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Foreword

It is with pleasure that I present this year’s annual report for the NIST Center for Neutron 
Research. When looking back over the last year, the only word that I can use to describe 
this time period is dynamic. User operations were successful and productive, the reactor 
operating for 142 days out of a scheduled 142 days. The cold source continued to operate 
reliably and deliver neutrons 99% of the scheduled operating time. This period was marked 
by considerable scientific productivity and impact as the highlights in this report illustrate. 
The productivity is due to many factors, but it is worth noting that the number of user 

experiments on the MACS spectrometer continued to grow as the amount of time available to the user community 
was increased, industrial research participation on many of the neutron instruments, especially uSANS, was 
strong, and research opportunities with other laboratories grew, particularly in the area of biology and biosciences. 
Moreover, significant progress was made towards bringing the isotope labeling laboratory on line which will 
certainly prove to be a valuable resource for NCNR users. 

This year was also marked by a period of many facility enhancements that can best be described as historic. On 
April 3, the reactor shut down, as planned, for a period of 11 months. As I described in last year’s annual report 
this outage was scheduled in order to execute many tasks towards the expansion of our cold neutron measurement 
capability and enhance the reliability of the reactor. A few of the activities include installation of a new neutron 
guide system in our expanded guide hall which will hold new and relocated instruments, installation of a new 
cold source dedicated to the MACS instrument, relocation of MACS, and installation of a new cooling system for 
the reactor’s thermal shield. In addition significant construction in and around the site has taken place during 
the outage, including the construction of a new secondary cooling system, the addition of a new cooling tower 
cell, and additional electrical capacity. The commencement and execution of this outage marks the culmination 
of a significant amount of planning and coordination as well as the hard work and diligent efforts of our staff, 
especially those from Reactor Operations and Engineering and Research Facility Operations. You can read more 
about the progress we have made during the outage within this report and on our website: http://www.ncnr.nist.
gov/expansion2/ where you will find technical details and photos. I am also pleased to inform you of the release 
this year of an informal history, “The NIST Center for Neutron Research: Over 40 Years Serving NIST/NBS and the 
Nation”, by Jack Rush and Ron Cappelletti, NIST Special Publication 1120. Contained therein is an account of major 
events of the NCNR spanning the period from conception of the NIST reactor to the NCNR Expansion Project.

As of this writing we just announced our first call for proposals for experiments to be run upon restart of the 
reactor. In just a few short months the reactor will restart and users will return to the NCNR. The reason for the 
outage and expansion is for you, our users. I am looking forward to restoration of user operations and especially 
offering new measurement capabilities that our expansion project will provide through the coming year. I invite 
you to take a look at the research highlights from the past year as well as the description of what we have been up 
to during the outage. As you read through this report, I hope you get the same sense of excitement and opportunity 
that we are all feeling here.
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The NIST Center for Neutron Research
facilities most of which are used for neutron scattering 
research. The subsequent pages provide a schematic 

Neutrons provide a uniquely effective probe of the 
structure and dynamics of materials ranging from 
water moving near the surface of proteins to magnetic 
domains in memory storage materials. The properties 
of neutrons (outlined below) can be exploited using a 
variety of measurement techniques to provide information 
not otherwise available. The positions of atomic nuclei 
in crystals, especially of those of light atoms, can be 
determined precisely. Atomic motion can be directly 
measured and monitored as a function of temperature or 
pressure. Neutrons are especially sensitive to hydrogen, 
so that hydrogen motion can be followed in H-storage 
materials and water flow in fuel cells can be imaged. 
Residual stresses such as those deep within oil pipelines 
or in highway trusses can be mapped. Neutron-based 
measurements contribute to a broad spectrum of activities 
including in engineering, materials development, polymer 
dynamics, chemical technology, medicine, and physics.

The NCNR’s neutron source provides the intense, 
conditioned beams of neutrons required for these types of 
measurements. In addition to the thermal neutron beams 
from the heavy water or graphite moderators, the NCNR 
has a large area liquid hydrogen moderator, or cold source, 
that provides long wavelength guided neutron beams for 
the major cold neutron facility in the U.S.

There are currently 25 experiment stations: four provide 
high neutron flux positions for irradiation, and 21 are beam 

description of our instruments. More complete descriptions 
can be found at www.ncnr.nist.gov/instruments/. 
Construction of a second guide hall is now complete (see 
pp. 4-5) and five new instruments are under development.

 The Center supports important NIST measurement 
needs, but is also operated as a major national user facility 
with merit-based access made available to the entire 
U.S. technological community. Each year, more than 
2000 research participants from government, industry, 
and academia from all areas of the country are served 
by the facility (see pp. 56-58). Beam time for research to 
be published in the open literature is without cost to the 
user, but full operating costs are recovered for proprietary 
research. Access is gained mainly through a web-based, 
peer-reviewed proposal system with user time allotted by 
a beamtime allocation committee twice a year. For details 
see www.ncnr.nist.gov/beamtime.html. The National 
Science Foundation and NIST co-fund the Center for High 
Resolution Neutron Scattering (CHRNS) that operates 
six of the world’s most advanced instruments (see pp. 
59-61). Time on CHRNS instruments is made available 
through the proposal system. Some access to beam time for 
collaborative measurements with the NIST science staff can 
also be arranged on other instruments.

Why Neutrons?

Neutrons reveal properties not readily probed by photons or 
electrons. They are electrically neutral and therefore easily 
penetrate ordinary matter. They behave like microscopic 
magnets, propagate as waves, can set particles into motion, 
losing or gaining energy and momentum in the process, and 
they can be absorbed with subsequent emission of radiation to 
uniquely fingerprint chemical elements.
WAVELENGTHS − in practice range from ≈ 0.01 nm (thermal) 
to ≈ 1.5 nm (cold) (1 nm = 10 Å), allowing the formation of 
observable interference patterns when scattered from structures 
as small as atoms to as large as biological cells. 
ENERGIES − of millielectronvolts, the same magnitude 
as atomic motions. Exchanges of energy as small as 
nanoelectronvolts and as large as tenths of electronvolts can be 
detected between samples and neutrons, allowing motions in 
folding proteins, melting glasses and diffusing hydrogen to be 
measured. 

SELECTIVITY − in scattering power varies from nucleus to 
nucleus somewhat randomly. Specific isotopes can stand out 
from other isotopes of the same kind of atom. Specific light 
atoms, difficult to observe with x-rays, are revealed by neutrons. 
Hydrogen, especially, can be distinguished from chemically 
equivalent deuterium, allowing a variety of powerful contrast 
techniques.
MAGNETISM − makes the neutron sensitive to the magnetic 
moments of both nuclei and electrons, allowing the structure 
and behavior of ordinary and exotic magnetic materials to be 
detailed precisely. 
NEUTRALITY − of the uncharged neutrons allows them to 
penetrate deeply without destroying samples, passing through 
walls that condition a sample’s environment, permitting 
measurements under extreme conditions of temperature and 
pressure. 
CAPTURE − characteristic radiation emanating from specific 
nuclei capturing incident neutrons can be used to identify and 
quantify minute amounts of elements in samples as diverse as 
ancient pottery shards and lake water pollutants.

NCNR 2011 Accomplishments and Opportunities

A distorted composite view of the 
new guide hall, looking through the 
removed columns towards its center 
from within the old guide hall (east 
wing). At the extreme left is the 
backscattering spectrometer. A portion 
of the shield assembly for the new 
guides can be seen in the center of 
the picture. Far away to the right is all 
that remains of the wall separating the 
east and west wings of the guide hall.
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NIST Center for Neutron Research Instruments  
(as of Feb. 2012)
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Facility Expansion Activities
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NCNR Images 2011

North American neutron facility representatives meet at 
the NCNR: L. to R.: Sean O’Kelly, Ian Anderson (SNS), 
Richard Ibberson, Alan Hurd (LANL), Jim Rhyne (LANL), 
John Root (Chalk River), Dan Neumann, and Rob Dimeo.

Kathryn Krycka describes contrast matching on a tour of 
the NG-7 SANS facility.

Cool RFO guys: George Baltic, Bill Clow, Doug Johnson, 
and Dan Ogg move the MACS analyzer to temporary 
storage in the new guide hall.

Sammi Jo Cooper, a teacher at Briggs-Chaney MS, checks 
out crystal growth during the Summer Institute. 

Summer Highschool Intern Program (SHIP) students and
NCNR personnel take a break from research activity for 
a group photo on the beautiful grounds in front of the 
facility.

Pop goes the nucleus! in Juscelino Leão’s vivid chain 
reaction demonstration to a middle school tour.

Jeff Lynn encourages Roberto Clemente Middle School 
students to do violence! Smash it! Smash that frozen 
rose into shards!

Yun Liu expounds on the Spin-Echo spectrometer from 
the “dance floor” (or is he demonstrating the latest dance 
step?)
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Paul Brand 
and Tony 
Norbedo enjoy 
the success of
the thermal 
shield 
upgrade, 
which moves 
cooling water
while 
maintaining 
the pressure 
below 
atmospheric.

And it didn’t come tumbling down: removing the final columns between the guide hall east and west wings.

Pee Wee (new cold source for MACS) goes in...it’s all connected...and Bob Williams says, Look!...no leaks!

New guides assembled at various stages. Upper right: beam shutters partially installed at the C100 wall.
Lower right: John Copley and Jeff Zeigler survey recently arrived guide components.

L. to R.: 
Nancy 
Hadad, Bill 
Clow, Dan 
Adler, Dan 
Ogg, Mike 
Rinehart, 
George 
Baltic and 
Don Pierce 
watch 
intently 
as a guide 
shutter is 
set into 
place.
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Structural collapse and high-temperature  
superconductivity in iron-pnictide CaFe2As2 
at ambient pressure
S.R. Saha1, N.P. Butch1, T. Drye1, J. Magill1, S. Ziemak1, K. Kirshenbaum1, P.Y. Zavalij2, J.W. Lynn3, 
and J. Paglione1

1Center for Nanophysics and Advanced Materials, Department of Physics, University of Maryland, College Park, MD 20742
2Department of Chemistry and Biochemistry, University of Maryland, College Park, MD 20742
3NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899

The discovery of the new family of iron-based high 
transition temperature (Tc) superconductors has 

offered a new route to high transition temperatures 
[1], breaking the copper-oxide based high Tc 
superconductor monopoly. The highest Tc of ≈ 55 K 
has been found in the oxypnictide series  
RFeAsO1-xFx, while the oxygen-free “122” 
intermetallic series A1-xKxFe2As2 (A = Ba, Sr, 
Ca), crystallizing in the ThCr2Si2-type tetragonal 
structure, shows a maximum Tc of 38 K [1] and is the 
most popular series of the Fe-based superconductors. 
The 122 parent compounds are tetragonal at room 
temperature but undergo an orthorhombic structural 
distortion that is associated with the onset of 
antiferromagnetic (AFM) order. Tuning the system 
by elemental substitution or by external pressure 
suppresses the magnetic and structural ordering 
temperatures and induces superconductivity. 
CaFe2As2 is a unique member of this family; 
upon pressure application the magnetostructural 
transition is suppressed, but is abruptly interrupted 
by a structural collapse of the tetragonal unit cell, 
which was identified by neutron measurements in 
a He-gas pressure cell on BT-1 and BT-7 at NIST [4]. 
Intriguingly, the appearance of superconductivity 
in CaFe2As2 under pressure below 12 K only occurs 
when non-hydrostatic pressure is applied [2], while 
no trace of superconductivity was found when using 
a truly hydrostatic He gas pressure environment [3].

This contrast and sensitivity to pressure application 
encouraged us to use chemical substitution as an 
effective hydrostatic pressure on the unit cell to 
induce the structural collapsed tetragonal phase in 
this compound. Single crystals of CaFe2As2 were 
grown with light rare earths (R = La, Ce, Pr, and Nd) 
substituted into the Ca position to form  
Ca1-xRxFe2As2 , in order to investigate the structural 
and superconducting properties [4]. We find that 
electron-doping via aliovalent substitution of 
trivalent R3+ ions for divalent Ca2+ acts to suppress 
AFM order and induce superconductivity, with Tc 

surprisingly as high as 47 K, by far the highest value found 
in 122 FeAs-based compounds [6]. Moreover, the close 
match between ionic radii of La, Ce, Pr, and Nd with that  
of Ca allows us to selectively tune the structural parameters 
by using the slightly decreasing variation in rare earth size 
with f-electron count, known as the lanthanide contraction, 
to tune the unit cell volume in a controllable manner.

FIGURE 1: Temperature dependence of the a- and c-axis lattice 
parameters of Ca1−xRxFe2As2. The color-intensity plots highlight the 
structural collapse of the tetragonal unit cell induced by rare earth 
substitution upon both warming (red arrows) and cooling (blue 
arrows) that is present in Pr0.075Ca0.925Fe2As2 (a-d), but absent in 
La0.19Ca0.81Fe2As2 (e-f). The first-order structural transition is strongly 
hysteretic in nature.



9NCNR 2011 Accomplishments and Opportunities

Single-crystal diffraction studies were carried out to study 
the Ca1-xRxFe2As2 structure, revealing dramatic changes 
in the structure that include not only an unprecedented 
thermal expansion, but also a structural collapse of the 
tetragonal unit cell akin to that previously found under 
pressure. Figure 1 presents the temperature dependence 
of lattice parameters determined by single crystal thermal 
neutron diffraction measurements of the (110) and (002) 
type nuclear reflections, yielding, respectively, a- and c-axis 
parameters. The substitution of only 7.5 % Pr into CaFe2As2 
is enough to drive the collapsed tetragonal transition, with 
the a-axis and c-axis lattice parameters undergoing 
a discontinuous jump. In contrast, the substitution of  
19 % La does not drive the system toward any observable 
transition because the larger ionic radius of La is not 
amenable to inducing positive chemical pressure.

FIGURE 2: Comparison of c-axis lattice parameters in the 
Ca1−xRxFe2As2 family for different rare earth substitutions at ambient 
pressures. The collapse of the c-axis in Pr- and Nd-substituted 
Ca1−xRxFe2As2 is directly comparable to that in undoped CaFe2As2 
under applied hydrostatic pressure (black squares; from Ref. 4), while 
La- and Ce-substituted samples do not undergo a collapse in the 
substitution range investigated.

Figure 2 presents the temperature dependence of the c-axis 
unit cell dimension upon cooling, determined from neutron 
diffraction measurements of the (006) nuclear reflection for 
undoped CaFe2As2 [4] and several Ca1−xRxFe2As2 crystals 
at ambient pressure. A dramatic collapse in the structure is 

evident, with Nd substitution acting in a similar manner as 
Pr to achieve an almost identical collapse transition. Both 
cases show an absolute change in the c-axis through the 
collapse transition that is nearly identical to that observed 
in CaFe2As2 under pressure [4]. In contrast, La- and Ce-
substituted crystals fail to undergo a collapse to the lowest 
measured temperatures, even for the case of Ce where 
the c-axis dimension reaches below the value where the 
collapse occurs in the lighter rare earth-doped samples. 
This is understood to be the effect of the interlayer As-As 
distance, which we believe is the important parameter 
controlling the collapse of the unit cell [5], which does not 
reach the critical value of 3 Å in these crystals. However, as 
is evident by an extremely large c-axis thermal expansion 
of 180 x 10-6/K (the largest known value for any metal), 
the As-As bonding tendency is extremely strong in these 
crystals, which is literally on the verge of collapse.

High Tc superconductivity was found to be present in both 
the collapsed and uncollapsed structures [5], suggesting 
that the unconventional superconductivity of the iron-
based superconductor family appears to occur in this 
system regardless of the nature of the interlayer bonding. 
Given the absence of superconductivity in the collapsed 
phase of undoped CaFe2As2 under hydrostatic pressure [3], 
this is quite surprising and may originate from the subtle 
but important addition of charge doping. The insensitivity 
of the observed high-Tc superconducting phase to 
this boundary is unusual, raising important questions 
regarding which features of the chemical, electronic and 
magnetic structure are important to Cooper pairing.

References
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[2]	 M.S. Torikachvili, S.L. Bud’ko, N. Ni, and P.C. Canfield, Phys. 
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Spin liquid state in the S = 1/2 triangular lattice 
Ba3CuSb2O9

H.D. Zhou1, E.S. Choi1, G. Li1, L. Balicas1, C.R. Wiebe1,2,3, Y. Qiu4,5, J.R.D. Copley4, and J.S. Gardner4,6

1National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL 32306-4005
2University of Winnipeg, Winnipeg, MB, R3B 2E9 Canada
3University of Manitoba, Winnipeg, MB, R3T 2N2 Canada
4NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899-6102
5University of Maryland, College Park, MD 20742
6Indiana University, Bloomington, IN 47408

One of the current thrusts of modern condensed 
matter science has been the realization of an 

important model compound known as the quantum 
spin liquid (QSL). The existence of these materials, in 
which magnetic spins remain disordered by quantum 
fluctuations in the limit of zero Kelvin, underpins 
much of modern condensed matter theory. Previous 
studies have shown that QSL ground states tend to 
emerge in the geometrically frustrated materials, in 
which the interactions among the limited magnetic 
degrees of freedom lead to a strong enhancement 
of quantum fluctuations. While the study of the 
QSL state in the organic compounds remains a 
hot topic, there are very few inorganic materials 
identified as model systems for QSL ground states. 
Many efforts to synthesize spin liquids on triangular 
lattices in inorganic materials have failed. Here, we 
unveil a new candidate for a spin liquid compound 
– Ba3CuSb2O9 – in which Cu2+ species form a 
geometrically frustrated triangular lattice.

The crystal structure of Ba3CuSb2O9, a 6-H 
perovskite-related material with a = b = 5.8090 Å and 

c = 14.3210 Å, can be represented as a framework consisting 
of corner-sharing SbO6 octahedra and face-sharing CuSbO9 
bi-octahedra, as shown in Fig. 1(a, b). In the bi-octahedra, 
the Cu and Sb cations are well-ordered. The Cu ions 
occupy the 2b Wyckoff site of space group P63mc, and this 
site forms the triangular lattice in the ab plane (Fig. 1(c)). 
Therefore, the structure can be seen as a two-dimensional 
triangular magnet, i.e., the Cu magnetic triangular lattices 
are magnetically separated by the two non-magnetic Sb 
layers (Fig. 1(b)).

The temperature dependence of the DC magnetic 
susceptibility measured with m0H = 0.5 T for Ba3CuSb2O9 
shows no signature for a magnetic transition above 1.8 K, 
as indicated in Fig. 2(a). The temperature dependence of 
the AC magnetic susceptibility (Fig. 2(b)) further shows no 
sign of a magnetic transition down to 0.2 K. The neutron 
powder diffraction pattern obtained at 0.2 K with l = 1.8 Å 
on the DCS at NIST (Fig. 2(c)) shows no intensity change 
nor additional peaks from the 4 K data (not shown here), 
indicating that there is no magnetic transition nor structural 
distortion down to 0.2 K. The possibility of mixing between 
the Cu and Sb sites has been tested by refinement of the 
neutron diffraction data, which show a full occupancy 
of Sb(1) on the corner-sharing SbO6 octahedron sites and 
Cu on one of the ordered bi-octahedra sites. There is a 
slight amount of site mixing (refined from the neutron 
data to be 5.1(4) %) of the other ordered bi-octahedra 
sites - Sb(2) sites are replaced by (orphan) Cu ions. The 
DC magnetic susceptibility contribution from this 5.1 % 
Cu2+ orphan spins has been calculated by a simple Curie 
law. The susceptibility, after subtracting this contribution, 
is shown as open circles in Fig. 2(a). The Curie-Weiss fit 
of this linear behavior at high temperature gives a qCW = 
-55 K and an effective moment meff = 1.79 mB/Cu, which is 
consistent with the expected value for Cu2+ (S = 1/2) ions. 
The exchange interaction J is estimated to be J/kB = 32 K by 
fitting the data between 150 K and 300 K to the calculation 
for the spin 1/2 triangular lattice using a high-temperature-
series expansion (HTSE).

FIGURE 1: (a) Schematic crystal structure for Ba3CuSb2O9; 
(b) The layer structure along the c-axis; (c) The triangular 
lattice of Cu2+ in the ab plane.
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The magnetic specific heat (CM, Fig. 3) of the Cu2+ 
triangular lattice is obtained by subtracting the lattice 
contribution (CP of the non-magnetic Ba3ZnSb2O9), and 
the Schottky anomaly from the Cu2+ orphan spins (detail, 
see Ref. [1]). As shown in Fig. 3(b) with the log-log scale, 
between 1.4 K and 4 K, CM can be fitted as CM = bTa with 
b = 37.0 mJ K-3mol-1 and a = 1.83(2). This a value is near 
2.0, showing quadratic temperature dependence. At lower 
temperatures, between 0.35 K and 1.4 K, CM can be fit as 
CM = gTa with g = 43.4 mJ K-2mol-1 and a = 0.99(2), giving 
a linear temperature dependence. The integrated magnetic 
entropy variation below 30 K is 1.7 J K-1mol-1, which is 
around 30 % of Rln(2) = 5.76 J K-1mol-1 for a S = 1/2 system, 
where R is the gas constant, as shown in Fig. 3(a). This 
feature indicates a high degeneracy of low-energy states at 
low temperatures. 

The susceptibility and specific heat both show no magnetic 
ordering down to 0.2 K for Ba3CuSb2O9 despite moderately 
strong nearest neighbor antiferromagnetic interactions 
with J ≈ 32 K, which clearly places this compound in 
the highly frustrated regime. The field-independent CM 
is common in spin liquid candidates, which should be 
insensitive to moderate applied fields. On the other hand, 
the linear dependence of CM is unusual for 2D frustrated 
lattices, which should have a quadratic dependence for 
linearly dispersive low energy modes. However, a linear 
T dependence at low temperatures has been predicted by 
the resonating-valence-bond model of Anderson, due to 
the pairing of spins into singlets [2]. One current mode 
of thought is that a Fermi surface of spinon excitations is 
formed within the liquid state, which gives rise to a linear 
term even for Mott insulators [3].

In summary, the synthesis and characterization of 
Ba3CuSb2O9, which has a layered array of Cu2+ spins in a 
triangular lattice, are reported. The magnetic susceptibility 
and neutron scattering experiments of this material show 
no magnetic ordering down to 0.2 K with a qCW = -55 K. 
The magnetic specific heat reveals a linear dependence on 
T with g = 43.4 mJ K-2mol-1 below 1.4 K. These observations 
suggest that Ba3CuSb2O9 is a new quantum spin liquid 
candidate with a S = 1/2 triangular lattice.
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FIGURE 2: (a) The temperature dependences of the DC magnetic 
susceptibility (c). The red open squares represent c as measured, 
the green dashed line, c of orphan spins, and the blue open circles, 
represent c after deleting orphan spins. The solid curve on c 
data above 150 K represents a fit to the high-temperature-series 
expansion. Inset: 1/c – after deleting the orphan spin contribution 
(open triangles). The solid line on the 1/c data represents a Curie-
Weiss fit. (b) The temperature dependence of the real part of the 
AC magnetic susceptibility (c’). (c) Neutron diffraction pattern (red 
crosses) at 0.2 K. The solid blue curve is the best fit from a Rietveld 
refinement using FullProf. The vertical marks indicate the position of 
Bragg peaks, and the bottom curve shows the difference between the 
observed and calculated intensities. The error bars ± s are too small 
to be visible on the figures. 

FIGURE 3: (a) The temperature dependences of the reduced heat 
capacity CM/T and the magnetic entropy SM; (b) The temperature 
dependence of CM (open symbols). The solid lines are fits as described 
in the text.
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Magnetism is directly related to 
superconductivity in several heavy fermion 

and d-transition metal-ion systems. Most 
notably, localized magnetism is believed to 
be directly coupled with high-temperature 
superconductivity in the cuprates as 
evidenced through studies as a function 
of charge concentration. More recently, 
the discovery of superconductivity in the 
iron-based compounds has revealed a 
series of materials were superconductivity 
and magnetism coexist. Magnetism 
and superconductivity are strongly 
intertwined in these systems as illustrated 
by neutron inelastic-scattering experiments, 
which have shown a distinct change in the 
spin fluctuations on cooling through the 
superconducting transition temperature [1]. 

Using neutron inelastic scattering, we investigate 
the low-energy spin fluctuations in Fe1+xTe as a 
function of both temperature and interstitial iron 
concentration. For Fe1.057(7)Te, the magnetic structure 
is defined by a commensurate wave vector of (1/2, 
0, 1/2). The spin fluctuations are gapped with a 
sharp onset at 7 meV and are three dimensional in 
momentum transfer, becoming two dimensional at 
higher-energy transfers. On doping with interstitial 
iron, we find, in Fe1.141(5)Te, the ordering wave vector 
is located at the incommensurate (0.38, 0, ½) position 
and the fluctuations are gapless with the intensity 
peaked at an energy transfer of 4 meV. These results 
show that the spin fluctuations in the Fe1+xTe system 
can be tuned not only through selenium doping, but 
also interstitial iron.

Arguably, the simplest iron-based superconductor 
is the single layered Fe1+xTe1-ySey system where 
superconductivity has been observed with a 
maximum transition temperature of 14 K for  
y ≈ 0.5. The structure is shown in Fig. 1 illustrating 
both the cation (iron) and anion (selenium and 
tellurium) sites. While selenium doping has proven 

to be the most direct route for inducing superconductivity 
in this system, recent studies have shown that the 
selenium concentration is directly tied to the amount 
of interstitial iron between the FeTe layers. This was 
demonstrated in a study of Fe1+xTe0.7Se0.3 which proved 
that the superconductivity and the magnetic excitations 
were directly linked with the level of interstitial iron, 
independent of the selenium concentration [2]. The 
magnetic structure of the parent non-superconducting 
Fe1+xTe, in the absence of selenium doping, has been 
investigated using neutron diffraction illustrating a 
dramatic change of the magnetic and crystalline structure 
with changing the interstitial iron concentration [3]. For 
small amounts of interstitial iron, a commensurate double-
stripe spin-density wave phase exists which abruptly 
changes to a spiral magnet for x > 0.12. 

The superconducting variants of Fe1+xTe1-ySey have been 
investigated and neutron inelastic scattering has reported 
the static magnetic order observed in the parent material 
to be replaced by short-range correlations near the (1/2, 
1/2, L) position. This position in reciprocal space matches 
a nesting wave vector proposed from photoemission 
measurements indicating possible coupling between 
electronic and magnetic properties. Notably, in the 

FIGURE 1: Left: crystalline structure of the parent Fe1+xTe compound: the gold/
white spheres represent possible interstitial positions of the +x Fe ions, gold 
spheres represent Fe, and green spheres represent Te. Right: double-stripe 
magnetic structure on the Fe sublattice at low interstitial Fe concentration. 
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superconducting phase, a resonance peak at ≈ 7 meV has 
been observed in the half-doped (y ≈ 0.5) systems [4]. The 
peak appears below the superconducting transition and is 
sharp in energy. Unlike its counterpart in heavy-fermion 
superconductors, the momentum dependence is very two 
dimensional in nature, forming a rod along the c* direction. 

The microscopic nature of the magnetism and its relation 
to superconductivity in the FeAs-based high temperature 
superconductors is a matter of current debate and research. 
While the reduced-ordered moment may indicate itinerant 
effects are important, there are two key differences with the 
Fe1+xTe system which may point toward strong localized 
magnetism in this system. Firstly, the ordered moments 
are significant. Secondly, the ordering wave vector is not 
consistent with the nesting wave vector reported from 
photoemission. Little attention has been placed on the 
role of excess Fe on the spin fluctuations and transport 
properties with much activity focused on the role of Se 
doping.

Using the MACS cold triple-axis spectrometer at NIST, we 
have measured the magnetic fluctuations as a function of 
interstitial iron doping in the parent Fe1+xTe compound. In 
particular, we have focused on two different concentrations 
of x = 0.057(7) and x = 0.141(5) in the commensurate 
double-stripe and spiral phase respectively. Single crystal 
x-ray diffraction on crystals cleaved from the larger crystals 
was performed to characterize the amount of interstitial 
iron. Constant energy planes were probed by fixing the 
final energy to 3.6 meV and scanning momentum transfer 
with the 20 double-bounce PG(002) analyzing crystals and 

detectors and varying the incident energy defined by a 
double-focused PG(002) monochromator. 

The inelastic scattering measured on MACS is summarized 
at T = 2 K in Fig. 2 through a series of constant-Q cuts 
taken by integrating over L = [-1.55, -1.45]. Panels (a) and 
(b) compare the excitations in the ordered state at low 
temperatures for Fe1+xTe with x = 0.057(7) and 0.141(5), 
respectively. The excitations in the x = 0.057(7) sample 
are gapped with a value of 7 meV (panel (c) ) while those 
in the interstitial Fe-rich x = 0.141(5) concentration are 
gapless, yet with the spectrum peaked at around 4 meV 
(panel (d) ). The excitation spectrum for x = 0.057(7) is 
broadly consistent with the magnetic structure with a large 
anisotropy, stabilizing the double stripe commensurate 
structure shown in Fig. 1. Once this energy scale is tuned 
to zero with interstitial iron, e.g., x = 0.141(5), the gapless 
excitation is the required phason for a spiral structure. 
These results show that the characteristic energy scale of 
the magnetic fluctuations can be tuned with interstitial iron 
doping as well as the previously established charge doping 
through selenium substitution.

One of the most important discoveries of this study 
is the finding of a well-defined spin-gap in the non-
superconducting parent compound with the same 
energy as the resonance peak found in superconducting 
concentrations. While the energy is very similar, there 
are some noteworthy differences between the excitations 
in the parent and superconducting concentrations. 
Firstly, the wave vector in the parent compound does 
not match a Fermi surface nesting wave vector as it does 
in superconducting concentrations. Secondly, the low-
energy fluctuations near the gap value are highly three 
dimensional in the parent compound investigated here 
while they are two dimensional in superconducting 
concentrations of Fe1+xTe1-ySey. This difference is broadly 
consistent with theories that suggest that two dimensional 
magnetic fluctuations are important for unconventional 
high temperature superconductivity. Our results might also 
suggest that the resonance peak found in superconducting 
concentrations may originate from spin fluctuations 
consistent with several theories proposed for the resonance 
peak in the cuprate superconductors. This work is further 
described in Ref. [5].
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FIGURE 2: Constant-Q slices (a,b) and constant –Q scans (c,d) 
obtained using the MACS cold triple-axis spectrometer. Note the 
gapless spectrum for x = 0.141.
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Advances in state-of-the-art thin film deposition 
techniques have enabled the synthesis of 

complex oxide heterostructures with single, atomic 
layer precision (delta-doping). With this high level 
of control over ordering of atoms in the lattice, we 
can also tailor the magnetic exchange interactions 
that operate between nearest neighbors. Starting 
with antiferromagnetic (AF) La0.5Sr0.5MnO3, which 
has a composition close to a ferromagnetic (F)/
AF phase boundary [1], we used a delta-doping 
strategy to locally introduce regions of enhanced 
F double-exchange between spins on the Mn 
ions, relative to AF superexchange. Altering the 
charge profile in this manner produced a highly-
modulated magnetization. We used polarized 
neutron reflectometry (PNR) at the NCNR to 
examine the magnetic depth profile and the length 
scale over which the delta-doped charges extended 
in this correlated material, which is a quantity of 
fundamental interest analogous to the Thomas-Fermi 
length [2].

The AF host material is a superlattice (SL) comprised 
of alternating LaMnO3 (LMO) and SrMnO3 (SMO) 
perovskite unit cell layers (each ≈ 0.4 nm thick), 
epitaxially grown on a SrTiO3 substrate by ozone-
assisted molecular beam epitaxy [3] at Argonne National 
Laboratory. By periodically inserting an extra LMO 
unit cell, as shown schematically in the inset of Fig. 1a, 
we delta-doped the structure with a layer of electrons 
on the MnO2 planes, yielding a nominal composition 
La0.56Sr0.44MnO3. The total SL thickness was ≈ 30nm.

A-type AF order, consisting of F coupling within the MnO2 
planes and AF coupling between adjacent planes, was 
confirmed by measuring a (0 0 ½) neutron diffraction peak. 
However, SQUID magnetometry measurements showed 
that the SL also had a net F moment. This was the first clue 
that the spins were actually canted.

FIGURE 1: (a) Non spin flip PNR measured in 675 mT applied field at 
120 K. Inset: schematic of the SL structure. (b) Magnetic depth profile 
determined by the fit to the PNR spectra. Location of the LMO (pink) 
and SMO (green) layers are shown. (c) Spin-flip intensity, showing the 
AF peak and satellite peak. Inset: Non spin flip intensity in the same 
range.

In order to examine if the net moment varied with the 
dopant profile of the SL, we performed PNR measurements 
using the NG1 reflectometer. Because the nuclear scattering 
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length densities of LMO and SMO are nearly identical, only 
magnetic variations in the layer profile were detectable. 
Indeed, a Bragg peak was measured in the PNR spectra, 
shown in Fig. 1b, revealing that the magnetization is 
modulated, and the period of the magnetic modulation 
matches the period of the SL structure. In fact, the size of 
the modulation is quite large, from 0.7 μB up to 2.2 μB per 
Mn ion, and the maxima coincide with the extra LaMnO3 
layer, as shown in Fig. 1b. The high moment regions 
extend across 6 unit cells. This implies that the delta-
doped charges spread out to three unit cells from both 
sides of the delta-doped layer. Spin frustration typical 
of F/AF interfaces is absent here. Rather, the transitions 
between highest and lowest moments in the profile occur 
via a continuous change in canting angle. In comparison, 
the PNR spectra for an alloy film having a uniform 
composition profile (no delta-doping) shows a F moment 
but no Bragg peak. 

To investigate this magnetic profile even further, we 
carried out neutron diffraction measurements with 
polarized neutrons and polarization analysis (also on NG1 
reflectometer) in the q range of the AF peak, as shown 
in Fig. 1c. The AF peak appears in the spin flip channels 
of the spectra because the AF spins have a component 
of magnetization oriented away from the applied field 
direction, with a periodicity of twice the out-of-plane lattice 
parameter. Furthermore, because the amount of canting 
is modulated with a period matching the SL structure, 
a satellite peak appears to the side of the AF peak. This 
spin-flip diffraction measurement confirms the canted, 
modulated spin structure of the SL, shown schematically in 
Fig. 2. In agreement with our experimental determination 
of this spin structure, a two-orbital tight-binding model 
showed a strong dependence of canting angle on dopant 
concentration through the F/AF phase transition.

In his pioneering work in 1960, de Gennes had predicted 
that the canted AF state results when mobile carriers are 
added to an AF manganite host [4]. However, experimental 
observation of the canted AF state had been obscured by 
tendencies of the material to form a mixed F/AF phase. By 
using a digital synthesis technique to mitigate the effects 
of disorder and using polarized neutron reflectometry and 
diffraction to directly observe the spin canting, we have 

indeed realized the canted AF state in the manganites for 
the first time. Exploiting the competition between F double-
exchange and AF superexchange interactions to tailor 
the magnetic structure as we have shown here, is unique 
to the correlated manganites and cannot be realized in 
conventional semiconductors or metals.
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FIGURE 2: Spin structure within 4 supercells (9 unit cells each) of the 
SL. Pink and green arrows represent the F spin alignment within the 
MnO2 planes of the LMO and SMO layers, respectively. The dotted blue 
lines are the projection of the spins onto the yz-plane and signify the 
magnetic potential measured by neutron diffraction. The dotted purple 
lines are the projection of the spins onto the xz-plane and signify the 
magnetic potential measured by PNR. The dotted red lines show the 
canting angle θz. The black lines aid the eye in identifying the spin 
modulation.
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Multiferroics are materials having both 
ferroelectric and magnetic order. To be 

ferroelectric, materials must break spatial inversion 
symmetry. To be magnetic, they must break time 
reversal symmetry. Materials possessing the 
requisite symmetries are rare. Materials which 
break both symmetries at room temperature are 
rarer still. BiFeO3 (BFO) is the only material thus far 
to be both multiferroic and to demonstrate strong 
coupling between magnetism and ferroelectricity 
at room temperature. BiFeO3 is a cubic perovskite 
which orders ferroelectrically at 820 °C [1] and 
antiferromagnetically at 370 °C [2]. It has a 
rhombohedral distortion along the [111] direction, 
and in the ferroelectric state can be described by 
the R3c space group. It has been shown that the 
application of an electric field can change the 
magnetic domain populations in both films and 
single crystals [3,4].

The magnetic structure of BiFeO3 was first probed in 
powders [4]. These studies were able to demonstrate 
that the magnetic structure was modulated, but 
were unable to determine the phase of the magnetic 
ordering. Such a determination would have to await 
the availability of studies on single crystals which 
revealed that the magnetic structure was a long 
wavelength spiral of periodicity of 620 Å, in which 
spins rotate in an easy-plane containing both the 
ferroelectric polarization and the propagation vector 
describing the spiral [4]. However, in very thin films, 
the spiral collapses to a G-type antiferromagnetic 
order, evinced by a single peak at the (0.5 0.5 0.5) 
position [5]. Unfortunately, the direction of the 
moments in the film is still undetermined.

In our study, we measure neutron diffraction from 
1 μm thick epitaxial films of BFO grown by pulsed 
laser deposition on (110) and (111) oriented SrTiO3 
(STO) substrates. A thin SrRuO3 layer was grown 
between the BFO and STO layers. Measurements 
were performed on the BT9 and BT7 thermal 
triple-axis instruments. 3He cells [21] were placed 
before and after the sample for the polarized beam 

measurements. The experiments were performed in air at 
ambient temperatures.

Figure 1a shows a reciprocal space map of the (110) 
oriented BiFeO3 film in the HHL zone using unpolarized 
neutrons. We see that for thick films, the modulation 
is recovered, shown by the presence of two distinct 
reflections. However, from this measurement alone it 
is not possible to determine the magnetic structure, so 
we turn to polarized beam measurements. In Fig. 1b we 
show measurements of Spin Flip (SF) and Non Spin Flip 
(NSF) scattering with the neutron polarization parallel 
to the scattering vector, Q = (0.5 0.5 0.5). We observe that 
the SF scattering is much stronger than NSF. Thus, a 
component of the moment is perpendicular to (0.5 0.5 0.5) 
and is either normal to the scattering plane or along the 

FIGURE 1: Neutron diffraction measurements of the (110) oriented 
BiFeO3 film. (a) Reciprocal space map taken in the HHL zone using 
unpolarized neutrons; (b,c) intensity profiles taken in HHL zone with 
(b) P(neutron polarization)║Q(scattering vector) and (c) P⊥Q; (d) 
changes in scattering intensities with the polarization rotated by an 
angle θ within the scattering plane relative to the scattering wave 
vector direction (i.e., θ = 0 corresponds to the neutron polarization 
lying along the scattering vector). The red and black squares represent 
spin-flip and non-spin-flip scattering, respectively. The data have been 
corrected for spin transport.
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[1 1 -2] direction. Hence, while from this measurement 
we learn that magnetic scattering is present, the direction 
is not determined. Next (Fig. 1c), we place the neutron 
polarization normal to the scattering plane and again 
measure SF and NSF scattering. We observe that SF 
scattering is stronger than NSF scattering. Therefore, the 
moment has a component along the [1 1 -2] direction, one  
of the crystallographic hexagonal axes. To further constrain 
the structure, we measured the intensity of the right peak 
in Fig. 1b as we rotated the neutron polarization within 
the scattering plane. In Fig. 1d, we show how the intensity 
varies with the angle of the polarization as it deviates from 
the scattering vector, Q. The measurement is also consistent 
with a magnetic moment having a component along the  
[1 1 -2] direction. Thus, we conclude that in the (110) 
oriented film, we have a modulated magnetic structure 
although we are not able to resolve whether it is a spiral  
or other modulated structure, due to our lack of sensitivity 
to a component of the moment along the [111] direction. 
However, we are able to restrict the moment to the  
HHL plane.

In Fig. 2, we show measurements of BFO grown on the 
(111) oriented substrate. In Fig. 2a, we can clearly see 
that the unpolarized diffraction results are markedly 
different from those observed in the (110) oriented film. To 
learn more, we again turn to polarized beam diffraction 

measurements. Here, we orient the film in the zone defined 
by the (1 1 1) and (1 -1 0) reflections. From Fig. 2b, we 
see that SF dominates NSF scattering and observe that 
only a single peak is present. We note from Fig. 2c that 
for P⊥Q, NSF scattering now dominates SF scattering. 
We also observe that, unlike the unpolarized neutron 
measurements, we clearly see two peaks in these scans, 
which is indicative of a modulated structure. These three 
measurements are consistent with a picture in which 
G-type order in the HHL zone coexists with a modulated 
structure (which is obscured by the [1 1 -2] component 
of the G-type order in the unpolarized diffraction 
measurements). In Fig. 2d, we again rotate the neutron 
polarization within the scattering plane and confirm that 
the G-type ordering has a strong component along the  
[1 1 -2] crystallographic hexagonal axis. These 
measurements do not completely determine the modulated 
structure. We can say that it is comparable in magnitude 
to the G-type phase and that it lies within the plane 
containing [1 -1 0] and [1 1 1].

Our measurements show that it is possible to recover a 
modulated structure in BFO thin films. The nature of this 
magnetic structure can be tailored through the use of strain 
(for example, by growing the film on different substrate 
surfaces). Recently it has been found that the magnetic easy 
axis of permalloy deposited on BFO single crystals can 
be controlled by an electric field [8]. Thus, re-establishing 
modulated magnetic structures in thin films opens the 
doorway to new devices. 
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FIGURE 2: Neutron diffraction measurements of the (111) oriented 
BiFeO3 film. (a) Reciprocal space map taken in the HHL zone using 
unpolarized neutrons; (b,c) intensity profiles taken with (b) P(neutron 
polarization)║Q(scattering vector), and (c) P⊥Q; (d) changes in 
scattering intensities with the polarization rotated by an angle θ 
within the scattering plane relative to the scattering wave vector 
direction. The red and black squares represent spin-flip and non-spin-
flip scattering, respectively. The data have been corrected for spin 
transport.
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Two opposing layers of lipid molecules packed 
tightly together with polar sides facing aqueous 

regions and oily hydrocarbon chains inside, out of 
contact with water, create a lipid bilayer, the basic 
element of all cellular membranes. The complex 
architecture and many essential functions of 
eukaryotic cells rely on lipid bilayer membranes. 
About 1/3 of the proteins coded by the human 
genome are associated with lipid membranes. These 
proteins are essential to many cellular functions, 
such as ion, metabolite and water transport, 
signal transduction, muscle contraction, and cell-
cell recognition. Despite the importance of these 
proteins, little is known about their association with 
lipid environments. A lipid membrane is normally 
highly fluid with lipids diffusing rapidly along the 
bilayer surface and hydrocarbon chains disordered, 
in constant motion due to rotations about carbon-
carbon bonds. But this fluidity can be greatly affected 
by factors such as composition and temperature.

We use neutron diffraction as a tool for resolving the 
time-average distribution of atoms in a thermally 
disordered lipid bilayer by employing specific 
deuterium labeling. Bragg diffraction from oriented 
lipid multilayers is converted, via Fourier analysis, 
into one-dimensional density profiles of the bilayer 
along the z-axis, normal to the bilayer surface. 
The density profiles reveal the bilayer’s molecular 
architecture. There are peaks for the phosphate-
carbonyl groups, and a trough at z = 0, corresponding 
to the terminal methyl groups of the acyl chains 
(black curve, Fig. 1a). Specific deuteration of the acyl 
chain terminal methyl groups is used as a direct and 
quantitative method to determine the extent of chain 
disorder in the bilayer [1]. Hydration of the lipid 
in H2O and D2O allows for determining the water 
distribution associated with the polar head-groups. 
Deuterium difference profiles (lipid deuterated at 
the terminal methyl groups vs. natural lipid) reveal 

FIGURE 1: (a): Neutron diffraction results on the transbilayer 
distribution of lipid (black), terminal methyl groups (orange) and water 
(blue) in a DOPC bilayer. The scattering-length density profiles are 
on an absolute scale, up to an unknown factor (S), the area per lipid. 
(b): Transbilayer distribution of the terminal methyl groups in the 
liquid-ordered phase (2:1 DOPC:cholesterol) (brown, central peak) 
and the position and distribution of the first steroid ring of cholesterol 
(brown, side peaks). The brown curve was collected from a single lipid 
sample that contained cholesterol deuterated near the hydroxyl group 
and DOPC with deuterated terminal methyl groups. The black curves 
show the overall lipid profile in a bilayer without cholesterol (dashed) 
and with cholesterol (solid). Temperature: 21 °C, relative humidity: 
86 %. The inset illustrates the disposition of the lipid molecules and 
cholesterol in the bilayer. Orange spheres indicate the deuterium sites.
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a surprising number of acyl-chain methyl groups in 
the polar head-group region of the membranes. This 
result provides a direct measure of the disorder of 
the bilayer hydrocarbon region and shows that some 
chains exhibit sufficient bending motions to bring the 
chain methyl groups close to the membrane-water 
interface.

Natural cellular membranes are complex in 
composition, having hundreds of lipid species, 
including cholesterol, plus a variety of proteins. The 
role of cholesterol in organizing cellular membranes 
into functional domains or signaling platforms for 
proteins has been demonstrated in many studies. 
Direct demonstrations of how cholesterol affects 
bilayer organization are needed. We determined 
simultaneously the position of cholesterol and its 
effects on the hydrocarbon chain organization by 
using specific deuteration of cholesterol molecules 
and the terminal methyl groups of the lipids. 
Cholesterol is largely hydrophobic, made of a rigid 
steroid ring and a short, branched hydrocarbon 
tail. It has one polar group, a hydroxyl, making it 
amphipathic.

Our diffraction data show that cholesterol molecules 
align with the lipids such that the ring structure faces 
outwards toward the membrane surface (Fig. 1b). The 
presence of cholesterol imposes more order on the 
chains and causes the acyl-chain methyl groups to 
retreat from the polar region occupied the hydroxyl-
containing ring of the cholesterol. The cholesterol-imposed 
ordering of the chains is consistent with order parameter 
measurements by NMR as well as molecular dynamics 
simulations.

In our work, all-atom molecular dynamics simulations 
of dioleoyl-phosphatidylcholine (DOPC) and 
DOPC:cholesterol (2:1) bilayers at 7.9 waters/lipid 
(corresponding to experiments at 86 % relative humidity) 
were carried out at constant temperature (296 K) and 
constant pressure (1 bar) for 100 ns. Besides the overall 
ordering effect on the lipid chains, the molecular dynamics 
simulations reveal that cholesterol decreases inter-leaflet 
mixing (Fig 2). These findings are consistent with the idea 
that the DOPC:cholesterol liquid-ordered phase arises by 
the straightening of the phospholipid acyl chains.

The membrane properties at both microscopic (molecular 
interaction) and macroscopic (membrane rigidity, surface 
tension) levels have been suggested to affect the function 
of membrane proteins and drive the lateral segregation of 
certain membrane components. Our results indicate that in 
the liquid-disordered phase the membrane polar interface 
can be more hydrophobic than previously thought, due 

to some mixing of lipid head groups and hydrocarbon 
methyl groups in the polar region. This may affect 
molecular binding to the membrane surface (antimicrobial 
peptides, ligands) but also the interaction of the integral 
membrane proteins with the bilayer. Cholesterol changes 
this scenario by ordering the hydrocarbon core and 
decreasing the degree of overlap between the two leaflets 
of the bilayer. It also thickens the bilayer by about 2 Å at 
2:1 DOPC:cholesterol molar ratio, which partly explains the 
increased bending rigidity of membranes with cholesterol, 
observed in other studies.

Taken together, the neutron diffraction and MD simulation 
results offer a detailed, quantitative picture of the structure 
and dynamics of the liquid-ordered and liquid-disordered 
states of lipid membranes. This contributes important basic 
information to our understanding of membrane protein 
function in natural cellular membranes. 
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FIGURE 2: Simulated transbilayer distributions of terminal methyl groups 
in liquid-disordered and liquid-ordered DOPC:cholesterol (2:1) bilayers. 
(a): Transbilayer distribution of terminal methyls for DOPC observed in the 
all-atom molecular dynamics (MD) simulations of the results described in 
Fig. 1. The filled aquamarine curve shows the distribution for all terminal 
methyl groups. The broad wings observed experimentally are also observed 
in the simulation. The maroon and purple curves show the distributions of 
methyl groups associated with the left and right bilayer leaflets, respectively. 
(b): Snapshot of the all-atom MD simulation of DOPC. The terminal methyl 
groups are represented as spheres and are colored purple and magenta to 
distinguish methyls of each leaflet. Acyl chains shown in stick representation 
are gray. Phosphatidylcholine headgroups are also shown in stick 
representation colored according to element (red, oxygen; blue, nitrogen; 
gold, phosphorous; white, hydrogen). Water is shown as aquamarine.  
(c) and (d): same as in (a) and Fig. 1(b) for 2:1 DOPC:cholesterol. 
Cholesterol molecules, in gold, are shown in stick representation. As 
observed experimentally, the bilayer is thicker than for DOPC due to the 
ordering effect of the cholesterol on the DOPC molecules. 
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Neutron reflectometry studies of the Parkinson’s 
disease-related protein, α-synuclein, at the lipid 
bilayer interface 
C. M. Pfefferkorn1, F. Heinrich2,3, J. C. Lee1 

Parkinson’s disease (PD) is a prevalent age-
related neurodegenerative disease typified by 

resting tremors, slowness of movement, rigidity, 
and impaired balance in patients. Intensive research 
is beginning to shed light on its pathological 
underpinnings. One clue into the molecular causes 
of PD is a neuronal protein called α-synuclein 
(α-syn). Hallmarks of PD include the presence of 
inclusions (Lewy bodies) in the cells of brain tissues, 
composed mostly of aggregated or misfolded α-syn, 
and the loss of neurons that produce dopamine; 
moreover, genetic findings link mutants and over-
expression of α-syn to early-onset PD [1]. Since α-syn 
is unstructured in solution but converts to a β-sheet 
enriched, amyloid form in Lewy bodies, these large 
polypeptide structural rearrangements are associated 
in the causes of PD. In our work, we investigated the 
binding of α-syn to a lipid bilayer and its influences 
on membrane properties using neutron reflectometry 
(NR) [2]. 

The role of membranes in mediating α-syn (mis)
folding is of particular interest because membranes 
are ubiquitous in vivo and the binding of α-syn 
to membranes in vitro both induces formation of 
secondary structure (unstructured → α-helix) and 
modulates the rate of α-syn aggregation. Notably, 
PD mutations in α-syn can affect membrane binding, 
and oligomeric α-syn has been shown to disrupt 
membrane integrity, a process which could initiate 
cell death [1]. Despite substantial research efforts 
regarding the interaction of α-syn with model 
membranes, the molecular mechanism by which they 
influence α-syn aggregation remains unclear. While 
our prior work using residue-specific fluorescence 
spectroscopy examined the interaction of α-syn 
with small unilamellar vesicles from the perspective 
of the protein [3], to gain insights into how α-syn 
protein association affects membrane properties, 
a simultaneous probe of both α-syn protein and 
membrane structure is required. Hence, we have 
employed NR and a surface-stabilized sparsely 
tethered bilayer lipid membrane (stBLM) [4] towards 

this objective. Using NR, the depth profile of the different 
interface layers (e.g., lipid headgroups and α-syn) normal 
to the bilayer surface can be readily measured. Herein, we 
describe results in which NR was exploited to elucidate 
both membrane-bound α-syn and bilayer structure. 

Figure 1 provides a schematic diagram that highlights some 
of the key features of α-syn primary sequence. There are 
seven N-terminal imperfect membrane binding amino acid 
amphiphatic repeats (i.e., containing both hydrophobic and 
hydrophilic ends). Also, there is the highly hydrophobic 
and aggregation-prone central region called the non-
amyloid β component (NAC). 

The stBLM was composed of a 1:1 molar ratio of 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA): 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). 
This POPA:POPC lipid composition was chosen both to 
facilitate comparison to our prior work [3] and because 
α-syn has preferential affinity for anionic (POPA) lipid 
headgroups. Using this stBLM, NR data were collected in 
the presence and absence of α-syn using the NCNR NG1 
reflectometer [5]. 

The stBLM was first measured in aqueous buffer (10 
mmol/L sodium phosphate, 100 mmol/L NaCl, pH 7.4) 
containing three isotopically different compositions (100 % 
D2O, 100 % H2O, and 2:1 H2O:D2O), followed by aqueous 
buffers containing α-syn (3 μmol/L in 10 mmol/L sodium 
phosphate, 100 mmol/L NaCl, pH 7.4 in either H2O or 
D2O). Because of the unique flow cell sample chamber 
design, allowing for in situ solvent exchange, it is possible 
to perform successive measurements on the same sample 
(bilayer) area. 

FIGURE 1: Schematic representation of a-syn, with the seven 
imperfect amino acid repeats in green (KXKEGV) containing both 
hydrophobic and hydrophilic (amphiphatic) residues, the non-amyloid 
beta component region in orange, (NAC), and the three disease 
related a-syn mutations in purple, (A30P, E46K, A53T).

1National Institutes of Health, Bethesda, MD 20892
2Carnegie Mellon University, Pittsburgh, PA 15213
3NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899
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Using best fits to NR data based on a composition space 
model [6], a cross-sectional profile of the different interface 
layers along with other fit parameters such as scattering 
length density (nSLD) and α-syn volume occupancy were 
extracted and are shown in Fig. 2. A schematic view of the 
stBLM with α-syn superimposed is also provided in Fig. 
2 for reference. In the absence of α-syn protein, values for 
the inner and outer bilayer leaflet thicknesses fall within 
expected values. 

Upon α-syn addition, NR data indicate that it indeed 
binds to the stBLM at an occupancy level of ≈ 15 % 
volume fraction in both the outer leaflet headgroups and 
hydrocarbons. Additionally, α-syn was found to extend 
into the bulk solvent region, indicating that the protein is 
partially anchored to the stBLM. This is a new observation, 
and one plausible explanation for it is that some portion of 
the α-syn polypeptide inserts into the hydrocarbon region 
while the remaining segment is exposed to the solvent. 
A model consistent with published data would be that 

the high affinity membrane binding site, the N-terminus, 
serves as the membrane anchor [3]. Interestingly, the 
thickness of the protein region in the outer leaflet of the 
stBLM (≈ 13 Å) is consistent with the membrane-bound 
α-syn adopting an α-helical conformation, which is in 
accord with solution studies conducted with vesicles. 
Finally, the binding of α-syn to the stBLM also resulted in 
sizeable reduction (> 1 Å) in membrane bilayer thickness. 
While the completeness of the stBLM was maintained 
during the course of our experiments, we propose that 
membrane thinning could represent a first step leading to 
disruption or even permeabilization of the bilayer, which 
have been linked to PD pathogenesis. 

By successfully collecting high resolution NR data 
simultaneously for both membrane-bound α-syn and the 
stBLM, we have gained new insights into the orientation 
and conformation of α-syn at the membrane interface as 
well as a potential clue into how membrane-bound α-syn 
initiates membrane perturbation. It is plausible that the 
observed membrane induced α-syn conformation and 
subsequent membrane thinning could set the stage for PD 
progression. In our continued effort to gain a molecular 
understanding of the role of membranes and α-syn in 
PD, we aim to elucidate the effects of different solution 
conditions on α-syn membrane-bound structure and 
membrane induced perturbations.
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FIGURE 2: Simplified molecular distributions for organic interface 
layers of the 1:1 POPA:POPC stBLM in the presence of α-syn (3 μmol/L 
in 10 mmol/L sodium phosphate, 100 mmol/L NaCl, pH 7.4) obtained 
from the best-fit of reflectivity data to the composition space model. 
A reference value for the area per lipid is indicated by the dotted 
line. Data for Si substrate and the SiOx, Cr, and Au layer have been 
partially omitted. A corresponding schematic of the stBLM is also 
provided for reference.
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SANS and modeling reveal changes in flexibility 
of a protein important for DNA replication
S. Krueger1, J.-H. Shin2, S. Raghunandan1, J.E. Curtis1, Z. Kelman3
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During reproduction, DNA is separated into two 
strands to be replicated. How is this done? There 

are special proteins (helicases) that carry out this task, 
but the details of the process remain to be worked 
out. One type of helicase is the minichromosome 
maintenance (MCM) protein which has many 
moving parts (domains). In this highlight we describe 
SANS measurements and computer modeling 
studies on the N-terminal domain of a MCM protein 
from the microorganism Methanothermobacter 
thermautotrophicus (N-mtMCM). This work provides 
structural information that supports the previously 
reported biochemical observations that large domain 
motions are required for the activation of the MCM 
helicase.

A high-resolution x-ray crystal structure [1] of 
N-mtMCM shows that it is a protein with a 12 
subunit (dodecamer) structure, with each monomeric 
subunit consisting of three domains. Domain A 
is suggested to play a role in regulating helicase 
activity, domain B participates in DNA binding, 
and domain C is involved in the assembly of the 
protein subunits (multimerization) as well as DNA 
binding and is necessary for helicase activity [2]. An 
unstructured loop region consisting of 20 amino acid 
residues (89 to 108) exists in N-mtMCM between 
domains A and C. A second unstructured region 
consisting of 43 amino acid residues (244 to 286) 
is located at the C-terminus of N-mtMCM. This 
region would be connected to the catalytic domain 
in the full mtMCM molecule. Electron microscopy 
(EM) studies of N-mtMCM revealed a six subunit 
(hexameric) structure [3], which is different from the 
dodecamer suggested by the x-ray crystal structure 
and by biochemical characterization of the protein in 
solution [4]. Since neither EM nor crystal structure 
determination reveals the structure of a protein in 
solution where it is at full hydration under conditions 
closer to its natural state, the SANS studies were 
undertaken to provide complementary structural 
information.

SANS data were obtained from N-mtMCM in the absence 
of DNA and in the presence of a single-stranded DNA 
molecule consisting of 50 nucleotides (nt). Fits to the data 
for N-mtMCM in the absence of DNA resulted in a radius 
of gyration, Rg, value of 78 Å ± 1 Å. The Rg value for the 
N-mtMCM/DNA complex was 69 Å ± 1 Å, indicating that 
there is a significant decrease in the size of the N-mtMCM 
molecule when the 50 nt DNA is bound. As a starting point 
for the modeling, an all-atom structure of the N-mtMCM 
dodecamer molecule was built based on the x-ray crystal 
structure, with residues 244 to 286 added to the C-terminus 
of each monomer. The SASSIE software package [5] was 
used to generate ensembles of structures for comparison 
to SANS data by randomly varying amino acid residue 
backbone dihedral angles within chosen regions of the 
protein. After each randomly chosen angle was rotated by 
a given value, the final value was checked to determine 
if it was energetically probable. The new configuration 
was checked for overlap of basis atoms, usually chosen to 
be alpha-carbon atoms. If both checks were met, the new 
structure was accepted.

The measured SANS data were compared to theoretical 
SANS curves calculated from two different series of 
accepted structures using the c2 test for goodness of fit. An 
example of each of these structures is shown in Fig. 1. In 
both cases, domain A is shown in yellow and domains B 
and C are in blue. The unstructured loop region (residues 
89 to 108) between domains A and C in each monomer 
is shown in green and the unstructured region at the 
C-terminus of each monomer (244 to 286) is shown in 
purple. In the first series of structures (Fig. 1a), residues 
244 to 286 were treated as unstructured flexible regions 
in which the dihedral angles were variable as described 
above. The second series of structures (Fig. 1b) define this 
same region to be flexible, as well as residues 89 to 108 
between domains A and C.

A best-fit family of structures was chosen for each of the 
samples based on the lowest ≈ 20 % of the c2 values for 
each series. The lowest c2 values range between 0.73 and 
1.5, except for the MCM sample without DNA compared to 
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the first series of structures, where the values are between 
3.6 and 3.9. Figure 2 shows the SANS data from the 
MCM samples with and without DNA, along with three 
representative best-fit theoretical curves from the first series 
of structures. By inspection it can be seen that worst part of 
the fit to the data from the samples without DNA occurs for 
q > 0.07 Å-1. This leads to the conclusion that structures that 
do not allow residues 89 to 108 to be flexible are not a good 
representation of the MCM sample without DNA. On the 
other hand, the c2 analysis shows that equally good fits can 
be obtained for the DNA-bound sample whether or not this 
region is modeled as flexible.

From the comparison of the theoretical SANS curves for 
each of the two series of structures to the SANS data, it is 
clear that the MCM sample in the absence of DNA must 
have both flexible C-terminal and N-terminal regions in 
order to fit the SANS data. This flexibility, while in contrast 
to the more rigid crystal structure, is consistent with the 

EM and biochemical studies of 
the MCM proteins, suggesting 
that significant movement of 
domain A is required prior to the 
initiation of MCM activity and 
DNA replication. The fact that 
equally good fits of the DNA-
bound sample can be obtained 
whether the N-terminal residues 
are flexible or not is significant, as 
this means that the MCM/DNA 
complex can have this more rigid 
structure, while the unbound 
sample cannot. The data 
presented here demonstrate that 
SANS analysis combined with 
energetically relevant all-atom 
ensemble structure modeling 
is a powerful tool that allows 
the assessment of the degree 

of flexibility of proteins in solution, even in cases where 
an ensemble of structures is likely present. The methods 
developed here for N-mtMCM solution structure modeling 
can likely be utilized for other large, multimeric protein 
complexes with unstructured flexible regions.
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FIGURE 1: Examples of two series of model structures for N-mtMCM. Domain A is shown in yellow 
and domains B and C are in blue. An unstructured loop region between domains A and C is shown 
in green and a second unstructured region at the C-terminus is shown in purple. a) Only the 
C-terminus unstructured region (purple) is allowed to be flexible. b) Both unstructured regions are 
allowed to be flexible.

FIGURE 2: log(I) vs log(q) 
plots of the measured SANS 
data for the samples without 
and with DNA bound, along 
with representative examples 
of best fit theoretical SANS 
curves from the ensemble 
of structures in which only 
the C-terminus unstructured 
region is allowed to be 
flexible (Fig. 1a.)
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Pipeline failure comes into the focus of public 
attention because of loss of human life or from 

great environmental damage, be it from release of 
crude oil or from natural gas. These events appear 
to be rare because large, catastrophic releases > 
104 m3 of crude (or gas: × 103) of hydrocarbons are 
rare compared to the much more frequent (> 102/
year in Canada alone) small to medium releases 
[1]. Inherent ruptures tend to be the main cause of 
large ruptures, but third party damage is the cause 
of 40 % of pipeline ruptures. Mechanical damage 
without immediate rupture due to construction 
or agricultural activity often occurs, and it raises 
a crucial question: How critical is the damage and 
what actions need to be taken? In order to address 
this question damage has to be quantified in some 
manner, and Magnetic Flux Leakage (MFL) is one of 
the tools the industry uses for that purpose. In this 
method a MFL probe records changes in the magnetic 
field between two magnetic poles that are in close 
contact with the pipe wall. Dents and gouges create 
changes in geometry, plastic strains and residual 
stresses; all of which severely alter the MFL signal in 
ways that are not completely understood. Geometry 
changes are more readily quantifiable but the 
residual stress contribution is difficult to determine 
due to the lack of experimental data and reliable 
modeling results. Some progress has been made by 
annealing the sample, thus eliminating the residual 
stress contribution [2]. However, this cannot address 
questions about the role of the multiaxiality of 
stresses, sign changes of stresses and stress gradients, 
both laterally and through the thickness [3]. Thus, 
it is necessary to measure the residual stresses 
non-destructively, and the only technique capable 
of handling large pipe sections due to problems of 
weight, dimensions and wall thickness is neutron 
diffraction. It is obvious that, in order to put such 
measurements on a sound footing, one cannot wait 
for such damage to occur and then remove that pipe 
section, and perform the necessary measurements. 
Instead, the various type of gouges and dents that are 
encountered on real pipelines need to be produced 

in a controlled and repeatable fashion. By varying the 
testing speed, the deformation path, and the tool shape 
it is possible to cover a wide range of real-world damage 
scenarios (Fig. 1) that combine the two major elements of 
gouging (which removes material and has some plastic 
deformation) and denting (which has plastic deformation 
only).

Figure 1 illustrates the unique challenges to the stress 
measurement presented by this approach: First, the 
damaged regions with 300 mm dent length (see circled 
30 cm mark in Fig. 1, upper right corner), and 130 mm 
gouge length, respectively, are unusually large. Second, 
the pipe should stay intact circumferentially, and retain 
sufficient length axially as much as possible in order to 
preserve the stress field. The resulting samples were pipe 
sections 650 mm in diameter, 500 mm in length, and 8 
mm wall thickness. The wall thickness is quite low, and 
in order to sample the stresses in sufficient detail through 
the thickness the spatial resolution of the measurement 
– in other words, the size of the neutron beam – must be 
chosen appropriately (here: 1 mm). Aside from some basic 
symmetry considerations – e.g., the stress field is presumed 
to be laterally symmetric – there is not much one can 
assume about the stresses, thus creating the necessity for 

FIGURE 1: Left: testing equipment at GDF SUEZ, France. Right: types 
of damage. Denting merely deforms but does not remove material 
as gouging does. BEA161 (gouge) in the lower right corner was 
investigated here; BEA182 is similar to the dent investigated here.
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measurements at numerous locations in the defect area and 
through the thickness. 

As shown in Fig. 2, measurements along the line of 
symmetry show that the stresses created by the two defect 
types exhibit significant changes in magnitude, particularly 
near the start and end of the defects. The high tensile hoop 
stresses near the end of the dent are a red flag because the 
total stress in a pressurized pipeline– residual stress plus 
stress from pressure – may reach the tensile strength of 
the material. The danger of pipe rupture arises if the high 
stress levels are combined with a weakened cross section 
at the location of the peak stress due to large strains (dent) 
or material removal (gouge). However, the stresses must 
also be considered in the context of MFL measurements, 
particularly in view of the lateral resolution of MFL probes 
which can be of the order of 1 mm. The MFL signal is a 
weighted average through the thickness, which is why it is 
difficult to assign a depth location to a sub-surface defect. 
Rather, the interplay of gradients in different directions 
creates a cumulative effect where different combinations 
of stresses can produce the similar MFL signals. Thus, the 
contribution of different through-thickness stress gradients 
to MFL signals is of particular interest. As shown in Fig. 
3 stress gradients near the surface are most severe in the 
lateral direction away from the defect where over a length 
of 5 mm stresses change by more than 300 MPa. The stress 
differential in the radial direction (through the thickness) is 
of similar magnitude. 

Aside from aiding the interpretation of signals from 
MFL probes these findings also help in addressing safety 
concerns. Pressure in a pipeline superimposes a stress 
on the residual stresses, and the total stresses should not 
exceed certain limits set by the safety factor (between 
1.5 and 10). What problems could arise if creating the 
mechanical damage in the pipes did not cause immediate 

pipe rupture? On one hand, these limits are exceeded in 
pipelines with low safety factors both in regions of peak 
tensile stresses and where the cross section is reduced the 
most. On the other hand, the mechanical damage creates 
work hardening which raises the strength locally. The end 
result could be viewed as a locally reduced safety factor 
that in extreme cases may require the reduction of the 
operating pressure in the pipeline. Another damage-related 
problem to consider is the increased risk of stress corrosion 
cracking assisted both by high tensile stresses and coating 
failure in the dent/gouge region. 

These measurements are part of an ongoing international 
project in which different pipeline defects are produced 
under realistic conditions, and then characterized with 
respect to residual stresses and MFL signal distribution. 
The neutron diffraction measurements are the first of 
this type and they revealed complex stress patterns both 
through the thickness and in the lateral directions. It is 
one of the goals of these efforts to use the neutron data in 
order to create a functioning magnetic model that allows 
the separation of the geometry effect and the stress effect 
on the magnetic flux leakage signal, thus greatly enhancing 
the scope of MFL probes as an in-line inspection tool.
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FIGURE 2: 
Comparison of 
hoop residual 
stresses in 
the gouge 
and the dent. 
Dots represent 
measurements 
through the 
thickness. 
Note the high 
tensile stresses 
outside near 
the end of the 
dent. Additional 
tensile 
stresses are 
superimposed 
in pressurized 
pipelines. 

FIGURE 3: Stresses in the center region of a plate sample that was 
cut from a pipe to allow for measurements in greater number and 
detail.
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Nano void volume linked to sensitivity of RDX 
explosive 
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The importance of crystalline defects in the 
initiation of an explosive by a shock wave 

has been known for many decades, but a detailed 
relationship between specific structural features and 
the onset of detonation has proven very challenging. 
Figure 1 shows optical images of small grains of 
the explosive RDX, in which the void patterns vary 
widely based on the synthesis method. The passage 
of a shock wave through an explosive material 
results in the formation of regions of locally increased 
temperature at these voids and defects; often referred 
to as “hot spots”. These are the areas at which 
chemical reaction begins and propagates. The onset 
of reaction due to hot spot formation can occur at 
shock pressures well below that needed to initiate 
reaction in an ideal, defect-free bulk explosive. Void 
space thus plays a key role in the safety of explosive 
materials, but systematic experimental studies of 
void distributions in explosive grains have been  
very limited. 

In this work we consider a series of crystalline 
powders of RDX whose density, crystallite size, and 
impurity levels are very similar but which still have 
significant variation in their sensitivity to accidental 
initiation. The sensitivity differences in this case 
likely arise from mesostructural internal defects 
within the crystallites themselves. We present the 
first small and ultra-small angle neutron scattering 
(SANS/USANS) measurements on RDX to probe the 
void morphology in these samples on length scales 
between 1 nm and 20 μm [1]. Samples were mixed 
with a deuterated solution that effectively masks 
scattering from the crystallites themselves, allowing 
the measurements to probe only the internal voids. 

Powders of cyclotrimethylene-trinitramine, 
commonly referred to as RDX, were obtained from 
four manufacturers as part of a comparative study 
on insensitive explosives. The impurity content of 
all samples was tested with high-performance liquid 
chromatography and 1H NMR to confirm the levels 
of impurity phases and search for any possible 
solvent that may have been trapped in interior voids. 

Within the limits of detection (< 1 % volume fraction), no 
such impurities were observed. Density measurements 
were taken using a helium gas pycnometer, and within 
the expected error of the pycnometry measurements the 
densities of the various RDX samples are nearly identical. 
The crystalline morphology of these samples was generally 
similar, and thus we expect that sensitivity differences 
would likely arise from small variation in submicron voids 
in the exact range suitable for SANS/USANS studies. 
Scattering intensity as a function of wave vector Q was 
measured and was converted to an absolute scattering 
cross-section per unit volume.

The dominant feature in all neutron studies of our RDX 
samples is a power-law scattering that extends over a very 
wide SANS and USANS range (see Fig. 2). The scattering 
continues to increase even at the lowest Q range (i.e., largest 
length scale) probed by USANS. A power-law behavior Q-m 

FIGURE 1: Optical microscopy of RDX samples in an index of refraction 
matching fluid. Dark regions show void spaces that may serve as “hot 
spots” where reaction begins.

FIGURE 2: SANS and USANS data for two RDX samples. Solid lines 
are fits to the data using a surface fractal model.
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is observed, where m varies between 3.1 and 3.6. Exponents 
in this range generally correspond to fractal scattering from 
surfaces with a dimensionality D = 6 - m between 2 and 3 
[2]. The data suggests internal fractal surfaces are present 
in RDX over a wide range of length scales, from ≈ 50 nm 
up to ≈ 20 μm. No region of Q-4 behavior is observed in any 
sample; such a power law would indicate scattering from 
the surface of a smooth 3D object of dimensionality D = 2.

A key question in the area of explosive sensitivity is what 
size a void must be to become a hot spot during initiation. 
Previous work on powders of the explosive HMX had 
suggested that polydisperse spherical voids on the order of 
3 nm to 60 nm may be present and important for sensitivity 
[3]; we find no evidence of such features in our RDX 
samples. Around 10 nm to 30 nm the intensity of the fractal 
surface scattering becomes comparable to the background, 
and there is no evidence of any features arising from 
spherical scatterers.

To compare between the different explosive samples, we 
have calculated the neutron scattering invariant, which 
involves an integration of the cross section over Q and 
is related to the overall volume fraction of void space. In 
Fig. 3 we plot a correlation between the sensitivity of the 
explosive measured by the large-scale gap test (LSGT) 
and the neutron scattering invariant. We find that, though 
the pycnometry densities of the samples are similar, the 
invariant tracks with the shock sensitivity values derived 
from the large-scale gap tests. Thus, with other material 
properties held constant to the extent possible, the 
internal void space on length scales from 60 nm to 20 μm 
appears to be well correlated with macroscopic changes 
in sensitivity of the explosive RDX. While one would 
expect this trend based on general theories of hot spot 
formation in explosives, direct experimental links between 
specific mesostructural crystal features and accurate shock 
sensitivity tests have been limited.

What is the origin of the fractal scattering in the explosive 
samples? One possibility is that these fractal regions 
arise from a crystal growth process that occurs on the 
surface of interior voids as solvent diffuses out of the RDX 
crystals. The commercial samples used were subjected 
to thermal cycling during the manufacturing and post-
production processes that would encourage diffusion of 
any solvent remaining in the void space. Small amounts 
of RDX dissolved within the internal solvent would 
gradually agglomerate on the voids walls, similar to other 
aggregation processes leading to fractal growth patterns. 
Recent observations by Melinger and coworkers [4] of a 
complex dendritic crystal structure formed during drop-
cast growth of microgram quantities of RDX on an Au 
surface may provide support for this hypothesis.

In summary, SANS and USANS measurements were 
performed on RDX powders to characterize the 
internal void features on length scales between 1 nm 
and 20 μm. Experiments were performed on five RDX 
samples with a range of sensitivities to accidental shock 
initiation. The neutron scattering for all samples exhibits 
a fractal behavior indicative of surface fractals with a 
dimensionality between 2.4 and 2.9. The fractal behavior 
extends up to the maximum length scales measured in 
our USANS experiments, indicating a fractal correlation 
length on the order of 30 μm or higher. No evidence of 
distinct nanometer-scale void distributions is observed. The 
neutron data are interpreted in terms of surface scattering 
from internal voids, whose fractal character may arise from 
crystallite growth on the void walls as solvent diffuses out 
from the system. The scattering invariant, which serves as 
a relative comparison of the overall amount of scattering as 
well as a general measure of the volume fraction of internal 
voids, differs widely between the different RDX samples 
and tracks well with the measured shock sensitivities. 
Despite similarities in density and particle distribution, 
neutron scattering reveals clear differences between 
samples that offer a direct link between structural features 
and sensitivity testing.
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FIGURE 3: The susceptibility to accidental initiation as measured 
by the large-scale gap test (LSGT) is plotted versus the neutron 
scattering invariant calculated from the SANS and USANS data. The 
invariant is a general measure of the volume fraction of void space. As 
void space in the 60 nm to 20 μm range increases, less shock pressure 
is needed to induce the explosive to detonate.
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Density hysteresis in nanoconfined water
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The properties of water have been explored by 
many techniques, including neutron scattering. 

Despite a huge research effort, basic gaps in our 
understanding persist, especially in the supercooled 
region where water remains in the liquid state 
below the melting point. A particularly interesting 
and controversial hypothesis posits that, across a 
range of temperatures and pressures, bulk water 
is composed of a mixture of two structurally 
distinct liquids: a low-density liquid (LDL) and a 
high-density liquid (HDL). The latter is water of 
our everyday experience, whereas the former is 
characterized by a local intermolecular bonding 
environment much more like that of solid ice, 
which leads to a lower density. A central question is 
whether a first-order liquid-liquid phase transition 
between LDL and HDL exists, as a thermodynamic 
extension of the first-order transition established in 
the amorphous solid waters [1-3]. An experimental 
determination of water’s density in the deeply 
supercooled region is perhaps the most direct way of 
investigating the hypothesized liquid-liquid phase 
transition. By undertaking such measurements, we 
are seeking evidence of a first-order liquid-liquid 
phase transition of water that would exist in the 
macroscopic system if it were possible to avoid 
crystallization [4].

An experimental challenge arises because the 
hypothesized transition exists in a region of the 
phase diagram in which bulk water cannot exist in 
a liquid state [1]. One method of overcoming this 
difficulty is to take advantage of confinement. By 
confining water in a nanoporous silica matrix, MCM-
41-S with 15 Å pore diameter, the homogeneous 
nucleation process (crystallization) can be avoided, 
allowing us to enter this region. There is still much 
debate on the differences and similarities between 
bulk and confined water. However, even if the 
silica matrix, with its hydrophilic surfaces, might 
change basic properties of water beyond suppressing 

crystallization, the properties of the confined water are 
important in their own right, since they are representative 
of many environments of interest in biology and geology 
where similar hydrophilic interfaces are present. 

The contrast of the neutron coherent scattering length 
density (SLD) of heavy water against that of the silica 
matrix gives rise to a well-defined diffraction peak arising 
from the (10) plane of a 2-D hexagonal lattice of water 
cylinders in the grains of MCM-41-S silica matrix. Once 
the data are corrected for the temperature-independent 
background arising from the fractal packing of the MCM-
41-S crystallites and the incoherent scattering, the only 
temperature-dependent quantity is the height of the Bragg 
peak, which is proportional to the square of the difference 
of SLD between the heavy water and the silica matrix, and 
therefore a sensitive indicator of the average mass density 
of the confined water.

Figure 1 shows the hypothesized phase diagrams of low 
temperature water in the presence of a first-order HDL-
LDL transition. When the equilibrium phase boundary 
is crossed, due to the metastability or the kinetics of the 
phase transition, the phase separation may take a very long 
time to happen, especially in confinement [5]. However, a 
first-order line should still manifest itself with a significant 
hysteresis when it is crossed from opposite directions of 
the transition line, shown in Fig. 1(b). Accordingly, we 
performed a series of warming and cooling scans over a 
range of pressures. 

Figure 2 shows the measured density of confined D2O with 
both cooling and warming scans at a series of pressures. 
The fact that the warming and cooling curves join at both 
high and low temperature ends implies that the expansion-
contraction processes are reversible. Up to 100 MPa, the 
density difference between the cooling and warming scans 
is small, which could be attributed to the temperature 
lag when ramping the temperature continuously. The 
density difference due to this reason is small and relatively 
independent of pressure. However, above 100 MPa the 
density difference (hysteresis) opens up progressively 
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as the pressure is increased. We expect the magnitude of 
the density difference might depend on the temperature 
ramping rate. Considering the feasibility of neutron 
scattering experiments, we chose a ramping rate of 0.2 K/
min. With such a slow rate, a rather uniform temperature 
distribution over the sample is assured, but the system may 
require much longer times to reach physical equilibrium 
after crossing a phase boundary. 

Note that the accuracy of the absolute density we 
determined depends on the background subtraction and 
the scaling. However, the relative shape of the density 
profiles is independent of the analysis. The observed 
density hysteresis, although it is not a definitive proof, 
is consistent with the hypothesis of the coexistence of 
two liquid phases of confined heavy water with different 
densities, at pressures larger than 100 MPa. We also 
observed an unexpected sudden change of slope in the 
density profiles (a “kink”) at the temperatures of the 
maximum slope at and below 100 MPa. The kink might 
be related to the previously observed fragile-to-strong 
dynamic crossover of confined H2O [6]. 

Using the SPINS triple-axis instrument, we were able 
to obtain sensitive measurements of the density of 
D2O confined in MCM-41-S. We observed a prominent 
hysteresis phenomenon in the measured density profiles 
between warming and cooling scans above 100 MPa. We 
interpret this observation as support, although not proof,  
of the proposed presence of a first-order liquid-liquid phase 
transition of water that would exist in the macroscopic 
system if crystallization could be avoided in the relevant 
phase region. 
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FIGURE 1: The hypothesized (a) T-P and (b) ρ-T phase diagrams of 
water in the presence of a first-order liquid-liquid phase transition. If 
a first-order HDL-LDL transition exists at high pressures, a hysteresis 
phenomenon should be observed, as shown by the difference between 
the red and blue curves in panel (b). At low pressures, when no first-
order line is crossed, there should be no hysteresis (green curve).

FIGURE 2: The density profiles of confined D2O in a hydrophilic 
substrate MCM-41-S are measured in both warming and cooling scans. 
The data are shifted by 0.05 g/cm3 between adjacent pressures for 
clarity. A hysteresis phenomenon becomes prominent above 100 MPa. 
The two horizontal arrows indicate the locations of the sudden change 
of slope in the density profiles (“kink”) at 0.1 MPa and 100 MPa.
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Cholesterol is an essential structural 
component of most cell membranes 

which are composed of phospholipids, 
sterols, and proteins. Phospholipids are 
the main component of the membrane, 
acting as the scaffold in which the 
other components embed. Cholesterol 
contributes to the organization, dynamics, 
and bending modulus of the lipid 
membrane; helps regulate the membrane 
interactions with the cytoskeleton; and 
in some cases controls the functions of 
membrane proteins crucial for several 
trans-membrane signaling processes. 
Healthy cells maintain a large cholesterol 
gradient with only 0.05 % to 1 % of the 
cellular cholesterol residing where it is generated in 
the interior of the cell, while 60 % to 70 % resides in the 
plasma membrane or cell wall. Thus, proper cholesterol 
movement within the cell, and indeed throughout the 
body, is critical. Not only does cholesterol movement 
play a key role in atherosclerosis and heart disease, the 
leading causes of death in the US, it has been implicated 
in dementias (such as Alzheimer’s), diabetes, cancer, and 
several rare but fatal diseases.

Despite the essential role of cholesterol transport within 
the cell, progress has been hampered by confusion 
associated with the wide variation in transfer rates 
reported in the literature. In particular, the transfer of 
cholesterol from one side of the lipid bilayer to the other, 
known as flipping, has reported half-lives that range from 
several hours to a few milliseconds. A potential source 
for these discrepancies is that most techniques used to 
measure these rates require labeling the cholesterol with 
a fluorescent dye. The assumption is that such chemical 
labels will not affect the rates being measured. Similarly, 
additives such as cyclodextrin and cholesterol oxidase 
are often introduced to measure cholesterol flipping rates 
assuming that, while they will accelerate the ejection of 
cholesterol from the outer layer of the bilayer, they will 
not affect the flipping process from the inner layer to 
the outer layer. Finally, most of the studies of cholesterol 
exchange kinetics involve mixing cholesterol donor and 
acceptor vesicles requiring a periodic isolation step to 
assay the amount of cholesterol exchanged, introducing 
additional uncertainties.

In this study [1] we circumvent these potential 
limitations by using Time-Resolved Small Angle Neutron 
Scattering (TR-SANS) as an in situ probe of the transfer 
rate of the particular component of interest in the absence 

of chemical tags or extraneous compounds. In this method, 
cholesterol enriched donor vesicles and cholesterol free acceptor 
vesicles are added together and the total scattered neutron 
intensity of the solution is measured as a function of time to 
quantitatively track the redistribution of cholesterol between 
vesicles. Lipid contrast matched solvent is used to render the 
lipid component invisible to neutrons and to ensure that all 
the observed scattering originates from the cholesterol alone, 
as shown schematically in Fig. 1. Under these experimental 
conditions the overall intensity decreases as cholesterol moves 
from donor to acceptor vesicles, reaching half the original 
intensity once fully equilibrated.

The success of this quantitative approach relies on two critical 
assumptions: that the pure lipid vesicles are invisible and that 
the integrity of the vesicles is maintained throughout the entire 
cholesterol transfer process. The data in Fig. 2a demonstrate 
the validity of these assumptions. Our contrast matched, 
cholesterol-free vesicles, which are made of deuterated1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (dPOPC) show 
no scattering above background. From time t = 0 min to t = 600 
min the shape of the curves does not change while the intensity 
decreases by a factor of two, indicating that the vesicles are 
intact and full equilibrium has been achieved. Figure 2b shows 
that normalized decay rates increase with temperature.

While the normalized intensity decay data of Fig. 2b and Fig. 
3 can be modeled as a single decay process, the fit is not very 
satisfactory and a two-process model provides a much better 
description. Two locations of cholesterol are considered: one 
in the inner layer and the other in the outer layer. Cholesterol 
in the outer layer is directly available for exchange, while 
cholesterol in the inner layer can only exchange after flipping 
to the outer layer, thereby limiting the exchange rate. Modeling 
the data as the result of two kinetic processes leads to a set 
of differential equations which can be solved to yield two 

FIGURE 1: Cholesterol-rich (donor) and cholesterol-free (acceptor) vesicles made of 
dPOPC in a contrast matched solvent.
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effective rate constants, kf and kex, for flipping and exchange, 
respectively.

Applying the above analysis leads to excellent 
fits of the 50 °C decay curves of Fig. 3 whose 
fitting parameters are given in Table 1. We 
estimate the flipping half-life of cholesterol to 
be 3 h and 20 min (± 13 min) and the exchange 
half-life to be 1 h and 28 min (± 2 min). Our 
inter-vesicle exchange half-life is on the slower 
end of previously reported exchange half-lives 
which vary from several hours down to tens 
of minutes. Our half-life for intra-membrane 
cholesterol flipping is orders of magnitude 
longer than most recently reported half-lives which range from 
seconds to milliseconds (though several older studies do report 
flipping half-lives of a few hours), raising questions regarding 
the validity of our model.

In order to better test this two-process model, we set out to 
more clearly decouple flipping and exchange by replacing 
cholesterol with cholesterol sulfate. The cholesterol-sulfate 
molecule is structurally very similar to cholesterol but the 
sulfate group makes the head group far more hydrophilic. 
Thus the flipping rate, requiring the hydrophilic headgroup to 
transition through the hydrophobic interior of the membrane, 
should be inhibited, while the exchange rate, requiring the 
molecule to transit through the aqueous phase, should be 
enhanced. The decay curve for pure cholesterol-sulfate (Fig. 3a) 
clearly shows two distinct decays, validating the use of a two-
process model. The break point in the decay curve occurs after 
11 min, while it takes nearly 17 h to achieve full equilibrium. 
From the normalized intensity at the breakpoint we know that 

exactly 25 % of the cholesterol is transferred from the donor to 
the acceptor vesicles in the first process. This provides strong 
support for our model in which the cholesterol in the outer 
layer of the donor vesicles (50 %) fully equilibrates between 
vesicle populations long before the 50 % in the inner layer can 
flip to the outer layer and thus become available to participate 
in the exchange.

A potential source for the fast flipping rates reported in the 
literature is the use of fluorescent cholesterol substitutes and 
additives to extract transport properties. To test this concept 
we probed two systems commonly used to measure cholesterol 
transfer rates: cholesterol with cyclodextrin added, and pure 
DHE. Cyclodextrin increases cholesterol’s aqueous solubility 
and is known to accelerate inter-membrane exchange, while 
DHE is a self-fluorescent cholesterol analogue with similarities 
to cholesterol in structure, organization, and dynamics. The 
assumptions are that cyclodextrin does not affect the inner 
layer and thus has no effect on cholesterol flipping rates, and 

that DHE is sufficiently similar to true cholesterol that it has no 
effect on either inter or intra-membrane transfer rates. Using 
our existing protocol, we measured cholesterol transfer rates in 
the presence of cyclodextrin at a concentration of 0.002 mol/L 
typically used in such studies. We also measured the transfer 
rates of DHE by substituting it for the cholesterol. The data for 
pure DHE and for cholesterol with cylcodextrin are compared 
to pure cholesterol in Fig. 3a.

As expected, the cyclodextrin causes an increase in inter-
membrane exchange rates. However, the flipping rates also 
increase 6 fold. In the DHE system both flipping and exchange 
rates are much faster than for normal cholesterol by factors of 
10 and 4 times, respectively. These results clearly challenge the 
assumptions underlying the use of cyclodextrin and DHE for 
accurate measurements of cholesterol transfer kinetics.

The cell membrane is a rich and complex environment and 
it is easy to see, given this exquisite sensitivity of cholesterol 
transport to the details of that environment, how organisms 
might be able to very finely tune the cholesterol balance within 
their cellular structures. Our results, using non-invasive in 
situ measurements clearly challenge many of the assumptions 
made in previous studies and more generally highlight the 
difficulty in utilizing chemical tags or additives to understand 
the transport properties and energetics of self-assembled 
systems. They suggest that cholesterol flipping rates may 
be much slower than currently believed and shed light on 
the wide variability in reported values. These results should 
significantly impact our understanding of cholesterol transport 
and regulation. 
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FIGURE 2: (a) Scattering curves for the dPOPC contrast matched 
sample (green), and a sample with donor (cholesterol + dPOPC) and 
acceptor (dPOPC) vesicles mixed together at t = 0 (red) and t = 600 
min (blue). (b) Decay rates increase with temperature.

FIGURE 3: Normalized intensity decay curves for cholesterol exchange 
between dPOPC vesicles at 50 ºC; pure cholesterol (red) is shown for 
reference. (a) pure cholesterol-sulfate (black) (inset expands the view 
at the breakpoint), and (b) cholesterol with 0.002 mol/L cyclodextrin 
(blue) and pure DHE (green). Kinetic constants for the fits are 
compared in Table 1.

   kf (min-1)  T1/2_f (min)  kex (min-1)  T1/2_ex (min)
cholesterol  0.0035 ± 0.0002  200 ± 13  0.0079 ± 0.0002  88 ± 2
cholesterol-sulfate  0.0038 ± 0.0005  182±25  0.15 ± 0.03  4.6 ± 0.8
DHE  0.03 ± 0.01  22 ± 7  0.033 ± 0.003  21 ± 2
cholesterol with  
β-cyclodextrin

 0.021 ± 0.002  33 ± 3  0.055 ± 0.003  12.5 ± 0.6

Table 1: Intra- and inter-membrane diffusion rates and half-lives for cholesterol 
transport from the decay curves in Fig. 3.
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Suitable hydrogen storage materials with high 
hydrogen contents and superior properties are 

essential for the development of a hydrogen-based 
energy economy. Metal amidoboranes M(NH2BH3)x 
(or MAB) with the rarely seen NH2BH3- anion group 
[1,2,3] show properties superior to ammonia borane 
(NH3BH3, AB) in terms of reduced dehydrogenation 
temperatures, accelerated H2 release kinetics, and 
minimized borazine ((BH)3(NH)3) release. However, 
the purity of hydrogen released has been found to 
suffer from the simultaneous formation of ammonia 
for almost all MAB compounds. Moreover, due to the 
limited number of metal amidoboranes reported to 
date, the optimization of this class of compounds is 
far from complete, and information on the nature of 
NH2BH3- and related ligands is thus far inadequate. 
Therefore, it is of great interest to discover and 
develop new MM’(NH2BH3)x containing cheap, 
abundant, light-weight metals. Introducing 
multiple metal species with various sizes, charges, 
electronegativities, and coordination preferences 
could increase the array of possible bonding 
interactions with the NH2BH3- group, ultimately 
allowing one to tailor more favorable materials 
properties compared to monometallic amidoboranes. 

In our recent study [4], we report the synthesis, 
crystal structure, and dehydrogenation properties 
of the first example of a mixed-metal amidoborane, 
Na2Mg(NH2BH3)4. Unlike the monometallic 
amidoboranes, where the cation interacts with both 
N- and BH3 units, in Na2Mg(NH2BH3)4, each cation 
coordinates solely with one type of the end unit in 
the NH2BH3- group. Such a structure with distinct 
cation-anion bonding environment ordering is found 
to have a great impact on the dehydrogenation 
properties. As a result, Na2Mg(NH2BH3)4 can release 
8.4 % mass fraction pure hydrogen starting at 65 ºC 
with little contamination from toxic gases such as 
borazine, ammonia, or diborane.

Figure 1 illustrates the structure of Na2Mg(NH2BH3)4. 
The divalent Mg2+ connects exclusively with four 
NH2BH3- units, forming a Mg[NH2BH3]4 tetrahedron. 
The monovalent Na+ octahedrally coordinates only with 
six BH3 units with the Na-B separations in the range of 
2.900 Å to 3.634 Å, resulting in a distorted octahedral 
environment. As a result, Na+ and Mg2+ are linked through 
interactions with two different end units of the bridging 
NH2BH3- groups. Another manifest distinction compared 
to the monometallic amidoboranes is that the shortest 
BHd-…d+HN distance between the neighboring NH2BH3-’s 
in Na2Mg(NH2BH3)4 is 2.107 Å, slightly longer than that in 
AB (2.02 Å), but much shorter than those observed in the 
monometallic amidoboranes. Therefore, the NH2BH3- units 
establish a strong intermolecular dihydrogen bonding 
network, which together with the cation-anion interactions, 
is responsible for the stabilization of the structure of 
Na2Mg(NH2BH3)4. 

The structure and the bonding environments of 
Na2Mg(NH2BH3)4 are further investigated by neutron 
vibrational (NV) spectroscopy (Fig. 2). The first-principles 
calculated spectrum is also shown to facilitate the 
interpretation of the observed spectrum. Most of the 
observed phonon bands can be assigned to the modes of 

FIGURE 1: Crystal structure and bonding environments of 
Na2Mg(NH2BH3)4. Each Mg2+ is tetrahedrally bonded to N– of four 
NH2BH3

– groups, forming a Mg(NH2BH3)4 tetrahedron, and each Na+ is 
octahedrally coordinated to BH3 unit of six NH2BH3

- groups. Na, pink; 
Mg, yellow; N, blue; B, orange; H, white. BHd-…d+HN interactions are 
indicated in dotted lines. Distances are measured in angstroms.
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B-H, N-H, and B-N in the NH2BH3- groups. In particular, 
two vibrational modes are observed at 49 meV and 59 
meV, which correspond to the Mg-N stretching modes and 
the deformation modes of the Mg[NH2BH3]4 tetrahedra, 
indicating strong and directional Mg-N ionic bonding. In 
general, the calculated spectra agree well with the observed 
NV spectra, and thus further support the validity of our 
determined structure.

Figures 3 show the thermal decomposition of 
Na2Mg(NH2BH3)4 obtained using volumetric temperature 
programmed desorption (TPD) analysis and independent 
thermogravimetry with mass spectroscopy (TGA-MS). 
Na2Mg(NH2BH3)4 started to release hydrogen as low as 
65 ºC for a total of 8.4 % mass fraction hydrogen released 
below 200 ºC with a residual product of Na2Mg(NBH)4. 
The observed ammonia amounts to < 1 % mole fraction of 

the evolved gas, and the trace of borazine in the leading 
edge of the third peak totals ≈ 200 mg/g. The ammonia is 
significantly suppressed compared to the monometallic 
amidoboranes, e.g., ≈ 15.4 % mole fraction NH3 was 
observed in NaNH2BH3. The ammonia detected (as well 
as the trace borazine) may also be from a small amount 
of unreacted AB left during the synthesis, as suggested 
recently. 

Compared to almost all monometallic amidoboranes, 
Na2Mg(NH2BH3)4 shows significantly reduced ammonia 
release. The minimization of NH3 in Na2Mg(NH2BH3)4 is 
likely related to its unique structural motif and the ionic 
character of the cations, which favors the release of H2. 
According to the previous proposed dehydrogenation 
mechanism of MAB, an intermediate M-H cluster would 
form involving the M-N bond and B-H bond breaking 
[5]. Such an intermediate M-H cluster is believed to 
play a catalytic role in the hydrogen release process. In 
Na2Mg(NH2BH3)4, Na+ cations do not bond to N- but only 
to BH3 units. Therefore, the intermediate catalytic NaH 
can form without any M-N bond breaking. In addition, 
the calculation predicted that of all alkali and alkaline 
earth metal amidoboranes, NaNH2BH3 shows the most 
accelerated hydrogen release rate [5]. It also suggested 
that magnesium amidoborane would release hydrogen 
via a “direct” pathway instead of by an N-B chain 
oligomerization pathway. The latter was found in the MAB 
systems with significant NH3 detected. Therefore, the co-
existing Na+ and Mg2+ cations accentuate the H2 release, 
which will surpass the formation and release rate of NH3. 
As a result, the gas released from Na2Mg(NH2BH3)4 is 
predominantly H2.

In summary, the first example of mixed metal amidoborane, 
Na2Mg(NH2BH3)4, was successfully synthesized and crystal 
structure determined. Na2Mg(NH2BH3)4 releases a 8.4 % 
mass fraction pure hydrogen with minimal toxic gases 
contamination. Our study demonstrates that hydrogen 
release properties of amidoboranes can be rationally and 
significantly improved by tuning the atomic interactions 
through the formation of mixed-metal amidoboranes.
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FIGURE 2: Observed and calculated neutron vibrational spectra of 
Na2Mg(NH2BH3)4.

FIGURE 3: (Left) TPD results of hydrogen release from 
Na2Mg(NH2BH3)4 with 2 ºC/min heating rate to 300 ºC. The amount of 
H2 gas released (top panel) has been normalized as n (H2 gas)/ mol 
NH3BH3. The hydrogen release rates are shown in the lower panels. 
(Right) TGA weight loss (upper panel) and the accompanying MS 
partial pressures (lower panel) measured at 1.7 ºC/min to 400 ºC. The 
rate of mass loss dM/dt (black curve) is also shown. Note that the NH3 
signal has been multiplied by a factor of 10 and the (NH)3(BH)3 signal 
has been multiplied by 100 to be visible on the same scale as H2. The 
green crosses are the total mass contribution H2+ NH3 + borazine to 
the evolved gas, scaled to compare with dM/dt.
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Nature of CO2 adsorption in Mg-MOF 74: 
A combined neutron diffraction and first- 
principles study
W.L. Queen1, C.M. Brown1, M.R. Hudson1,2, D.K. Britt3, W. Zhou1,2, T. Yildirim1,4 and O.M. Yaghi3

One of the most pressing issues facing the energy 
sector is the mitigation of CO2, a greenhouse 

gas implicated in global warming, through post-
combustion capture applications. While methods exist 
to separate CO2 from the other components of a post-
combustion stream, primarily scrubbing with liquid 
amine solutions, their implementation on an industrial 
scale has not been possible due to the massive energy 
requirements of such processes [1]. Efficient methods 
for effecting such a separation are urgently sought. Here 
we highlight our work on Mg-MOF 74, a candidate CO2 
separation compound.

Metal-organic frameworks (MOFs) are a versatile 
class of compounds with a very large number of 
building block combinations. Their high internal 
surface areas coupled with chemical tunability make 
them particularly attractive for the selective capture 
of CO2. Recent work has shown that the incorporation 
of coordinatively unsaturated metal centers (UMCs) 
into the frameworks provide enhanced binding 
energy and an increase in surface packing density of 
adsorbates, due to the highly reactive, electron deficient 
nature of the sites [2]. While adsorption capacity is 
important, high selectivity and facile regeneration 
are pertinent properties for post-combustion capture. 
MOFs containing UMCs provide interactions that 
are strong enough to achieve CO2 adsorption close 
to room temperature and slightly above; however, 
these interactions are weak relative to the formation 
of chemical bonds, also allowing facile CO2 release 
during regeneration processes. Furthermore, MOFs 
can be tuned to alter selectivity, a property which 
has been attributed to a number of phenomena 
including exclusion due to the size/shape of the pores, 
adsorbent/adsorbate surface interactions, and varying 
diffusion rates between different components in a gas 
mixture.

Mg-MOF 74, a candidate for selective adsorption of 
CO2, has unsaturated 5-coordinate Mg-ions (upon 
solvent removal) decorating the inside of 1-dimensional 
hexagonal channels, as shown schematically in  
Fig. 1. This material was recently found to exhibit an 
exceptionally high CO2 uptake at low pressure 
(< 0.1 bar) and room temperature, and easy, reversible 
adsorption/desorption of CO2 [3-4]. In order to obtain a 

better understanding of how structure dictates function during 
adsorption/desorption processes we have performed detailed 
neutron powder diffraction (NPD) experiments using the high 
resolution diffractometer, BT1, while systematically increasing 
temperature and amount of adsorbed gas. In addition, first 
principle calculations based on density functional theory 
(DFT) were performed to provide more insight into site 
specific binding properties of the adsorbate [5-6]. 

NPD data (20 K) obtained from loading, ≈ 0.25 CO2 per Mg, 
reveals that CO2 only populates a single site, I, located at the 
UMC. The Mg-CO2 interaction exhibits “end on” coordination, 
Fig. 1, with a highly angular Mg-O(2b)-C(2a) orientation, 
125(7)°, which can be rationalized based on two short  
(≈ 3.1 Å) lateral interactions between the electron deficient 
C(2a) of the CO2 molecule, and the framework atoms, O(2) 
and C(3). The relatively short Mg-O(2b) distance, 2.39(6) Å, 
is consistent with the reported high initial isosteric heat of 
adsorption, ≈ −39 kJ/mol. The next closest CO2/framework 
distance, approximately 2.9 Å, is found between O(2b) and the 
O(2) atom, which is equatorially coordinated to the Mg-ion. 
This distance, only slightly shorter than the sum of the van der 
Waals radii for two O atoms (3.04 Å) is likely to be a limiting 
factor in the approach of the CO2 molecule to the framework 
surface as electrostatic repulsion would begin to destabilize 
the CO2 adsorption. 

FIGURE 1: Ball and stick model derived from neutron diffraction 
of Mg-MOF-74 loaded with 1.75 CO2 per Mg viewed along the 
crystallographic c axis. The highlighted region reveals nearest 
neighbor interactions (drawn as dashed black lines) found between 
the CO2 sites I and II (shown in yellow) and the framework. Oxygen 
atoms of the second CO2 site were refined anisotropically to illustrate 
the disorder found in the nuclear scattering density. The ellipsoids are 
drawn at 50% probability.
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As the loading level is increased, the fitting refinements of 
the diffraction data progress in a systematic fashion, until 1.0 
CO2:Mg where the first sign of population of the second site, 
II, occurs. Increasing the loading to 1.75 CO2 per Mg leads 
to an even greater increase in site II occupancy, 0.86(2), and 
large displacement parameters for the oxygen associated with 
this additional molecule that are likely indicative of slight 
differences in molecular orientation within the channel rather 
than thermal motion in the molecules at 20 K. Furthermore, 
weak van der Waals interaction between the site II CO2 and 
framework, as determined by long CO2/framework distances, 
could lead to a lack in orientation preference upon adsorption. 
The CO2 orientation in site II is not parallel to that in site I, and 
instead is found canted. Although the exact intermolecular 
distances are susceptible to some uncertainties in site II 
O(3a,b), there appear to be strong interactions along the 
pore-channel direction, leading to an average intermolecular 
distance of approximately 3 Å. This distance, similar to those 
observed between site II and the framework walls, indicates 
similarities in interaction strength.

Several studies indicate that CO2 coordination at the UMC 
in MOF-74 derivatives leads to a significant deviation of 
the CO2 bond angle from its normally linear geometry, 
an unusual event for reversible physisorption. There are 
several phenomena that could contribute to such a behavior 
including: (1) an actual bending due to direct charge transfer 
between the UMC and site I CO2, (2) static disorder in 
the positions of C(2a) and O(2a), a direct result of weak 
interactions between these atoms and framework walls, and 
(3) phonon induced dynamic disorder resulting from an 
asymmetric wagging motion. Bond angles derived from DFT 
calculations indicate bond bending of 175.0° and 178.6° for 
LDA (local density approximation) and GGA (generalized 
gradient approximation) respectively. The lack of agreement 
between the calculated angles and those determined by NPD 
experiments, ≈ 150° to 170° for loadings ranging from 0.25 
to 1.75 CO2 per Mg, may imply that the structural model is 
biased by the presence of either static or dynamic disorder. 
Furthermore, calculations of the vibrational/rotational mode 
energies show that the lowest energy modes occurring at ≈ 4.3 
meV for Mg-MOF-74 would likely not be easily populated at 
the measurement temperature of 20 K. The calculated potential 

energy curves for free CO2 and CO2 adsorbed on open Mg, are 
shown in Fig. 2. In order to account for the large bond bending 
(≈ 150 °) observed in the fitting of the diffraction data, there 
would be a significant energy penalty or much larger charge 
transfer than expected. Therefore, the observed bond bending 
is likely to be a contribution of both slight polarization of the 
CO2 resulting from strong Mg-CO2 interaction as well as static 
disorder of the adsorbed gas molecule.

After collecting 20 K NPD data on the sample loaded with 0.5 
and 1.75 CO2 per Mg, the temperature was increased to 300 
K and data were collected again. The 0.5 loading showed no 
significant change in the site I CO2 occupancy upon heating, 
while for the 1.75 loading, site II was completely desorbed and 
site I maintained a relatively high CO2 occupancy of 0.94(3). 
These results confirm that the high initial isosteric heat of 
adsorption for Mg-MOF 74 is directly related to the UMC. A 
significant lengthening of the Mg-O(2b) bond occurs at 300 K 
(2.48(5) Å and 2.58(5) Å for 0.5 and 1.75 loadings, respectively). 
Unit cell parameters of the bare and loaded phases reveal 
a slight contraction in the a/b axes and simultaneous 
expansion of c axis with higher CO2 loading. These shifts 
lead to no significant change in the unit cell volume for room 
temperature CO2 adsorption (bare, 0.5, and 1.5 loadings at 300 
K are 3993.5(5) Å3, 3992.3(5) Å3, and 3992.0(5) Å3 respectively). 
In fact the volume is constant from the bare to loaded phase 
within ≈ 0.06 % error (± 1.5 Å3), a property that might be of 
particular interest for the future implementation of adsorbent 
materials in separation/storage applications. 

Neutron diffraction data support the view that the UMC is 
responsible for high initial isosteric heat of adsorption in Mg-
MOF-74. We have observed the first evidence of a second CO2 
adsorption site that is populated only at low temperatures, 
and only after the first absorption site is fully occupied. First 
principles calculations reveal that the bond bending observed 
in the Mg bound CO2 is largely due to static disorder, a 
direct result of rotational freedom in the two CO2 molecules 
that have a weak association with the framework surface. 
Calculations show that the actual deviation of the CO2 bond 
angle from its normal linear geometry is likely very small, 
indicating that the CO2 interaction at the UMC is still largely 
physisorptive in nature. Systematic studies of this kind will 
inform the design of future materials for CO2 capture. 
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FIGURE 2: Left: two lowest energy vibrational/rotational modes 
at energies 4.3 meV and 8.5 meV for the red and blue arrows 
respectively, of CO2 in Mg-MOF-74, indicating that one oxygen strongly 
bonds to the metal center while the rest of the CO2 molecule has more 
rotational freedom, albeit somewhat limited by the association with 
the Mg bound O atom. Right: the calculated DFT-LDA Potential energy 
curve of the O-C-O Bond-bending for a free CO2 molecule and the CO2 
adsorbed on an open Mg site, indicating very small bond bending.
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Neutron scattering techniques shed new light 
on gel formation 
A.P.R. Eberle1,2, N.J. Wagner2 and R. Castañeda-Priego2,3

Colloidal dispersions are used in many household 
products ranging from paints to shaving cream 

to gelatin and even to foods such as salad dressings 
or mayonnaise. The stability and processing of these 
and similar products highly depend on the state 
of the material. Of particular interest is the phase 
transition from fluid to a solid, called a gel at low 
particle volume fractions, f < ≈ 0.40, and a glass at 
higher volume fractions. While the phase behavior 
for such systems has been studied for decades, 
the boundary separating a fluid from a gel is still 
debated.

In this work we study gelation using a model 
nanoparticle system with thermoreversible 
interactions. The system consists of nanometer 
spheres of silica dioxide (≈ 30 nm) coated with a short 
carbon chain (C14), and suspended in tetradecane. 
At high temperatures T > ≈ 32 °C the particles are 
stable and the system behaves like a simple hard 
sphere fluid. Upon quenching the system, particles 
aggregate in connection with a phase transition of 
the molecular brush [1]. This in-turn causes a short-
range attraction between particles, and if the particle 
volume fraction is sufficient, f ≥ 0.05, the system will 
form a stress-supporting gel. We define gelation and 
determine the gel temperature (Tgel) to within ± 0.1 
°C using a combination of rheological experiments 
and an experimental study of the dynamics using 
fiber-optic quasi-elastic light scattering (FOQELS). 
Finally, we study the structure of the dispersion 
at and around the gel transition using small-angle 
neutron scattering (SANS).

Small-amplitude oscillatory shear (SAOS) rheological 
measurements are used to identify the transition 
from the fluid state to the gel state employing 
a well-defined criterion established for cross 
linking polymer resins [2]. The SAOS results for a 
temperature ramp experiment for one dispersion,  
f = 0.12, can be seen in Fig. 1. At high temperatures 
(T > ≈ 31 °C), in the fluid state, the suspension 
exhibits a negligible storage modulus G’, which 
defines the amount of elastic energy the fluid  
can store.

1NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899
2University of Delaware, Newark, DE 19716, USA
3Universidad de Guanajuato, 37150 León, Mexico

FIGURE 1: Storage, G′ (closed symbols), and loss, G′′ (open 

As the system is quenched to lower temperatures from the 
fluid state, the elastic modulus increases over five orders 
of magnitude in the narrow temperature range of 29 °C to 
27 °C. This shows the suspension undergoes a transition 
to a strong viscoelastic solid similar to cooled Jello. 
Frequency sweep measurements provide a determination 
of the strength of the gel. Frequency sweep experiments 
on the same sample can be seen in the inset to Fig. 1 as a 
function of temperature near the gel point. At the highest 
temperature shown, 28.4 °C, G′′ (the loss modulus) is 
larger than G′ over the whole frequency range tested. As 
the temperature is decreased to 28.2 °C, G′ and G′′ become 
comparable at high frequencies. At lower temperatures 
the sample has a greater elastic modulus, characteristic of 
solid-like behavior. At 28.2 °C, G′ and G′′ are nearly equal 
with power law slopes of ½, over more than a decade of 
frequency, which is a characteristic feature of gelation 
[2]. The gel temperature is confirmed using FOQELS 
(not shown) which provides a measure of the particles’ 
dynamics. From FOQELS measurements it can be shown 
that the dynamics decrease and exhibit an entire relaxation 
spectrum at the gel temperature determined from rheology. 

symbols), moduli vs. temperature in a small-amplitude oscillatory 
(stress amplitude, σo = 17.68 mPa, frequency, ω = 2π rad/s) 
temperature ramp experiment (ramp rate 0.2 °C/min). Inset: G′ and 
G′′ from frequency sweep measurements at temperatures around 
the gel-point. Data are offset vertically for clarity by factors 0.03, 
0.05, 0.08, and 0.2 for temperatures (28.4, 28.2, 28.1, and 28) °C, 
respectively.
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As the system is quenched to lower temperatures from the 
fluid state, the elastic modulus increases over five orders 
of magnitude in the narrow temperature range of 29 °C to 
27 °C. This shows the suspension undergoes a transition 
to a strong viscoelastic solid similar to cooled Jello. 
Frequency sweep measurements provide a determination 
of the strength of the gel. Frequency sweep experiments 
on the same sample can be seen in the inset to Fig. 1 as a 
function of temperature near the gel point. At the highest 
temperature shown, 28.4 °C, G′′ (the loss modulus) is 
larger than G′ over the whole frequency range tested. As 
the temperature is decreased to 28.2 °C, G′ and G′′ become 
comparable at high frequencies. At lower temperatures 
the sample has a greater elastic modulus, characteristic of 
solid-like behavior. At 28.2 °C, G′ and G′′ are nearly equal 
with power law slopes of ½, over more than a decade of 
frequency, which is a characteristic feature of gelation 
[2]. The gel temperature is confirmed using FOQELS 
(not shown) which provides a measure of the particles’ 
dynamics. From FOQELS measurements it can be shown 
that the dynamics decrease and exhibit an entire relaxation 
spectrum at the gel temperature determined from rheology. 

SANS measurements were performed over a range of 
temperatures spanning the transition from the fluid-
state through gelation. The low-Q scattering intensity 
systematically evolves for decreasing temperature in the 
range where aggregation occurs until Tgel, where structure 
on the length scales accessible by SANS becomes arrested. 
Figure 2 shows the SANS spectra at Tgel, as identified from 
rheology, for the entire concentration range.

The spectra at the gel point evolve from fractal-like 
scattering at low f to a glass-like spectra at high f. The 
scattering intensity is fitted (solid lines), using well 
established theories assuming a square-well interaction 
potential for the particles. From the fits we extract the 
strength of attraction defined by a reduced temperature,  
τ = (e/12)exp(–U/kBT), called the Baxter temperature, 
where U is the square-well depth, e is a perturbation 
parameter e = D/(a + D), where D is the square-well width 
and a is the particle diameter, and kBT is the thermal 
energy. As τ decreases, the strength of attraction increases.

The state diagram with our experimentally determined 
gel transition for the AHS system is presented in Fig. 3. At 
intermediate to low f and high attractive strength there is a 
liquid/vapor coexistence region. Conversely, at high f and 
low attractive strength there is a liquid/crystal coexistence 
region.

This is in addition to a repulsive driven glass (RDG) line 
which intersects the attractive driven glass (ADG) line 
with mode coupling theory (MCT) singularity, A3. As is 
typically done, the location of the RDG and ADG lines 
calculated from MCT are shifted to higher particle densities 
using known experimental data, since MCT under-predicts 
the RDG line [6,7]. The percolation line for the AHS fluid 
can be seen extending from the liquid/vapor coexistence 
region at low f to the liquid/crystal coexistence region at 
high f. The experimentally determined points defining 
the gel transition (triangles) agree well with percolation 

theory up to f ≈ 0.41. For concentrations f > ≈ 0.41 the 
boundary for dynamical arrest tends toward and joins the 
ADG line. Thus, the major conclusions of this work show 
that for this AHS nanoparticle system: The dynamical arrest 
transition extends from the dilute particle concentration side of 
the liquid/vapor coexistence above the critical point following 
predictions of percolation theory until at sufficiently high particle 
concentrations it subtends the predictions and joins the MCT 
ADG line. 

We experimentally determine the fluid-to-gel transition 
of a model nanoparticle dispersion with short-ranged 
attractions. Our experiments demonstrate a continuous 
boundary that extends from the gas-liquid phase 
separation region at low concentrations to the attractive 
driven glass line at high concentrations. The conclusions 
presented herein have implications in a wide range 
of colloidal systems that interact via a short range 
interaction. The anticipation is that this work will direct 
the development of advanced theory and simulation 
efforts. These will in turn help us to further understand the 
underlying mechanisms that drive gelation and ultimately 
allow for the optimization of products through predictive 
tools rather than guess and check formulation.

References

[1]	 A.P.R. Eberle et al., Langmuir 26, 3003 (2010).
[2]	 H.H. Winter, and F. Chambon, J. Rheol. 30, 367 (1986).
[3]	 M.A. Miller, and D. Frenkel, Phys. Rev. Lett. 90, 135702 (2003).
[4]	 Y.C. Chiew, and E.D. Glandt, J. Phys. A-Math Gen. 16, 2599 

(1983).
[5]	 D.W. Marr, and A.P. Gast, J. Chem. Phys. 99, 2024 (1993).
[6]	 J. Bergenholtz, and M. Fuchs, Phys. Rev. E 59, 5706 (1999).
[7]	 P.N. Pusey, and W. van Megen, Phys. Rev. Lett. 59, 2083 (1987).

FIGURE 2: SANS measurements at the gel point for various volume 
fractions f and the corresponding model fits.

FIGURE 3: State diagram for the model adhesive hard sphere system 
(AHS). (▬) Is the liquid/vapor coexistence region with critical point 
(star, t = 0.1133 and f = 0.266) as determined by Monte Carlo (MC) 
simulations [3]; broken line is the analytical solution to the percolation 
line [4]; grey shaded region is the liquid/crystal coexistence region 
from the modified weighted-density approximation (MWDA) theory 
[5]; (—) repulsive and attractive driven glass (RDG and ADG) lines 
from model coupling theory (MCT) with point singularity, A3 (circle) 
[6]. The triangles are the experimentally determined dynamical  
arrest transition.
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Interlayer distance dependence of thickness  
fluctuations in a swollen lamellar phase
M. Nagao1,2, S. Chawang3, T. Hawa3
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Surfactants are one of the basic building blocks 
of nanoscale self-assembling structures, such 

as micelles, microemulsions, and biological 
membranes. In particular, surfactant membranes 
play important roles from household (e.g., 
detergents) and pharmaceutical (e.g., drugs) 
products to biological (e.g., drug delivery and virus 
infections) and industrial (e.g., oil recovery plants) 
applications. Understanding the behaviors of 
surfactant membranes and their properties is thus of 
both fundamental and industrial relevance. One of 
the unique features of the membranes is collective 
dynamics of surfactant molecules near room 
temperature. Membrane bending motion has been 
established both theoretically and experimentally, 
while membrane thickness fluctuations remain the 
subject of research. The thickness scale of surfactant 
membranes in solution is on the order of nanometers, 
and thus the neutron spin echo (NSE) technique is 
well suited to probe the dynamics [1,2]. A previous 
investigation of the dynamics [2] showed that the 
thickness fluctuations were clearly seen by NSE in 
the nonionic surfactant pentaethylene glycol dodecyl 
ether (C12E5) mixed with deuterated water (D2O) and 
deuterated octane (C8D18). In the study highlighted 
here, we examined the same system while changing 
the effective membrane thickness, dm, as controlled 
by the ratio of the volume fractions of oil, φo, to 
surfactant, φs, defined as R = φo/φs. In addition 
to the NSE measurement, we have employed 
molecular dynamics (MD) simulations to calculate 
the dynamics since the time scale covered by NSE 
matches that covered by MD. The combined use of 
these techniques provides further insight into the 
dynamics of membranes.

Figure 1(a) shows the small-angle neutron scattering 
(SANS) profiles at T = (59.6 ± 0.2) °C for R = 0.0 and 
at T = (31.6 ± 0.1) °C for 0.3 ≤ R ≤ 2.0. In the low-q 
region, a broad scattering peak originating from 
the Bragg reflection of the membrane stacking is 
observed at the same q (≈ 0.08 nm-1) for R =1.5 and 
R = 2.0 as shown by a vertical straight line in the 
figure. Although the peak position of the lamellae 
is not clear for samples for R ≤ 1.2, it is considered 

to be almost independent of R. On the other hand, in the 
high-q region, another peak profile originating from the 
form factor of the membranes is observed. With increasing 
R, the characteristic q value, qdip, shifts toward lower q. 
Utilizing a model scattering function for isotropic lamellar 
structures, membrane thickness, dm, which follows the 
ideal swelling law, is estimated from dm = 3.1 nm at R = 0.0 
to dm = 9.2 nm at R = 2.0. A constant inter-lamellar distance 
d with changing dm is confirmed from the SANS profiles, 
schematically shown in Fig. 1(c) [3].

The structure was also confirmed using course-grained 
(CG) MD simulations [3] by calculating the intermediate 
scattering function, , 
where r→i is a 
position vector for particle i, t is a time, N is the number 
of surfactant molecules, and + , represents an ensemble 
average. The simulations were performed with an 
integration time step of 25 fs and were run for 200 ns at 
30 °C (1 bar) to equilibrate the system, and for 50 ns to 
calculate I(q,t). Figure 1(b) shows I(q,t = 0) calculated after 
the MD simulation, corresponding to the respective SANS 
profile. The behavior of qdip with R, similar to the SANS 
result, confirms that the MD calculation reconstructs a 
similar structure in the computational space.

Figure 2(a) shows I(q,t) normalized by I(q,0) observed by 
NSE at R = 0.3 and T = 30 °C [3]. I(q,t)/I(q,0) follows a

 

FIGURE 1: (a) SANS profiles show that the interlamellar mean 
repeat distance d is constant (vertical line) while the dip position qdip, 
which relates to the membrane thicknesses dm, is changing with R. 
(b) MD calculation of the SANS equivalent I(q,t = 0), shows a similar 
dependence of qdip on R. (c) Schematic illustrating constant d while dm 
increases with R, as confirmed by SANS and MD.

         1     N     N                                   
→          →                →I(q,t)= — S S +exp[iq •{ri(t)–rj(0)}],

            N  i=1 j=1
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stretched exponential function  
with the decay rate Γ. The lines 
obtained from the MD 

 I(q,t)——– = exp[–(Γt)2/3   ] I(q,0)
simulations also decay with time as 

shown in Fig. 2(b). The decay function is well explained 
with the above equation except for the intermediate q 
range, e.g., q = 1.4 nm-1 in Fig. 2(b). This result suggests that 
a better analysis in the intermediate q-range may require 
multiple exponential functions to account for multiple 
modes.  

Figures 2(c) and 2(d) show the q-dependence of Γ/q3 at 
various values of R for NSE and MD, respectively [3]. 
To characterize the dynamics, a Lorentz function  
 Γ     ΓTF                 1                 ΓBEND— = ––– —————— + ——— 
q3        q03   1+(q–q0)2 x–2              q3 

is utilized. The lines in 
Fig. 2(c) and 2(d) are the 

results of fitting to this equation. In this procedure, two 
terms of membrane dynamics, the bending and thickness 
fluctuations, are considered. The contributions from these 
motions are characterized by decay rates ΓBEND and ΓTF , 
respectively. Each parameter relates to the thickness 
fluctuations: ΓTF/q03 and ξ-1 are proportional to the 
damping frequency of the mode and the mode amplitude, 
respectively, and q0 is the center of the motion, which 
relates to the membrane thickness. It is noted that the 
thickness fluctuations are observed even for the R = 0.0 

sample, corresponding to the bilayers. On the other hand, 
the R = 1.37 (NSE data) and R = 1.14 (MD data) samples 
show a small enhancement of the dynamics. This suggests 
that a large amount of oil, which swells the bilayers, 
suppresses the thickness fluctuations.

The thickness fluctuation amplitudes are given by  
dmξ-1/q0 where the parameters, both from NSE and MD, are 
obtained from reciprocal space information and the Lorentz 
function fit. The values obtained from this expression 
are compared to the distribution of local fluctuations of 
surfactants in real space by MD simulation, as shown in 
Fig. 3(a). Excellent agreement was obtained, especially 
between NSE (reciprocal) and MD (real) data. This result 
confirms that the motion observed by NSE is the thickness 
fluctuations of surfactant membranes and that the thickness 
fluctuation amplitude increases linearly with R. 

The membrane bending motion is well predicted by the 
Zilman-Granek (ZG) single membrane fluctuation model 
[4]. Utilizing the ZG theory, the bending modulus of the 
membrane κ is estimated from the values of ΓBEND, as 
shown in Fig. 3(b). The κ at R = 0.3 is larger than that at 
R = 0.0 (bilayer), indicating more rigid membranes around 
R = 0.3 than the bilayers. Two possible scenarios are the 
increase of κ due to the change of the bilayer thickness 
and that the increase of κ originates from the enhanced 
thickness fluctuations. When oil thickness is small enough, 
the fluctuations of the two monolayers are synchronized 
and they behave as a single thick membrane (pseudo 
bilayers). With increasing R at R > 0.3 the value of κ 
becomes smaller, and finally κ ≈ 1 kBT at R = 1.37. In this 
regime the synchronization between two monolayers 
becomes smaller and each monolayer fluctuation 
dominates the system dynamics when dm is large enough.

The present study shows that combined use of NSE 
and MD gives an excellent agreement of the thickness 
fluctuations of surfactant membranes. The importance 
of intra-membrane dynamics to the elastic properties 
of the overall membrane is also confirmed. The rigidity 
of membranes is controlled by the interactions among 
molecules as well as by the energy dissipation mechanisms 
within the membranes. The present results and the 
methods described here are very useful in understanding 
the dynamics of surfactant membranes, in particular, 
bilayer lipid membranes, interaction of drugs with 
biological membranes, and molecular transport across 
membranes.
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FIGURE 2: I(q,t)/I(q,0) measured by (a) NSE and (b) calculated by 
MD show good agreement in membrane dynamics. Both results by (c) 
NSE and (d) MD show that the decay rate Γ is no longer growing with 
q3, which indicates that the current theory is not adequate to explain 
the membrane dynamics. Τhe widths of the peaks are related to the 
thickness fluctuation amplitudes. 

FIGURE 3: (a) NSE and MD data show excellent agreement in 
predictions of thickness fluctuation amplitude. (b) An unexpected 
enhancement of the bending modulus κ is observed near R = 0.3.
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Morphological characterization of polymer-based 
solar cells
H. Lu1, B. Akgun2,3, T.P. Russell1 

Solar energy might be more widely used 
if the cost of the solar cells could be 

reduced. Polymer-based bulk heterojunction 
(BHJ) organic photovoltaic (OPV) systems 
offer cost reduction and potential for scale-
up using solution processing. However, 
achieving efficiencies in excess of 10 % is an 
important milestone in making OPV devices 
economically viable. While there have been 
advances in the synthesis of novel low 
bandgap polymers and block copolymers 
with tailored morphologies, translating these 
advances to large scale production requires 
understanding the morphology of the 
active layer developed during processing, 
the relationship of the morphology to device 
performance, and routes to tailor the morphology 
to optimize efficiency [1]. The spatial distribution 
of the components normal to the film surface and 
the segregation of the components at the electrode 
interfaces in BHJ blend films are crucial to the charge 
generation and transport, thereby affecting the 
efficiency of the device.

In the work highlighted here [2], we systematically 
investigated the morphology of blends of [6,6]
phenyl-C61-butyric acid methyl ester (PCBM) with 
a silole-containing low-bandgap polymer, poly[(4,4′-
bis(2-ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-
diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothiadiazole)-
5,5′-diyl] (PSBTBT). PSBTBT is a highly crystalline 
polymer with improved charge transport properties, 
reduced bimolecular recombination, and reduced 
formation of charge transfer complexes when 
blended with a fullerene derivative [3]. Due to 
significant natural neutron contrast between PCBM 
and PSBTBT, neutron reflectivity (NR), which has 
a resolution of the order of a nanometer in the 
direction normal to the surface, was used to resolve 
the vertical distribution of components in the active 
layer. Scattering length density (SLD) profiles 
obtained from NR are compared with the depth 
profiles measured by dynamic secondary ion mass 
spectroscopy (DSIMS). To elucidate the performance 
of the blends in actual devices, measurements were 
performed on thin films on substrates coated with a 
layer of poly(ethylenedioxythiophene):polystyrene 

sulfonate (PEDOT:PSS). Thermal annealing was done prior 
to (Pre-Annealing) or after (Post-Annealing) the deposition 
of Al cathodes, mimicking actual solar cell structures. The 
schematic of a PSBTBT/PCBM based solar cell device is 
shown in Fig. 1a.

Current density-voltage (J-V) curves for the As-Cast, 
Post-Annealed and Pre-Annealed devices were measured 
under dark and solar-simulated (AM1.5G) illumination and 
representative curves are shown in Fig. 1b. Pre-Annealing 
at 150 °C decreased the power conversion efficiency by 18 
% relative to the As-Cast device. A brief Post-Annealing at 
150 °C improved the device performance, while longer time 
annealing degraded the device performance. 

Pure PSBTBT film is hydrophobic and has a static water 
contact angle of 104°, while pure PCBM film is hydrophilic 
with a contact angle of 51°. The contact angle of the As-Cast 
blend film was slightly lower, but very close to that of the 
pure PSBTBT film, indicating that the surface was richer 
in PSBTBT, due to the lower surface energy of PSBTBT. 
Pre-Annealing at 150 °C increased the contact angle of 
the blend film further, which could be either due to an 
increase in the concentration of PSBTBT at the surface 
or a roughening of the surface. After removing the Al 
layer, Post-Annealed films showed a large drop in contact 
angle (78°), due to the diffusion of PCBM to the interface 
and further annealing increased the contact angle to 88°. 
Segregation of PCBM to the cathode/active layer interface 
is beneficial for device performance, since this increases the 
charge transport to the Al electrode. This correlates well 
with the device performance results where short Post-

1University of Massachusetts, Amherst, MA 01003 
2NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899 
3University of Maryland, College Park, MD 20742

FIGURE 1: (a) Schematic of the PSBTBT:PCBM-based solar cell devices. 
Abbreviations are indicated in the text. (b) The current density–voltage curves 
of the As-Cast, Pre-Annealed, and Post-Annealed solar cells at dark (open 
symbols) and under solar-simulated irradiation (filled symbols). Pre-Annealed 
and Post-Annealed samples are annealed at 150 °C for 1 min.
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Annealing times improved the device performance but 
longer Post-Annealing times degraded the performance. 

NR data of the As-Cast, Pre-Annealed, and Post-Annealed 
films and their corresponding SLD profiles are shown 
in Fig. 2. The As-Cast and Pre-Annealed films have 
very similar SLD profiles, showing an enrichment of 
PSBTBT and depletion of PCBM at the air surface, and 
Pre-Annealing causes this depletion layer to be slightly 
thicker (Fig. 2a). In the As-Cast film, a thin layer closest 
to the PEDOT:PSS layer corresponds to the active layer 
in which the volume fraction of PCBM (φPCBM) is 0.28. In 
the bulk of the As-Cast active layer, φPCBM is 0.57 which is 
close to the volume fraction of the two components in the 
blend solution (φPCBM = 0.53 and φPSBTBT = 0.47). While Pre-
Annealing did not change the distribution in the bulk, it 
did increase the SLD of the PEDOT:PSS layer, indicating the 
diffusion of PCBM into the PEDOT:PSS layer. 

The Post-Annealed sample, on the other hand, showed 
markedly different NR and SLD profiles (Fig. 2b). To 
simplify the fitting procedure, the active layer was spin-
cast directly onto a UV-ozone-treated Si substrate, followed 
by evaporation of an Al electrode on top. PCBM and 
PSBTBT are distributed more uniformly than in the As-Cast 
and Pre-Annealed samples. The drop in the SLD at the 
substrate suggests a depletion of PCBM (≈ 4 nm thick) at 
the substrate. The layer located at z ≈ 110 nm to 160 nm was 
ascribed to aluminum oxide. The rough interface between 
the active layer and the cathode (rms roughness ≈ 7.7 nm) 

indicated a diffusion of Al into the active layer during 
thermal annealing or thermal evaporation of Al, which is 
also confirmed by high-resolution transmission electron 
microscopy. 

The depth distribution obtained by NR is in good 
agreement with that measured by DSIMS, showing the 
depletion of PCBM and enrichment of PSBTBT at the 
air interface for As-Cast and Pre-Annealed films and an 
increase of PCBM concentration at the cathode interface 
after Post-Annealing. Segregation of the donor at the anode 
and acceptor at the cathode interfaces in OPV devices is 
beneficial for charge transport and collection, and, as such, 
Post-Annealing leads to better device performance.

Diffusion of PCBM into PSBTBT was measured using NR 
in a bilayer system. Shown in Fig. 3 are NR curves and the 
corresponding SLD profiles for PCBM/PSBTBT bilayer 
films under different annealing conditions (PSBTBT films 
were pre-annealed at 150 °C for 5 min before they were 
floated onto PCBM layers.) The sharp interface between 
the two layers for As-Cast film indicates that there was 
no interdiffusion between PCBM and PSBTBT at room 
temperature. Even a mild annealing at 100 °C for 1 min 
was enough to initiate diffusion of PCBM into the PSBTBT 
layer. At the beginning PCBM did not completely diffuse 
into the entire polymer layer but after annealing at 150 °C 
for 5 min PCBM was uniformly distributed in the polymer 
layer except a very thin layer at the air surface. The SLD 
of the polymer layer did not show obvious changes after 
5 min, suggesting a saturation of PCBM (φPCBM = 0.19) in 
the PSBTBT layer. The slight increase in the SLD of the 
PCBM film upon annealing at 150 °C can be attributed to 
a densification of the PCBM. The diffusion behavior of 
PCBM within the PCBM/PSBTBT bilayers is quite similar 
to that seen in the PCBM/P3HT system where PCBM was 
seen to rapidly diffuse into the amorphous regions of P3HT 
without perturbing the ordering of P3HT [4]. 

In summary, a systematic investigation on the morphology 
of the active layer and the structure at the interfaces 
under different treatments was accomplished in situ 
using neutron reflectivity employing the natural neutron 
contrast between the components in the active layer. This 
study indicates how Post-Annealing improves device 
performance by enhancing segregation of the donor at 
the anode and acceptor at the cathode interfaces. Such 
studies are important for improving the performance of the 
polymer-based solar cells.
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FIGURE 2: Neutron reflectivity profiles of (a) Si/SiOX/PEDOT:PSS/
PSBTBT:PCBM films and (b) Si/SiOX/PSBTBT:PCBM/Al films. The solid 
lines indicate the best fits for the reflectivity profiles. The insets are 
the corresponding profiles of SLD as a function of z, where z = 0 is the 
Si substrate.

FIGURE 3: (a) Neutron reflectivity profiles for the PCBM/PSBTBT 
bilayer films (PSBTBT film was Pre-Annealed at 150 °C for 5 min) 
before and after annealing. The solid lines indicated the best fits 
for the reflectivity profiles. (b) The corresponding SLD profiles as a 
function of z (where z = 0 is the Si wafer). SLD profiles do not overlap 
along the horizontal axis due to the varying thickness of each sample. 
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Nanoscale mixing of soft solids
S-H. Choi,1 S. Lee,1 H.E. Soto,3 T.P. Lodge,1,2 and F.S. Bates1
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Mixing of materials on the molecular scale 
represents a fundamental and demanding 

facet of modern chemical technology. Blending 
thermodynamically compatible liquids such as water 
and methanol is trivial, whereas combining inorganic 
solids at low temperatures is virtually impossible. 
Soft solids such as colloids, biological materials, 
and polymer melts show complicated and delicate 
thermodynamic and dynamic properties within both 
limits of behavior, necessitating innovative mixing 
processes. While the properties of blends and alloys 
are highly dependent on the precise arrangement 
of the constituents, assessing the state of mixing at 
the molecular scale is extremely challenging. In this 
highlight, we demonstrate that statistically perfect 
nanoscale mixing of ordered block copolymer 
micellar solutions can be achieved using a simple 
laboratory-scale mixer, as characterized by SANS 
measurements (see Fig. 1)

Poly(styrene-b-ethylene-alt-propylene) (PS-PEP) 
diblock copolymers were dispersed in a mixture of 
normal and deuterated squalane (C30H62 and C30D62), 
resulting in spherical micelles containing glassy PS 
cores and swollen PEP coronas. These micelles form 
liquid-like solutions at low concentrations (< 7 % 
mass fraction), but soft solid body-centered cubic 
(bcc) ordered arrangements at higher concentrations. 
Nearly chemically identical normal (PS(H)-PEP) and 

selectively perdeuterated (PS(D)-PEP) block copolymers 
were synthesized for this study, then blended with the 
solvent in two ways. Premixed solutions contain micelle 
cores with 50 % PS(D) and 50 % PS(H) molar fractions, 
designed to perfectly contrast match the isotopically 
labelled squalane solvent. Postmixed solutions were 
formed by mechanically mixing ordered blends of PS(D)-
PEP and PS(H)-PEP micelles.

Complete mixing of liquid micelle solutions (e.g., 1 % 
volume fraction) can be achieved by simple stirring at 
room temperature [1]. However, mixing ordered micellar 
solutions is considerably more challenging because these 
are soft yet solid-like materials. Here we employed a 
simple MiniMax mixer (CSI Co., see Fig. 2) to postmix 15 
% volume fraction of PS(H)-PEP and PS(D)-PEP copolymer 
solutions at room temperature. Since the PS cores are glassy 
(Tg ≈ 70 °C) at room temperature, copolymer chains are 
not able to exchange between micelles during mechanical 
blending.

SANS measurements were performed with the NG-7 
30 m instrument at NIST, with a neutron wavelength 
of 7 Å. SAXS measurements were conducted with the 
equipment maintained by the DuPont-Northwestern-
Dow Collaborative Access Team at Argonne National 

FIGURE 1: Illustration of PS(H) (blue) and PS(D) (red) 
spheres ordered on a body-centered cubic lattice and 
immersed in a contrast-matched matrix of squalane (C30H62 + 
C30D62) (purple). SANS from both (a) and (b) results in Bragg 
diffraction, while random placement of blue and red spheres 
(c) extinguishes interparticle interference, thus exposing 
single-sphere scattering.

FIGURE 2: Schematic illustration of the MiniMax mixer (CSI Co.) 
employed to blend ordered block copolymer micelles at room 
temperature. The specimen is held in a cup, along with three balls 
that facilitate mixing, confined by a rotor that applies a macroscopic 
shear stress.
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Laboratory, with an x-ray wavelength of 0.729 Å. Figure 
3 displays SANS and SAXS (inset) data obtained from the 
15 % volume fraction PS(H)-PEP and PS(D)-PEP solutions 
prior to blending at room temperature. Bragg peaks 
are evident, consistent with a bcc lattice with unit cell 
parameters abcc = 62 nm and abcc = 68 nm for PS(H)-PEP 
and PS(D)-PEP micelles, respectively. We attribute the small 
difference in lattice parameter to the minor variations in the 
molecular characteristics of the block copolymers. 

For a blend containing equal numbers (NH = ND = N/2) 
of perfectly randomly mixed and identically sized normal 
and perdeuterated spheres, the neutron scattering intensity 
can be described by the sum of intraparticle, P(q) and 
interparticle Q(q) contributions:

  I(q)        (DrH)2+(DrD)2                DrH + DrD    
2

—— =[——————–]P(q)+[—————] NQ(q),       (1)
  A                     2                                   2

where A is the system-specific constant. Here DrH and DrD 
are the excess scattering length density of PS(H) and PS(D), 
respectively, determined with the isotopic squalane solvent. 
In this case we ignore scattering from the solvated PEP 
blocks, which can be shown to be insignificant relative to 
the micelle core scattering. Critically, Eq. (1) is satisfied only 
if the normal and deuterated spheres are randomly 
distributed within the specimen, either on a disordered or 
ordered basis. When the scattering length density of the 
isotopic solvent is designed to be (rH + rD)/2, the 
interparicle contribution to Eq (1) is exactly eliminated 
leaving only the interparticle contribution. An isotopic 
mixture containing 42 % volume fraction of normal 
squalane and 58 % volume fraction of deuterated squalane 
meets this criterion.

Figure 4 shows SANS data obtained from postmixed 
and premixed solutions. Clearly, the Bragg peaks are 

completely suppressed for the scattering pattern obtained 
from the postmixed solution (blended at room temperature 
using the MiniMax mixer) and the resulting data are 
quantitatively accounted for using a hard-sphere form 
factor (solid curve) with a core radius of 11.0 nm. An 
independent SAXS measurement verifies that this blend 
retains a well-defined bcc structure (see inset to figure). 
This result confirms that the blend contains uniformly 
distributed PS(D)- and PS(H)-PEP micelles on a bcc lattice, 
as illustrated in Fig. 1. As anticipated by Eq. 1, the SANS 
profile obtained from the premixed solution shows almost 
no coherent scattering intensity.

In conclusion, we have demonstrated complete mixing 
of bcc ordered block copolymer micelles using a simple 
commercial mixer. Realization of nanoscale mixing was 
confirmed by SANS and SAXS measurements. This work 

also highlights the application of small-angle neutron 
scattering using the contrast matching technique to 
investigate particle form factors under circumstances 
where ordering (i.e., interparticle interference) generally 
dominates the overall scattering intensity. 
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FIGURE 3: SANS profiles obtained from 15 % volume fraction PS(D)-
PEP (red) and PS(H)-PEP (blue) in an isotopic squalane mixture (42 % 
C30H62 and 58 % C30D62 volume fractions) at 30 ºC. Inset shows the 
corresponding SAXS patterns.

FIGURE 4: SANS pattern obtained from postmixed (purple) and 
premixed (black) solutions. The postmixed solutions were prepared  
by blending PS(H)-PEP and PS(D)-PEP micelle solutions (each  
15 % volume fraction in contrast-matched squalane) at 30 ºC. The 
solid curve represents a best fit to the hard-sphere form factor. A 
synchrotron SAXS pattern (inset) obtained from the same mixtures 
confirms a bcc crystal structure.
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Zone refinement effect to remove impurities in 
organic semiconductor polymer blends for print-
able electronics
V. M. Prabhu1, D. M. DeLongchamp1, R. J. Kline1, D.Y. Yoon2, S.K. Satija3, J. E. Anthony4

A problem in making thin-film printable organic semiconductor devices is the appearance of 
impurities within the charge-transport region, 
limiting device performance. Here we highlight 
our work on a processing strategy for manufacture 
that improves the uniformity of the films and that 
significantly reduces the effect of trap impurities. 

Organic semiconductors are the most critical 
element of a new generation of optoelectronic 
devices that includes printable flexible electronics 
and photovoltaic devices. The vertical distribution 
and orientation of crystalline semiconductors in 
an organic thin film field-effect transistor (OTFT) 
must be controlled by processing to achieve 
optimal switching speed and current flow, often 
for a specific OTFT architecture. Common OTFT 
architecture variations involve different placements 
of the contacts and gate dielectric. For large-area 
flexible displays, many technology developers 
prefer a bottom-gated OTFT to a top-gated one. Gate 
placement is critical to device optimization because 
charge carriers are formed within the semiconductor 
layer only at its interface with the gate dielectric. 
Charge transport occurs within the 2 nm region 
adjacent to the gate dielectric, and the composition 
and orientation of the semiconductor layer at this 
interface is critical to device performance.

Formulation and processing are key contributors 
to the structure of the organic semiconductor 
layer at the dielectric gate interface. Since organic 
semiconductors can be processed from solution, they 
offer advantages over inorganic semiconductors 
such as amorphous silicon that requires processing 
under vacuum. While synthetic advances in recent 
years have produced organic semiconductors with 
performance characteristics that match amorphous 
silicon, there remain challenges in manufacturing 
process development for methods such as ink jet 
drop-on-demand printing, roll-casting, and spin 
coating. A processing challenge affecting some of the 
highest-performing organic semiconductors is that 
the neat solution viscosity is too low for common 

coating methods, preventing the formation of high-quality 
films.

An attractive approach to organic semiconductor 
formulation was proposed by Brown et al., who blended 
a high-performance organic semiconductor in solution 
with an insulating polymer binder [1]. Due to the polymer 
binder, the blend solution forms high-quality conformal 
films, and the films had charge carrier mobility greater 
than 0.3 cm2/Vs in top-gated OTFTs. Because the top-gated 
mobility was quite high, Brown et al. postulated that the 
semiconducting small molecules were vertically segregated 
to the top surface of the thin blend film. Although 
this approach represented a significant advance in 
formulation, the top-gated architecture is not preferred for 
manufacturing electronic devices, such as displays because 
the active layer can be damaged by subsequent fabrication 
steps such as gate electrode patterning and wiring. Instead, 
the bottom-gate architecture is favored.

Building upon the pioneering work of Brown et al., 
the NIST-SNU team developed a blend formulation 
approach to ensure that the semiconducting molecules 
can also segregate to a bottom gate interface [2]. Neutron 
reflectivity experiments performed on the NG7 horizontal 
reflectometer provided the critical data proving that  
blends of deuterium-labeled 6,13-bis(triisopropylsilylethy-
nyl)pentacene (TIPS-pentacene) with high molecular 
weight poly(a-methylstyrene)(PaMS) form a non-uniform 
vertical composition profile in films spin-coated onto 
silicon wafers from the homogeneous mixture solutions. 
These experiments showed conclusively that the organic 
semiconductor was preferentially segregated to the 
gate-dielectric interface with segregation characteristics 
controlled by the number-average relative molecular mass 
of the PaMS. 

In follow-up work, the NIST-SNU team investigated 
the surprising relationship between vertical segregation 
in these blend films and the presence of impurities in 
the semiconductor. It is generally known that organic 
semiconductors can contain or develop impurities that act 
as charge carrier traps; they can be formed on exposure 
to ultraviolet (UV) light, for example. The NIST-SNU 
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team investigated impurities [3] in the semiconductor 
triethylsilylethynyl anthradithiophene (TESADT)  
(Fig. 1a) that forms an endo peroxide impurity (Fig. 1c) 
upon prolonged exposure to UV light.

Impure TESADT had drastically reduced field-effect 
mobility (< 10-5 cm2/Vs) and lost its high-temperature 
crystal phase. When mixed with PaMS binder polymer, 
however, the impure TESADT recovered completely, 
to exhibit performance like that of highly purified 
TESADT (0.040 cm2/Vs). The expected phase transition 
characteristics also returned in part of the film. It is 
clear that the impurities must be removed by the binder 
polymer, at least within the 2 nm at the gate dielectric 
interface. Neutron reflectivity provided a route to measure 
the vertical composition profile of deuterium-labeled 
TESADT blend films. Figure 2 shows the specular neutron 
reflectivity data for the blend films (30/70 by mass) 
of d‑TESADT with PaMS of number-average relative 
molecular mass (Mr,n) ≈ 420 000 g·mol-1, spin-cast on a 
thick silicon substrate. In general, reflectivity arises from 
the interference of the reflected neutrons from the air and 

the substrate interfaces. Fits to the data provide scattering-
length density (SLD) profiles that were interpreted as 
d‑TESADT volume fraction depth profiles using known 
pure component SLD values. For this blend, the phase-
segregated structure forms a d-TESADT-rich layer not only 
at the air surface, but also at the blend/silicon substrate 
interface (Fig. 2 inset). The central polymer-rich layer 
surprisingly appears to collect and isolate the impure 
TESADT. The “purified” TESADT-rich segregated surface 
layer was characterized by near-edge x-ray absorption 
fine structure (NEXAFS) spectroscopy, which showed 
the absence of endo peroxide type impurity at the critical 
bottom-gate interface. Bottom-gated OTFTs show charge 
carrier mobility that is completely recovered. The blend 
formulation strategy is therefore valuable for at least two 
reasons: it aids coating by enhancing viscosity, and it also 
increases shelf stability by purifying the semiconductor at 
the charge-transporting interface.

The self-purification of TESADT impurities during the 
film forming and semiconductor crystallization process 
is reminiscent of an inorganic semiconductor process 
called zone refinement. This methodology is used in the 
manufacturing of defect-free inorganic semiconductors and 
plays an analogous role during the phase segregation and 
crystallization process to remove impurity species that are 
detrimental to devices from the critical charge-transporting 
interface region.

Our approach of using specular neutron reflectivity to 
measure the vertical composition profile in semiconducting 
blend formulations provides a general paradigm for 
formulation and process development in organic 
electronics. Direct measurement of the composition profile 
identifies processing strategies that permit advantageous 
segregation to the desired device interface. NR, when 
combined with other methods, provides a route to correctly 
assign the impacts of process and formulation variables 
to differences in segregation, crystallinity, or nanoscale 
morphology. Application of this measurement strategy 
can accelerate formulation and manufacturing process 
development and hasten the introduction of new products 
from printed, flexible electronics.
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FIGURE 1: Chemical structures of (a) TESADT, (b) the impurity in 
light-exposed TESADT, (c) poly(α-methylstyrene) (PαMS).

FIGURE 2: Neutron reflectivity profile and fitted concentration 
profile (in the top inset) of d-TESADT in 7:3 (by mass) blend films 
of d-TESADT and high molecular-mass PαMS. The experimental and 
fitted reflectivity curves are shown by circles and line, respectively. 
The lower inset shows the geometry of a bottom-gated OTFT. Colored 
regions in the active layer correspond to the top inset.
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Limit on parity-violating neutron spin rotation  
in 4He
J.S. Nico1, C.D. Bass1, T.D. Bass1, B.E. Crawford2, K. Gan3, B.R. Heckel4, D. Luo5, D.M. Markoff6, 
A.M. Micherdzinska3, H.P. Mumm1, A.K. Opper3, M. Sarsour7, E.I. Sharapov8, W.M. Snow5, H.E. Swanson4, 
S.B. Walbridge5, and V. Zhumabekova9

The weak interaction between nucleons (protons 
and neutrons) remains one of the most 

poorly-understood areas of the Standard Model. 
It has proven difficult both experimentally and 
theoretically to test the fundamental nucleon-nucleon 
(NN) weak interaction. Measurements using low-
energy neutrons, however, have lead to significant 
experimental progress and have the potential to 
illuminate previously unknown features of the 
theory of quantum chromodynamics. A collaboration 
involving several institutions recently completed an 
experiment on the NG6 beamline at the NIST Center 
for Neutron Research (NCNR) to study the strong 
interaction using weak interaction properties of 
the neutron. The neutron spin-rotation experiment 
operated by measuring the extremely small rotation 
angle of polarized neutrons traversing a target of 
liquid helium [1]. 

In the 19th century Louis Pasteur discovered that 
the plane of polarization of light often corkscrews 
as it moves through a material even if there is no 
obvious axis defined by the material structure. Later, 
it was discovered that many substances (biological 
molecules, in particular) have an internal structure 
which possesses a handedness-violating mirror 
symmetry, and the electromagnetic interaction of the 
light with the electronic structure of a material with 
handed structures causes the rotation of the plane of 
polarization. The present collaboration searched for a 
neutron analogue of this phenomenon (neutron spin 
rotation) in liquid helium. In this case, the violation 
of mirror symmetry that causes the neutron plane 
of polarization to rotate comes not from any mirror-
asymmetric internal structure but rather from the 
parity-violating (PV) weak interaction between the 
neutron beam and the neutrons and protons in the 
helium nucleus. Although the degree of violation of 
mirror symmetry in interactions between the quarks 
inside the nucleons is known, the strong interactions 
which confines the quarks in nucleons and binds the 
nucleons in the helium nucleus modifies the size of 
the effect. The purpose of this work is to measure the 

neutron optical activity (i.e., spin rotation angle per unit 
length of the medium) in helium and use it to learn about 
quark dynamics in the nucleon.

The weak interaction between the neutrons and the 
medium causes the amplitudes of the positive and negative 
neutron helicity states of polarized neutrons to accumulate 
different phases. The difference fPV between the phase 
shifts of the helicity states leads to a rotation of the neutron 
polarization vector about its momentum, which manifestly 
violates parity [2]. The rotation angle per unit length of 
a neutron of wave vector k in a medium of density ρ is 
dfPV/dz = 4πρfPV/|k|, where fPV is the forward limit of 
the parity-odd p-wave scattering amplitude. Because fPV is 
proportional to the parity-odd correlation σn·k, with σn the 
neutron spin vector and k the neutron momentum, df/dz is 
constant as k → 0 in the absence of resonances [3].

Theoretically, the NN interaction can be described in terms 
of the Desplanques, Donoghue, and Holstein (DDH) 
nucleon-meson weak coupling amplitudes [4] and, more 
recently, effective field theory coupling parameters [5]. 
Within the DDH parameterization, the calculation for spin 
rotation in the n-4He system in terms of the weak couplings 
f and h  df

–— = –0.97fp –0.22hºw + 0.22hw
1 –0.32hºr + 0.11hr

1 ,
 dzyields where 

subscripts p, r, and w are the meson couplings at the NN 
vertex and the superscripts indicate the isospin change. The 
possible numerical values span a broad range of ±1.5H10–6 
rad/m and are dominated by the uncertainties in the weak 
couplings. Because the values of these couplings are not 
well-constrained by theory or experiment, a precision 
measurement of the spin rotation in liquid helium can 
provide significant constraints on the range of values. 

The neutron spin rotation apparatus is fundamentally a 
neutron polarimeter consisting of a crossed polarizer and 
analyzer pair. It measured the count rate asymmetry of 
neutrons that passed through two liquid helium target 
chambers immediately upstream and downstream of 
a centrally-located solenoid (π-coil), as shown in Fig. 
1. To measure such a small rotation angle, one must 
shield magnetic fields and their fluctuations, because 
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stray magnetic fields can give rise to very large parity-
conserving rotations that are orders of magnitude larger 
than the PV signal. Thus, the apparatus is buried in three 
layers of mumetal. What may not be so obvious is that for 
a measurement of this type in which (due to the high rate 
in the direct beam) we can only measure the current of the 
neutrons as opposed to counting individual neutrons, we 
are susceptible to reactor intensity fluctuations (which end 
up following the near-universal 1/f noise spectrum). We 
therefore split the entire experiment down the middle and 
simultaneously performed two measurements in parallel to 
eliminate this common-mode source of noise. 

x-component of the neutron polarization by p/2 in the x-y 
plane. This rotated spin component produced an 
asymmetry in the flux transmitted through the polarization 
analyzer given by  N+ – N–

———–– = +PAsin f, where PA is the
 N+ + N–

product of the neutron polarization P and the analyzing 
power A, N+ and N– are the count rates in the two states of 
the output coil, and f is the measured rotation angle. 

Data were acquired in five months of running in 2008. 
Possible false effects from slow drifts in the polarimetry 
were suppressed by analyzing the time sequence of 
asymmetries with an algorithm that canceled linear and 
quadratic time-dependent effects. Systematic effects 
associated with beam parameters and neutron polarimetry 
that could cause a false asymmetry were studied in detail 
[7]. Additional measurements amplified potential 
systematic effects, such as the magnetic field amplitude 
and magnetic field gradient, that allowed one to place 
upper bounds on their magnitude. Figure 2 shows the 
distribution of spin rotation angles with the p-coil on for the 
complete data set. The result for neutron spin rotation in 

liquid 

 dfPV–—— = [1.7±9.1(stat)±1.4(sys)]H10–7 rad/m ,  dz
helium is where the overall uncertainty is dominated 

by statistics [8]. This experiment represents the most 
sensitive search for neutron weak optical activity ever 
performed and yields a significant advance in precision in 
comparison to past measurements in heavy nuclei. 
Regardless, it is necessary to improve the overall precision 
to further constrain the NN weak amplitudes. A second 
phase of the experiment is planned at a more intense beam 
line under construction at the NCNR, where it is expected 
that an upgraded apparatus would achieve a precision of ≤ 
2 H 10–7 rad/m on the n-4He rotation angle.
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While passing through the filled target, the neutrons 
experience a parity-violating spin rotation transverse to 
their momentum direction (ẑ), which is proportional to 
their path length in the liquid helium target. They also 
experience a parity-conserving rotation proportional to 
both their path length and the strength of the residual 
magnetic fields throughout the entire target region (Fig. 1). 
These rotations were reduced significantly by passive 
magnetic shielding and the implementation of the π-coil. 
The field of the π-coil was aligned in the direction of the 
initial neutron polarization and constructed so that when 
neutrons pass through it, their spin vector precessed 180°. 
One of the target positions was filled with liquid helium 
and the other was empty; the contents of each target could 
be remotely filled or emptied, so that two target states were 
possible [6]. An output coil adiabatically rotated the 

FIGURE 1: Overview of the apparatus to search for parity-violating spin rotation in liquid helium.

FIGURE 2: Distribution of measured parity non-conserving (PNC) 
rotation angles per meter. The solid line is a fit to a Gaussian 
distribution with a constant background.
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Improving the measurement of trace selenium  
by neutron activation analysis
I.J. Kim1, R.P. Watson2, and R.M. Lindstrom2
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Selenium is an essential element in humans, but 
it is also a potential toxin, making the reliable 

determination of trace selenium in the environment 
a critical need. The Analytical Chemistry Division at 
NIST therefore provides Standard Reference Material 
(SRM) 3149, a standard selenium solution, as a primary 
calibration standard to industrial and academic 
institutions around the world who wish to validate 
their own methods for elemental analyses of selenium. 
The goal of any elemental analysis is to return a 
value as close as possible to the actual amount of the 
element in the sample, i.e., provide high accuracy, while 
minimizing the uncertainty in the measurement itself, 
thus also providing high precision. In order to certify 
with high accuracy and precision the level of selenium 
in SRM 3149, we measured its selenium content by 
instrumental neutron activation analysis (INAA). In 
INAA, a sample is irradiated with neutrons to produce 
radionuclides whose characteristic decay radiation, 
typically γ-rays, may be used to identify the elements 
present and, more importantly, quantify the amounts  
of these elements.

The use of INAA in determining selenium content 
presents several advantages: There is minimal 
sample preparation; pure elemental selenium may 
be conveniently used as an exceptionally accurate 
standard; the target isotope of naturally occurring 
selenium, 74Se, has an adequate natural abundance 
and thermal neutron capture cross section for the 
measurement; the activated radioisotope, 75Se, emits 
several γ-rays, each of which may provide independent 
corroboration of the measurement; and 75Se is long-
lived (half-life of ca. 120 days), allowing for careful 
γ-ray counting. 

While the use of elemental selenium in our analysis 
improved the accuracy of the measurement, it also 
introduced a potential obstacle to high precision in that 
the uncertainty in the measurement could be increased 
by the neutron self-shielding of the selenium fragments 
used as standards. We employed a semi-empirical 
solution to this problem by measuring the specific 
activities of several selenium fragments of differing 
masses and applying a model that followed the decrease 
in specific activity as a function of mass caused by the 
self-shielding phenomenon. As shown in Fig. 1, the 
dependence of specific activity on mass is nonlinear and 
is modeled by the curve described in Eq. (1), where fn(x) 

and fγ(x) are idealized predictions of the neutron and gamma-
ray self-shielding behaviors in a fragment with mass x, p is the 
empirical correction factor reconciling the idealized behavior 
with the observed trend, and N(x) is the observed activity. The 
extrapolated N0, being the theoretical activity of a selenium 
standard exhibiting no self-shielding, is the value used in 
calculating the selenium content in the SRM samples. The 
use of Eq. (1) allowed us to treat the uncertainty in the self-
shielding correction with conventional statistical analyses that 
lowered the overall uncertainty and improved the precision of 
the measurement.

	 N(x)	 —— = 1– p[1– fn(x ) f g(x )]                          (1)
 	  N0

In addition to the neutron self-shielding factor, several other 
aspects of the measurement were carefully monitored to 
minimize the measurement uncertainty. The most important 
of these were the counting statistical uncertainty, the 
repeatability of the measurement, the neutron fluence gradient 
present during irradiation, the uncertainty due to differences 
in counting geometry, and the pile-up correction of the 
counting system. The INAA-determined selenium content in 
each sample of SRM 3149 was found to be 10.09 mg/g ± 0.06 
mg/g. The uncertainty of 0.06 mg/g represents 0.5 % of the 
measured value and demonstrates the role INAA can have 
in providing excellent accuracy and precision in elemental 
analyses.
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FIGURE 1: INAA data and curve of normalized specific activity fitted 
by the empirical model of Eq. (1). Uncertainties propagated from 1 s 
counting statistics are indicated by error bars.
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Directly probing anisotropy gradients using polarized 
neutron reflectometry
B. J. Kirby1, J. E. Davies2,3, Peter Greene4, Kai Liu4, S. M. Watson1, G. T. Zimanyi4, R. D. Shull2, P. A. Kienzle1, 
and J. A. Borchers1

For magnetic recording media, it is desirable to reduce 
energy consumption by writing magnetic bits into the 

intended up or down state using the smallest possible 
magnetic field. However, ease of writing must be balanced 
with thermal stability – if the bits are too loose, unintentional 
flips can occur, degrading or erasing stored data. Recent work 
[1] predicts that an optimal balance between ease of switching 
and thermal stability can be achieved by gradually varying 
the magnetic anisotropy throughout a stack of magnetic 
multilayers. In principle, high anisotropy “hard” layers anchor 
the stack against thermal fluctuations, while low anisotropy 
“soft” layers assist the hard layers during switching. 

However, definitive experimental evidence of an anisotropy 
gradient is difficult to obtain with standard magnetometry 
techniques which measure the collective magnetic response 
of the entire multilayer structure. Even if layers in the stack 
are known to be harder or softer when separated, such 
individual characteristics are subject to change in a multilayer 
structure due to interlayer coupling. Therefore, a spatially 
sensitive magnetic probe is ideal for characterizing an 
anisotropy gradient. Polarized neutron reflectometry (PNR) 
is just such a technique, sensitive to the nuclear composition 
and magnetization depth profiles, and we have used PNR 
to unambiguously identify anisotropy gradients in magnetic 
nanostructures [2].

For a Co/Pd multilayer, magnetic anisotropy should decrease 
with increased Co layer thickness. Thus to achieve an 
anisotropy gradient, we deposited 15 Co/Pd bilayers where 
the Co thickness progressively increased with each bilayer 
(from 0.3 nm to 1.1 nm) while the Pd layer thickness (0.9 
nm) remained fixed. This graded multilayer structure was 
deposited on top of a constant structure of 15 repeats of 0.3 nm 
Co/0.9 nm Pd. We used the NG-1 Reflectometer at the NCNR 
to perform PNR measurements and determine the nuclear 
and field-dependent magnetic profiles of this sample. Figure 
1 shows an example of fitted non spin-flip, scattering vector 
(Q) dependent reflectivities, taken at 660 mT. Clear, spin-
dependent oscillations are observed, indicating sensitivity to 
the magnetic depth profile. 

The profiles determined from fits to the data are shown 
in Fig. 2 with respect to z, the depth into the sample. The 
nuclear profile (panel a) gives a structural reference for the 
magnetization profiles shown below it (panels b-c). While 
pronounced magnetization gradients are observed at all fields 
(panel b), this alone does not prove an anisotropy gradient, as 
the variation in magnetization is partially due to an increase 
in Co moments near the free surface (i.e., the individual Co 
layers get thicker). Thus, to illuminate anisotropy variations, 
Fig. 2c shows each of the magnetization profiles in Fig. 2b 
normalized by the respective maximum values. If the sample 
were to exhibit uniform anisotropy, the magnetization at all 
depths of the sample should respond to field at the same 
rate, meaning all the profiles in Fig. 2c would be identical. 
Instead, the normalized profiles show that the low Co 
thickness portion of the sample (high z) becomes progressively 
more similar to the higher Co thickness portion (low z) as 
magnetic field is increased. This shows that the top of the 
sample is magnetically softer than the bottom, a definitive 
demonstration of graded anisotropy. 

With an anisotropy gradient firmly established, magnetometry 
was used to correlate the gradient with a real reduction in 
write field, demonstrating the advantage of graded anisotropy 
media. 
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FIGURE 1: Fitted spin-down (blue) and spin-up (red) non spin-flip 
reflectivities, measured at 660 mT. Data and fits are multiplied by Q4 
for clarity. 

FIGURE 2: Nuclear (a), magnetization (b), and normalized 
magnetization (c) depth profiles, determined from fits to the PNR 
data. That the normalized profiles are different demonstrates graded 
anisotropy. 
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Detection of dynamical transitions in hydrogenous 
materials by transmission of very cold neutrons
N. Verdal1, T. J. Udovic1, J.R.D. Copley1 and J.J. Rush1,2
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For over half a century, neutron scattering, aided 
by the large scattering cross section for hydrogen, 

has been an invaluable tool to study vibrational, 
rotational, and diffusive motions in hydrogenous 
materials. Many of these studies involve measurements 
to probe transitions in dynamical behavior which 
occur as a function of temperature, pressure, or 
molecular adsorption. The extensive use of neutron 
spectrometers around the world in such research 
often relies on previous thermal scans, NMR, or 
diffraction experiments to decide at what temperature 
or pressure to carry out scattering measurements to 
probe dynamical details. Here, we demonstrate that 
simple and rapid measurements of the transmission of 
very cold neutrons are a highly sensitive in situ probe 
of such dynamical changes, and can be a useful guide 
for complex scattering experiments which ultimately 
determine the details of the motional changes.

It was demonstrated decades ago that cross section 
measurements at long neutron wavelength (λ) are 
very sensitive to total inelastic scattering from energy-
gain scattering processes involving large amplitude 
vibrational or rotational modes in hydrogenous 
materials [1,2]. If the velocity of the incident neutron is 
much less than that of the scattered neutrons, the total 
inelastic scattering, and thus the scattering cross section, 
increases linearly with 1/vi (or with λi). A key point is 
that the cross section continues to increase with λi, so 
that the sensitivity to the dynamics of the hydrogenous 
species is greatly enhanced at very long λi. 

To test the method, representative neutron transmission 
measurements were performed on the Disk Chopper 
Spectrometer. Samples with ≈ 50 % transmission at 
30 Å were prepared of several materials, including 
ammonium iodide (NH4I), hexamethylbenzene 
(HMB), and dicesium dodecahydro-closo-dodecaborate 
(Cs211B12H12), all of which undergo transitions involving 
dynamical changes. Samples were placed in a cryostat 
capable of controlled temperature ramps and centered 
in a 30 Å neutron beam emerging from the neutron 
guide after the monochromating chopper array. A 
“black” 3He detector array was placed 40 cm beyond 
the sample. The resulting neutron transmission 
intensities vs. temperature primarily reflect changes in 
energy-gain scattering. 

Figure 1 shows the change in transmitted intensity vs. 
temperature for each material. NH4I exhibits a phase 
transition from a bcc to an fcc structure at 280 K [3], 
at which the NH4+ motion changes from torsional 
vibration to quasi-free rotation. A major drop in neutron 
intensity is observed near 280 K, which reflects the 
removal of 30 Å incident neutrons by a sharp increase 

in rotational inelastic scattering. Moreover, the transmission 
technique shows hysteresis effects, i.e., the intensities obtained 
on cooling show an enormous shift of the transition down  
to ≈ 200 K.

HMB undergoes a less dramatic transition at 118 K [3] that has 
been shown to involve the methyl torsional mode, due to a 
change in intermolecular interactions between methyl groups. 
The vibrational spectra for HMB in the inset, as measured 
with FANS, show a smearing of the torsional band above the 
transition due to dynamical changes. These changes are easily 
observed as a decrease in transmitted intensity, due primarily 
to an increase in energy-gain scattering from the increased 
population of CH3 torsional levels.

The transmission for Cs211B12H12 clearly changes at the subtle 
second-order phase transition near 529 K to a more disordered 
orientational state for the large B12H122- ions. This confirms the 
sensitivity of the method to even relatively small dynamical 
changes of larger molecular species. Thus the method could be 
appropriate for dynamical transformations of larger molecules 
or polymers. 

Finally, we would point out that the thickness of Cs2B12H12 
provides a ≈ 90 % transmission at (5 to 6) Å, which minimizes 
multiple scattering effects. Therefore, the same sample in a 
cryostat, furnace, pressure device, etc. can be used first for a 
quick transmission scan (over several hours) for searching 
for a dynamical transition and then, without removal, for 
scattering measurements.

FIGURE 1: The transmitted, reduced neutron intensities (I/Imax) 
through HMB, NH4I, and Cs2

11B12H12 as functions of temperature. 
The blue data points for NH4I were measured upon cooling from 
room temperature, demonstrating a hysteresis in its structural phase 
transition. The HMB inset shows the vibrational density of states below 
and above its transition. Uncertainties are commensurate with the 
scatter in the data.
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Uniformity of a large cross section neutron spin 
analyzer for SANS polarization analysis
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A 3He neutron spin filter (NSF) is based on the strong spin dependence of the neutron absorption cross section for 
3He and has the following advantages over the supermirror 
analyzer: 1) it can polarize a large area and widely divergent 
neutron beam; and 2) it can efficiently flip the neutron 
polarization by reversing the 3He nuclear polarization. 
Polarization analysis with 3He NSFs [1,2] has recently been 
employed for studies of magnetic nanoparticles by small-
angle neutron scattering [3,4]. These experiments required 
careful attention to polarization corrections, which result from 
the imperfection of the 3He spin filter, supermirror polarizer, 
precession coil spin flipper, and spin transport. For reasons of 
practicality, a uniform neutron polarization over the scattered 
beam for the 3He spin analyzer was assumed [3,4]. Spin 
transport is often the most difficult issue in polarized neutron 
scattering because the neutron spin must be adiabatically 
rotated within a couple of centimeters from the strong, 
transverse, sample field to the relatively weak longitudinal 
field of the shielded solenoid used to maintain the 3He 
polarization. The spin transport efficiency can thus vary across 
the neutron beam. There is also an intrinsic inhomogeneity 
of the analyzing efficiency due to small variation of the gas 
thickness of the 3He analyzer. The homogeneity in polarization 
efficiency will be problematic in performing polarization 
analysis, especially in probing a weak magnetic signal from 
the sample, as shown in reference [4] where uncertainties 
of polarization efficiencies greater than 1 % could mask the 
expected weak magnetic features. Hence, accurate knowledge 
of any spatial variation of the overall instrumental polarization 
efficiency is essential. 

We have developed and characterized a large cross section 3He 
NSF with uniform analyzing efficiency for polarization 
analysis on the NG-3 SANS. The 3He cells have a diameter 
approaching 12 cm, large enough to extend the area detector 
data to a reasonably high Q (the maximum Q is 1.1 nm-1 at a 
wavelength of 0.5 nm without the detector offset). We have 
mapped the spatial variation of the overall instrumental 
polarization efficiency       N+–N–

P = ––—–––––
        N++N– 

over the 2-D position-
sensitive-detector (PSD) by measuring 
scattering with the incident neutron spin flipper OFF (N+) and 
ON (N–) from a strong coherent scatterer (Glassy Carbon). 
These measurements have been performed in fields ranging 
from 5 mT to 1.6 T. Fig. 1 shows the spatial variation of the 
overall instrumental polarization efficiency over the 2-D PSD 
and the instrumental polarization efficiency as a function of 
the wave vector transfer at 0.7 T. The spatial variation of the 
overall instrumental neutron polarization in the usable area of 

the cell window (the large circle in the center, defined by the 
end-cap holes through which scattered neutrons must pass) is 
about 1 %, including any possible spin transport and spatial 
variation of 3He gas thickness. As expected, polarization 
efficiency begins to fall-off rapidly at the edge of the end-cap 
hole of the solenoid due to use of neutron shielding materials 
outside the hole. We have modeled the spatial variation of 3He 
gas thickness of the cell for the scattered neutron beams based 
on the spherical cell windows and the relative location of the 
cell from both the sample and the detector. As shown in Fig. 
1(b), the polarization efficiency has been calculated as a 
function of Q, and is consistent with the measurements. After 
taking account of the intrinsic inhomogeneity of the analyzing 
efficiency, the spin transport loss over all scattered beams  
passing through the cell should be no more than 1 %, 
indicating that the scattered neutron spin is adiabatically 
rotated by π/2 from the transverse horizontal to longitudinal 
direction for the large solid angle divergent scattered beams. 
To our knowledge, this is the first direct measurement for such 
a level of large area spatial homogeneity in polarization 
efficiency. Our next step is to incorporate the spatial variations 
of the efficiencies in the SANS polarization correction software 
to allow for the detection of even smaller magnetic signals.
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FIGURE 1: (a) Spatial variation of the measured instrumental 
polarization efficiency over the 2-D PSD at 0.7 T. (b) The polarization 
efficiency (circularly averaged) as a function of the wave vector 
transfer. The red circles are the measured values. The solid line is 
calculated by modeling the cell path length variation for different 
scattering angles. The expanded section (above) shows a gentle 
decrease in polarization efficiency due to the cell path length variation.
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Neutron Source Operations

The NCNR Source (NBSR) operated for 142 days this 
past year providing 99 % availability before shutting 
down, as scheduled, for the Outage. The Expansion 
Outage that began on April 3 has provided many 
opportunities for minor and major upgrades to 
the reactor systems for enhanced reliability of 
operations.

To minimize interference with the new neutron 
guides that will be installed during the current 
Outage it was necessary to move the majority of the 
NCNR secondary cooling system. The new system 
will replace the six, single speed Main Secondary 
Pumps with four energy-efficient, variable speed 
pumps and will provide equivalent cooling and 
flow rates. In addition, a new cooling tower cell 
will be installed to supplement the 22 MW cooling 
capacity of the existing towers during the summer 
when heat and humidity levels reduce the tower 
cooling efficiency. The majority of the installation 
of the upgrade to the secondary cooling system has 
been performed under an American Recovery and 
Reinvestment Act (ARRA) project but the Reactor 
Operations/Engineering (ROE) group prepared the 
full system for long-term dry layup of the piping and 
will be responsible for interfacing the new system 
to the reactor control room and bringing the system 
back into full service.

The Thermal Shield cooling system’s function is 
to cool a radiation shield that protects the concrete 
surrounding the NCNR source by circulating 
water through cooling tubes. Over the lifetime of 
the facility, the tubes have developed small water 
leaks that had become operationally inconvenient. 
Patching the leaks was only a temporary repair so the 
NCNR developed a system that utilized low vacuum 

rather than pressure, to move cooling water around the 
Thermal Shield. The strategy has been successfully tested 
in prototypes and full-scale mockups. During the current 
Outage, a complete upgrade of the Thermal Shield cooling 
system has been installed that will move water by using 
aspirators to maintain the highest pressure in the system 
just below one atmosphere, thus preventing outleaks.

ROE is performing a phased-upgrade to the reactor 
control console. Phase I involves building an information 
acquisition system that will store data routinely available 
to the reactor operators. This data will be acquired in real-
time during and used to develop a new display and control 
system for the control room that will use contemporary 
human-machine interface (HMI) best-practice for Phase II. 
Phase I has progressed throughout the Outage and many 
of the older displays, alarm indicators, and controllers 
have been replaced with modern systems that will output 
directly to the Console data-acquisition system. Initially, the 
system will provide only an internal display of data in the 
NCNR control room and an auxiliary HMI development 
laboratory but the data could be eventually provided to 
experimenters or other areas of the NCNR that might need 
to monitor the system remotely.

The installation of the second NCNR liquid hydrogen 
cold-source in BT-9 is the culmination of years of design 
and development work. The successful source installation 
was delayed because both BT-9 and the fabricated cold 
source required machining to compensate for distortions in 
the experimental tube and the small tolerance differences 
between the cold source and the tube dimensions. The 
source was fully installed in the first week of September 
but there is still a great deal of work before the system will 
be filled with hydrogen. Complete installation and testing 
is expected to occur in early 2012.Paul Liposky and Jim Moody work on the RT-4 pneumatic 

transfer system.

Tony Norbedo examines the new stainless-steel lines on the upgraded 
Thermal Shield cooling system.
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Facility Development

Facility support staff have taken advantage of the 
scheduled outage period of the Expansion Initiative 
program to progress design and construction of new 
instruments—scheduled for installation in the post-
outage period—while developing and refurbishing 
existing instrumentation, software, and sample 
environment equipment.  

Instrument Development

The past year has seen the preassembly and staging of 
the 10 m SANS instrument to be installed on the new 
NG-B guide. The diffractometer has been outfitted 
with motion controls and other ancillary electronics, 
and adaptation of the 30 m SANS instrument control 
software is underway. The pre-staged 10 m SANS 
instrument will also provide a test bed for the new 
Instrument Control Environment (NICE) software 
system; the alpha release of this major refactoring and 
development project is scheduled early in 2012.

The Facility supports a growing program to develop 
and commission new detector systems to address the 
needs of new instruments in the Expansion Initiative 
and beyond. The detector project for the CANDOR 
white-beam reflectometer has recently been awarded 
NIST intramural funding and these additional funds 
will expedite development of the detector and speed the 
process of bringing the final design into production. The 
current design is based on 6LiF/ZnS(Ag) impregnated 
plastic scintillator technologies coupled via wavelength 
shifting fibers to silicon photomultiplier devices (SiPMs). 
The promising early results from a prototype detector 
have led to refinements of the neutron converter portion 
of the detector that will be tested in the near term.  

The design of the Very Small Angle Neutron Scattering 
(vSANS) diffractometer calls for two types of detectors: 
a high-resolution area detector typical of most 
instruments of this type and arrays of linear position 
sensitive tubes. In discussions with GE Reuter Stokes, a 
design has been finalized for eight panels consisting of 

“8-pack” linear position sensitive proportional counters 
for incorporation into the vSANS spectrometer. These 
panel arrays will also feature readout electronics based 
on the SNS data acquisition standard. Fabrication of the 
panel assemblies is underway and delivery is projected 
for December 2011.

The primary detector for the MAGIK spectrometer, 
soon to be installed on the new NG-D guide, has been 
procured and integrated into data acquisition for the 
instrument. This detector, a DENEX 200TN, is a 20 cm 
× 20 cm 3He gas-filled area detector with 1 mm × 2 mm 
spatial resolution.

Data Analysis Software Development

The Data Analysis and Visualization Environment 
(DAVE) project provides software solutions for data 
reduction, viewing, and interpretation covering a wide 
range of inelastic neutron scattering instruments at the 
NCNR and elsewhere. DAVE is based on the IDL iTool 
paradigm and has been under development for close to 
a decade. It is now in its second major developmental 
phase realizing improvements in many aspects of the 
application suite especially with regards to usability and 
visualization functionality.

FIGURE 1: A 
backlit picture of an 
assembly in which 
are embedded 
wavelength 
shifting fibers in a 
neutron detecting 
6LiF-ZnS(Ag) 
scintillator matrix. 
The scintillation 
pulses travel via 
the fibers to silicon 
photomultiplier 
devices.
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Coincident with the extended outage period, 
work has progressed to address some long-
standing issues and add new features covering 
all aspects of DAVE functionality from planning 
tools, reduction and visualization to basic data 
analysis. A new reduction component designed 
for the multi-channel detector system on BT-7 is 
being developed using an identical interface to the 
recently completed FANS reduction module. When 
complete, it will readily enable loading of multiple 
raw datasets, apply normalization and other raw 
data corrections, and calculate the wavevector and 
energy transfer taking into account the variation 
in angle and energy across the multichannel 
detector. Diffraction data from powder samples 
and diffraction or inelastic data from single crystal 
samples are also supported. In many cases, the 
reduced data are volumetric (multi-dimensional) 
and can thus be analyzed (sliced and cut) further 
using the DAVE Mslice tool. 

Support for MACS data reduction was introduced 
last year and since then users have had the 
opportunity to provide much feedback that has 
resulted in a significant revision of the interface 
along with the addition of new functionality. 
The data reduction package for Neutron Spin 
Echo has been upgraded to allow treatment of 
multiple sample and background datasets, which 
is especially useful when employing partial 
deuteration techniques.

A new reflectometry fitting package, Refl1D, 
has been released. Developed as part of the NSF 
funded DANSE project for neutron scattering 
software, this package provides state of the art 
global optimization and uncertainty analysis 
software to the reflectometry community. The 
modeling engine allows users to combine freeform 
and slab layers into profiles and simultaneously 
refine profiles for multiple datasets. Magnetism 
is fully supported, including polarized and 
unpolarized measurements from time of flight 
and steady state sources. Users are free to extend 
their models in arbitrary ways, including support 
for different measurement techniques; results 

can be combined for a robust uncertainty assessment 
incorporating information from all measurements on 
the sample. DANSE has also released DIRefl for direct 
inversion analysis on surround variation reflectometry 
data, yielding profiles without fitting, and OsRefl for 
analysis on in-plane scattering data from patterned 
magnetic and non-magnetic samples. Numerous 
publications within the NCNR and from the broader 
community include results from DANSE reflectometry 
software packages. (http://reflectometry.org/danse/
software.html)

Sample Environment

The NCNR provides a wide range of state-of-the-art 
sample environment equipment and technical expertise 
to support user research programs. The outage period 
has afforded time for a number of development 
and refurbishment projects, in particular to support 
operational capacity and reliability of low-temperature 
high magnetic field operations. The 10 T cryogen-free 
magnet has been outfitted with a cryogen-free variable-
temperature insert and is now under test. The 7 T 
vertical field magnet is now redeployed with its 3He 
low-temperature insert and the 11.5 T vertical field 
magnet with dilution refrigerator has undergone repairs 
and is being re-commissioned. Maintenance and repairs 
to the entire fleet of cryostats and of bottom-loading 
closed-cycle refrigerators will be completed in time for 
the re-start of Facility operations.

Neutron Spin Filters

NCNR supports a world-class user-driven program 
of polarized beam experiments and demand for 3He 
neutron spin filters (NSFs) continues to be strong 
and increasing. The Facility program to support and 
develop NSFs is run in collaboration with the Physical 
Measurement Laboratory at NIST and during the past 
year has serviced 37 user experiments totaling over 130 
days of beam time. Experiments are routinely carried out 
on the thermal neutron triple-axis spectrometer BT-7 and 
the suite of small-angle neutron scattering instruments 
and reflectometers. The program was expanded this 
year with proof-of-principle experiments performed on 
MACS for wide-angle polarization analysis.
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3He gas is polarized by spin-exchange optical pumping 
(SEOP), in which alkali-metal atoms are polarized by 
optical pumping and this electronic polarization is 
transferred to 3He nuclei in spin-exchange collisions. 
Efforts continue to develop the SEOP systems and 3He 
cells yielding improve to the overall 3He polarization 
performance. The NSF team has built two state-of-the-
art SEOP systems dedicated for the NCNR user program 
in polarized neutron scattering. Each SEOP system is 
equipped with two 100 W spectrally narrowed lasers to 
illuminate the gas cell from opposite sides, and this year 
saw implementation of a chirp volume Bragg grating 
for each laser, which has delivered higher power and 
improved suppression of broadband background. The 
lasers now routinely operate continuously for days 
with only occasional need for minor re-tuning of the 
wavelength. The best performance for large volume 
cells is achieved by the use of potassium-rubidium 
mixtures, but this requires careful control of the mix 
ratio in sealed cells and a standard protocol to optimize 
this ratio has now been developed. This enhanced SEOP 
capability, combined with an advanced cell fabrication 
facility, allows the polarization of 1 L cells to 80 % 3He 
polarization within a day or two. Moreover, this year 
saw record breaking levels of 3He polarizations from 
82 % to 85 % obtained for user experiments on both 
ANDR and BT-7. 

There has been a continued focus on developing user-
friendly hardware and software to control 3He NSFs that 
is readily incorporated into the instrument software. 
Software is now implemented to predict and monitor 
the polarized neutronic performance and flip the 3He 
polarization when taking data on each instrument. 
The software provides a user-friendly interface and 
allows the instrument computer to perform NMR 
measurements, flip the 3He polarization and control 
the neutron spin. An alternative method for 3He, the 
polarization-flipping scheme has been implemented 

that uses an amplitude-modulated radio-frequency field 
when performing a frequency-sweep based adiabatic 
fast passage NMR. The new scheme promises to reduce 
the 3He polarization loss per flip by a factor of at least 
4 and will be tested on the beam lines when following 
the source re-start in 2012. User-friendly polarization 
efficiency correction software, which includes the 3He 
polarization decay, is being implemented on the triple-
axis spectrometer and SANS.

Progress has been made to advance polarized neutron 
instrumentation for each specific instrument class. 
On BT-7, one of the most important advances was to 
develop polarized inelastic neutron instrumentation. A 
polarized beam setup with a conventional precession 
coil spin flipper was not effective for elastic experiments 
at large scattering angles and inelastic experiments 
due to the impact of space constraints. However, the 
successful development of automated 3He spin flipping 
capability on the beam line now enables efficient 
flipping and transport the neutron spin without the 
conventional flipper. This enhanced measurement 
capability has made the first successful polarized-beam 
inelastic experiment on BT-7 with an energy transfer 
up to 35 meV. The successful development of a high-
field magic box has led to improvements—by a factor 
x3—in the 3He polarization relaxation enabling reliable 
operation with a relaxation time of up to 100 h. 

Development activity for SANS experiments has 
included work to increase the maximum sample field 
available from 1.2 T up to 1.6 T. This was achieved by 
the modification of an existing high field electromagnet 
to minimize its stray field using soft-iron plates and 
enable the passage of a polarized beam. Polarized 
neutron tests have shown the neutron spin transport 
with this magnet is not an issue and tests of the effect on 
the relaxation of the 3He polarization are on-going.
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Serving the Science and Technology Community

The mission of the NIST Center for Neutron Research 
is to assure the availability of neutron measurement 
capabilities to meet the needs of U.S. researchers 
from industry, academia and from other U.S. 
government agencies. To carry out this mission, the 
NCNR uses several different mechanisms to work 
with participants from outside NIST, including 
a competitive proposal process, instrument 
partnerships, and collaborative research with NIST.

Proposal System

Most of the time on NCNR instruments is made 
available through a competitive, peer-review 
proposal process. The NCNR issues calls for 
proposals approximately twice a year. Proposals 
are reviewed at several different levels. First, expert 
external referees evaluate each proposal on merit and 
provide us with written comments and ratings. This 
is a very thorough process where several different 
referees review each proposal. Second, the proposals 
are evaluated on technical feasibility and safety 
by NCNR staff. Third, we convene our Beam Time 
Allocation Committee (BTAC) to assess the reviews 
and to allocate the available instrument time. Using 
the results of the external peer review and their own 
judgment, the BTAC makes recommendations to 
the NCNR Director on the amount of beam time to 
allocate to each approved experiment. Approved 
experiments are scheduled by NCNR staff members 
in consultation with the experimenters. 

The current BTAC members are:

•	 Andrew Allen (NIST Ceramics Division) 
•	 Jeffrey Allen (Michigan Technological University) 
•	 Collin Broholm (Johns Hopkins University) 
•	 Leslie Butler (Louisiana State University)
•	 Kalina Hristova (Johns Hopkins University)
•	 Ramanan Krishnamoorti (University of Houston)
•	 Valery Kiryukhin (Rutgers University) 
•	 Raul Lobo (University of Delaware)
•	 Lee Magid (University of Tennessee, Knoxville) 
•	 Janna Maranas (The Pennsylvania State 

University) 
•	 Alan Nakatani    
•	 Stephan Rosenkranz (Argonne National 
Laboratory)

•	 Lynn Walker (Carnegie-Mellon University)

Partnerships

The NCNR may form partnerships with other institutions 
to fund the development and operation of selected 
instruments. These partnerships, or “Participating 
Research Teams”, may have access to as much as 75 % of 
the available beam time on the instrument depending on 
the share of total costs borne by the team. A minimum of 
25 % of the available beam time is always made available 
through the NCNR proposal program to all users. 
Partnerships are negotiated for a fixed period (usually 
three years) and may be renewed if there is mutual interest 
and a continued need. These partnerships have proven to 
be an important and effective way to expand the research 
community’s access to NCNR capabilities and have been 
very successful in developing new instruments. 

Collaboration with NIST

Some time on all instruments is available to NIST staff in 
support of our mission. This time is used to work on NIST 
research needs, instrument development, and promoting 
the widespread use of neutron measurements in important 
research areas, particularly by new users. As a result of 
these objectives, a significant fraction of the time available 
to NIST staff is used collaboratively by external users, 
who often take the lead in the research. Access through 
such collaborations is managed through written beam 
time requests. In contrast to proposals, beam time requests 
are reviewed and approved internally by NCNR staff. 
We encourage users interested in exploring collaborative 

FIGURE 1: Research participants and publications at the NCNR 1986- 
2011.
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research opportunities to contact an appropriate NCNR 
staff member.

Research Participation and Productivity

The NCNR continued its strong record of serving the U.S. 
research community this year. Over the 2011 reporting 
year, 2265 research participants benefited from use of the 
NCNR. (Research participants include users who come to 
the NCNR to use the facility as well as active collaborators, 
including co-proposers of approved experiments, and 
co-authors of publications resulting from work performed 
at the NCNR.) As the number of participants has grown, 
the number of publications per year has increased in 
proportion. The quality of the publications has been 
maintained at a very high level. The trend of the past few 
years, however, suggests that the number of participants 
and publications is beginning to saturate, as one might 
expect as the capacity of the facility is reached. The 
Expansion Initiative, currently in progress, promises 
increasing activity and productivity.

2011 NCNR Proposal Program

Only one call for proposals, rather than the usual two, was 
issued in the past year, because of the outage that began in 
April 2011 for the NCNR Expansion Initiative. We received 
357 proposals, of which 170 were approved and received 
beam time. The oversubscription, i.e., the ratio of days 
requested on all proposals to the days available, was 2.9 
on the average, but as high as 6 for specific instruments. 
Proposal demand has grown constantly since the NCNR 
first began accepting proposals in 1991, and has doubled in 
the past eight years. The following table shows the data for 
several instrument classes.

Instrument class Proposals Days requested Days allocated
SANS and USANS 119 458 175
Reflectometers 56 417 156
Spectrometers 163 1081 341
Diffraction 7 27 12
Imaging 12 60 26
Total 357 2043 710

User Group Conducts Survey

The NCNR Users Group (NUG) provides an independent 
forum for all facility users to raise issues to NCNR 
management, working through its executive officers to 
carry out this function. The current officers are Mark 
Dadmun (University of Tennessee, chair), John Katsaras 
(Oak Ridge National Laboratory), Michel Kenzelmann 
(Paul Scherrer Institute, Switzerland), Despina Louca 
(University of Virginia), Dale Schaefer (University of 
Cincinnati), Lynn Walker (Carnegie-Mellon University), 
and Erik Watkins (University of California, Davis). In 

December 2011, the NUG conducted a comprehensive 
survey of user satisfaction and concerns, addressing areas 
such as support from NCNR staff, proposal review, sample 
environments, instrument hardware and software, data 
analysis, and user laboratories. Many useful comments 
were received in the 327 responses. As a result, several 
policy changes are planned, beginning with a revamping of 
our radiation safety training process for incoming users.

Panel of Assessment

The major organizational components of NIST are 
evaluated annually for quality and effectiveness by the 
National Research Council (NRC), the principal operating 
agency of both the National Academy of Sciences and the 
National Academy of Engineering. A panel appointed by 
the NRC reported on the NIST Center of Neutron Research 
in January 2011. Their findings for the previous year are 
summarized in a document that may be viewed online at 
http://www.nist.gov/director/nrc/upload/NR-Panel-
2010-Report-Final-9-23-10.pdf The 2011 panel members 
included Tonya Kuhl of the University of California, 
Davis (chair), Meigan Aronson , Stony Brook University, 
Frank Bates, University of Minnesota, Donald Engelmann, 
Yale University, Paul Fleury, Yale University, Christopher 
Gould, North Carolina State University, Alan Hurd, Los 
Alamos National Laboratory, James Lee, Sandia National 
Laboratory, John Parise, Stony Brook University, and Sunil 
Sinha, University of California, San Diego.

The Center for High Resolution Neutron  
Scattering (CHRNS)

CHRNS is a national user facility that is jointly funded 
by the National Science Foundation and the NCNR. 
Its primary goal is to maximize access to state-of-the-
art neutron scattering instrumentation for the research 
community. It operates seven neutron scattering 

FIGURE 2: User ratings from the survey; the top rating is 5. 
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instruments at the NCNR, enabling users from 
around the nation to observe dynamical phenomena 
involving energies from ≈ 30 neV to ≈ 100 meV, and 
to obtain structural information on length scales from 
1 nm to ≈ 10 μm. A more detailed account of CHRNS 
activities may be found on pp 59-61 of this report.

Partnerships for Specific Instruments  
NG-7 SANS Consortium

A consortium that includes NIST, the Industrial 
Partnership for Research in Interfacial and Materials 
Engineering (IPRIME) led by the University of 
Minnesota, and the ExxonMobil Research and 
Engineering Company, operates, maintains, 
and conducts research at the NG-7 30 m SANS 
instrument. The consortium uses 57 % of the beam 
time on this instrument, with the remaining 43 % 
allocated to the general scientific community through 
the NCNR’s proposal system. Consortium members 
conduct independent research programs primarily 
in the area of large-scale structure in soft matter. For 
example, ExxonMobil has used this instrument to 
deepen their understanding of the underlying nature 
of ExxonMobil’s products and processes, especially 
in the fields of polymers, complex fluids, and 
petroleum mixtures. 

NIST/General Motors – Neutron Imaging

An ongoing partnership and collaboration between 
General Motors and NIST continues to yield exciting 
results using neutron imaging.  Neutron imaging 
has been employed to visualize the operation of 
fuel cells and lithium-ion batteries for automotive 
vehicle applications.  Neutron imaging is an ideal 
method for visualizing both hydrogen and lithium, 
the fuel of electric vehicles engines.  These unique, 
fundamental measurements, provide valuable 
material characterizations that will help improve the 

performance, increase the reliability, and reduce the time 
to market introduction of the next generation electric car 
engines. The GM/NIST partnership is entitled to 25% of 
the time on the BT-2 Neutron Imaging Facility.

Interagency Collaborations

The Smithsonian Institution’s Nuclear Laboratory for 
Archeological Research is part of the Anthropology 
Department at the National Museum of Natural History. 
It has had a productive 33 year partnership with the 
NCNR, during which time it has chemically analyzed over 
42,500 archaeological artifacts by Instrumental Neutron 
Activation Analysis (INAA), drawing extensively on 
the collections of the Smithsonian, as well as on those of 
many other institutions in this country and abroad. Such 
chemical analyses provide a means of linking these diverse 
collections together in order to study continuity and change 
involved in the production of ceramic and other artifacts.

The Center for Food Safety and Applied Nutrition, 
U.S. Food and Drug Administration (FDA), directs 
and maintains a multi-laboratory facility at the NCNR 
that provides agency-wide analytical support for food 
safety and food defense programs. Neutron activation 
(instrumental, neutron-capture prompt-gamma, and 
radiochemical), x-ray fluorescence spectrometry, and low-
level gamma-ray detection techniques provide diverse 
multi-element and radiological information about foods 
and related materials. Current studies include preparation 
of swordfish in-house reference material, revalidation of 
cocoa powder in-house reference material, measuring 
cesium levels in soil to study cesium uptake behavior into 
food products, screening food products for dangerous 
levels of cadmium, lead, and mercury in beverages 
and residual bromine in baked goods, and evaluation 
of procedural losses of mercury, arsenic, selenium, and 
bromine from foods.
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The Center for High Resolution Neutron Scattering 
(CHRNS)

The Center for High Resolution Neutron Scattering 
(CHRNS) is a national user facility that is jointly funded 
by the National Science Foundation through its Division 
of Materials Research (grant number DMR-0944772), and 
by the NCNR. The primary purpose of this partnership is 
to maximize access to state-of-the-art neutron scattering 
instrumentation for the research community using the 
NCNR’s proposal system. Proposals to use the CHRNS 
instruments are critically reviewed on the basis of scientific 
merit and/or technological importance.

 The core mission of CHRNS is fourfold: (i) to develop and 
operate neutron scattering instrumentation, with broad 
application in materials research, for use by the general 
scientific community; (ii) to promote the effective use of the 
CHRNS instruments by having an identifiable staff whose 
primary function is to assist users; (iii) to conduct research 
that advances the capabilities and utilization of CHRNS 
facilities; and (iv) to contribute to the development of 
human resources through educational and outreach efforts.

Scattering Instruments and Research

CHRNS supports operation of the following instruments:

•	 the NG-3 30 m Small Angle Neutron Scattering (SANS) 
instrument, 

•	 the Ultra-Small Angle Neutron Scattering (USANS) 
instrument, 

•	 the Spin-Polarized Inelastic Neutron Scattering (SPINS) 
spectrometer, 

•	 the Multi-Angle Crystal Spectrometer (MACS),
•	 the Disk Chopper Spectrometer (DCS),
•	 the High Flux Backscattering Spectrometer (HFBS), and 
•	 the Neutron Spin-Echo (NSE) spectrometer.

The small angle scattering instruments provide structural 
information over length scales from ≈ 1 nm to ≈ 10 μm. The 
spectrometers collectively yield dynamical information 
over time scales from ≈ 3×10-14 s to ≈ 10-7 s (energy 
scales from ≈ 100 meV to ≈ 30 neV). These wide ranges 
of accessible distances and times support a very diverse 
scientific program, allowing researchers in materials 
science, chemistry, biology, and condensed matter physics 
to investigate materials such as polymers, metals, ceramics, 
magnetic materials, porous media, fluids and gels, and 
biological molecules. 

In the most recent Call for Proposals (call 27), 258 proposals 
requested CHRNS instruments, of which 106 received 
beam time. Of the 1359 days requested for the CHRNS 
instruments, 453 were awarded. The corresponding 
numbers for all instruments were 357 proposals received, 
171 proposals approved, 2043 days requested, and 712 days 
awarded. Roughly half of the users of neutron scattering 
techniques at the NCNR use CHRNS-funded instruments, 
and more than one third of NCNR publications (see the 
“Publications” section on p. 65), over the current one-
year period, are based on research performed using these 
instruments. In 2010 more than 25 Ph.D. dissertations 
were completed using results from CHRNS-sponsored 
instruments.

Scientific Support Services

An important ingredient of the CHRNS operation is 
its support of staff whose principal responsibility is 
to provide services that are essential to the success of 
neutron scattering investigations. One such service is the 
provision and operation of an expanding range of sample 

FIGURE 1: Participants in the NCNR 2011 Summer School “Methods and Applications of High Resolution Neutron Spectroscopy and Small 
Angle Neutron Scattering.”
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environment equipment, covering low and high 
temperatures, elevated pressures, gas handling, 
magnetic fields, motion and temperature control and 
electronics. This past year sample environment team 
members concentrated their efforts on providing 
service to users so that they could successfully run 
their experiments before the scheduled long outage. 
During the outage they worked on a variety of 
projects designed to ensure that the equipment works 
properly and meets the users’ needs. 

These projects have included 

•	 installation and testing of a new variable 
temperature insert for the 10 T magnet,

•	 deployment of a 3He refrigerator for the 7 T 
magnet,

•	 re-commissioning of the 11.5 T magnet with 
dilution refrigerator,

•	 maintenance and refurbishment of the entire 
helium cryostat fleet,

•	 maintenance of the bottom-loading closed-cycle 
refrigerators, including testing and deployment of 
swivel fittings to aid in hose management.

Other CHRNS-supported 
services include the maintenance 
of several well-equipped user 
laboratories, and the development, 
documentation and maintenance 
of data reduction, visualization, 
and analysis software through the 
DAVE project.

The DAVE software continues 
to be maintained and developed 
to keep abreast with feature 
requests and with improvements 
in instrumentation. DAVE is 

distributed as a desktop application 
and is available free of charge from 
the web site http://www.ncnr.
nist.gov/dave/, either as a binary 
executable with an embedded 
runtime license or as the complete 
source code. Our development 
efforts over the past year have been 
focused on improving and extending 
the planning, reduction and analysis 
of data collected on supported 
instruments, especially the triple axis 
instruments MACS and BT-7. Both 
instruments require sophisticated 
data treatment to handle the large 
datasets accumulated using multi-
detector systems.

Education and Outreach

One of the principal missions of the CHRNS program 
is to contribute to the development of human resources 
through education and outreach, thereby fostering future 
generations of scientists and neutron scatterers.

The CHRNS summer schools are very effective in 
educating potential new users of neutron scattering since 
typically more than 70 % of the participants return to 
the NCNR for their own research. The reactor shutdown 
in 2011 provided a unique opportunity to enhance and 
expand the summer school offerings. A school entitled 
“Methods and Applications of High Resolution Neutron 
Spectroscopy and Small Angle Neutron Scattering” 
was held on June 12-16, and a school on “Methods and 
Applications of Cold and Thermal Neutron Spectroscopy” 
was held the following week, from June 19-23. Together 
the schools served 62 students, almost double the number 
served in a typical year. Lectures, research seminars, 
and hands-on instruction in data reduction and analysis 
techniques were highlighted for a wide variety of neutron 
measurement techniques from spin echo to triple-axis 

FIGURE 2: The 2011 SURF students, NCNR director Rob Dimeo (left), and CHRNS director 
Dan Neumann (second from right).

FIGURE 3: Participants in the NIST Summer High School Internship Program, flanked by 
Dan Neumann (left) and Rob Dimeo (right).
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spectroscopy. The student to staff ratio was low, as in 
previous years, and the students had many opportunities 
to consult with the guest lecturers. A new feature of this 
year’s schools was an oral session in which the students 
introduced themselves and gave two minute presentations 
describing their current research. NCNR staff members 
agreed that the introductory session enabled them to better 
tailor their instruction to the specific backgrounds of the 
students. 

Another school, entitled “Modeling Neutron Data of 
Biological Systems”, was held at the NCNR on July 11-
15, 2011. The 21 student attendees were taught modern 
atomistic approaches to modeling SANS, reflectivity, and 
backscattering data. The modeling methods included 
molecular dynamics and molecular Monte Carlo 
simulations of proteins and protein-nucleic acid systems. 
The school also featured an introductory tutorial prepared 
by Prasad Gerard from Poolesville High School, who 
worked with the school organizers during the summer as 
part of the RET (Research Experience for Teachers) program 
at the NCNR. 

The “Second School on Representational Analysis and 
Magnetic Structures” was held at Georgetown University 
on July 31 – August 5. The school highlighted guest lectures 
on representational analysis of inherent symmetries in 
complex magnetic structures. There were 21 participants, 
many of whom were treated to a tour of the NCNR 
facilities earlier in the week. 

In 2011 CHRNS once again participated in NIST’s Summer 
Undergraduate Research Fellowship (SURF) program, this 
time hosting ten students who worked with staff members 
studying topics such as thin-film deposition, x-ray 
characterization, biological sample deuteration, web-based 
data reduction, and reactor control systems development. 
Two of the students were stationed at the Institute for 
Bioscience and Biotechnology Research. The 
students‘ accomplishments were highlighted 
in oral presentations that they gave during the 
SURF colloquium in early August.

The NCNR also took part in the NIST Summer 
High School Internship Program, known as 
SHIP. Six students from four local high schools 
performed research with NCNR staff members. 
Three of them worked as a team to develop 
web-based data analysis capabilities for SANS, 
reflectometry, and triple axis measurements. The 
others had projects that involved fabrication of 
magnetic refrigerants, the analysis of magnetic 
reflections in crystal diffraction data, and the 

extension of NIST-authored FiPy software to the analysis 
of thin films of photomagnetic materials. The students 
presented their results in an oral session at the NCNR and 
at a NIST-wide poster session.

The NCNR once again participated in the annual “Summer 
Institute for Middle School Science Teachers.” This two 
week program, sponsored by NIST, provides middle school 
teachers with an enhanced understanding of the scientific 
process. This year the program hosted twenty-one teachers 
from Maryland, Virginia, Washington DC, Illinois, North 
Carolina, and South Carolina. On July 25 the group toured 
the NCNR and attended lectures and demonstrations 
that described how neutrons are used to probe matter. 
They were also provided the opportunity to interact with 
SURF students, SHIP students, and the scientific staff. The 
highlight of the presentation as always was the mousetrap 
and ping pong ball demonstration of a chain reaction. 
In their evaluations, the teachers indicated that they had 
gained a greater appreciation of what can be accomplished 
using neutron scattering.

Other education and outreach activities during the year 
included “Take Your Daughters and Sons to Work Day” 
in April. Every year NIST hosts more than 250 elementary 
and middle school students. As part of this site-wide 
yearly program, the NCNR provides tours of the facility, 
lectures, and specially designed demonstrations that 
show middle school age children how neutrons are used 
to probe matter. In addition, the NCNR provided tours 
to elementary, middle and high school students from 
private and public schools. The students from the magnet 
programs at Roberto Clemente and Takoma Park middle 
schools were particularly impressed with the interactive 
demonstration of liquid nitrogen and its applications in 
sample environment.

FIGURE 4: Middle school science teachers and NCNR/CHRNS staff members.
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Awards 2011

NCNR’s Hui Wu is 
the 2010 recipient of 
the (Professor Surhain) 
Sidhu Award of the 
Pittsburgh Diffraction 
Society “for her 
exceptional contribution 

to the structural investigation of new materials for 
energy storage applications.” The award goes to 
an outstanding scientist who is within 6 years of 
having earned the Ph.D. or its equivalent.  The prize, 
bestowed biannually, carries a cash prize of $2000.  
Dr. Wu received the award at the Society conference 
where she also presented the Sidhu Award Lecture. 

Daniel Hussey, an instrument 
scientist for the Neutron Imaging 
Facility of the NCNR, received a 2010 
Presidential Early Career Awards for 
Scientists and Engineers (PECASE) 
for showing scientific excellence at an 
early stage of his career. In the recent 

past, he has played a key role in the development 
of neutron imaging methods for hydrogen fuel cell 
research for automotive applications. He is also 
involved in a project aimed at the improvement of 
Li-ion batteries, as well as in several other projects 
relevant to the structure of materials and the 
fundamental properties of the neutron. Dr. Hussey is 
currently designing an advanced cold-neutron phase 
imaging instrument for neutron radiography. 

 
NCNR’s Craig Brown received a 
Department of Commerce Silver 
Medal.  He is being recognized 
“For critical advances in our 
understanding of new materials for 
hydrogen energy storage in next-
generation clean automobiles.”  

 

Reactor Health Physicist Jim Clark 
received a Department of Commerce Silver 
Medal.The citation reads as follows: “For 
leadership in managing the recovery and 
restoration of the NIST Boulder laboratories 
that were contaminated as a result of the 
Plutonium Spill Incident of June 9, 2008.”  

 
NCNR’s Daniel Dender 
and Julia K. Scherschligt 
have won the 2010 
NIST Safety Award. The 
purpose of this award 
is “to recognize NIST 

employees and organizations for substantial contributions 
to improving safety at NIST.” Julia and Dan are being 
recognized for their “innovative design, used nationwide, 
of a robust safety system to prevent accidental build-up of 
dangerous over-pressure conditions in cryostats.” 

 
NCNR’s Matt Hudson was the co-
winner of Sigma Xi’s annual NIST 
Post-doc Poster Presentation in the area 
of Materials for his poster entitled “CO2 
Separation and Hydrogen Storage 
Properties of Zeolites for Clean Energy 

Applications.” 

 
NCNR’s Efrain Rodriguez was named 
a runner-up of Sigma Xi’s annual NIST 
Post-doc Poster Presentation in the 
area of Materials, for his poster entitled 
“Neutron Scattering of New Iron-Based 
Superconductors.” 
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NCNR’s Alan Munter has received a 
Special Act Award from the NIST Safety 
Office for his “significant role in the 
chemical inventory migration of all NIST 
Organizational Units.” 

NCNR 2011 Accomplishments and Opportunities

Matt Helgeson has been awarded the 
2011 Victor K. LaMer award from the 
Division of Colloid & Surface Chemistry 
of the American Chemical Society. 
Helgeson received his Ph.D. in chemical 
engineering from the University of 
Delaware in 2009 making many of his 

dissertation measurements at the NCNR. He is currently 
a postdoctoral associate in the Novartis-MIT Center for 
Continuous Manufacturing. 

In March 2011, Robert J. Cava 
of Princeton University received 
the ACS Award in Inorganic 
Chemistry from the American 
Chemical Society. He has also 
received the Gutenberg Lecture 

Award worth €10,000 from the MAINZ Graduate School 
for his research on superconductivity.  Cava, who was a 
NIST post-doc in the late 1970’s, has 500 publications which 
have been cited 30,000 times. 100 of these papers are in 
collaboration with NCNR scientists. 

The Canadian Association of Physicists 
and the Division of Condensed Matter 
and Materials Physics has awarded the 
2011 CAP/DCMMP Brockhouse Medal to 
Bruce D. Gaulin, McMaster University, 
for his internationally recognized 

contributions to the field of collective phenomena in 
magnetic, superconducting and structural systems using 
x-ray and neutron scattering techniques. Gaulin is a 
frequent facility user at the NCNR.

In the student paper competition at the 2010 Canadian 
Association of Physicists congress, McMaster University 
graduate students Bruce Gaulin, Patrick Clancy and Kate 
Ross, won 1st and 3rd place, respectively, in the division 
of Condensed Matter and Materials Physics. Ross and 
Clancy carried out many of their neutron measurements 
at the NCNR. Patrick Clancy went on to be awarded one 
of 70 inaugural $140,000 (Canadian $) two-year Banting 
postdoctoral fellowships.  

Ioanna Bakaimi  of the Institute of 
Electronic Structure & Laser (IESL), 
Foundation for Research & Technology 
- Hellas (FORTH) won an award at the 
XXVI Panhellenic Conference on Solid 
State Physics and Materials Science 

for the best oral presentation: “Frustration and Induced 
Magnetodielectric Coupling in NaMgO2 Polymorphs.” 
The work was largely carried out while Bakaimi was guest 
scientist at the NCNR.
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•	 J. Rodriguez, 6019, jose.rodriguez@nist.gov
•	C. Stock, 6422, chris.stock@nist.gov

Cold-neutron prompt-gamma neutron activation analysis 
(NG-D): 
•	R.L. Paul, 6287, rpaul@nist.gov 

Thermal-neutron prompt-gamma activation analysis (VT-5): 
•	G. Downing, 3782, gregory.downing@nist.gov

Other activation analysis facilities: 
•	G. Downing, 3782, gregory.downing@nist.gov

Cold neutron depth profiling (NG-1):
•	G. Downing, 3782, gregory.downing@nist.gov 

Neutron Imaging Station (BT-2)
•	D. Jacobson, 6207, david.jacobson@nist.gov
•	D. Hussey, 6465, daniel.hussey@nist.gov
•	M.Arif, 6303, muhammad.arif@nist.gov

Neutron interferometer (NG-7):
•	M. Arif, 6303, muhammad.arif@nist.gov
•	D. Jacobson, 6207, david.jacobson@nist.gov
•	D. Hussey, 6465, daniel.hussey@nist.gov

Fundamental neutron physics station (NG-6): 
•	NG-6M: M.S. Dewey, 4843, mdewey@nist.gov
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•	NG-6: J. Nico, 4663, nico@nist.gov
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•	 J.E. Curtis, 3959, joseph.curtis@nist.gov 
•	T. Yildirim, 6228, taner@nist.gov 
•	W. Zhou, 8169, wei.zhou@nist.gov 

Instruments and Contacts:  (name, tel. 301-975-xxxx, 
email)

High resolution powder diffractometer (BT-1):
•	 J.K. Stalick, 6223, judith.stalick@nist.gov 
•	Q.Z. Huang, 6164, qing.huang@nist.gov 
•	M. Green, 4297, mark.green@nist.gov 
•	H. Wu, 2387, hui.wu@nist.gov

Residual stress diffractometer (BT-8):
•	T. Gnaeupel-Herold, 5380, thomas.gnaeupel-herold@nist.

gov 

30-m SANS instrument (NG-7): 
•	Yun Liu, 6235, yun.liu@nist.gov 
•	Gil Toombes, 8396, gilman.toombes@nist.gov 
•	Paul Butler, 2028, paul.butler@nist.gov 
•	 Jeff Krzywon, 6650, jkrzywon@nist.gov

30-m SANS instrument (NG-3) (CHRNS):
•	Boualem Hammouda, 3961, hammouda@nist.gov 
•	 Steve Kline, 6243, steven.kline@nist.gov 
•	 Susan Krueger, 6734, susan.krueger@nist.gov 
•	Cedric Gagnon, 2020, cedric.gagnon@nist.gov 

USANS, Perfect Crystal SANS (BT-5) (CHRNS):
•	David Mildner, 6366, david.mildner@nist.gov 
•	Paul Butler, 2028, paul.butler@nist.gov 

Polarized Beam Reflectometer (NG-D):
•	B.J. Kirby, 8395, brian.kirby@nist.gov 
•	 J.A. Borchers, 6597, julie.borchers@nist.gov 
•	C.F. Majkrzak, 5251, cmajkrzak@nist.gov 

MAGIk, Off-Specular Reflectometer (NG-D):
•	B.B. Maranville, 6034, brian.maranville@nist.gov 
•	 J.A. Dura, 6251, joseph.dura@nist.gov 

Neutron reflectometer-horizontal sample (NG-7): 
•	 S.K. Satija, 5250, satija@nist.gov
•	B. Akgun, 6469, bulent.akgun@nist.gov

Double-focusing triple-axis Spectrometer (BT-7) 
•	Y. Zhao, 2164, yang.zhao@nist.gov
•	 J. Helton, 4899, joel.helton@nist.gov
•	 J.W. Lynn, 6246, jeff.lynn@nist.gov

SPINS, Spin-polarized triple-axis spectrometer (NG-5) 
(CHRNS): 
•	P. Gehring, 3946, peter.gehring@nist.gov
•	D. Singh, 4863, deepak.singh@nist.gov

Triple-axis spectrometer (BT-4):
•	W. Ratcliff, 4316, william.ratcliff@nist.gov

FANS, Filter-analyzer neutron spectrometer (BT-4): 
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