
sized powders and crystals of lanthanum iron arse-
nide. In addition, ORNL’s Mark Lumsden and Andy
Christianson, both in NSSD, were performing neu-
tron scattering experiments on ORNL-made samples.

Fesearch about a
newly discovered
superconducting
material will lead to
more-efficient, less-
expensive products in
elds such as energy,
ransportation, and
medicine.

The original discovery of superconductivity in an
iron-based material was made in February 2008

by Japanese scientist Y. Kamihara and colleagues.
They initially reported that an iron-based material
can conduct electricity without resistance at 4 kelvin
(4 degrees Celsius above absolute zero). The elements
in the first known iron-based superconducting mate-

SCIENCE HIGHLIGHTS 2008 ANNUAL REPORT

Advances in Unconventional Iron-Based

rial are iron, arsenic, oxygen, and the rare earth lan-
thanum. When LaFeAsO was doped with fluorine, the
Japanese discovered that the new material became
superconducting at 26 kelvin. Since then several dif-
ferent families of iron-based superconductors have
been discovered. The common structural element is
the presence of layers of iron atoms arranged in a
square lattice.

Any material that is superconducting at more than
30 kelvin is considered a high-temperature super-
conductor (HTS). The first HTSs discovered and the
most explored to date are the copper oxides, or cu-
prates. The cuprates have been carefully studied for
more than 20 years, but condensed matter scientists

still lack a complete understanding of how they work.

The highest known temperature at which a cuprate
turns into a superconductor is 130 kelvin, achieved
more than 15 years ago. Scientists throughout the
world are excited about the iron-based superconduc-
tors because now they have an opportunity to study
the electrical and magnetic properties in a new and
different system in the high-temperature supercon-
ducting class, hopefully gaining crucial insight into
the mechanism for superconductivity in these materi-
als.

Clues to how both types of HTS materials work
could lead to designs of new superconducting com-
binations of elements that come close to conducting
electricity with zero resistance at room temperature.
Such materials would be practical for use in electric-
ity generators, underground electrical transmission

in tight spaces, cheaper medical imaging scanners,
and extremely fast levitating trains. The reason: these
high-temperature, or unconventional, superconduc-
tors would not require expensive coolants to chill the
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materials to the critical temperature (Tc) at which
they become superconducting. Low-temperature, or
conventional, superconductors work only if chilled to
very low temperatures using expensive liquid helium.
HTS materials can be cooled by helium gas or much
less costly liquid nitrogen. Unconventional cuprates
with yttrium and barium are already being used for
superconducting wires and tapes.

The famous BCS theory, formulated in 1957, ex-

plains how the conventional superconducting materi-
als discovered in 1911 actually work. BCS stands for
the last names of the theorists—John Bardeen, Leon

Mark Lumsden (left) and Andy Christianson (right) at HFIR’s HB-3 Triple-Axis Spectrometer.

Cooper, and Robert Schrieffer—who received the
Nobel Prize in Physics in 1972 for their theory. The
theory explains that in a conventional superconduc-
tor crystal, the negatively charged electrons attract
the positively charged nuclei in the lattice, leaving

a wake of positive charges that attract a second
electron. The net effect is that the moving, positively
charged nuclei (which constitute a phonon or mea-
surement of vibrational energy) provide an attrac-
tive interaction to make a pair of electrons, known
as Cooper pair. These electron pairs are able to flow
more easily between the oscillating atoms in lattice
walls, which normally resist the flow of single-file,
unpaired electrons in a current. This easier flow cre-
ates superconductivity.

The two unconventional superconducting materials—
the cuprates discovered in 1986 and the oxypnictides
discovered in 2008 —possess superconducting and
magnetic properties that cannot be explained by
BCS theory. Lumsden and Christianson studied the
oxypnictides samples synthesized at ORNL using a
Triple-Axis Spectrometer at HFIR and ARCS at
SNS (see sidebar on page 23). Using ARCS, Lums-
den and Christianson compared the lattice vibra-
tions in the conventional superconducting material
with those in the iron arsenates. ' The phonons we
measured in the iron arsenates should induce super-
conductivity only at a temperature of 2 kelvin using
a conventional phonon mechanism, ”’ Christianson
says. “'Yet measurements show the material’s critical
temperature is 26 kelvin.”

Some scientists predict that magnetic properties of
the iron arsenates might make them superconducting
at a relatively high temperature. To find out if mag-
netic fluctuations are the missing piece of the puzzle,
Dai’s team and Lumsden’s team both studied the

magnetic structure, or arrangement of electron spins,
in the iron arsenides.

In antiferromagnetic materials, the magnetic mo-
ments of atoms and molecules are a manifestation of
an ordered magnetism. This order exists at low tem-
peratures but disappears when the material passes a
certain higher temperature threshold. The existence
of antiferromagnetism is easy to detect because neu-
trons are small magnets.

Undoped iron arsenates, like the parent compound
LaFeAsO, are antiferromagnetic when chilled to a
low temperature. Using both a powder diffractometer
at NIST and HFIR’s Triple-Axis Spectrometer, Dai
and his collaborators observed very weak magnetic
peaks in LaFeAsQ, suggesting weak magnetic inter-
actions between layers of iron arsenate molecules
(FeAsO). When doped with fluorine and chilled to its
critical temperature, LaFeAsO becomes supercon-
ducting.

“However, the material’s static magnetism disap-
pears when superconductivity pops up,” Dai says.
“This phenomenon is exactly what we see with the
cuprates, except the copper oxide layers become
superconducting when the copper atoms each lose an
electron.”

Dai and his colleagues at UT, ORNL, and NIST
published a paper on oxypnictides in the May 28,
2008, online issue of Nature; it appeared in the June
12 print issue. Clarina de la Cruz of ORNL and UT is
the lead author, and Dai and veteran ORNL neu-

tron researcher Herb Mook are also authors. Titled
“Magnetic order close to superconductivity in the
iron-based layered La0, F FeAs systems,” the paper
was the third-most-cited article on superconductiv-
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ity in 2008. The authors were shown to be correct
in predicting the magnetic structure of LaFeAsO.
The experiments at two reactors at ORNL and NIST
produced data supporting the theory that subtle

magnetism may be responsible for the high-Tc effect.

In subsequent work using cerium, published in the
October 26 issue of Nature Materials, Dai’s team
showed that the phase diagram of CeFeAsO doped
with fluorine is similar to that of the doped cuprates.

In general, if the parent compound LaFeAsO is
placed under pressure or doped with fluorine, the
static magnetism of the compound is suppressed. The
leftover magnetic moments fluctuate in time rather
than remaining statically ordered. Under these cir-

cumstances, with the absence of magnetic order, the
compounds tend to become superconducting.

“We think the surviving magnetic fluctuations are
related to superconductivity,” Christianson says.
“Short-range magnetic fluctuations may be an
analog to phonons. One electron enters and interacts
with the antiferromagnetic lattice by flipping the
spin of an iron atom, causing an unhappy situation.
The second electron flips it back, creating a happy
situation, energetically speaking. For unconventional
superconductors, magnetic fluctuations, rather than
lattice vibrations, may lead to electron pairing, the
key to superconductivity.”

Lumsden, Christianson and colleagues have published
two initial papers, one in Physical Review Letters
and the other in Physical Review B.They have also

Neutron Scattering and Instrument Primer

| determined.
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collaborated with scientists at Argonne National
Laboratory on a study of spin fluctuations in a bar-
ium-potassium-iron-arsenic (Ba, K ,Fe ,As ) mate-
rial. This paper, published in Nature, provides power-
ful evidence that weak magnetism is strongly coupled
to superconductivity in iron-based materials. Since
then, the two ORNL researchers and their collabora-
tors have been studying single crystals of iron-based
superconducting materials, and several more papers
are in preparation. Dai and his colleagues have pub-
lished numerous papers on the subject in scientific
journals and are continuing their research as well.

The scientific expertise of ORNL research staff
combined with the availability of in-house synthesis,
characterization, and neutron scattering facilities has
made ORNL a leader in research of this new type of
unconventional superconductor.

. . Neutron scattering is used to examine the structure of materials. In neutron scattering, a beam of
neutrons with a known energy and momentum is scattered off a sample of material. The scattered
b neutrons are detected with special instruments, and the energy and momentum of the neutrons are

At ORNL, two types of instruments have been used to probe unconventional high-temperature super-
conductors. One type is the Triple-Axis Spectrometer at HFIR. A continuous beam of neutrons travel
toward the triple-axis spectrometer to the monochromator, a large crystal that allows the experimenter to
select neutrons with the desired energy. The experimenters are able to define the size of the beam needed to probe the
sample material. Neutrons scatter off the sample and then off another large crystal called the analyzer. The analyzer is used to

measure the final energy of scattered neutrons, which are registered in a final detector.

The other instrument used is ARCS, located at SNS. This instrument is a time-of-flight spectrometer with an array of hundreds of detectors. Time of flight means that
the energy of neutrons is measured in terms of the time it takes for them to leave the neutron moderator and reach an instrument detector. SNS produces pulses of
neutrons; each neutron in a pulse has its own speed. To select neutrons of a desired velocity, a Fermi chopper is employed. The chopper is a curved tube that rotates at
a selected speed to ensure that only neutrons arriving at the desired velocity “'see’” the tube as straight and shoot through it to the sample.

The capabilities of these two instruments complement each other. HFIR’s triple-axis spectrometer has a single detector that measures the positions, energies, and
scattering angles of the neutrons in the beam “'point by point” on the diffraction pattern. With ARCS, the neutrons are scattered to a huge array of detectors that pro-
duces a pattern, enabling a number of features to be measured simultaneously.
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Conversion

Natural photosynthetic systems in plants have devel-
oped a complex machinery for efficient conversion of
sunlight to chemical energy, which to the present day
has not been matched by humans. ORNL research-
ers are investigating ways to mimic these exquisite
molecular architectures to develop synthetic, bio-
inspired systems for the conversion of solar energy to
electricity and fuel.

The ultimate goal, says principal investigator Hugh
0’Neill of the Chemical Sciences Division (CSD),

is to convert solar energy into electricity or fuel,
thereby developing a competitive energy
source. This goal

is one of the key
challenges outlined
by the DOE’s 2005
Basic Energy Sci-
ences Workshop re-
port, Basic Research
Needs for Solar
Energy Utilization.
The researchers hope
the results of the work
will lay the foundation
for future photovoltaic
devices, which combine
the elements of natural-
ly occurring photosyn-
thetic systems of plants
with functional polymers
that can be engineered to

: . take on desired forms.
Neutron investiga-

tion of biomolecules is helping scientists
develop synthetic, bio-inspired systems for solar
energy conversion.

The interdisciplinary re-
search team consists of

Bio-Inspired Systems for Solar Energy

Hugh O’Neill, William Heller, Dmitriy Smolensky, and
Mateus Cardoso (CSD and the Center for Structural
Biology); Kunlun Hong and Xiang Yu (CSD and
CNMS); and Bernard Kippelen (School of Electri-
cal and Computer Engineering—Georgia Institute of
Technology). For their research, the team uses the
Bio-SANS (CG-3) instrument at HFIR. This instru-
ment is designed for small-angle neutron scattering
(SANS) studies and is optimized for investigating the
structures of proteins, polymers, colloids, and viruses.
The functional polymers used in the research are
synthesized and characterized in collaboration with
CNMS.

Much of the team’s research involves studies of light
harvesting complex II (LHC II), a protein complex
that is responsible for light capture in plants. SANS
experiments were performed with LHC II in deter-
gent solutions containing mixtures of hydrogenated
and deuterated water (D,0). Control of the D,0 con-
centration allows separate visualization of the pro-
tein and detergent, as well as the sample as a whole,
through application of contrast variation methods. At
the H,0/D,0 mixture where the detergent is invisible
(~15%), researchers could see the scattering profile
of the protein, without any significant contribution by
the detergent. This study showed that the protein was
in its native trimeric state and provides preliminary
data for investigating the interaction of the protein
with synthetic polymer systems. Beginning in 2009,
the group plans to use the Bio-SANS instrument for
follow-on structural analysis studies of the polymer-
protein systems.

“This fundamental research takes inspiration from
nature, utilizing LHC 11, and combines it with preci-

- ORNL NEUTRON SCIENCES neutrons.ornl.gov




sion polymer synthesis to produce new photosynthetic
systems that will potentially have properties that
exceed current biosystems,” says Phillip Britt, CSD
director. “This project takes advantage of the unique
properties of neutrons, which allow only the part

of interest to be observed by contrast matching, to
study the structure of protein complex in a nonnative
environment. These studies will lay the foundation for

understanding how the macromolecular structure, or
more precisely the three-dimensional orientation of
molecules in space, leads to the conversion of light
into electricity and how to design new more efficient
biohybrid systems.”

In future work, the researchers will extend their
research by developing synthetic versions of LHC II

SCIENCE HIGHLIGHTS 2008 ANNUAL REPORT

to replace the natural protein. It is envisioned that
synthetic analogues of LHC II could be directly
integrated into electroactive block copolymers to
produce a self-assembled photovoltaic structure in a
configuration that will respond optimally to light.

LHC II is the major chlorophyll binding protein in the photosynthetic membrane. This is the first
investigation of its structure in solution. The fit of the crystal structure of LHCII (1IRWT structure)

to the scattering data is shown as a green line.
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Artistic rendition of LHC II in a polymer membrane.
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Huntington’s disease (HD) is a genetic condition that
causes certain brain cells to waste away, eventually
robbing its victims of their ability to control their
muscles. In its early stages, it can cause clumsi-
ness, forgetfulness, and impaired speech. In its more
advanced stages, it can take away a person’s abil-

ity to walk, talk, and swallow. Available drugs for
this neurological disease, first described in 1872 by
American physician George Huntington, help patients
manage the symptoms of HD, but they don’t slow or
stop the disease.

While there is no cure for HD, there is hope. Scien-
tists at ORNL and the University of Tennessee (UT)
Medical Center are using modern tools to better un-
derstand the mechanisms behind this neurological
disease. Like Alzheimer’s and Parkinson’s diseases,
HD is caused by a specific protein, huntingtin, that
misbehaves. For all cases of HD, a defective gene
codes for the troublesome protein.

Each protein is made of a combination of amino
acids in a sequence dictated by a gene. In a
person suffering from HD, the HD protein in
many brain cells contains an abnormally long
sequence of 40 or more glutamine amino
acids in succession. This abnormal repeat sequence
results in the formation of fibrils (thin, threadlike fi-
bers) that cause brain cells to deteriorate and die. In
a healthy person’s brain, the huntingtin protein has
only 15 to 20 glutamines in repeat.

Sai Venkatesh Pingali, Chemical
Sciences Division, with an experiment
sample at the Bio-SANS instrument.

At HFIR, Chris Stanley is using SANS to trace in
real time the detailed formation of protein fibrils
composed of glutamine repeats. Stanley, a Shull Fel-
low and biophysicist with a Ph.D. in polymer science,
came to ORNL with the idea of conducting a study
of the growth, or aggregation, of protein fibrils using

Research on the molecular structure of proteins
will help us better understand neurological and
genetic diseases.

Researching a Cure for Huntington’s Disease

the Bio-SANS instrument at HFIR. Stanley’s mentor,
Dean Myles, introduced him to a UT Medical Center
researcher, Professor Valerie Berthelier, who is study-
ing the protein specifically involved in Huntington’s
disease.

At the Graduate School of Medicine, UT Medical
Center, Berthelier’s group seeks to understand the
mechanisms of protein folding and misfolding—
correct and incorrect folding of a linear chain of
amino acids into a three-dimensional protein. The
researchers decipher how these processes are related
to normal physiology and disease using chemical,
biophysical, and cell biology approaches.

In their current work on HD, they hope to find what
makes an aggregate toxic. By identifying small com-
pounds that are capable of altering the shape of the
aggregates, they think they will be able to understand
the functional role of pre-fibrillar species in the HD

Two-dimensional SANS pattern
from polyglutamine fibrils.

100 150
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process. Berthelier and Stanley have had a fruitful
collaboration so far.

“I am using small-angle neutron scattering to study
the structural formation of fibrils to help her under-
stand polyglutamine aggregation in Huntington’s dis-
ease,” Stanley says.“HD is caused by an abnormal
polyglutamine expansion in the huntingtin protein, a
huge biomolecule that has an interminable site that
can be cleaved off as a protein fragment. The result-
ing small protein, or peptide, fragment misbehaves
by aggregating into a threadlike fibril that can turn
into neuronal inclusions in the brain, causing brain
degradation.”

In mouse cell studies conducted by other research-
ers, no strong correlation has been found between
the amount of HD fibrils in the brain cells and real
behavioral effects, such as loss of memory and mus-
cular control.

“Something must be happening between the normal,
well-behaved protein and the fully formed fibril that
is toxic for the brain cells,”” Stanley says. "We are
searching for early intermediates or unusual pre-
fibrillar structures that can affect and potentially kill
brain cells.

“With the Bio-SANS at HFIR, we can look at
samples on a nanometer-length scale. We are doing
SANS experiments to identify the structures that
form over time with the hope of pinpointing unique
structures along the pathway, and possibly even off
the pathway, of fibril formation. Valerie and her team
can target those unique structures and try to identify
therapeutic compounds that inhibit the formation of
unique toxic structures. We are trying to get a better
handle on what is happening during the formation of
the fibril and which part should be targeted for treat-
ment.”

Top: Electron microscopy image of
polyglutamine fibrils. Bottom: Polar-
ized optical image of stained polyglu-
tamine fibrils.

Using time-resolved SANS, Stanley captured snap-
shots of the protein structure as it aggregated into
fibrils and determined the rate of aggregation. In the
experiment, synthetic huntingtin-like peptides having
between 22 and 42 glutamines in the repeat were

placed in a buffered salt solution in a quartz cuvette.

The solution contained deuterated water that, for
neutron scattering, provides a high contrast level to
observe the scattering from the protein.

“We know when in time that protein structural ele-
ments change,” Stanley says. ‘We can determine

SCIENCE HIGHLIGHTS 2008 ANNUAL REPORT

when changes in size and shape occur during aggre-
gation to form the fibril. We can measure the radius
of the cross section of the formed fibrils as well as
their mass per length. In future kinetic studies, we
will look for changes in the fibril’s building blocks
when therapeutic compounds are added.”

“In future experiments, we’re hoping to do a better
job of mapping out the pathway of the fibril as it
aggregates. We will be able to monitor a larger size
range simultaneously in our time-resolved aggrega-
tion studies when we use the EQ-SANS instrument
at SNS.”

Another project that Stanley is engaged in is using
SANS to study intrinsically disordered proteins that
are responsible for transcription and translation—
reading instructions from DNA and producing the
requested protein. Because of its plasticity and flex-
ibility, this protein type can bind to different binding
partners.

Stanley surmises that the CREB (CAMP response
element binding) binding protein, a large binding
protein with a short glutamine repeat that performs
transcription, might get trapped by an aggregating
HD fibril, knocking out the large protein’s central
transcription function. If SANS can be used to find
such a sequestered protein in an HD fibril, the result
would suggest one way that a protein fibril could be
responsible for the decline and death of a brain cell.
Other researchers have speculated about this possible
interaction where there are obvious implications for
HD.

As more powerful scientific tools become available,

HD patients and researchers remain hopeful that a

breakthrough might turn an incurable disease into a
curable one.
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Biomass from plants offers a potentially abun-
dant source of ethanol from the fermentation
of component sugars. But its complex laminate
structure —consisting of the biopolymers cellu-
lose, xylan, pectin, and lignin often collectively
termed lignocellulose—is difficult to disrupt
and break down into fermentable sugars.
Pretreatment is required to separate the
components, detach lignin, and discompose
the cellulose fibers for efficient conversion
to fermentable sugars.

To learn why lignocellulose is so difficult
to break down, a team of researchers is
using the Bio-SANS instrument at HFIR
and the Cray XT4 supercomputer at the Leadership
Computing Facility (LCF) at ORNL to investigate
biomass samples from the BioEnergy Science Cen-
ter (BESC), also at ORNL. Their goal is to visualize
the breakdown of plant cell wall structures during
biomass processing at length scales ranging from
nanometers to microns (one billionth to one millionth
of a meter).

This research project, ‘' Dynamic Visualization of
Lignocellulose Degradation by Integration of Neu-
tron Scattering Imaging and Computer Simulation,”
is a high priority because DOE has targeted energy
independence through cost-effective production of
ethanol and other liquid fuels from renewable bio-
mass as an important part of its mission. DOE says
that achieving success in this project will benefit the
broader goals of energy security, domestic economy,
and pollution reduction. High-resolution visualization
and characterization of biomass is also a key task
outlined by the DOE’s biomass for energy strategy.
Biomass research can Researchers say that their current work will dem-
onstrate the value of using an integrated neutron

help lower energy costs, reduce depen-
dence on oil, and decrease pollution.

Biomass Studies: Growing Energy

science and high-performance scientific computing
method to solve real-world problems. A second im-
portant goal of the research is to develop molecular
visualization techniques that can be extended to oth-
er fields, such as medical research; this goal would
be difficult to achieve without the combined use of
neutron scattering and high-performance computing.

Members of the research team from ORNL include
Barbara Evans and Joseph McGaughey of the
Chemical Sciences Division (CSD); Jeremy Smith,
Loukas Petridis, and Brian Davison of the Biosci-
ences Division; Volker Urban, William Heller, Hugh
0’Neill, and Sai Pingali of CSD and the Center for
Structural Molecular Biology; and Dean Myles of
the Neutron Scattering Sciences Division. The team
also includes Ida Lee of the University of Tennessee—
Knoxville and Art Ragauskas of the Georgia Institute
of Technology.

Lignocellulosic biomass, the scientific term for plant
leaves, stems, and roots, is an abundant and renew-
able resource. A wide range of potential sources
exist, including stalks and leaves left after harvest;
residues from the paper, pulp, and lumber industries;
bioenergy crops such as switchgrass hay and poplar
trees; as well as municipal wastes such as leaves

and tree trimmings. Unfortunately, the processing
required to break biomass down into fermentable
sugars for alcohol production and creation of other
products is more energy intensive and expensive than
extracting starch from grains or pressing juice from
sugar cane. The structure of plant cell walls, and how
those walls are deconstructed or converted at the
molecular level, is not fully understood.

Since biomass is a complex, multicomponent, and
multiscale material, characterization techniques are
required that span a range of length scales from ang-
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stroms to micrometers (more than one ten-billionth
to one millionth of a meter) and that can differen-
tiate between individual components in the native
material. Neutron scattering and diffraction, which
probe structures over this range of length scales, can
provide a fundamental understanding of the struc-
ture at the atomic and molecular level. Neutrons are
also excellent at “'seeing’’ order in complex systems,
which is also important for understanding why the
plant cell wall and lignocellulose structures resist
breakdown. The unprecedented detail of these studies
of the structure of lignocellulose will help engineers
develop new, cost-effective methods for breaking
down lignocellulosic biomass and using it in the
production of fuels and chemicals.

Neutrons are particularly good at locating where
critical water molecules are. This is very impor-
tant, since most of the reactions are hydrolysis,
in which a polysaccharide is broken by adding
water. In the future, the team will extend their
work across a broader suite of instruments at
SNS. This information will be complemented by
chemical force microscopy, a technique in which
nanometer-scale probes are modified with spe-
cific chemical groups to spatially map hydrogen
bonding and hydrophobic interactions between
lignocellulose components.

Computer simulation and modeling will integrate
the neutron scattering data with information
obtained from other complementary meth-

ods, thereby giving scientists a molecular-level
understanding of the structure, dynamics, and
degradation pathways of these materials. One
computer-based method is a numerical simulation
of biomolecular systems at the atomic level using a
molecular dynamics (MD) approach, which involves
the stepwise integration of the equations of motion
of many-particle systems. This approach is limited by

the restrictions of the available computer process-
ing power and has therefore been applied to systems
of at most ~105 particles and a 100-nanosecond
timescale.

The increased computer power now available at the
LCF allows extensions of the MD computer simula-
tions to micrometer lengths and microsecond times-
cales, which allows the simulation of lignocellulosic
biomass systems. Further extensions using coarse-
grained mesoscale techniques will allow the simula-
tion of even larger ensembles of
heterogeneous biomass systems,
thereby enabling numerical
studies of the degradation
process of the biopolymers in
detail. The best-fit mod-
els of the lignocellulose
molecules derived from
their experimental neutron
scattering profiles will
then be compared with the
results from these computer

.
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simulations, providing a combined experimental and
theoretical picture of lignocellulosic biomass systems
at the molecular scale.

In future work, the interplay between computer
simulation and experiment will be enhanced by the
development of codes for calculating the relevant
neutron scattering structure factors directly from
the simulation data; this will require the integration,
automation, and optimization of standard biomo-
lecular simulation programs for use in interpreting
the results of neutron scattering from lignocellulosic
targets. The team will then extend their studies to
biological breakdown of biomass by microbes and
enzymes, as well as to the growth and formation of
cell walls in living plant cells. The understanding of
the behavior of water and of molecular order in these
systems can clearly be greatly improved by the com-
bination of numerical studies using high-performance
computing and neutron scattering experiments on
real biomass samples.

This work is supported by programmatic funding
from the Genomes to Life Program of DOE’s Office
of Biological and Environmental Research.

Left: Biomass crops, such as the wheat shown here, are being grown in
deuterated water mixtures to provide deuterated lignocellulosic mate-

rial for neutron experiments. Right:
The physical structure of lignin in
aqueous solution was modeled using
molecular dynamics-based comput-
er simulation paired with scattering
data.
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Studies
of the
unique
struc-
ture of
synthetic
molecules
will help in
the devel-
opment of
drugs that
can target
diseased
areas of
the body.

An NSSD researcher is using a broad suite of
elastic and inelastic neutron scattering techniques
to study the structure and dynamics of polyami-
doamine (PAMAM) star-burst dendrimers in the
hope that these repeatedly branched molecules
will become an effective, targeted drug delivery
system for the treatment of cancers.

Wei-Ren Chen, who received his doctorate

in nuclear science and engineering at Mas-
sachusetts Institute of Technology in 2004,
is a Clifford G. Shull fellow at ORNL. Chen
studies “dendritic molecules,’”” synthetic
macromolecules that can be envisioned as
polymeric colloidal particles, which are
globular in shape. However, dendrimers
exhibit additional internal degrees of
freedom, such as conformational branch fluctuations
characteristic of linear chain polymers, which give
rise to rich phase behavior. In addition, dendrimers
have properties such as chemical uniformity, an
intra-molecular cavity for accommodating exogenous
materials, and functionalizable architecture, water
solubility, and biocompatibility, which makes them
excellent candidates for biomedical applications such
as highly specific drug delivery.

“Most of the cancer drugs are very toxic, so they
have to be wrapped inside some sort of vehicle when
being delivered to the targeted areas inside a human
body,” Chen explains. “It’s very important to know
what change takes place in the dendrimer vehicle
carrying the drug when it is introduced into the body.
So we developed a synergistic approach, combining
various neutron scattering techniques—molecular
dynamics simulations and theoretical calculations—
to systematically study the underlying chemical and

Targeted Drug Delivery Systems

physical mechanisms that govern the functioning
properties of dendrimers in aqueous solutions at
physiologically relevant pH.”

Chen works with his supervisor, Ken Herwig, and with
Greg Smith, leader of the NSSD’s Low-Q Group.
“Wei-Ren is the intellectual driver for this. He made
a proposal to ORNL’s Laboratory Directed Research
and Development Program and got funding for this,”
Herwig says. “Wei-Ren brings a unique combination
of a theoretical approach to understand and inter-
pret the data, with a very good understanding of the
experimental side, and the ability to carry out precise
experiments to provide the data that act as input for
the theory.”

Herwig says that the research, which he calls “very,
very hot in the field right now,” is a broad col-
laboration of researchers across the United States,
which Chen has been instrumental in establishing.
At CNMS, Kunlun Hong is synthesizing the isotopi-
cally labeled dendrimer; and the research group at
the California Institute of Technology, led by Bill
Goddard, is carrying out complementary atomistic
simulations to provide the microscopic information
that is not accessible experimentally.

“This particular system, this generation of these
dendrimer systems, is very exciting. They can be
functionalized so that you can add additional groups
on the out-surface of the dendrimer so that they can
target particular locations, and things like viruses

or cancer cells, so they can be like a Trojan horse,”
Herwig explains. “You functionalize the surface
group with something which a virus or cell wants to
attract to itself, and then you get it bound onto that
substrate cell and then it delivers the targeted drug.”

- ORNL NEUTRON SCIENCES neutrons.ornl.gov



“The other reason there is excitement is that the
dendrimer is quite adaptive in its geometry, in terms
of how large you make them,” Herwig says. “'People
are also looking at the acidity of the environment
(the acidity of a dendrimer/drug preparation outside
the body is very different from the acidity it encoun-
ters inside), and this is one of the key elements of
Wei-Ren’s research, to understand how the dendrim-
ers acquire electric charge based on how acidic the
environment is and how the dendrimers interact with
each other in a solvent.”

Chen and his collaborators used the SANS spectrom-
eters available at the HFIR, the National Insti-

tute of Standards and Technology, and the Institut
Laue-Langevin (ILL) to obtain structural informa-
tion about dendrimer solutions. They have shown
inter-dendrimer interaction is greatly influenced by
their unique molecular architecture. Combined with
a nuclear magnetic resonance experiment carried
out at CNMS, the SANS results provide
compelling evidence of the dense-core

picture of the dendrimer density profile, a
longstanding issue in the field of soft mat-

ter science. The findings suggest that the
routinely used Stokes-Einstein relation is

not valid in estimating the molecular size

of ionic soft colloids, such as dendrimers.

Using a sequence of quasi-elastic neutron
scattering instruments, such as the Back-
scattering Spectrometer at SNS, Chen and
his collaborators made the surprising dis-
covery that the individual motions of con-
stituent components of dendrimers show a
strong dependence on the pH value of the
surrounding environment. This has not been
reported experimentally or predicted com-
putationally. The intra-molecular collective

dynamics observed by
the Neutron Spin Echo
spectrometer at ILL
shows a similar unex-
pected dependence on
pH value. Molecular
dynamics simula-
tion and theoreti-
cal calculations are
now being carried
out to interpret
these observations.
It is expected that Chen’s
work will reveal fundamental
scientific behavior, which is criti-
cal for assessing the therapeutic
potential of PAMAM dendrimers.

Low pH
primary and tertiary
charged
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Neutral pH
primary
charged
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Dense-core to dense-shell transition in
dendrimer using pH as a trigger. SANS
studies reveal how molecules function
within solutions at different pH levels.
Simulating levels present in the human
body helps determine how drugs will act
when administered.
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Sunscreen and facial makeup sold at the lo-
cal drug store consist of particles as small as
30 billionths of a meter, or 30 nanometers.
These “‘engineered nanoparticles”” —made
of titanium oxide (Ti0,), zinc oxide (Zn0),
iron oxide (Fe,0,), silicon oxide (Si0,), and
other nanomaterials—are being produced
in growing quantities by industrial firms
and research laboratories. Concerns are
mounting about the effects of these
nanoparticles on human health and the
environment. The U.S. Environmental
Protection Agency is particularly inter-
ested in the “fate, transport, and trans-
formation of nanoparticles” to better
estimate the environmental and health
effects of exposure to manufactured
nanomaterials.

Studies indicate that Ti0, nanopar-
ticles—used in sunscreen to protect
skin from ultraviolet light—can pen-
etrate the skin. In some experiments
with mice, TiO, nanoparticles trigger
rapid and long-lasting defensive
responses. Other studies show that
nanosized Tio, Si0,, and Zn0O in
water are somewhat toxic to Esch-
erichia coli, the kind of bacteria
that perform a useful function in
the human stomach. Nanopar-
ticles may also act as important carriers of
pathogens and environmental contaminants.

Nanoparticle studies are leading to a better un-
derstanding of the environmental and health ef-
fects of the manufactured nanomaterials used in
common products such as lotions and skin creams.

Baohua Gu and Wei Wang, both of ORNL’s Environ-
mental Sciences Division, are teaming with Ken Lit-
trell, Hassina Bilheux, and Xun-Li Wang, NSSD, to

study the behavior of these engineered nanoparticles

How Nanoparticles Go with the Flow

under environmental conditions. Changes in water
chemistry profoundly influence the surface chemistry
of these particles, which in turn will affect whether
nanoparticles flow as individual particles, or as ag-
gregates that attach to subsurface sediment materi-
als such as quartz sands. The researchers have made
the first-ever proof-of-principle measurements of the
transport and deposition of nanoparticles in packed
sand beds in real time and space. Neutrons made it
possible to peek into nanoparticle behavior inside the
sand bed.

The data being gathered using neutron radiography
at the Technische Universitat Miinchen, Garching,
Germany, and SANS at HFIR will help researchers
predict the fate and mobility of nanoparticles in the
environment. Specifically, the ORNL team is focusing
on the behavior of nanoparticles that Gu and Wang
synthesized to ensure that particle size and shape are
uniform. For the first experiments, they selected TiO,
and Si0, nanoparticles because of their chemical
stability in solution (i.e., they do not dissolve in wa-
ter) and their surface charge dependence on solution
chemistry. Also, these nanoparticles are among the
most commonly manufactured nanomaterials.

During SANS experiments at HFIR, the TiO,
nanoparticles suspended in a solution are pumped
into a glass column of packed quartz sand, and a
beam of neutrons with a defined width is directed at
the nanoparticles in the flow-through system. SANS
research can be particularly useful for tracing the
fate and behavior of the nanoparticles inside the
sand bed. The quartz sand surface normally carries
negative charges at neutral pH. When the acidity
levels increase, nanoparticles such as TiO, will flip
their surface charge from negative to positive and
start sticking to the negatively charged sand surfaces
that previously repelled the nanoparticles. Silica par-
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ticles cannot be used in this experiment because of
their similarity to quartz sand. Some nanoparticles
remain as single particles and flow freely through the
sand bed, but others attach to each other or to the
larger sand particles,
eventually clogging
the flow through the
sand. Aggregates

of nanoparticles

are formed where
coagulation occurs.
The neutrons in the
low-energy, long-
wavelength cold
beam “'see’” only
nanoparticles at a
given spot. The larg-
er sand particles in
the packed column
do not interfere with
the analysis because
of their greater
length scale.

In neutron radiog-
raphy experiments
at Garching, the
nanoparticles are
labeled with a neu-
tron-absorbing ele-
ment such as gadolinium (as Gd,0,).

Si0, nanoparticles.

“Whether the nanoparticles flow out, attach to each
other, or deposit onto larger sand particles depends
on the surface and the solution chemistry,”” Gu says.
“Nanoparticles will attach to one another if the
repulsion forces are weak between them. For our
system, this
attachment oc-
curs if the wa-
ter has higher
salt levels. The
nanoparticles

A collimated neutron beam passes
through the sand bed to the neutron
detector. Because some neutrons will be absorbed
by the labeled nanoparticles, they will not reach

the neutron detector. The pixilated neutron detector,
which has a charge coupled device camera, enables
researchers to determine the bulk of nanoparticles
as they pass through the packed sand column in real
time and space.

SCIENCE HIGHLIGHTS 2008 ANNUAL REPORT

will coagulate and form aggregates that scatter the
neutron beam more effectively.”

“What we learn from these experiments,” Gu says,
“will help scientists better understand and predict
how nanoparticles will behave in the environment
under different conditions and how they might affect
human health.”

Ti0, nanoparticles.
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Proteins, polysaccharides, and nucleic acids are the
basic components of living organic systems. Known
as functional biopolymers, they exhibit discrete and
reversible changes in form as a response to small
changes in their environment. The discovery of such
cooperative interactions between segments of bio-
polymers has led researchers to try to create novel
synthetic polymers, which are similarly responsive
in a controlled way to stimuli. Scientists say the
design, synthesis, and characterization of “‘intel-
ligent,”” environmentally responsive polymeric
materials with controllable properties is impor-
tant for the emerging biomedical technologies of
the next decade.

ORNL researchers are working to develop such
materials for possible use in biomedical ap-
plications. Using the state-of-the-art general
purpose-SANS instrument at HFIR, they char-
acterize novel polymeric materials, which are
synthesized by materials scientists at ORNL’s
CNMS. Neutron scattering allows scientists
to study the nanoscale structures and inter-
actions of these novel polymers. The research
is being conducted by postdoctoral fellow
Gang Cheng, Yuri Melnichenko, and George
Wignall, all from the Neutron Scattering
Sciences Division, and Kunlun Hong and
Jimmy Mays from CNMS.

“ORNL has a proven record of using neu-
tron scattering to investigate the solubility
and structure of homopolymers and block
copolymers in various solvents,” says Melnichenko,
“and these capabilities have been significantly
enhanced by the new instruments available at HFIR
and SNS. This research will strengthen ORNL’s
position as a leader in creating ‘smart’ functional

Neutron research on developing improved poly-
mers with controllable properties is leading to
advances in the biomedical field.

“Intelligent” Polymers for Biomedical Technologies

polymeric materials and characterizing them using
advanced neutron scattering methods.”

The project involves the synthesis of biocompat-

ible stimuli-responsive homopolymers, block copo-
lymers, and gels, based on methoxy(oligo(ethylene
oxide))styrene and methoxy(oligo(ethylene oxide))
norbornene. Says Cheng, ' These biomimetic poly-
mers can identify a stimulus (temperature, pH,

ionic strength, etc.), evaluate the magnitude of the
signal, and then adequately adjust their conforma-
tion properties in a direct response.” The figure

(next page) shows how the scattering intensity from
the polymer solutions increases with temperature,
revealing at what temperature the polymers collapse.
“Understanding the fundamentals of the conforma-
tion response and phase behavior of the ‘intelligent’
polymers is imperative for a variety of applications in
biology and medicine,”” he says, “'such as drug deliv-
ery, bioseparation, biometric actuators, and surfaces
with reversible hydrophobic and hydrophilic proper-
ties.”

SANS has been used largely for investigation of
conformation of the polymers in solutions, due to the
appropriate length scales (1-100 nanometers) in-
volved, and the significant contrast between hydroge-
nated polymers and deuterium substituted solvents,”
says Melnichenko. “'In this project, we use SANS to
understand the fundamentals of the conformation
response and phase behavior of these polymers, as
well as the interplay between the interactions of the
backbone and side chains with water molecules. This
information is a prerequisite for designing stimuli-
responsive materials with desired properties,” he
explains.

A rapid response to stimuli and biocompatibility
are crucial when designing the molecular structures
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needed for targeted drug delivery inside the human
body. To achieve the intended goals, Fengjun Hua and
Kunlun Hong, polymer chemists at CNMS, synthe-
sized a series of comblike polymers, consisting of a
hydrophobic backbone and hydrophilic oligo ethylene
glycol (EG) side chains. The polymers are expected
to have low toxicity because of the presence of the
EG side chains. By varying the number of EG repeat
units in the side chains, the cloud point (temperature
at which solids are no longer completely soluble)

of their aqueous solutions can be held within the
optimal physiological range. And the relative interac-
tion strength of the hydrophobic (backbone —water)
and hydrophilic (side chain—water) fragments of
the bipolymers can be continuously varied and used
to control the solubility and phase behavior of the
system.

The comblike architecture allows researchers to vary
the length and composition of the backbone and side
chains independently of each other to achieve the
optimized structures and functions. Both the sizes

of the polymers and their shapes can be controlled
by increasing the molecular weight of the backbone,
while keeping the length of the side chain fixed. As a
result, a variety of complex and reversible structural
transformations and phase transitions can be in-
duced, including coil-globule in homopolymers, micel-
lization of block copolymers, and swelling—collapse
transitions in polymer gels.

“These polymers can be dissolved in water only if a
sufficient number of the hydrophilic EG side chains
are available,”” Cheng explains. “With increasing
temperature, the attractive interaction increases

due to increased hydrophobic interactions between
backbones and weakening hydrophilic interactions
between the EG side chains and water. These findings
are important for better design and application of
stimuli-responsive materials in the future.”

Recent publications resulting from the research
include:

G. Cheng, Y. B. Melnichenko, G. D. Wignall, F. Hua,
K. Hong, and J. W. Mays, “*Small angle neutron
scattering study of conformation of oligo(ethylene
glycol)-grafted polystyrene in dilute solutions: Ef-
fect of the backbone length,”” Macromolecules,
vol. 41(24), pp. 9831-9836, December 2008.
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G. Cheng, F. Hua, Y. B. Melnichenko, K. Hong,

J.W. Mays, B. Hammouda, and G. D. Wignall, “‘As-
sociation and structure of thermosensitive comblike
block copolymers in aqueous solutions,” Macromol-
ecules, vol. 41, pp. 4824-4827, July 2008.

SANS curves of polymer 1 in D,0 at dif-
ferent temperatures. Solid lines are fits to
models based

. on the molecu-
10 = T('C), DP =30 lar structure of
¥ A 25 the polymers.
# (DP—degree of
L Q 3 polymerization).
E ) 38
LB O 41
% 43
: Bx] 55
-E g
T 10 |- 40
0.01
E 8 {5 \ @
0.001 i PR | i i i i i 11 i i i

q Ay

ORNL NEUTRON SCIENCES The Next Generation of Materials Research o

35

o
o
o
(72)
=
=
(L)
[t}
-
=
(L)
[
=
11|
(&)
=
Ll
[}
(&)
(7]




36 * SCIENCE HIGHLIGHTS 2008 ANNUAL REPORT

Nickel-based superalloys are attractive
structural materials for buildings, precision
machinery, and vessels for nuclear power
reactors. These remarkable alloys are

as strong as steel and possess excellent
dimensional stability—that is, they do not
expand over a desirable range of operat-
ing temperatures.

One type of nickel-based superalloy
studied at HFIR is Waspaloy®. This
heat-resistant material is used in hot-
section components of turbine engines
that generate electricity. The constitu-
ents of Waspaloy are nickel, chro-
mium, cobalt, molybdenum, titanium,
iron, and aluminum. During its manu-
facture, this alloy is heat-treated to
better distribute its precipitates, thus
increasing the material’s localized
“microhardness.” The improved
precipitate distribution is respon-
sible for the superalloy’s excellent
mechanical and electrical proper-
ties.

Failed tests to drive a pin through
Waspaloy samples demonstrate
the material’s microhardness. The
localized spherical inclusions, or
solid precipitates, in the poly-
crystalline material serve as “'‘blocking points” to
prevent crack propagation. The heat treatment makes
the superalloy more uniform, conferring high electri-
cal conductivity.

Neutron scattering research with superalloys is
helping scientists develop better materials for
engineering and industrial applications.

The electrical conductivity could be used as a nonde-
structive measure of performance. If the conductivity

Superalloy Studies Heat Up

suddenly decreases after a long time, the change may
indicate that a small crack is about to form in the
superalloy, marking a precondition for mechanical
failure.

Ken Littrell, lead scientist for the GP-SANS instru-
ment at HFIR, and Rosario Gerhardt and Ricky
Whelchel, both of the Georgia Institute of Technol-
ogy, are using SANS to investigate whether the
distribution of precipitates changes in Waspaloy
components in turbine engines as a result of repeated
thermal exposure and cycling during service. SANS
uses beams of cold neutrons, cooled with liquid hy-
drogen, to produce slower, longer-wavelength neu-
trons.

The researchers used cold neutrons to strike, at

an angle of less than 1 degree, a previously heated
Waspaloy sample measuring about 1 square centime-
ter in area and 1 millimeter in thickness. The results
showed that the size of and separation between the
inclusions depended on how hot the sample became
and how long it was heat treated. Because the low-
energy neutrons used had a wavelength about the
same size as an inclusion (0.4 to 2 nanometers),
these measurements could be made.

“By studying the SANS diffraction pattern, we found
that heating time and temperature could be corre-
lated with inclusion size and spacing between these
particles,” Littrell says.“Smaller inclusions are
formed when the Waspaloy sample is heated at low
temperatures, and larger inclusions are formed at
higher temperatures.”

The researchers obtained a previously prepared Was-
paloy sample and measured the distances between

the inclusions using SANS. Then they heat treated it
outside the SANS instrument (ex situ heating) for a
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nominal two minutes. When the heat-treated sample
cooled to its stable configuration at room tempera-
ture, the scientists placed the specimen in the SANS
instrument. It took less than five minutes in room
temperature to see the effects of heat treatment,”
Littrell says, indicating that the spacing between the
inclusions had increased and become more uniform.

“The diffractions from these correlations show up as
a beautiful ring that is faint and broad, spreading to
the edges of the detector,”” Littrell says.“The center
of the ring becomes sharper and brighter. Our mea-
surements clearly showed that the distance between
the precipitates increases with a higher heat treat-
ment temperature or a longer treatment time.”

The peaks in the neutron scattering curves (see im-
age) represent the scattering from correlated spheri-
cal inclusions; the positions of the peaks give the
average separation between inclusions. The number
and density of the inclusions are related to the hard-
ness of the material. Changes in hardness that signal
imminent failure of the part can be confirmed by
detecting a decrease in electrical conducti