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ii NIST CENTER FOR NEUTRON RESEARCH

Foreword

I 
am delighted to present to you this year’s 

Accomplishments and Opportunities for the NIST Center 

for Neutron Research. 2019 was marked by numerous 

noteworthy accomplishments despite the government 

furlough spanning December 22, 2018 – January 25, 

2019. The reactor operated for 212 days, fewer operating 

days than expected due to the government furlough, but 

operational reliability exceeded 98%, not counting the loss 

of the operational days. 

There were numerous facility developments completed in 

2019 that support NIST’s commitment to provide world-

class neutron measurement capabilities to the scientific 

community. Several key instrument development milestones 

were achieved. The new white beam reflectometer, 

CANDOR, had its beam shutter opened for the first time 

for an initial radiation survey on February 28th, detected 

first neutrons on June 28th, and it is currently in the 

commissioning phase. There were several additional, late-

breaking projects that will not appear in this year’s annual 

report. First, we began a major cryogenic helium mitigation 

project to reduce helium consumption with new dry cryo-

magnets and a helium recovery system. Second, the Neutron 

Spin Echo spectrometer will have a substantial performance 

upgrade thanks to a University of Delaware-led initiative 

funded by the National Science Foundation. Third, we 

received funding from NIST to begin the development of 

a neutron interferometric microscope prototype based on 

far field interferometry. In addition, the entire safety relay 

system for the reactor was replaced in a major evolution that 

was successfully completed in May. This is just one of many 

projects integral to the continued reliability and availability 

of the NCNR far into the future. Many more developments 

contributing to the future of the NCNR are described in the 

pages of this report.

As always, the science enabled by the NCNR is the reason 

for our existence. The highlights in this report exemplify 

the scientific excellence of the user community in diverse 

domains of research and illustrate the many ways that the 

community uses these state-of-the-art research tools. I 

am proud of these accomplishments and I hope you enjoy 

reading this year’s report.
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12019 ACCOMPLISHMENTS AND OPPORTUNITIES

The NIST Center for Neutron Research

N
eutrons 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 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 
moderator, the NCNR has two liquid hydrogen moderators, 
or cold sources which supply neutrons to three-fourths of 
the instruments. One is a large area moderator and the 
other is smaller, but with high brightness. These moderators 
provide long wavelength guided neutron beams for industrial, 
government, and academic researchers.

There are currently 30 experiment stations: 12 are used for 
neutron physics, analytical chemistry, or imaging, and 18 are 
beam facilities for neutron scattering research. The subsequent 
pages provide a schematic description of our instruments. More 
complete descriptions can be found at the neutron instruments 
webpage. The newsest instrument, a quasi-white beam neutron 
reflectometer (CANDOR) is currently in the commissioning stage.

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, about 2000 research participants from 
government, industry, and academia from all areas of the country 
are served by the facility (see pp. 59). 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 the Obtaining Instrument 
Time webpage. The National Science Foundation and NIST co-
fund the Center for High Resolution Neutron Scattering (CHRNS) 
that currently operates five of the world’s most advanced 
instruments (see pp. 62). 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.

T
H

E
 

N
I

S
T

 
C

E
N

T
E

R
 

F
O

R
 

N
E

U
T

R
O

N
 

R
E

S
E

A
R

C
H

https://www.nist.gov/ncnr/obtaining-beam-time
https://www.nist.gov/ncnr/obtaining-beam-time


2 NIST CENTER FOR NEUTRON RESEARCH



32019 ACCOMPLISHMENTS AND OPPORTUNITIES



(a)

12d

(a) right-handed(b) left-handed

8c

A

C

solvent

solvent

Si

porousSi

-8
-7
-6
-5
-4
-3
-2
-1
0

0.00

29
∆H 630

D  Å
-2

)

N
eu
tro
n 
re
fle
ct
iv
ity
, l
og

10
 R

Co
(c) Co (d) Co7Zn7Mn6 

ZnMn

Co
Zn
Mn

(c) Co8Zn9Mn3 
5

9

13

17

21

25

0123456

0

1

2

3

4

525

20

15

10

5

0
0

nSLD solvent 2, ρn
2 (10-6 Å-2)

nS
LD
 s
ol
ve
nt
 1
, ρ

n 1 (
10

-6

In
fo
rm
at
io
n 
ga
in
, Δ
H

4 NIST CENTER FOR NEUTRON RESEARCH

NCNR Images 2019

Crystal growth is the lesson of the day for teachers at the 2019 NIST Summer 
Institute for Middle School Science Teachers at NCNR. Tanya Dax of the NCNR 
(far right) leads the discussion.

Summer school students are learning hands-on how to perform an 
experiment at DCS.

Scott Slifer of the NCNR assembling CANDOR hardware for installation. IEEE Magnetic Society Summer School students from Virginia Commonwealth 
University are given a tour of the NCNR, guided by Brian Kirby.

Ruidan Zhong (Princeton University) aligning samples at the X-ray Laue machine. Melissa Henderson (University of Waterloo, Canada) at USANS measuring 
skyrmions in a transverse magnetic field.
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On Hawaiian shirt day, the NCNR’s Nick Maliszewskyj is setting up the 
detector system on CANDOR, an instrument that saw its first neutrons in 2019.

A portion of the Design and Engineering of Neutron Instruments Meeting 
(DENIM) was a design challenge to keep the engineers thinking creatively.

Wes Fuhrman (University of Maryland) preparing a sensitive sample for an 
experiment at NCNR.

Allan Leishman and Morten Eskildsen (University of Notre Dame) prepare a 
sample for a vortex lattice measurement at NG7 SANS.

Priyanka Ketkar and Melody Morris (University of Delaware) at MAGIK 
studying lithium-ion battery block copolymer electrolytes with the help of Joe 
Dura (NCNR).

Yun Liu, Dan Neumann (NCNR), and Caitlyn Wolf (University of Washington) are all 
smiles as they measure conjugated polymers at VSANS.
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1 University of Windsor, Windsor, Ontario ON N9B 3P4, Canada
2 Oak Ridge National Laboratory, Oak Ridge, TN 37831
3 NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899

L
ipid bilayers form the structural backbone of cellular 
membranes and possess marked lateral and transversal 
organization of lipids. This strict lipid organization has 

implications in vital cellular processes, including protein 
function and localization, vesicle fusion and budding, and 
apoptosis. Lipids undergo diffusive motions that can disrupt 
their carefully assembled organization. This study focused on 
lipid exchange (between bilayers) and transverse diffusion (lipid 
flip-flop) as the former pertains to how lipids arrive, remain, 
and leave cellular membranes, whereas the latter disrupts the 
maintained membrane asymmetry (i.e., the compositional 
difference between leaflets) found in cells. In essence, both 
dynamical actions are intrinsically linked to bilayers and their 
compositional stability. Here, we examined how the common 
organic solvent methanol impact these dynamics.

In this work, we applied very small angle neutron scattering 
(VSANS) to monitor lipid mixing of two distinct 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) populations, one chain 
perdeuterated DMPC (d-DMPC) and the other fully protiated 
DMPC (h-DMPC), in the presence of an increasing deuterated 
methanol concentration. The measurements were achieved 
by setting the ratio of H

2O and D2O (here 45 % D2O) such 
that the water solvent neutron scattering length density 
was matched to uniformly mixed d-DMPC/h-DMPC vesicles. 
Unmixed vesicles will thus display contrast versus the water 
solvent, resulting in heightened scattering intensity, whereas 
fully mixed samples will display scattering intensities akin to the 
solvent background (i.e., a flat and featureless curve). Thus, as 
h-DMPC and d-DMPC large unilamellar vesicles begin to mix via 
lipid monomers transferring within and between bilayers, the 
measured intensity will decay and eventually reach an intensity 
baseline, corresponding to a single population of completely 
mixed vesicles (shown in Fig. 2a). Fig 1 illustrates such a strategy 
[1]. Further, a normalized intensity decay was calculated from the 
collective scattering curves of each sample and analyzed with 
a model for exchange/flip-flop (Fig. 2b). With this experimental 
setup, we quantified both DMPC flip-flop (kf) and exchange (ke) 
rates under the influence of methanol.

Increasing methanol concentrations had a profound effect 
on the kinetics of DMPC monomers in free-floating vesicles. 
Despite differences in vesicle size and investigative techniques, 

our unperturbed DMPC flip-flop and transfer rates agree and 
contrast previous findings. For example, Gerelli et al. used 
neutron reflectometry to measure DMPC flip-flop and exchange 
between vesicle dispersions and adsorbed planar bilayers [2]. 
Their exchange half-times for fluid-phase DMPC coincide with 
values found here (timescale of hours), whereas flip-flop was 
magnitudes faster (≤ 2.5 min). As recently shown however, 
the incomplete surface coverage of planar bilayers results in 
microscopic defects, which can facilitate lipid flip-flop and thus 
result in flip-flop rates on the order of seconds to minutes [3]. 
This study, with fully sealed vesicles, bypasses such issues. 

More significantly, our results reveal that methanol accelerates 
both fluid-phase DMPC flip-flop and transfer rates. The flip-
flop rate increases exponentially, whereas the exchange rate 
increases linearly under the studied concentrations (Fig. 2c). 
Methanol has by far the weakest hydrophobic character in the 
short-chain alcohol group yet seems to perturb the membrane 
through a similar fashion as longer chained alcohols and alkyl 
diols. Although it has been shown that other short-chain 
alcohols affect inward flipping rates, to our knowledge, we 
provide new insights with regards to both flip-flop and transfer 
rates in the presence of methanol. In general, at low methanol 
levels, DMPC undergoes slower flip-flop than transfer, but at 
methanol volume fractions greater than 2 %, the situation 
is reversed. Interestingly, these observations suggest that 
methanol affects the two dynamical processes in distinct ways. 

Dynamic light scattering (DLS) measurements of size and 
polydispersity were taken before and after incubation at multiple 
methanol concentrations, neither of which revealed significant 
changes, maintaining a vesicle diameter of 140 nm and a 
polydispersity index of 0.15 ± 0.02. Significantly, these results 
suggest fusion events did not occur as an increase in mean 
particle size and a polydispersity index would have been observed. 
Furthermore, SANS and small angle x-ray scattering (SAXS), were 
applied. SANS and SAXS are complementary techniques used to 
probe sample structure and are known to be extremely sensitive 
to membrane lamellarity and lipid bilayer structure. Both SANS 
and SAXS yielded curves that displayed diffuse scattering (i.e., no 
detectable sharp Bragg peak) demonstrating that multilamellar 
bilayers did not evolve under the presence of d-methanol. 
Collectively, DLS, SAXS and SANS indicate that methanol did not 
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alter the vesicles’ morphological structure at these concentrations.
To determine if a defect-mediated mechanism is responsible, 
we examined pertinent bilayer properties. Previous in silico 
studies revealed that area per lipid (AL) generally increases 
with increasing alcohol concentrations and this led to greater 
occurrences of bilayer defects [4]. Such defects can permit lipid 
headgroups to traverse the bilayer core and flip-flop. A joint 
refinement of SANS and SAXS data revealed that this was not 
the case; the scattering profiles of pure lipid and methanol-
treated samples are near indiscernible. In terms of relevant 
bilayer structural parameters, the AL and bilayer thickness were 
essentially unchanged. Thus, the most likely explanation must 
involve methanol inducing short-range and perhaps short-lived 
defects, which are thus difficult to discern via methods (as 
those used here) that measure an ensemble structural average. 

Time-resolved SANS in combination with structural SANS, 
SAXS, and DLS measured the dynamical and structural 
effects of methanol on DMPC liposomes. Though structural 
deviations were not detected in the concentration regime 
studied, DMPC flip-flop and exchange were markedly 
enhanced. Our findings highlight an additional complication 
when externally adding biomolecules, whether it be protein, 
peptides or drugs. For example, in antimicrobial peptide 
(AMP) studies, though AMP attack is better simulated 
by external addition, these studies have the potential to 
incorrectly assign the cause of the enhanced lipid kinetics to 
the AMP. Ultimately, this work highlights the importance of 
understanding the interplay between the system of interest 
and the carrier solvent on lipid mobility whether it be model 
lipid systems or in vitro screening in cell biology.

FIGURE 1: Contrast matching strategy employed. Vesicles composed solely 
of d-DMPC d54-DMPC) and h-DMPC are placed together in a H2O/D2O (55/45) 
mixture with varying amounts of methanol, contrast matched to fully mixed 
vesicles of d-DMPC and h-DMPC. Over time, intensity loss can be monitored as 
vesicles mix (via exchange and flip-flop) and near the contrast match point.

FIGURE 2: (a) SANS curves of d-DMPC and h-DMPC vesicles with 3% (v/v) 
d-methanol solvent. Periodic measurements were conducted at 37 °C over  
38 h. (b) Normalized contrast decay curves of increasing d-methanol presence; 
continuous lines indicate fitted curves used to derive flip-flop and lipid exchange 
rate constants. Each data point represents the normalized integrated intensity 
of a single SANS curve like those found in (a). (c) Plot of measured flip-flop and 
lipid exchange rate constants as a function of d-methanol volume percent. Solid 
lines represent curves of best fit.
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S
quid-inspired synthetic proteins self-assemble into a 
hydrogen-bonding physically crosslinked network that 
gives rise to remarkable thermal and protonic conductivity. 

Understanding the chain dynamics of biomimetic structural 
proteins and their role in heat and proton transport will help 
design novel biodegradable protein-based materials with 
programmable properties for bioelectronics and thermal 
switching devices. 

Proteins are heteropolymers that provide a variety of building 
blocks for designing novel biological materials. Proteins are 
diverse but often display substantial similarity in sequence 
and three-dimensional structure. A new family of repetitive 
structural proteins with remarkable properties was recently 
identified in the tentacles of several squid species. Using the 
tools of molecular biology and proteomics, we demonstrated 
that these squid ring teeth (SRT) proteins have segmented 
semi-crystalline morphology with repetitive amorphous and 
crystalline domains. However, a clear relationship between 
the protein architecture (repetition and length of crystalline/
amorphous domains), the self-assembled nanostructure, and 
conducting properties remains elusive due to complexity of 
native amino acid sequences.

To investigate the genetic basis of material properties in 
natural and artificial SRT sequences, we have developed a new 
approach for the design and production of structural proteins. 
These synthetic proteins have identical sequences but increasing 
repeat unit number n (n = 4, 7, 11 and 25) and molecular 
weights (15, 25, 42 and 86) kDa. Synthetic SRT proteins have 
remarkable protonic conductivity in the range of (1 to 5) mS/cm, 
which is the highest reported to date for protein-based materials 
as measured by Electrochemical Impedance Spectroscopy. In 
addition, synthetic SRT proteins exhibit a programmable thermal 
conductivity from 0.3 W/mK to 1.4 W/mK.

To investigate these vibrational dynamics, we turned to elastic 
and quasi-elastic neutron scattering (QENS) using the High-Flux 
Backscattering Spectrometer (HFBS) and Disk-chopper time-
of-flight spectrometer (DCS) at the NIST Center for Neutron 
Research. QENS can measure molecular dynamic processes 
such as rotations, relaxations and diffusive motions with 1 Å 
to 30 Å and pico- to nanosecond resolution by directly probing 

1 Pennsylvania State University, University Park, PA 16801
2  NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899
3  University of Maryland, College Park, MD 20742

FIGURE 1: a) Measured mean square displacement, or vibrational amplitude, of 
hydrogen atoms in the TR films as a function of sample temperature. As seen, the 
dense, hydrogen-bonded network opens up and allows for increased movement 
following hydration. b) Full-width at half-maximum of the quasi-elastic peaks of 
the ambient and hydrated proteins as a function of the square of the scattering 
wavevector, Q 2. Error bars represent one standard deviation.
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the self-diffusion of hydrogen atoms. The hydrated chain 
dynamics were measured using deuterated water (D2O), as 
deuterium has a negligible neutron scattering cross-section 
and therefore it does not contribute to the signal. The mean 
square displacement (MSD) of hydrogen atoms in the protein 
(shown in Fig. 1a) was calculated from the scattering intensity 
in fixed window elastic scans, as a function of temperature, 
using the Debye–Waller factor (which is a standard Gaussian 
approximation method). Tandem Repeat (TR) polypeptides 
under ambient conditions show very localized motions 
at T  >  70 K, which is common for proteins and typically 
originates from methyl group rotations, and exhibit a glass 
transition around 450 K. Therefore, neutron spectroscopy 
does not show significant segmental or backbone motion 
at room temperature (300 K). Thus, the disordered chains 
are constrained in a dense hydrogen-bonding network with 
minimal vibrational freedom. Conversely, in the hydrated 
state, the MSD of the hydrogen atoms increases and we 
observe much larger vibrational amplitudes, as well as 
a decrease in the glass transition temperature (250 K). 
In this case, the water molecules break the hydrogen 
bonding between the disordered chains, allowing for more 
delocalization of the hydrogen motion. Protein chain dynamics 
were further investigated by quasi-elastic measurements. 
Figure 1 shows the full-width at half-maximum, Γ (Q), of 
the quasi-elastic peaks of ambient and D2O-hydrated TR-
n4 and TR-n11 proteins, plotted as function of Q2. Under 
ambient conditions (<1 % relative humidity during our 

QENS measurements), TR proteins show a Q-independent 
behavior (15 µeV) characteristic of localized motions (that is, 
methyl group rotations). On the other hand, D2O-hydrated 
TR proteins show a Q-independent plateau at low Q values 
(0.15 meV), while a linear scaling with Q2 is observed at 
higher Q. This two-regime Q dependence is characteristic 
of diffusion in a confined space and can be described by 
the Volino and Dianoux (VD) model for bounded diffusion 
in a potential of spherical symmetry, which corresponds to 
confined diffusive motions of the amorphous segments within 
the β-sheet nanocrystals.

In order to understand the transport processes at the molecular 
level, we have designed variants of squid-inspired proteins 
with variable repeat unit number (n). Our results of elastic 
fixed window scan data collected at HFBS shows the hydration 
dynamics of two variants of biomimetic SRT proteins changes 
upon hydration for both polypeptides. QENS analysis at HFBS and 
DCS are necessary to understand the protein chain dynamics. 
Based on these results, we concluded that the hydration plays 
a key role in localized motions, and faster self-diffusion of 
amorphous chains in SRT polypeptides, which enhances the 
thermal conductivity. The thermal conductivity values scales 
with increasing repeat unit number n (enabling precise control 
of the physical properties by sequence design), and are highly 
dependent on protein hydration (enabling fast reversible 
switching of thermal conductivity), with a switch ratio of 4.5 at 
room temperature, which is among the highest reported to date.
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I
n recent years, personalized genomics have begun to 
revolutionize the way we think about patient care and 
disease prevention. Humans are nearly identical in their 

DNA makeup, but genetic and epigenetic differences make all 
the difference in how we look, what we are sensitive to, and 
what diseases we are susceptible to. One person may respond 
well to a certain cancer-fighting drug, while another person 
may be allergic to that drug, or may not respond well at all 
to it. How do we know which drug to administer to whom in 
these circumstances? We don’t, because we still lack a better 
way to assess the genetic makeup of each individual, collect 
enough data from many individuals with similar genotypes, 
and then conclude which therapy is most effective. This 
requires large-scale genome readout from a large population, 
a task that is currently prohibitively costly. Furthermore, our 
genomes are long (≈ 6 billion nucleotides arranged in 2 sets of 
23 chromosomes) and the organization and repetitiveness of 
various regions is significant on the phenotypes of individuals. 
Therefore, it is important to read out the genome in a way 
that preserves the long-range order. While current sequencing 
technologies do well in terms of throughput and cost  
(≈ $2,000 per genome, ≈ 1 week turnaround time), these  
read short fragments that lead to ambiguity in the assembly  
of a full genome and areas of low certainty (so-called “genome 
gaps,” or the “dark matter of the genome”). Furthermore, 
existing technology cannot detect chemical changes to our 
DNA backbones (“epigenetic modifications”), which are critical 
elements for diagnosis and treatment of disease.

To address these standing challenges, single-molecule DNA 
sequencing has been in development for over 15 years. Pacific 
Biosciences was among the first batch of companies to sequence 
single DNA molecules by monitoring DNA replication in real-time 
using fluorescence. The underlying technology, known as single 
molecule, real-time (SMRT) sequencing, involves a ≈ 100 nm 
wide metallic nanowell called a zero-mode waveguide (ZMW), 
in which light is localized at the nanoscale to enable single-
molecule sensitivity (Figure 1A). In order to perform sequencing 
of any DNA sample, a library of DNA molecules first needs to be 
prepared. Usually, the DNA sample (e.g., from saliva, blood) is 
amplified using an enzymatic method to produce many copies of 
the genome that consist of short and long fragments of identical 
sequence to the original, and these DNA fragments of various 
lengths are then wrapped at the tails by a molecule that enables 

binding of the DNA replication molecule (a DNA polymerase). 
The issue with this library preparation method is that short 
molecules prefer to enter the 100 nm ZMWs over longer ones, 
and therefore, there is a length bias (i.e., longer molecules are 
not represented equally). Further, typical input requirements of 
DNA are in the ≈ 100 ng to 1 µg range, which is a lot of DNA 
(one cell contains ≈ 100 times less DNA). 

FIGURE 1: Schematic of SMRT sequencing with optical amplification using 
ZMWs. (A) In conventional SMRT sequencing using ZMWs, the accessibility 
of long DNA to polymerases is reduced by entropic exclusion from the gold 
ZMW nanowells. (B) In the porous ZMW design, an ion-permeable, DNA-
impermeable, free-standing, porous alucone membrane is introduced at the base 
of ZMW. Application of an external potential across the membrane creates an 
electrophoretic force that drives long DNA into the ZMW and into proximity to 
the sequencing polymerase.

To address the length bias and input requirement issues, we 
have developed a platform in which the ZMWs contain a 
porous membrane underneath them, which allows molecules 
to be electrophoretically drawn into the waveguides (Figure 
1B), reducing the length bias and the required concentration 
of DNA. We deposit a nanoporous alucone [1] membrane 
through molecular layer deposition (MLD). MLD is a recently 
developed technique which can be utilized for many of the 
same applications as atomic layer deposition (ALD), including 
functionalization of nanoparticles, porous membranes, and 
customization of surfaces [1]. MLD, through the sequential 
deposition of a metal alkyl and diol, results in a hybrid organic-
inorganic film of varying thickness dependent upon deposition 
temperature and the number of cycles. Alucone is produced 
by MLD using trimethylaluminum and ethylene glycol, creating 
a meshwork of poly(aluminum ethylene glycol)[2] that, after 
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exposure to air or water, dehydrates to produce a complicated 
porous network through the entirety of the deposited layers.

The substrate is then locally etched away, exposing both 
sides of the porous layer to an electrolyte solution required 
to apply the electrophoretic force (Figure 1B). Notably, the 
MLD layer is also optically transparent, making it more 
suitable for optical measurements of the ZMWs that are 
fabricated on top of the porous layer. 

While the stepwise fabrication process of this alucone polymer is 
well understood and well-studied, the intentional degradation of 
the organic component of the membrane to produce a porous 
membrane network is challenging to characterize. Specifically, 
atomic-level understanding of membrane composition and 
geometry of the substrate, along with the method of small 
molecule attachment to the modified surface, are sought out.

FIGURE 2: Neutron reflectivity of MLD alucone. (A) Reflectivity of an MLD alucone 
film at various contrasts with the solvent, achieved by immersion in water with 
varying levels of deuteration. (B) Scattering length density profiles of the alucone 
film at each contrast condition. Separation of the profiles in the alucone film 
region confirms penetration of water into the film. (C) Quantitation of the alucone 
film dimensions and porosity using a composition space model. The unfilled space 
in the film is assumed filled by solvent and is the porosity of the film.

The reflectivity of a thin film to cold neutrons reports on the 
depth profile of a thin film’s scattering length density (SLD), a 
combination of the elemental composition and atomic density. 
An alucone thin film was prepared for neutron reflectivity (NR) 
measurements by depositing 200 Å alucone by MLD, followed 
by 20 Å SiO2 deposited by ALD. The film was hydrated through 
immersion in an aqueous reservoir and the in situ reflectivity 
to 5 Å neutrons was measured at the NIST Center for Neutron 
Research’s MAGIK reflectometer [3].

To characterize the scattering length density and porosity of 
the film, the deuteration level, or “contrast” of the water in 
the liquid reservoir was varied. Three contrast conditions were 
employed: D2O, 2:1 D2O:H2O, and H2O. The reflectivity at each 
condition is shown in Figure 2A. The high amplitude oscillations 
in the reflectivity when the alucone film is in contact with D2O 
and H2O reflect the thickness of the alucone film and the SLD 
difference between the immersion solvent and the alucone 
film. The suppression of these oscillations in the 2:1 D2O:H2O 
reflectivity suggests that the alucone SLD is nearly equal to that 
of 2:1 D2O:H2O. 

Quantitative results for the alucone film properties are obtained by 
constructing a physically relevant model of the alucone SLD and 
optimizing parameters of this model to the experimental data. 
The model construction is done by filling space with various fixed 
components as a function of depth, such as the substrate, the 
alucone film, and the capping layer of SiO2. Any space that remains 
unfilled is assumed filled with water; if a significant amount of 
water is present at any depth, the SLD profile at that depth will 
change when the contrast is varied. The results of this so-called 
“composition space modeling” for alucone are shown in Figure 2b 
(SLD profiles) and Figure 2c (model components). The alucone film 
is found to be 205 Å ± 4 Å thick with a porosity of 28 % ± 1 %. 
The size of the alucone pores is not immediately apparent but must 
be less than the penetration of the SiO2 capping layer into the film, 
which is 24 Å ± 4 Å. The narrow pores create a strong confinement 
entropy that prevent even flexible single-stranded DNA molecules 
from penetrating alucone films used in sequencing devices.

In conclusion, neutron reflectometry has proven useful for 
characterizing the porosity, thickness, and composition of 
MLD-based porous membranes. Optimizing the porosity, 
stability, and uniformity of the films, as well as their chemical 
properties, may result in suitable films for single-molecule 
SMRT-sequencing technologies.
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M
olecular hydrogen is a commercial transportation fuel 
currently employed in several niche markets, and its 
widespread adoption is essential for a zero-emission 

Hydrogen Economy. While hydrogen has many attractive 
qualities as an energy carrier, such as high gravimetric energy 
density, fast refueling characteristics, and the potential 
for carbon-free production, a key challenge lies in its low 
volumetric energy density and the subsequent difficulty for on-
board storage. Current systems in light-duty passenger vehicles 
store H2 in pressurized carbon fiber cylinders at 700 bar in order 
to achieve an operating range of 300 miles, however reducing 
this pressure while maintaining the same capacity would allow 
the use of conformal fuel tanks on board and vastly simplify the 
pre-cooling and compression apparatus required at refueling 
stations. Adsorbent-based solutions have been proposed, 
however H2 binding to most adsorbents is still too weak for 
operation at ambient temperatures, thus measurements have 
typically been undertaken at 77 K in order to demonstrate any 
significant uptake [1]. 

Metal−organic frameworks are a class of materials with great 
potential for hydrogen storage, as their tunability and crystalline 
structure allows for a high density of strong H2 binding sites 
to be engineered into the structure. These sites are typically 
coordinatively-unsaturated metal sites, where a metal ion lacking 
a full coordination shell is embedded in the structure of the 
framework and is able to polarize H2 strongly through its empty 
coordination site. The most promising metal−organic framework 
identified to date for H2 storage is Ni2(m-dobdc) (m-dobdc4−= 
4,6-dioxido-1,3-benzenedicarboxylate) because of its large H2 
binding enthalpy of −13.7 kJ/mol at numerous five-coordinate, 
highly charge-dense Ni2+ sites [2]. In order to evaluate the 
performance of promising hydrogen-storage materials near 
operating conditions, we have characterized the hydrogen 
storage behavior of Ni2(m-dobdc), Co2(m-dobdc), Ni2(dobdc), 
Co2(dobdc) and MOF-5, a benchmark hydrogen storage material, 
at near ambient temperatures and pressures up to 100 bar [3]. 

While these frameworks have primarily been examined under 
low pressures of H2 at 77 K, measurements under conditions 
relevant to on-board storage will provide vital insight into the 
nature of H2 packing under practical conditons.

The parameters of our study were informed by the DOE 2020 
guidelines for on-board, light-duty vehicle storage [4]. We 
chose an adsorption pressure of 100 bar as a compromise 
between storage capacity and the need to alleviate the 
problems associated with high-pressure storage, while a 
desorption pressure of 5 bar was chosen as a standard input 
pressure for a fuel cell injector. High-pressure H2 adsorption 
isotherms of these materials were measured between 0 bar 
and 100 bar at temperatures of −75 °C to 100 °C. Gratifyingly, 
Ni2(m-dobdc) exhibits the highest adsorption capacities at all 
temperatures and pressures, and all isotherms in this material 
at 75 °C and below exhibit a H2 capacity higher than that of 
pure compressed H2 at 25 °C. Furthermore, the usable capacity 
of Ni2(m-dobdc) is 11.0 g/L, once again outperforming other 
materials from this study as well as compressed H2 gas. While 
these results surpass other frameworks, Ni2(m-dobdc) still falls 
short of the DOE targets.

In order to approach the storage capacity goals set out by 
the DOE, however, adsorption and desorption conditions 
can be carefully selected to maximize the usable capacity 
of the material. First, cooling the system will lead to better 
performance of the adsorbent. Due to the high binding 
enthalpy of Ni2(m-dobdc), significant improvements may be 
achieved without the need to cool to 77 K, the standard for most 
adsorbent materials. Under 100 bar of hydrogen, at −75 °C the 
usable capacity increases to 19.0 g/L, around 66% of the current 
DOE target, while at −173 °C the capacity of the material 
fulfils the current DOE target. Yet another strategy uses 
temperature swing desorption, a process where active cooling 
is used to achieve high filling levels while higher temperatures 
are employed during utilization for desorption. A theoretical 
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swing from adsorption at −75 °C to desorption at 25 °C gives 
a usable capacity of 23.0 g/L. This enhanced usable capacity 
represents 77% of the DOE system target of 30 g/L, which is 
the highest H2 volumetric usable capacity achieved to date for 
an adsorbent operating in this temperature range. It should be 
emphasized that the DOE goals are system targets, and as such 
these numbers represent upper bounds. In order to achieve 
the DOE goals, it is likely that trade-offs between adsorbent 
performance and the additional space and weight taken up by 
the support systems must be optimized.

Powder neutron diffraction provides a unique ability to locate 
adsorbed hydrogen in the M2(m-dobdc) frameworks, thereby 
offering insight into the binding behavior in these materials. 
As the Ni2(m-dobdc) sample was not crystalline enough for 
satisfactory structure solution, measurements were performed 
on the isostructural Co2(m-dobdc). While these do not provide 
a direct measure of the performance of Ni2(m-dobdc), the 
structural characterization of Co2(m-dobdc) will yield information 
about the nature of H2 packing crucial in designing high-
performing storage materials. Astoundingly, we were able 
to resolve 7 distinct adsorption sites within the sample of 
Co2(m-dobdc) loaded with D2 at 78 bar and 77 K (Figure 1). 
At the strongest adsorption site, D2 is bound to the open Co2+ 
coordination site with a Co···D2 (centroid) separation of 2.25(7) 
Å. Three other sites lie near the pore walls of the framework, 
and in addition to the metal-bound D2, have previously been 
observed in Co2(m-dobdc) at 4 K and pressures below 1 bar [2]. 
Sites 5 and 6 lie at the center of the hexagonal channels of the 
framework, while site 7 resides 3.10(3) Å from the D2 located at 
site 5 and primarily relies on D2···D2 interactions for stabilization. 
At 77 K and 78 bar, sites 1−6 show full occupancy of D2, and 
site 7 shows approximately half occupancy. Importantly, a 
comparison of the adsorption isotherm data collected at 198 K 
and the D2 loadings observed by powder neutron diffraction at 
the same temperature reveal a quantitative agreement between 
the two methods for measuring storage capacity, suggesting the 
results of in situ neutron diffraction experiments accurately reflect 
the material in operando. 

Such detailed structural characterizations of H2-loaded 
frameworks reveal key features resulting in high H2 capacities. 
First, the D2···D2 distances measured for certain sites within the 
pores of Co2(m-dobdc) are very short. For example, the distance 
between the D2 molecules at sites 1 and 2 is only 2.86(3) Å. 
This is significantly shorter than the H2···H2 separation of  
3.21 Å in solid hydrogen and approaches the H2···H2 distance 
of 2.656 Å in solid H2 pressurized to 54 kbar at 300 K. These 
comparisons to solid hydrogen powerfully illustrate the ability of 
materials in the M2(m-dobdc) series to densify hydrogen within 
their pores. Significantly, the high charge density on the metals 
not only strongly polarizes D2 bound at the coordinatively 
unsaturated Co2+ center, but it additionally affects D2 bound 
in more weakly physisorbing secondary sites, leading to a high 
hydrogen packing density within the adsorbent. It is likely 
that Ni2(m-dobdc) benefits from similar effects and packing 
configurations, albeit to a greater degree, leading to record-
high H2 usable capacities.

In conclusion, we have demonstrated the ability of several 
promising H2 adsorbents to achieve significant usable capacities 
under conditions relevant to on-board vehicle storage. The 
outstanding performance of Ni2(m-dobdc) was shown to be 
extended from low temperature, low pressure conditions to 
high temperature, high pressure conditions more relevant 
to applicable systems. Neutron powder diffraction was able 
to determine a number of binding sites in the material that 
corresponded quantitatively with isotherm measurements. 
Furthermore, examination of the structure solution revealed 
closely packed D2 comparable to intermolecular distances 
within solid hydrogen. This close packing suggests that the 
influence of the strongly polarizing primary binding sites 
extends through H2···H2 interactions to sites further from the 
pore surface, resulting in record H2 capacities. 

FIGURE 1: A single pore of Co2(m-dobdc) showing the seven distinct D2 binding 
sites as determined from neutron diffraction data. Purple, red, grey, white, and 
yellow spheres represent Co, O, C, H atoms and D2 molecules, respectively.
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H
ybrid organic–inorganic perovskites (HOIPs) are a class 
of materials showing remarkable photovoltaic properties 
that hold enormous promise for the next-generation 

of efficient and low-cost solar cells. Methylammonium lead 
iodide (CH3NH3PbI3 or MAPI) displays the highest photovoltaic 
power conversion efficiency (PCE) of all the HOIPs (over 21% 
to date). It is composed of organic methylammonium cations 
confined to the interstitial spaces of an inorganic framework of 
corner-sharing PbI6 octahedra. Unlike conventional inorganic 
semiconductors such as silicon and gallium arsenide, HOIPs 
exhibit significant dynamic disorder, which can be broadly 
classified into lattice vibrations (phonons), rotations of the 
organic molecule, and internal molecular vibrations. In solar 
cells, electrons are excited from the valence band to the 
conduction band by photons having energies equal to or 
exceeding the band gap. These photo-excited charge carriers 
interact with and lose energy to the lattice vibrations through 
electron–phonon coupling, which is one of the most important 
factors governing solar cell performance. Our study shows 
that the acoustic phonons in MAPI, the type responsible 
for transmitting heat in conventional semiconductors, have 
anomalously short lifetimes that result in an extremely low 
thermal conductivity [1]. This finding has direct implications 
on the cooling and transport of photo-excited electrons and 
represents a fundamental difference between HOIPs and 
conventional photovoltaic semiconductors.

We report a high-precision, wavevector-resolved study of the 
acoustic phonon lifetimes in MAPI using cold neutron inelastic 
spectroscopy to provide high-energy resolution and fully 
deuterated single crystals to reduce the incoherent scattering 
from hydrogen. Our measurements reveal anomalously short 
lifetimes on the order of picoseconds, 100 to 500 times shorter 
than those in GaAs or CdTe, that correspond to nanometer-
sized mean free paths and thus demonstrate that acoustic 
phonons in MAPI are unable to dissipate heat efficiently. Lattice-
dynamics calculations using ab initio third-order perturbation 
theory indicate that the short lifetimes arise from strong 
three-phonon interactions and a high density of low-energy 

optical phonon modes related to the degrees of freedom of the 
organic methylammonium cation. Such short lifetimes strongly 
alter the electron–phonon coupling in MAPI and other HOIPs 
relative to that in conventional semiconductors, with direct 
effects on the cooling of photo-excited charge carriers and the 
transport and recombination of band-edge carriers. Our results 
on MAPI illustrate the importance of understanding the lattice 
dynamics of HOIPs to efforts to develop cheaper, more efficient 
optoelectronic devices based on these metal halide perovskites.

The data shown in Fig. 1, measured on the SPINS cold neutron 
triple-axis spectrometer at the NIST Center for Neutron 
Research, illustrate how transverse acoustic (TA) phonons in 
MAPI, propagating along one of the high-symmetry directions 
(Γ→X) in the cubic phase, rapidly broaden in energy (indicating 
an increasingly shorter lifetime) as the phonon wavelength 
(λ = 2π/k) decreases. This broadening is observed along all 
high-symmetry directions and at all temperatures, although the 
degree of broadening lessens on cooling. In order to extract the 
phonon energies and linewidths (half-width at half-maximum 
or HWHM) as a function of the reduced wavevector k, all 
data were fit to the sum of a damped harmonic oscillator 
lineshape, corrected for the instrumental energy resolution; 
a Gaussian function centered at zero energy transfer (E

T = 0); 
and a flat background. The resulting dispersions for the TA 

FIGURE 1: Neutron scattering measurements of TA phonons in MAPI 
propagating along [010] in the cubic phase at 350 K. As the reduced wave vector 
k increases, the TA phonon energy/wavelength increases/decreases, and the 
energy linewidth broadens.
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phonons propagating along [110] (Γ→M) and [010] (Γ→X) are 
shown in Fig. 2. Ab initio lattice-dynamical calculations of the 
phonon dispersions in the orthorhombic phase using third-
order perturbation theory are given by the red dashed line and 
are in excellent agreement with the measurements.  Data for 
longitudinal acoustic (LA) phonons propagating along [100] 
were also measured in the cubic phase and show the same 
rapid broadening with decreasing wavelength.
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FIGURE 2: TA phonon dispersions along M-Γ-X in the cubic (350 K), tetragonal 
(300 K), and orthorhombic (140 K) phases. The dashed lines show the dispersion 
simulated from ab initio lattice-dynamical calculations.

FIGURE 3: Intrinsic TA phonon linewidths along Γ→X in the orthorhombic 
(140 K), tetragonal (300 K), and cubic (350 K) phases. Error bars represent 
the standard error in the fitted values. Errors in the orthorhombic phase are 
likely larger due to complications from crystal twinning. Dashed lines show the 
calculated linewidths of the orthorhombic phase, while the purple lines show the 
instrumental contribution to the linewidths.

The phonon mean free path can be estimated as a function 
of wavevector by forming the product of the phonon lifetime 
(ℏ/HWHM) with the phonon group velocity ∂E/∂k. The values 
so obtained are plotted in Fig. 3 for wave vectors along [010] 
at 350 K, 300 K, and 140 K, which correspond to the cubic, 
tetragonal, and orthorhombic phases of MAPI. Ab initio 
calculations of the phonon lifetime for the orthorhombic phase 
are depicted in Fig. 3 by the red dashed line. The experimental 

and theoretical lifetimes exhibit the same trend with increasing 
wavevector k and are within a factor of two of one another. 
This agreement is quite good considering that the calculations 
assume only three-phonon interactions and do not include 
scattering from defects or electrons.

The lattice contribution to the total thermal conductivity, 
κ

iso, was calculated within the single-mode relaxation time 
approximation and is given by the product of the modal heat 
capacity, the phonon group velocity ∂E/∂k, and the phonon 
mean free path, summed over all phonon branches and 
averaged over all wavevectors. These results, shown in Figure 
4, demonstrate that the acoustic modes, which primarily 
lie below 3 meV, contribute little to the lattice thermal 
conductivity. Instead, most of the heat transport in MAPI is 
carried by the low-lying optical modes associated with the 
lead-halide framework.
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FIGURE 4: Phonon density of states from 0 meV to 20 meV (black) with 
projections onto the Pb-I framework (blue) and MA cation (red). The cumulative 
lattice thermal conductivity κiso at 300 K is overlaid in orange. The dashed line 
shows the total thermal conductivity summed over all modes, including the “pure” 
molecular modes at higher energies.

Our measurements show that the acoustic phonon lifetimes 
in the prototypical hybrid perovskite MAPI are 50 to 500 times 
shorter than those in conventional semiconductors. We have 
used high-energy resolution neutron scattering to measure 
the TA phonon dispersions as well as the critically important 
phonon lifetimes, which range from 1 ps to 20 ps throughout 
the Brillouin zone. Anharmonic lattice dynamics calculations 
reveal that the short lifetimes result from a high-density of 
low-energy optical modes, arising from the degrees of freedom 
of the organic cation, together with strong phonon–phonon 
interactions. Such short lifetimes likely affect hot carrier 
cooling and may also play a role in reducing the nonradiative 
recombination of band edge carriers.
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E
thylene (C2H4) is the largest feedstock in petrochemical 
industries, with a global production capacity of more 
than 170 million tons per year. It is usually produced by 

steam cracking or thermal decomposition of ethane (C2H6), 
in which a certain amount of C2H6 residue coexists in the 
product and needs to be removed to produce polymer-grade 
(≥ 99.95% pure) C2H4 as the starting chemical for many 
other products, particularly the widely utilized polyethylene. 
Owing to the very similar sizes and volatilities of ethylene and 
ethane, the purification of ethylene is currently accomplished by 
repeated distillation–compression cycling of the mixture at low 
temperature. This well-established separation technology is one 
of the most energy-intensive processes in the chemical industry. 
To replace the cryogenic distillation processes, exploration of new 
adsorptive separation technologies based on porous materials 
is strongly motivated by the tremendous energy savings. As 
customizable porous materials, metal–organic frameworks 
(MOFs) are highly versatile in pore engineering, affording 
precise tuning and functionalization of the pore structure, and 
thus have been intensively investigated as promising adsorbents 
for selective gas separation.

Most MOFs studied so far adsorb larger amounts of C2H4 
than of C2H6, mainly because of the stronger interactions of 
the pore surfaces with unsaturated C2H4 molecules. A few 
MOFs have demonstrated excellent C2H4/C2H6 separation 
performance, by selectively adsorbing ethylene [1]. However, 
production of polymer-grade C2H4 is still quite energy 
intensive, because C2H4, as the preferentially adsorbed gas, 
needs to be further desorbed to get the C2H4 product. If 
instead, C2H6 is preferentially adsorbed, the desired C2H4 
product can then be directly recovered, saving approximately 
40% of energy. Unfortunately, very few MOFs were known to 
exhibit preferential binding toward C2H6, and they suffer from 
low C2H6/C2H4 separation selectivity and productivity.

Recently, we developed two novel strategies in MOF systems 
for selective C2H6/C2H4 separation, and for the first time 
demonstrated that excellent separation selectivity and 
productivity can be achieved when C2H6 is preferentially 

adsorbed. The first MOF is [Fe2(O2)(dobdc)] (dobdc: 2,5-dioxido-
1,4-benzenedicarboxylate), with iron–peroxo sites on the 
pore surface for the preferential binding of ethane over 
ethylene [2]. The second MOF is [Cu(Qc)2] (Qc = quinoline-5-
carboxylate), whose pore surface mainly features aromatic rings 
of low polarity, enabling preferential binding of ethane over 
ethylene [3]. In both cases, neutron powder diffraction and 
theoretical calculations, performed at NCNR, played a critical role in 
understanding the ethane recognition mechanisms.

Our first strategy was inspired by natural metalloenzymes 
and synthetic compounds for alkane C–H activation in which 
M-peroxo, M-hydroperoxo, and M-oxo [M = Cu(II), Co(III), and 
Fe (III/IV)] are active catalytic intermediates. We hypothesized that 
similar functional sites within MOFs might have stronger binding 
with alkanes than alkenes and thus could be utilized for the 
selective separation of C2H6/C2H4. In this regard, the MOF Fe2(O2)
(dobdc), containing iron(III)-peroxo sites on the pore surfaces 
[4], is of special interest. We thus investigated this MOF in great 
details. We found that Fe2(O2)(dobdc) indeed exhibits preferential 
binding of C2H6 over C2H4 and displays the highest C2H6/C2H4 
separation selectivities (≈ 4) among all examined porous materials.

FIGURE 1: Structures of (A) Fe2(dobdc), (B) Fe2(O2)(dobdc), and (C) Fe2(O2)
(dobdc) with adsorbed C2D6, determined from neutron powder diffraction 
studies. Note the change from the open Fe(II) site to the Fe(III)-peroxo site for 
the preferential binding of ethane. Fe, green; C, dark gray; O, pink; O2

2−, red; H or 
D, white; C in C2D6, blue.
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To structurally elucidate how C2H6 and C2H4 are adsorbed in 
this MOF, high-resolution neutron powder diffraction (NPD) 
measurements were carried out on C2D6-loaded and C2D4-loaded 
samples of Fe2(O2)(dobdc). As shown in Fig. 1, C2D6 molecules 
exhibit preferential binding with the peroxo sites through C–D···O 
hydrogen bonds. The D···O distance (≈ 2.17 Å to 2.22 Å) is much 
shorter than the sum of van der Waals radii of oxygen (1.52 Å) 
and hydrogen (1.20 Å) atoms, indicating a relatively strong 
interaction. In addition, sterically, the nonplanar C2D6 molecule 
happens to match better to the uneven pore surface in Fe2(O2)
(dobdc) than the planar C2D4 molecule, resulting in stronger 
hydrogen bonds with the Fe-peroxo active site and stronger 
van der Waals interactions with the ligand surface. We further 
conducted first-principles calculations. The optimized C2H6 
binding configuration on the Fe-peroxo site agrees reasonably 
well with the C2D6-loaded structure determined from the NPD 
data, confirming that the C2H6/C2H4 adsorption selectivity 
originates from the peroxo active sites in Fe2(O2)(dobdc).

To evaluate the separation performance of Fe2(O2)(dobdc) 
in the actual separation process, several breakthrough 
experiments for various mixtures were performed (see Figure 
2). The results proved that Fe2(O2)(dobdc) can be used to 
purify C2H4 with low concentrations of C2H6 even in the 
presence of CH4, H2, and C2H2 impurities.

Our second strategy utilizes MOFs with inert pore surfaces (e.g., 
featuring aromatic or aliphatic moieties), where there are no 
specific gas adsorption sites. Here, the dispersion and induction 
interactions make major contributions, which are proportional 
to the polarizability of gas molecules. Since C2H6 has a 
slightly larger polarizability than C2H4, a feasible approach 
is to increase the efficient contact area or the quantity of 
interactions between C2H6 molecules and the host framework. 
Based on this idea, we identified a MOF, Cu(Qc)2, as a 
promising candidate. The accessible pore surface of Cu(Qc)2 
mainly features aromatic rings of low polarity, enabling 

preferential binding of ethane over ethylene. In addition, 
Cu(Qc)2 exhibits a small pore aperture size of ≈ 3.3 Å, 
facilitating possible multiple adsorbent–adsorbate interactions.

Our detailed experimental studies confirmed that Cu(Qc)2 is 
indeed a ethane-selective adsorbent, with a very good C2H6/
C2H4 selectivity (≈ 3.4). Again, NPD measurements were carried 
out to structurally understand the host–guest interactions. We 
found that C2D6 molecule locates in a rhombic cavity formed by 
aromatic rings of ligands (see Figure 3). As expected, multiple 
C–D···π interactions (D···π 2.34(3)–3.34(3) Å, C–D···π 3.22(3)–
4.16(3) Å) were found between each C2D6 molecule and the 
aromatic rings within the rhombic cavity. The cavity of Cu(Qc)2 
fits well with the shape of C2H6 molecule, which enables the 
binding for C2H6 through multiple C–H···π interactions. To further 
evaluate the C2H6/C2H4 separation performance of Cu(Qc)2 in 
practical adsorption process, experimental breakthrough studies 
were carried out and proved that high-purity C2H4 can be directly 
obtained in a single separating operation.

In summary, we have developed two novel strategies to realize 
preferred C2H6 adsorption in MOFs: 1) incorporating metal 
peroxo functional groups as strong C2H6 adsorption sites on 
the pore surface, and 2) coupling inert pore surface with 
narrow pore size to enhance the C2H6 binding through multiple 
interactions. The two MOFs, Fe2(O2)(dobdc) and Cu(Qc)2, can 
both preferentially capture C2H6 from the C2H6/C2H4 mixture 
under ambient conditions with high separation selectivity and 
productivity. We are currently investigating more MOFs for this 
application, and fully believe that materials with even better 
performance will be discovered soon. 

FIGURE 2: Experimental column breakthrough curves for (A) a C2H6/C2H4 
(50/50) mixture, (B) a cycling test of C2H6/C2H4 (50/50) mixtures, (C) C2H6/C2H4 
(10/90) mixtures, and (D) C2H6/C2H4/C2H2/CH4/H2 (10/87/1/1/1) mixtures in an 
absorber bed packed with Fe2(O2)(dobdc) at 298 K and 1.01 bar.

FIGURE 3: (a) Crystal structure of Cu(Qc)2 with adsorbed C2D6, determined 
from neutron powder diffraction studies. (b) Preferential binding site for C2D6 
molecule and the close vdW contacts within the rhombic cavity of aromatic rings 
(numbered as 1–4), with C–H···π interactions highlighted in pink dashed bonds. 
Cu, green; O, red; N, light blue; C, gray.
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Alkali-metal silanides (MSiH3, M = K, Rb, and Cs) have recently 
gained attention as potential hydrogen-storage compounds due 
to their reversible dehydrogenation/ hydrogenation properties. 
Typically, a silanide↔silicide equilibrium (i.e., MSiH3 ↔ MSi + 
1.5H2) exists, providing favorable hydrogen vapor pressures 
of 0.1 MPa near 410 K for all three alkali-metal compounds 
due to an enthalpy−entropy compensation effect, i.e., as the 
cation size increases, there are simultaneous linear increases 
in the enthalpy (more stable silanide) and entropy changes 
(more localized H atoms in the crystal structure). Hence, 
the dynamical nature of the H atoms in the various MSiH3 
compounds is of interest from an entropic viewpoint. All MSiH3 
compounds undergo hysteretic phase transitions upon heating 
and cooling between ordered monoclinic or orthorhombic 
β-phase structures to disordered face-centered-cubic α-phase 
structures (see Figure 1). In contrast to crystallographically 
ordered β-phase SiH3

- anions, the α-phase anions exhibit three-
dimensional orientational disorder. Previous quasielastic neutron 
scattering (QENS) results for all three α-phase compounds 
indicated decreasing SiH3

- reorientational mobility (increasing 
order) with increasing cation size [1,2], which is qualitatively 
consistent with the observed compensation effect. Here, QENS 
measurements on the DCS, HFBS, and NSE spectrometers over 
a wide range of resolutions were used to fully characterize the 
alkali-metal-dependent anion reorientational dynamics in the 
ordered β-MSiH3 compounds as well as the unusual nature 
of the rotator-phase transition between the β-phases and 
α-phases for CsSiH3 [3]. 

The QENS data in Figure 2 show that the anion reorientational 
mobility in the β-phases trends dramatically higher with 
increasing cation size, which is opposite to what was observed 
in the α-phases, but makes sense from a purely steric 
perspective (i.e., lattice volume to accommodate the SiH3

- 
anion increases with increasing cation size). Maximum jump 
frequencies of the β-phase anions near the β-α transitions 
range from around 109 s-1 for β-KSiH3 to 1010 s-1 and higher 
for β-RbSiH3 and β-CsSiH3. Due to the ordered nature of the 
β-phase lattice, the anions are effectively restricted to undergo 

only uniaxial three-fold rotational jumps around the anion 
quasi-C3 symmetry axis, which is consistent with the observed 
behaviors of the β-phase elastic incoherent structure factors 
(EISFs) in Figure 3. 

FIGURE 1: Structural differences between the ordered β-MSiH3 and 
disordered α-MSiH3 (M = K, Rb, Cs) phases showing the respective near-
neighbor cation environments surrounding the pyramidal SiH3

- anions. The 
multiple H atoms distributed radially around the Si atom represent all of the 
possible H positions associated with the orientationally disordered SiH3

- anions 
in this structure. i-MSiH3 denotes the possible formation of ‘intermediate” 
phases in the transition regions.

CsSiH3 was the focus of further studies to map out the 
evolving anion dynamical behavior at temperatures above 
the β-phase region. As in α-KSiH3 and α-RbSiH3, the highly 
mobile anions (with reorientational jump frequencies 
approaching and exceeding 1012 s-1, see Figure 2) in the 
disordered α-CsSiH3 are all adequately modeled by H jumps 
between 24 different locations distributed radially around 
the anion center of gravity (see Figure 3), although even 
higher anion reorientational disorder cannot be ruled out. 
QENS data for CsSiH3 in the transition region between the 
α- and β-phases corroborated the appearance of dynamically 
distinct intermediate (i-) phases. The associated SiH3

- anions 
possess orientational mobilities that are an order-of-
magnitude lower than those for α-phase anions but also an 
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order-of-magnitude higher than those for β-phase anions 
(see Figure 2). These anions appear to undergo uniaxial 
small-angular-jump reorientations that are more akin to the 
lower-dimensional β-phase anion motions rather than to 
the multi-dimensional α-phase anion motions (see Figure 
3). Combined QENS and neutron powder diffraction results 
strongly suggest that this i-phase is associated chiefly with 
the more short-range-ordered, nanocrystalline portions 
(invisible to diffraction) that appear to dominate the CsSiH3. 
Figure 2 depicts the hysteretic CsSiH3 phase diagrams 
in heating and cooling regimens derived solely from the 
temperature-dependent QENS measurements for the various 
component phases.

These QENS results for CsSiH3 bolster the previous observation 
for KSiH3 and RbSiH3 [4] that distinct nanosized intermediate 
phases exist and exhibit anion orientational mobilities 
intermediate between those for the α- and β-phases. 
Determining the exact structural nature of these i-phase 
nanodomains will require further investigation.
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FIGURE 2: (left) Anion jump correlation frequencies τ1
-1 vs. 1/T for various 

MSiH3 phases as determined from measurements on DCS (circles, diamonds, 
triangles, and pentagons), HFBS (squares), and NSE (stars) spectrometers. Filled 
and open symbols indicate measurements during cooling and heating regimens, 
respectively. (right) Phase diagrams for CsSiH3 derived from anion dynamical 
behavior with temperature upon (a) cooling from 350 K and (b) heating from 
25 K. The symbols present the calculation of the phase fractions obtained from 
QENS measurements.
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S
uperconductivity is a form of quantum mechanical 
ordering in which conduction electrons in a metal, which 
otherwise act individually, instead pair up once cooled 

below a critical temperature. The pairs form a collective state 
having peculiar properties, such as dissipationless electrical 
conduction. Although superconductivity is sometimes presented 
as an esoteric curiosity, superconductors are a part of everyday 
life, most prevalently in the large magnets operating in 
the Magnetic Resonance Imaging (MRI) machines found in 
hospitals. One focus of superconductivity research today is 
fault-tolerant quantum computing [2].

Superconductors are often classified based on the relative 
orientation of the magnetic moments, or spins, of the paired 
electrons. The more common form of superconductivity is 
labeled spin singlet, in which case, the spins of the paired 
electrons can be thought of as pointing in opposite directions. 
If instead the electron spins of the pair are aligned, then 
the superconducting state is called spin triplet. Spin triplet 
superconductors are particularly enticing as a subset are 
topologically nontrivial, which in theory makes them suitable 
for development into fault-tolerant quantum computers. 
Unfortunately, in nature spin triplet superconductors are 
uncommon and require extensive testing to definitively identify, 
with few good candidate cases known to date. 

Spin triplet superconductivity has been convincingly established 
in only a few materials, such as the ferromagnetic superconductors 
URhGe, UCoGe, and UGe

2 [1]. Adding to this short list, we 
recently discovered a unique new spin triplet superconductor, UTe2, 
which has the highest superconducting critical temperature, 1.6 K, 
as well as an anomalously large superconducting upper critical 
field, approximately 35 T. This very unusual superconducting 
state may in the future become a platform for encoding and 
processing quantum information using topological excitations. 

This is one of the reasons that it is very exciting to identify 
spin triplet superconductivity in UTe2 [3]. We synthesized 
single crystals of this material at the University of Maryland, 
College Park in the Center for Nanophysics and Advanced 
Materials. Because UTe2 has been known for decades to 
be a relatively mundane paramagnet, the discovery of 

a superconducting phase transition at 1.6 K was quite 
unexpected. Measurements of the specific heat (Fig. 1a) 
confirm that superconductivity occupies the entire volume of 
the sample and is not an impurity phase. Perplexingly, there 
is a very large residual heat capacity in the superconducting 
state, which is the first clue that something UTe2 is quite 
unusual. Historically, the rare cases of similar specific heat 
signatures in other superconductors have been linked to poor 
sample quality. In the case of UTe2, we observe no variation in 
this residual specific heat, and its value has been reproduced 
by other researchers [4]. Our current understanding of this 
property is that roughly half of the electrons in UTe2 do not 
participate in the superconducting pairing.

Low-temperature electrical resistivity measurements performed 
at the University of Maryland reveal the truly bizarre magnetic 
field dependence of superconductivity in UTe2. A fundamental 
property of all superconductors is instability in applied magnetic 
fields, eventually leading to the demise of the electron pairing 
interaction in sufficiently strong fields. The upper critical 
magnetic field that destroys superconductivity is material-
dependent and reveals important information about the nature 
of the pairing interaction. A map of the superconducting 
upper critical field of UTe2 (Fig. 1b) shows a strong direction-
dependence, and very large values of the upper critical field, 
especially along the crystallographic b-axis. In fact, the upper 
critical field exceeds the highest magnetic field available at 
the University of Maryland, 20 T (Further measurements at the 
National High Magnetic Field Laboratory were necessary to 
establish a value of approximately 35 T and are the subject of a 
subsequent report [5]). This remarkably high upper critical field 
identifies UTe2 as a spin triplet superconductor, because it far 
exceeds the much smaller magnetic fields required to suppress 
conventional spin singlet superconductivity. 

Further proof of spin triplet pairing was found in Nuclear 
Magnetic Resonance (NMR) measurements performed at 
Ames Laboratory with Yuji Furukawa’s group. Specifically, we 
identified a characteristic NMR signature of spin triplet pairing, 
no change in the Knight shift, in the superconducting state. 
Considered together, these rather bizarre physical properties 
point to a new and unusual flavor of superconductivity in UTe2.
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What gives rise to this unusual superconductivity in the 
first place? In most spin triplet superconductors, the 
superconductivity is accompanied by ferromagnetism, and 
magnetic interactions appear to play a very important role in 
the superconducting pairing. However, bulk magnetometry and 
neutron measurements performed using NCNR’s Disk Chopper 
Spectrometer (DCS) and at the MLZ in Munich [6] show no 
sign of ferromagnetism or any kind of magnetic order in UTe2. 
Yet, it turns out that UTe2 is not really a mundane paramagnet. 

Instead, temperature-field scaling of the bulk magnetization 
suggests that this material is a quantum critical ferromagnet, or 
almost, but not quite, ferromagnetic. Under such conditions, 
plentiful magnetic fluctuations can lead to spin triplet 
superconductivity. Bolstering this idea, strong low-temperature 
magnetic fluctuations were detected by recent Muon Spin 
Resonance (muSR) measurements done in collaboration with 
researchers at Simon Fraser University [7].

As a picture emerges of the unusual superconducting 
properties of UTe2, many questions remain open. Chief among 
them: what is the precise superconducting wave function, and 
is it topologically nontrivial? To get this answer, details of the 
electronic structure, superconducting gap symmetry, and time 
reversal symmetry, to name a few, need to be experimentally 
addressed, and theoretical and computational efforts are 
required to put everything in context. Undoubtedly, UTe2 holds 
more in store for us, as we continue down the road in search of 
topological superconductivity.
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FIGURE 1: Superconducting properties of UTe. a) Low-temperature specific heat, 
emphasizing the jump associated with the superconducting transition and the 
large residual specific heat. b) The crystallographic-axis dependence of the upper 
critical field. Dashed lines represent the shape of a conventional upper critical 
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L
ike medieval knights chasing the Holy Grail, condensed 
matter physicists have long been allured by the glitter of 
high temperature superconductivity. The most famous 

advance in this effort was the Nobel-prize winning discovery 
in 1986 by Bednorz and Müller of superconductivity in 
layered copper oxides. The ensuing years have revealed that 
these materials have certain common features that seem to 
be part of the ‘recipe’ for copper oxide superconductivity: 
they are layered materials containing Cu-O planes; they 
consistently possess the same number of electrons in the 
copper 3d orbitals, which are strongly polarized with holes 
in the dx2 −y2 orbitals; and they are proximal to states where 
the electron spins order antiferromagnetically. Finding similar 
superconductivity in other transition metal oxides has thus 
far proven fruitless, but are copper oxides really the only 
ones? Nickel, which sits one column to the left of copper on 
the periodic table, has long been considered a tantalizing 
alternative for achieving superconductivity in a copper-free 
transition metal oxide. Recently, trilayer nickelates with the 
chemical formula R4Ni3O8 (where R is a trivalent rare earth), 
which possess low valence nickel cations in square planar 
coordination, are particularly interesting candidate materials 
because they possess many of the same characteristics 
identified above as common to copper oxide superconductors 
[1]. Given the importance of magnetic interactions in the 
copper oxide superconductors, as well as in the iron pnictide 
superconductors, unraveling the magnetism in these trilayer 
nickelates is essential for understanding their behavior as well 
as their potential as superconductors. However, relatively few 
detailed investigations have been performed because single 
crystals have been unavailable, leading to a critical gap in our 
understanding of the magnetic behavior of these compounds.

Recently, single crystals of La4Ni3O8 (La-438) have become 
available as a result of the advent of high-pressure floating 
zone technology. La-438 crystals exhibit a semiconductor-
insulator transition on cooling that is concomitant with the 

formation of charge stripes of higher and lower oxidation 
state on the nickel sites [2]. One of the major questions 
remaining is whether or not there is magnetic ordering in 
the ground-state, and if there is, how it relates to the charge 
ordering that is observed. Unfortunately, previous neutron 
powder diffraction experiments proved inconclusive. No 
magnetic Bragg reflections were observed from polycrystalline 
materials, either because the peaks were too weak to be 
detected by powder diffraction, or because the system 
did not develop long-range order. In order to resolve this 
quandary, single crystal neutron diffraction measurements 
were performed on MACS [3], which was chosen because of 
its large cold neutron flux, which is beneficial for investigating 
small single crystals with weak magnetic moments, and 
because of its spin-polarization capabilities. 

Weak satellite reflections were observed in the two-
dimensional plot of neutron intensity in the ground-state 
(Fig. 2A). Spin-polarized diffraction data, collected on MACS 
using the 3He polarizers and analyzers, conclusively evidenced 
a magnetic origin to the scattering – thus proving that 
La4Ni3O8 does have a magnetically-ordered ground-state (Fig. 
2B, C). Using the charge-stripe state as a starting point, an 
antiferromagnetic spin-stripe-ordering model was developed 
in which ordered spins are present on Ni1+ sites (S = 1/2) and 
absent on Ni2+ sites (S = 0), as shown in Fig. 3. The nearest 
neighboring Ni1+ sites have antiferromagnetic interactions 
within the basal plane, as well as antiferromagnetic 
interactions out of the basal plane. The data are consistent 
with a quasi-two-dimensional ordering that occurs within Ni-O 
trilayers that are uncoupled along the c-axis.

Surprisingly, several characteristics were discovered that 
distinguish La4Ni3O8 from copper oxides or single-layer 
nickelates. First, in these latter compounds, charge is the 
primary order parameter, and spin is a secondary order 
parameter that follows the charge. However, for La4Ni3O8 
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the strong coupling between the charge and spin leads to a 
situation in which neither order parameter appears secondary 
to the other. Second, both the polarized data as well as 
density functional theory calculations indicate that the ordered 
spins point parallel and antiparallel to the c-axis. This contrasts 
with other layered oxides, where the spin prefers to orient in 
the basal plane. 

These neutron scattering experiments have laid a foundation 
for our understanding of the magnetic correlations in La4Ni3O8, 
which possesses an electron count that matches the over-doped 
regime of the superconducting cuprates. These experiments 
have revealed how a complex interplay of the spin, charge, 
and orbitals results in coupled charge and spin stripes. The 
next challenge in this work is to modify the electron count so 
that it overlaps the optimal concentration of the copper oxide 
superconductors and then to study how the magnetic and 
charge interactions respond.

FIGURE 1: Structural motif of R4Ni3O8 compounds (R = La, Pr, Nd). After [1].

FIGURE 2: (A) Unpolarized neutron diffraction data on a specimen of La4Ni3O8 
showing weak superlattice peaks in the ground-state. (B, C) Observation of the 
peak in the Spin-Flip (SF) channel evidences magnetic ordering. After [3].

FIGURE 3: Spin-stripe pattern. Blue spheres refer to Ni1+ cations, and red 
spheres to Ni2+ cations. After [3].
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I
ntermetallic compounds have provided an endless source 
of exploration into the quantum mechanical interactions 
responsible for the physical properties of solids. When 

intermetallic compounds contain a rare earth ion in a 
stoichiometric ratio with metal or metalloid elements, 
they typically host highly localized f-electrons that often 
carry a magnetic moment. The local moments may order 
magnetically, and in special cases the magnetism is 
intertwined with the conduction electrons. This interplay 
between the magnetism, the conduction electrons, and 
the crystal structure allows us to determine the underlying 
mechanisms responsible for the magnetic, electronic, and 
optical properties. With a fundamental understanding of 
the intricate structure-function relationships present in 
intermetallic compounds, we can move toward a materials-
by-design approach where desired properties can be 
intelligently crafted in a material as opposed to being 
discovered serendipitously. 

One class of materials that falls within this description of rare 
earth-based intermetallic compounds are Kondo insulators 
[1]. In these compounds, a particularly unusual combination 
of physical properties has been observed due to the onset 
of the Kondo effect at low temperatures. The Kondo effect 
occurs when spins of the f-electrons couple to the spins of the 
conduction electrons. When this effect is spread over a lattice, 
the f-electron and conduction electron bands hybridize, which 
opens a bandgap at the Fermi level as the material cools and 
manifests as insulating behavior in the electrical transport. The 
number of confirmed Kondo insulators is relatively small, and 
the differences in their physical properties have rendered them 
particularly controversial and difficult to describe through 
existing theories. We recently discovered a new material, 
YbIr

3Si7, that is at the border of Kondo insulating behavior [2]. 
This compound exhibits a unique combination of behaviors 
mediated by strong electron-electron interactions. While 
Kondo insulating-like behavior appears as a distinctive trait in 
this compound, we also observe long-range antiferromagnetic 
order followed by the emergence of conductive surface 
states as the temperature is lowered. This combination 
of properties seems inexplicable using a simple Doniach 

model in which, depending on the relative strength of the 
Kondo effect and the exchange interactions, the conduction 
electrons either mediate the magnetic order among the rare 
earth ions or they screen each magnetic moment. YbIr3Si7 
exemplifies the lower limit of conduction electron density, 
which makes it particularly surprising that it can show both 
Kondo correlations and magnetic exchange interactions. In 
this scenario of so few conduction electrons, YbIr3Si7 may 
represent a new hierarchy of quantum mechanical interactions 
among Kondo screening, magnetic interactions, and the 
crystal electric field of the rare earth ion. 

The resistivity profile of YbIr3Si7 is given in Fig. 1(a). At high 
temperatures, a broad hump emerges as Kondo correlations 
set in. As the temperature is decreased, a diverging insulator-
like behavior dominates the electrical transport until a small 
peak appears at ≈ 5 K, which we will subsequently show 
marks an antiferromagnetic ordering transition. At even lower 
temperatures, the resistivity begins to level off into a plateau as 
conductive states form at the surface of the crystal while the 
bulk remains insulating. When this resistivity profile is compared 
to that of the nonmagnetic analog compound LuIr3Si7, we see 
that the filled f-shell in this isostructural compound renders the 
crystal weakly metallic, consistent with the picture of Kondo 
screening in the Yb analog.

Magnetic susceptibility measurements on YbIr3Si7, presented 
in Figure 1(b), reveal the anisotropic magnetic response of 
the crystal when the magnetic field H is applied along the 
orthogonal a and c directions. When H is applied along a, an 
abrupt increase in the magnetic susceptibility is noted below 
the magnetic ordering temperature TN = 4.1 K. Conversely, 
when H is applied along c, the magnetic susceptibility shows 
a broad hump above TN, followed by a cusp consistent with 
antiferromagnetic order. While these magnetic susceptibility 
measurements provide evidence of antiferromagnetic 
order, strong crystal electric field anisotropy, and short-
range magnetic order above TN when H is applied along 
c, neutron scattering measurements provide a detailed 
magnetic structure and conclusive evidence of long-range 
magnetic order. 
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Powder neutron 

measurements performed on cooling YbIr3Si7 from 25 K 
to 1.5 K provided conclusive evidence of the long-range 
antiferromagnetic order below TN = 4.1 K. In Fig. 2(a), we note 
the formation of magnetic Bragg peaks as the temperature 
is lowered. The magnetic diffraction pattern obtained from 
subtracting data collected at 25 K from data collected at 1.5 
K (Fig. 2(b)) shows excellent agreement with the Г1 magnetic 
structure for Yb3+ sitting at the 6b Wyckoff site within the 
R3c space group. The order parameter obtained by fitting 
the intensity of the (101) magnetic Bragg peak confirms that 
the ordering temperature is TN = 4.1 K (Fig 2(c)). Lastly, the 
magnetic structure of YbIr3Si7 pictured in Fig. 2(d) shows 
that in the ordered state, all the Yb3+ moments are aligned 
along the c-axis with an ordered moment of 1.51(5) μB/
Yb3+. These Yb3+ moments are aligned antiparallel with their 
nearest neighbors, represented by the edges of the cube in 
Fig. 2(d), and parallel with their next nearest neighbors in the 
ab-plane. Understanding the relationship among the symmetry 
of the Yb ions, their magnetic interactions and anisotropy, 
and their interplay with conduction electrons in the bulk and 

surface of the crystals is a crucial step to unravelling the 
intricate physical behaviors present in this system.

In summary, we report the discovery and characterization 
of a unique, complex material YbIr3Si7. This material shows 
insulating-like resistivity caused by Kondo hybridization 
between the Yb f-electrons and the conduction electrons 
as the temperature is lowered, followed by the onset 
of antiferromagnetic order and conductive surface 
states. Powder neutron diffraction revealed that the 
antiferromagnetic transition occurs at TN = 4.1 K with 
an ordered moment of 1.51(5) μB/Yb3+. This intriguing 
combination of strong electron-electron interactions, 
crystal electric field anisotropy, and magnetic order in an 
environment of scarce conduction electrons provides a 
complex energy landscape in which to explore a variety 
of quantum interactions and their interplay with bulk and 
surface physical properties.

FIGURE 1: (a) Resistivity measurements show that as the temperature is 
lowered, the onset of Kondo correlations first appears as a broad hump followed 
by insulator-like divergence. This divergence is interrupted by long-range 
magnetic order at 4.1 K and subsequent conductive surface states that result 
in a plateau of the resistivity. (b) Magnetic susceptibility measurements reveal 
an anisotropy present among the magnetic Yb ions. When H is applied along 
c, a broad hump, possibly from short-range magnetic order, appears above the 
ordering temperature, followed by a cusp consistent with antiferromagnetic 
order at TN. When H is applied along a, the magnetic susceptibility smoothly 
increases until it levels off at TN.
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FIGURE 2: (a) Powder neutron diffraction measurements show the appearance 
of magnetic Bragg peaks as the temperature is lowered. (b) Rietveld refinement 
of the magnetic diffraction pattern, which is isolated by subtracting the 25 K data 
set from the 1.5 K data set, reveals excellent agreement with the Г1 irreducible 
representation. (c) The order parameter obtained by fitting the magnetic 
(101) Bragg peak drops to zero at the ordering temperature TN = 4.1 K. 
(d) The magnetic structure with the Г1 irreducible representation shows 
antiferromagnetic order with the moments aligned along the c-axis. The 
nearest neighbors are represented by the edges of the cube, while the next 
nearest neighbors are given by the shaded triangles in the ab-plane. 
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A 
variety of magnetic materials have recently been 
discovered to host magnetic “skyrmions,” nano-sized 
magnetic vortices that behave like stable particles and 

can be manipulated with electrical current or magnetic field. 
Skyrmions are exciting both for their novelty as interesting 
magnetic structures forming in seemingly mundane magnetic 
materials and for their potential in next generation electronic 
devices. In particular skyrmions are promising as bits in next-
generation high-density, low-power memory architectures and 
for devices that manipulate electron spin instead of electron 
charge. The majority of materials supporting skyrmions show 
these exotic structures at extreme environmental conditions well 
below room temperature, which limits their applications. Recently 
the CoxZnyMnz family of compounds, with x + y + z = 20, has 
been shown to host skyrmions at temperatures up to and beyond 
room temperature, potentially enabling these new technologies 
at ambient temperatures [1]. In this system, chemical disorder 
has been suggested to play a role in the stabilization of a 
number of exotic flavors of skyrmions, including a metastable 
square [2] and disordered [3] skyrmion lattices. Understanding 
the role of disorder in this system and how it shapes the 
magnetic properties is necessary in order to establish control 
of the skyrmions. We performed a detailed neutron diffraction 
study of the atomic and magnetic structure of the CoxZnyMnz 
family of skyrmion hosts, revealing a remarkable two-part 
magnetic structure where ordered magnetism coexists with 
disordered glassy magnetism [4]. Our results suggest that this 
combination of order and disorder enables the formation of 
new the skyrmion phases.

CoxZnyMnz compounds crystallize in the β-manganese structure 
type, as shown in Figure 1. This structure type is chiral, allowing 
for the existence of long-range chiral magnetic interactions. 
These interactions can lead to the formation of chiral magnetic 
spin textures, such as magnetic helices with wavelength around 
100 nm, or lattices of vortex skyrmions. The β-manganese 
structure consists of two crystallographic sites on which the 
atoms sit: a small eightfold site (8c) which forms a distorted 
diamondoid network, and a larger twelvefold site (12d) which 
forms a geometrically frustrated hyperkagome lattice. 

Determining how the Co, Mn, and Zn atoms are distributed 
among the 8c and 12d sites is necessary in order to understand 
the magnetic properties. To determine this, we used 

complimentary neutron powder diffraction and synchrotron 
x-ray powder diffraction. The combined x-ray and neutron 
scattering approach is critical for this system. Due to the similar 
x-ray scattering cross sections of Co and Mn, these atoms are 
nearly indistinguishable by x-ray diffraction alone. On the other 
hand, these elements have very different neutron scattering cross 
sections, and therefore neutron diffraction gives complementary 
structural information to x-ray diffraction, allowing the structure 
to be determined with high confidence.

Our co-refinement analysis of the x-ray and neutron data shows 
that the Mn and Zn atoms are randomly distributed over the 
larger 12d site, while the Co atoms prefer to occupy the smaller 
8c site. This result was compared to density functional theory 
calculations, which explain the observed site preferences on the 
basis of the energies of different atomic configurations. These 
calculations indicate that the preference for Mn atoms to site on 
the 12d site is driven by its ability to hold a large local moment 
of about 3 µB when it sits on this site. The Co atoms on the 8c 
 

FIGURE 1: (a) and (b) show the β-manganese structure, which is chiral and can 
be either right-handed or left-handed. The two different atomic sites are labelled, 
and the yellow bonds show how the 12d atoms form a frustrated hyperkagome 
lattice. (c) and (d) show the atomic structure of Co8Zn9Mn3 and Co7Zn7Mn6, as 
determined by combined neutron and synchrotron diffraction. Each site hosts 
multiple elements, which are randomly distributed across the sample. This 
fractional occupation is indicated by the partial coloring of the atoms.

1 University of California, Santa Barbara, Santa Barbara, CA 93117 
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site, on the other hand, host a magnetic moment of about 1 µB 
while the Zn atoms are nonmagnetic. 

With this knowledge in hand, we considered the bulk 
magnetic measurements shown in Figure 2. Upon cooling, 
both samples show an onset of a magnetic moment  
(Tc = 340 K for Co8Zn9Mn3 and Tc = 210 K for Co7Zn7Mn6), 
and then a second transition around 50 K. The frequency 
dependence of the AC magnetic susceptibility in the low 
temperature regime is consistent with a reentrant cluster 
spin glass transition. Neutron powder diffraction allows us to 
concurrently determine the magnetic structure and the nuclear 
structure of these samples, allowing us to probe the local 
magnetic ordering that gives rise to this interesting time- and 
temperature-dependent magnetic behavior. By refining a model 
of the magnetic contribution to neutron diffraction patterns 
taken at different temperatures, we see that the 8c site, which 
is mainly Co, is found to hold a magnetic moment of about  
1 µB per Co atom at all temperatures below Tc, as expected 
from the density functional theory calculations. By contrast, the 
12d site, which is mainly Mn and Zn, never shows the moment 
of 3 µB per Mn atom that is expected from the fully ordered 
density functional theory calculations. Rather, a moment of  
1 µB/Mn atom is observed in the high temperature magnetically 
ordered regime (taken at 100 K), and this moment is effectively 
reduced to zero in the cluster spin glass regime (taken at 14 K). 

Our neutron scattering measurements on this family of 
CoxZnyMnz compounds paint a clear picture elucidating the 
coupling between chemical disorder in the β-manganese crystal 
structure and magnetic ordering. The 8c site, which is mostly 
occupied by Co atoms, shows conventional ordered magnetism 

across a broad temperature range. The Mn atoms on the 12d 
site, on the other hand, have large magnetic moments which 
dynamically fluctuate even while the Co moments are aligned. 
These Mn moments have only a partial tendency to align in the 
direction of the Co atoms, and therefore show a reduced overall 
moment by neutron diffraction. At low temperature, the Mn 
moment fluctuations slow and eventually freeze into a statically 
disordered spin glass with no net moment. This two-sublattice 
magnetic structure allows for the formation of ordered phases– 
including helical and skyrmion lattice phases– where the details 
of the ordering are strongly influenced by disordered magnetic 
interactions. These new results offer a possible route for using 
control of chemical and structural disorder in this system to 
engineer magnetic ordering by design.
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FIGURE 2: Magnetic properties of samples of Co8Zn9Mn3 and Co7Zn7Mn6. (a) 
Magnetic susceptibility vs. temperature shows two magnetic transitions for 
each sample: at higher temperature (Tc), the onset of magnetic moment, and 
at lower temperature a reduction in the moment (Tg). (b) and (c) shows the 
real and imaginary components of the AC magnetic susceptibility around Tg for 
the Co7Zn7Mn6 sample measured at three different frequencies. The frequency-
dependence of the AC magnetic susceptibility shows that the transition at Tg 
behaves like a spin cluster glass transition.
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FIGURE 3: (a) Neutron diffraction patterns for a Co8Zn9Mn3 sample at 350 K, 
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magnetic structure model, is shown in blue. The magnetic contribution to the 
100 K and 14 K fits is shown in orange. As shown in (b) and (c), the magnetic 
contribution is smaller at 14 K than at 100 K. This is due to the freezing of Mn 

moments into a cluster glass with no net moment around 50 K.
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T
he interplay between conduction electrons and localized 
magnetic moments gives rise to a wide variety of electrical 
phenomena in magnetic conductors. A fundamental and 

technologically important effect is the change in electrical 
resistance of a material in a rotating magnetic field (called 
angular magnetoresistance); this effect has enabled a variety 
of magnetic sensing technologies and typically exhibits a 
smooth, sinusoidal variation with field rotation [1]. We have 
recently found that the magnetic material CeAlGe and its Si-
doped alloy, rather than exhibiting this conventional behavior, 
display an unprecedentedly sharp increase in resistance when 
a magnetic field is carefully aligned within less than 1 degree 
of its tetragonal axes [2]. This highly confined signal (called 
singular angular magnetoresistance, SAMR) is observed in the 
intermediate magnetic field region of the magnetically ordered 
phase, indicating the presence of a distinct magnetic state that 
couples to the symmetry breaking caused by the magnetic 
field. We have performed a neutron powder diffraction study 
to determine the magnetic ordering pattern and elucidate 
the role of the accompanying symmetry breaking in this new 
magnetotransport response.

CeAlGe crystallizes in a onsymmorphic structure (called the 
LaPtSi-type structure shown in Figure 1a), where the magnetic 
Ce ions form two interpenetrating body centered tetragonal 
sublattices labelled Ce (A) and Ce (B). The moments order 
at T

N = 5.4 K, below which temperature the magnetization 
easy axis lies in the ab plane. In this magnetically ordered 
phase, the rotation of an applied magnetic field produces a 
singular angular response, while above TN a smooth angular 
dependence is observed (see Fig. 1(b)).

Neutron powder diffraction measurements in zero magnetic field 
were carried out using the triple-axis spectrometer BT-7 to probe 
the magnetic ordering pattern. Figure 2a shows the diffraction 
profiles above (at T = 10 K) and below TN (T = 1.8 K), from which 
we determined the magnetic diffraction profile (Fig. 2(b)). There 
is no sign of splitting/broadening of the nuclear peaks below 
TN, indicating that the magnetic transition is not accompanied 
by a structural distortion. The magnetic diffraction profile 
exhibits enhanced intensities at the nuclear Bragg peak 

positions as well as additional peaks at the (002), (006) and (110) 
positions. The former originates from the ferromagnetically-
ordered component of the Ce moments, while the latter arise 
from the antiferromagnetically-ordered components, which 
implies a ferrimagnetic-type of ordering. Analysis of the magnetic 
diffraction peaks based on extinction rules [3] suggests the 
ordering patterns shown in Figs. 2(c) and 2(d). In both cases, the 
moments on the same sublattice align ferromagnetically. The 
pattern in Fig. 2(c) is a noncollinear structure, while the pattern 
in Fig. 2(d) is a collinear one where the moments on the A and 
B sublattices have different magnitude and point in the opposite 
direction along the in-plane crystallographic axis. Our mean-field 
calculation suggests that the ground state in zero magnetic field 
is the structure in Fig. 2(c), and the one in Fig. 2(d) is stabilized in 
a magnetic field applied along the [100] direction [2]. 
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FIGURE 1: (a) Crystal structure of CeAlGe. (b) Resistivity change with magnetic 
field rotation in the ab plane in the paramagnetic (T = 6.5 K) and magnetically 
ordered phase (T = 2 K) for Si-doped CeAlGe (CeAlGe0.72Si0.28). The electric 
current flows along the [010] direction corresponding to θ = 90º. The inset is the 
corresponding polar plot.

Application of a larger magnetic field along the [100] direction 
causes a transition to the ferromagnetically-ordered state via 
an intermediate noncollinear structure as shown in Figs. 2(e)-
2(g). The canted moment of the intermediate phase breaks 
the magnetic symmetry of the collinear structure; the collinear 
structures in small (Fig. 2(e)) and large field (Fig. 2(g)) have the 
combined symmetry operation of a mirror along the ac plane 
and time-reversal, while the noncollinear intermediate phase 
in Fig. 2(f) does not. This combined symmetry is also related to 
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the in-plane magnetic field. When the field is aligned along the 
[100] direction, the combined symmetry is not broken by the 
field, and thus the intermediate phase ordering pattern shown 
in Fig. 2(f) is degenerate with its combined-symmetry partner. 

This results in the multiple domain state with high electrical 
resistance at the domain boundary. The degeneracy is lifted by 
the in-plane field rotation, thus explaining the observed singular 
angular magnetoresistance behavior [2].

This neutron diffraction study has unveiled the crystallographic 
and magnetic symmetries in the magnetically ordered phase 
responsible for SAMR and revealed its microscopic origin. In 
particular, a theoretical model has been constructed based on 
the obtained symmetry that suggests that singular angular 
magnetoresistance may be widely observed in nodal magnetic 
materials [2]. This exemplifies the importance of symmetry 
in understanding the unprecedented magnetotransport and 
designing functional materials, where neutron diffraction can 
provide essential insight. Such materials offer a potentially 
new paradigm for ultrasensitive magnetic sensing using 
symmetry breaking.
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FIGURE 2: (a) Neutron powder diffraction profile of CeAlGe above (T = 10 K) 
and below (1.8 K) the magnetic transition temperature TN = 5.4 K. (b) Magnetic 
diffraction intensity calculated by taking the difference of the profile between  
T = 10 K and T = 1.8 K. (c) and (d) Magnetic structures deduced for the ordered 
phase at zero field. Symmetrically inequivalent moments are depicted by arrows 
with different color. (e)-(g) Evolution of the magnetic structure with magnetic 
field along the [100] direction. Pink lines are the combined symmetry operation 
of the mirror reflection along the (010) plane with time reversal m’, which is 
spontaneously broken in the intermediate noncollinear phase shown in panel (f).
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M
aterials systems with nontrivial topology have emerged 
over the past decade as ideal candidates upon which 
next-generation magnetic and electronic devices, such 

as quantum computers, are based. These materials exhibit 
properties termed “topological invariants” that may be thought 
of as constant, secured qualities that are unusually stable and 
protected from external interference or perturbation. One 
of the best and most exciting examples of this behavior is 
the class of materials known as “topological insulators” [1]. 
Topological insulators are electrically insulating within the 
bulk of the material but host a narrow electrically conductive 
channel at the surface. This conductive surface state is essential 
and protected by the unique topology of the quantum states 
occupied by electrons within a topological insulator. The 
unique nature of this electronic surface structure allows for the 
observation of surprising quantum mechanical behavior, such 
as the quantum anomalous Hall effect (QAHE) [2]. It is thought 
that the realization of the quantum anomalous Hall state has 
opened the door to create exotic quasiparticles that may be 
ideal building blocks for fault-tolerant quantum computing [3].

Up to this point, the existence of the QAHE has generally 
relied on introducing ferromagnetic order into normally 
nonmagnetic topological insulators. This has generally 
been accomplished through chemical doping, where small 
amounts of magnetic elements are introduced into the crystal 
structure of the topological insulator. This approach has been 
most successful in Cr-doped (Bi,Sb)

2Te3, where the resulting 
magnetic topological insulator (MTI) does indeed display the 
QAHE. Unfortunately, this method is limited to extremely low 
temperatures (< 30 K), as the larger dopant concentrations 
required to strengthen the magnetic interactions rapidly begin to 
alter the desired topological properties of the MTI. It is therefore 
critical to identify and implement alternative methods that can 
stabilize magnetism at higher temperatures while preserving and 
allowing control of the topological properties of the resultant MTI.

In the quest for such alternative mechanisms, one based on 
the magnetic proximity effect, in which a magnetically ordered 

material grown next to a nonmagnetic material transfers some 
magnetic properties to its neighbor, has emerged as a leading 
candidate. In almost all cases, a thin film of some ferromagnetic 
material with a large net magnetization has been used to 
induce a net magnetization in a neighboring nonmagnetic 
film. Ferromagnetic layers, however, are extremely difficult 
to study with common laboratory magnetometry techniques 
because the large signal from the ferromagnet overwhelms 
the contribution from the MTI. Instead, we have used thin 
films of an antiferromagnetic material composed of alternating 
atomic planes of ferromagnetically-ordered (in-plane) chromium 
antimonide (CrSb) to mimic the proximity effect of a ferromagnet 
[4]. Because the magnetization of each atomic layer in CrSb is 
oriented anti-parallel to that of the layers above and below it, 
the thin film has no net magnetization. However, by growing 
atomically sharp thin film interfaces, as shown in the scanning 
transmission electron microscope image in Figure 1, it is 
possible to create a system in which thin films of the topological 
insulator (Bi,Sb)

2Te3 are adjacent to and interact with only a 
single layer of the antiferromagnet, which will consequently 
appear ferromagnetic to the topological insulator. We may thus 
attempt to create an MTI using an antiferromagnet, avoiding the 
disadvantages of a ferromagnet-based proximity effect.

As shown in Figure 2(a), Hall effect measurements of a 
CrSb / (Bi,Sb)2Te3 superlattice show a clear hysteresis up to 
90 K, indicating a net ferromagnetic moment exists within 
the thin film structure. On the other hand, longitudinal 
magnetoresistance measurements of the superlattices 
surprisingly do not exhibit the butterfly shape expected for 
a ferromagnetic system. Instead, large positive (negative) 
spikes are observed in the longitudinal resistance at fields 
corresponding to the switching of the magnetization from 
positive to negative (negative to positive), as shown in Figure 
2(b). Here we note that the switching events appear to occur as 
a series of distinct steps in the Hall measurements, so that each 
spike in the longitudinal magnetoresistance may be associated 
with a small step in the Hall resistance. These resistance spikes 
appear only when the topological insulator layer is sandwiched  
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between CrSb layers, as in trilayer structures or superlattices. 
When a bilayer film is deposited, the classical butterfly shape 
does in fact appear in the longitudinal magnetoresistance.

Theoretical calculations based on magnetotransport measurements 
suggest that the unusual behavior may be attributed to topological 
transitions induced by the relative alignment of proximity-induced 
magnetic layers at the top and bottom interfaces. That is, if 
there is indeed an interfacial magnetic moment induced in the 
(Bi,Sb)2Te3 layer at the interface with antiferromagnetic CrSb, 
then the topologically induced conductive channels at the top 
and bottom surfaces of the (Bi,Sb)2Te3 layer may be stabilized or 
destroyed by adjusting the magnetization direction of the top 
and bottom interfaces to be parallel or antiparallel to each other. 
Configurations with a conductive top and insulating bottom (or 
vice-versa), a conductive top and bottom, or an insulating top and 
bottom, should all be accessible.

Since this interpretation assumes that the observed magnetic 
properties are due to an antiferromagnetic proximity effect 
tightly localized at the interface, it is critical to understand 
the magnetic and structural depth profile of the system. We 
therefore performed the polarized neutron reflectometry 
measurements shown in Figure 3(a) using the PBR instrument. 
The magnetic contribution to the scattering can be seen more 
clearly in the plot of the spin-asymmetry in Figure 3(b), where 
the spin asymmetry is defined as the difference between 
the two spin-polarized reflectivities normalized by their sum. 
Although the induced magnetization (and corresponding 
scattering length densities) is extremely small, careful fitting and 
statistical analysis of the reflectivity allowed for the extraction 
of the nuclear and magnetic scattering length density 
profiles shown in the inset of Figure 3(a). The best fit depth 
profile confirms the interpretation of the magnetoresistance 
measurements, with sharp spikes of magnetization appearing 
at the interfaces between the topological insulator (Bi,Sb)

2Te3 
and the antiferromagnet CrSb. Alternative interpretations, such 
as a net magnetization spread uniformly throughout the CrSb 
or the entire superlattice structure, can be explicitly ruled out, 
as the theoretical scattering curves generated by such depth 
profiles are inconsistent with the reflectometry data.

These results not only show that it is possible to induce a net 
magnetization in topological insulators such as (Bi,Sb)2Te3 using 

atomically sharp interfaces with an antiferromagnet, but also that 
the topology of the resultant system may itself be tuned through 
a small magnetic field. Excitingly, these effects are seen to persist 
up to temperatures exceeding 90 K, over 3 times the typical 
limit for dopant-induced magnetism. Our results therefore have 
significant implications for the high-temperature observation and 
control of quantum effects in topological systems.

FIGURE 1: Scanning transmission electron microscope image of a CrSb / 
(Bi,Sb)2Te3 heterostructure showing the atomically sharp interfaces between 
the antiferromagnetic (dark) and topological insulator (light) materials.

FIGURE 2: (a) Temperature-dependent Hall effect measurements showing 
ferromagnetic hysteresis in a superlattice of CrSb / (Bi,Sb)2Te3. (b) Temperature-
dependent longitudinal magnetoresistance of the same sample exhibiting 
resistance spikes corresponding to switching of the magnetization direction.

FIGURE 3: (a) Fitted polarized neutron reflectometry curve from a 4-repeat 
superlattice of (Bi,Sb)2Te3 and CrSb with the (inset) best-fit magnetic and 
structural depth profile. (b) Fitted spin asymmetry corresponding to the 
measurements and shown in panel a.
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T
he function of automotive coil suspension springs is 
readily accessible: it is to provide elastic shock absorption. 
Millions of automotive coil suspension springs are 

produced each year, and many more are in daily use in cars 
and trucks all over the world. In-service fracture is very rare 
which is a testament to quality control and to the level of 
understanding in the engineering science of the materials 
and processes involved. However, the continuing industry-
wide push to reduce vehicle weight and cost extends to all 
components including coil springs, thus prompting a new 
look at spring manufacturing where splitting fracture during 
certain stages of production is more common, resulting in 
higher cost. Splitting fracture is strongly correlated with 
residual stresses, which are the subject of this work. 

The need to use less material for weight reduction means 
that higher strength steels are required which comes with 
the tendency of more frequent fractures during production. 
Other considerations concerning manufacturability involve a 
parameter called the spring index. The spring index, defined 
as the ratio between spring diameter and spring wire diameter 
is a common descriptor for the strength of the spring, the 
stress induced on the spring and the difficulty in producing the 
spring. Instead of a conventional process in which the wire is 
wound around a cylindrical core the wire is fed/pushed and 
subsequently bent continuously between a forming roll and an 
adjustable pitch bar, thus allowing the production of springs 
with different spring indices in the same machine. Since the 
bending is performed at room temperature the stresses on the 
equipment are very large, as are the residual stresses in the coil.

The spring index range 6 to 12 is where the goal of weight 
reduction meets engineering limits: both wire diameter and 
the spring diameter are reduced to keep the spring index in 
the desired range. The steel grades required have ultimate 
tensile strengths up to 1.8 GPa which, together with the cold 
work imparted by the cold coiling processes, leads to very high 
levels of residual stress. The stress magnitudes are such that 
in the time between coiling and stress relief heat treatment 
spontaneous fractures occur in which springs split along the 
wire axis (Figure 1).

A striking feature of the fracture shown in Figure 1 is the 
uniformity of the split as it follows the winding of the coil. 

The crack is extraordinarily long and uniform with respect to 
its location in the local coordinate system, thus allowing a 
visualization of its location from surface displacements after 
performing a cut using electro-discharge machining (EDM). A 
wire EDM cut is nearly ideally line shaped and it relieves stresses 
perpendicular to the cutting plane. The stress relief causes 
small surface deflections that can be measured accurately with a 
displacement probe. A crack that occurs after cutting represents 
a stress relief itself, thus causing additional surface deflection. 
Figure 2 shows a comparison of the post-cut deflections in a 
cracked and an intact cut surface.

The effect of the crack in Figure 2 a) is primarily a steep rise of 
the outer crack face. Subtler effects are revealed by comparison 

FIGURE 1: Spontaneous splitting fracture of a coil. The label ‘EDM’ indicates the cut 
orientation of the cross sections shown in the inset. The diameter of the cross sections 
is 15 mm, the diameter of the coil is ≈ 130 mm.
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with Figure 2 b): there is a drop in deflection in the inner crack 
edge and peak deflections overall are lower due to a partial reset/
lowering of the residual stresses after cracking. The sign of the 
deflections in in Figure 2 b) is opposite to the of the stresses 
causing the deflections; tensile stresses cause a contraction – 
i.e. a negative deflection - of the material as the line of the cut 
advances, and compressive stresses have the opposite effect.
A recently published fracture mechanics approach [1] examined 
the role of residual stresses in springs with respect to crack 
propagation. The relationship between residual stresses and 
crack initiation remained unexplained, but it was found that 
two crack opening modes are operational: in Mode I crack 
opening is driven by stresses normal to the average crack plane; 
in Mode II the propagation is promoted by shear stresses in 
the crack plane. Translated in the coordinate system of the 
spring (Figure 1) a tensile radial stress component would drive 
Mode I crack opening while Mode II is driven by any positive 
or negative tangential-radial shear component. Neutron stress 
measurements show that actual stress magnitudes vary (Figure 
3) but both radial and shear peak stresses do not exceed  

100 MPa in the crack prone region. Neutron results represent a 
lower limit estimate due to unavoidable spatial averaging within 
the neutron gauge volume (1.5 mm cube) which explains why 
peak stresses predicted by Finite Element simulations in [1] are 
significantly higher. It is tempting to correlate cracking with 
the very large compressive stresses in the tangential direction 
(Figure 3, right). However, in this case both sides of the crack 
are subjected to the same stress magnitude parallel to the crack 
direction, thus providing no contribution to crack opening.

The presence of stresses that promote opening and 
propagation of cracks occurring between production steps 
was confirmed in this work, with predictions showing stresses 
that are both highly localized and much higher in magnitude 
compared to neutron diffraction results. Further validation of 
the simulations is the subject of ongoing research. First results 
indicate that spatial resolutions of ≤ 0.5 mm are necessary to 
capture peak stresses adequately, requiring significantly longer 
counting. However, the results of the measurements shown in 
Figure 3 also show that complete areal mapping of stresses can 
be avoided and be replaced by high resolution scans along the 
line from the inside to the outside of the spring.

FIGURE 2: Post-cut deflection profile from stress relief in the tangential 
direction (see Figure 1 for coordinate directions and cut orientation).
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T
he interaction of fluids with porous materials is of interest 
for many applications including extraction of hydrocarbons 
from shales. In the field, shale fracturing can be done 

with pressurized water, hydrocarbons, or gases, depending 
on the depth and mineralogy of the formation. Although the 
technology is mature, the process is not well understood, 
leading to inefficiencies in fluid usage during fracturing and 
decreases in hydrocarbon production over time. In this study, 
we examined the effect of organic solvents and acidic aqueous 
solutions on rock porosity using small and ultra-small angle 
neutron scattering (U)SANS. The extracted material was 
analyzed by gas chromatography-mass spectrometry (GC-
MS) to determine if there is a correlation between the type 
of organic extracted, shale maturity, and how the extraction 
process affected porosity.

Chesapeake Energy Corporation provided six cores taken 
from the Eagle Ford Shale formation as shown in Figure 1 
[1]. Five slices from each, cut perpendicularly to bedding to 
minimize variation, were soaked for ≈ 2 weeks in one of five 
solvents: toluene, cyclohexane, methanol, dichloromethane, 
or 0.01 mol/L HCl (pH = 2). Total ion chromatograms from 
GC-MS were used to quantify and compare the amount of 
organic matter extracted from each sample. Chromatograms 
of specific ion masses were used to identify classes of 
chemical compounds: linear alkanes by the mass/charge 
m/z = 57 for C

4H9
+ and aromatic compounds by m/z = 77 for 

C6H5
+. Most of the hydrocarbons extracted were n-alkanes, 

(nC11 to nC31), although significant amounts of branched 
alkanes and aromatics were observed. The molecular weight 
distribution of the extracted hydrocarbons changed with 
the solvent. Methanol mostly dissolved light alkanes and 
extracted the smallest overall amount of hydrocarbon because 
it has the lowest compatibility with the organic matter. The 
other organic solvents—dichloromethane, toluene, and 
cyclohexane—all extracted similar amounts of organic matter, 
although toluene and cyclohexane extracted more aromatics 
and dichloromethane extracted more branched alkanes. The 
only aqueous solvent tested, HCl, surprisingly extracted the 
longest alkane chains, possibly because physical dissolution 
of carbonate minerals liberated heavier organics. Lighter 

hydrocarbons were not extracted with HCl, suggesting the acid 
could not penetrate the hydrophobic bitumen and kerogen. 
Overall, the amount of extracted material correlated with the 
amount of total organic carbon present.

The porosity of the shale samples in the 1 nm to 20 μm range 
was analyzed by (U)SANS. Porosity was determined assuming 
a two-phase system and that scattering primarily occurs at 
the pore/mineral interface [2]. Because neutron scattering 
length density (SLD) of organic matter declines with decreasing 
carbon-to-hydrogen ratios, empty pores and pores filled with 
alkanes contribute similarly to scattering [3]. More complex 
organic matter has increasingly larger SLDs, behaving more like 
the rock matrix. Hence, the apparent porosity determined by 
(U)SANS includes pores filled with alkanes and aromatics. It is 
clear from Figure 2 that most of the change in porosity, as well 
as the reduction in asymmetry, occurs at low maturities – in this 
case between about 0.56 and 0.77 – although the reduction 
in asymmetry is much less in clay-rich than in carbonate-rich 
samples. At higher maturities there is little observable trend in 
porosity with maturity [4].

The mineral composition of the shale plays an important role 
in the total porosity. We found a positive correlation between 
the total porosity and the percentage of clay, pyrite, and total 
organic carbon. The distribution of pore sizes was bimodal in all 
samples in the range examined, which is typical for shale. The 
number distribution of smaller diameter pores (maximum 3 nm 
to 7 nm) corresponds to the percentage of clays, in agreement 
with the literature [5]. There were far fewer larger pores but, 
volumetrically, they contribute a large fraction of the total porosity.

Significant changes were observed in the cumulative porosities 
of the shale samples after solvent contact. Total cumulative 
porosity decreased with extraction across all solvents for clay-
rich samples (Figure 3), with the greatest decrease attributed to 
dichloromethane. Organic extraction in carbonate-rich samples 
increased total porosity in some samples and decreased it in 
others. A positive correlation between the amount of organic 
matter extracted and the initial sample porosity may indicate 
that initial pore accessibility can affect hydrocarbon extraction.
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Solvent-pore interactions (solvent-clay or solvent-kerogen) 
were considered to see if they could explain the significant 
changes, primarily decreases, in porosity after extraction. 
The pore structure may be affected by a number of chemical 
and physical solvent/matrix interactions, including reactions 
between the clay mineral interfaces, trapped hydrocarbons, 
and solvents [6]. Smectite layers in clay minerals can expand by 
exchange of interlayer cations due to intercalation of water or 
other fluids [7]. Acids like HCl can provide a hydrogen ion for 
that exchange. To a lesser extent, organic solvents have also 
been demonstrated to expand clay layers [6]. However, by this 
mechanism HCl should have caused the greatest decrease in 
porosity from water intercalation and cation exchange and this 
was not observed, so a different mechanism caused the pore 
volume decrease.

Kerogen swelling may also have caused some of the pore 
volume changes. Kerogen is a complex polymeric material 
based on a lattice of polyaromatic hydrocarbons. It can swell 
extensively when immersed in organic solvents. Hence, the 
measured change in porosity from the solvent contact was 
compared to its solubility parameter. The largest effect was 
observed at 20 MPa0.5, which is close to a previously reported 
solubility parameter of kerogen (19.43 MPa0.5) [8]. This 
suggests that kerogen swelling was the likely cause of the 
porosity decrease. The decrease in porosity in the samples 
contacted with HCl was not adequately explained by either 
clay-layer expansion or kerogen swelling, but kerogen swelling 
may have been offset by carbonate dissolution.

This study had the goal of investigating changes in porosity 
as a consequence of the extraction of organic matter from 
shale minerals using organic and acidic solvents. (U)SANS 
measurements showed that mineralogy, rather than maturity, 
controlled the measured total porosity in these Eagle Ford 
shales. Porosity distributions and total porosity in extracted 
shale samples were compared to samples from the same 
formations that had not been contacted with fluids. There was 

a positive correlation between initial porosity and the extraction 
of alkanes and aromatics, likely arising from the number and 
type of pores in the shale samples. A decrease in porosity with 
extraction is thought to have primarily arisen from kerogen 
swelling upon exposure to organic solvent(s). The extraction 
of hydrocarbons with exposure to HCl probably arose from 
the dissolution of carbonate minerals in the acid. These results 
contribute to our understanding of the fluid-rock interactions 
affecting the efficiency of oil and gas extraction.

FIGURE 1: Collection sites for sample cores. (Maps of oil and gas exploration, 
resources, and production from the US Energy Information Administration, 9-30-
2011.)
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T
he new 48-m VSANS (Very Small Angle Neutron Scattering) 
instrument is now a fully subscribed member of the CHRNS 
instrument suite. New design features of the instrument 

expand the capabilities of our two 30 m SANS instruments. 
The minimum momentum transfer q is reduced by a factor 
of up to five by utilizing a higher resolution (1 mm) detector. 
Meanwhile, new optics increase beam intensity by a factor 
of 100-fold to 4,000-fold over standard pinhole collimation 
when using these collimation conditions. Expanding from one 
to nine 2D detectors placed on three carriages instead of one 
greatly expands the range of scattering angles from a single 
measurement. Typical experiments now measure a larger range 
of scattering angles. The ratio of the maximum to minimum 
angles is now 130, a factor of seven larger than that obtained 
on 30 m SANS instruments.

VSANS also has the ability to adjust the wavelength resolution 
to better match the needs of the experiment. For typical 
SANS instruments a neutron velocity selector (NVS) is used to 
choose the range of wavelengths. For VSANS the full-width-
half-maximum (fwhm) of the NVS spectrum is 12.5 % of the 
mean wavelength. As an option to provide higher resolution, 
two reflections from highly oriented pyrolytic graphite (HOPG) 
crystals reduce the fwhm to 1 %. Alternatively, the wavelength 
resolution can be relaxed to increase the beam intensity 
through the use of filters to limit the white beam produced 
by the cold source to a range of 4 Å to 8 Å. A polycrystalline 
Be filter removes wavelengths shorter than 4 Å, and an “X” 
shaped supermirror insert removes wavelengths longer than 
8 Å. This filtered white beam has four times the intensity 
produced using the NVS of the same mean wavelength of  
5.3 Å, as shown in Figure 1.

The front and middle carriages use four 2D detectors composed 
of arrays of 8 mm diameter linear position-sensitive tube 
detectors. Each tube can measure count rates similar to that 
allowed on the entire 2D detector on the 30 m SANS. Thus, 
VSANS count rates now can be 100 times higher. The positions 
of the detector arrays are adjustable such that a center square 
opening allows the smaller scattering angles to pass downstream 
to the next carriage. Typically, the front carriage is placed at a 
distance one fifth of the middle carriage, thus increasing the 
maximum scattering angle by a factor of five. The four panels 

generally cover 100 cm x 100 cm area, which is 50 % wider than 
the 65 cm x 65 cm detector used on the 30 m SANS instruments. 
This expanded angular range allows measurements of samples 
that are changing with time without having to measure with 
more than one set of detector distances.

By simultaneously increasing the sample-to-detector distance, 
sample aperture and beam stop sizes, the beam intensity can be 
increased by up to a factor of six over current practice on the  
30 m SANS instruments. To take advantage of this possibility, a new 
version of our demountable liquid cells has been implemented 
with an increased sample size but with the same outer profile 
as the cells currently used in our existing temperature control 
blocks. Then, increasing the beam stop size from 50 mm to  
100 mm, the sample aperture size from 13 mm to 22 mm 
diameter, and doubling the detector distance, the beam current 
for the same q

min can be tripled. The larger beam stop size also 
doubles the contribution of gravity to the q-resolution, but the 
insertion of prisms eliminates the effect of gravity.

The rear carriage uses a 6LiF-ZnS(Ag) scintillation screen to 
convert the neutron to a burst of light that is then intensified 
and its position detected via three charge coupled detectors 
(CCD). The position of the neutron is detected to an accuracy 
of 0.9 mm fwhm using the rear detector. This rear carriage 
has three small beam stops: 12 mm diameter for converging 
beam collimation, and 6 mm and 12 mm wide by 300 mm tall 
rectangular beam stops used with narrow slit collimation. 

The converging beam refractive lens optics used on VSANS 
achieves a minimum q of 2.6 x10-4 Å-1, a factor of three 
smaller than can be realized using lenses on the 30 m SANS 
instruments, thus enabling measuring objects three times larger. 
The new optics has nearly equal pathlengths of 24 m before and 
after the sample using a 6.7 Å wavelength beam that is blocked 
by a 12 mm diameter beam stop. Using standard pinhole 
collimation, the source and sample aperture diameters would 
be 6 mm and 3 mm, respectively. By using refractive lenses to 
focus the beam, the sample aperture is enlarged to 10.4 mm, 
increasing the beam intensity by a factor of (10.4/3.0)2 = 12. 
By inserting a series of intermediate masks, twelve separate 
beams are defined. Inserting refractive prisms after the 
lenses corrects the parabolic trajectory of the neutron beam, 

1 NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899
2 University of Delaware, Newark, DE 19716
3 University of Maryland, College Park, MD 20742
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allowing all 12 beams to converge to the same spot on the 
detector. To minimize attenuation of the beam from phonon 
scattering, the prisms are cooled to 155 K. The observed gain 
in beam intensity using 12 beams versus pinhole collimation 
is 120 after correcting for lens and prism attenuation. A new 
larger demountable liquid cell and temperature-controlled 
sample blocks are now being designed to take full advantage 
of this option.

Narrow slit collimation is obtained using two motorized XY 
slits where the width and height of a rectangular aperture 
is adjustable over the full width and height of the incoming 
neutron guide which has a width of 60 mm and a height 
of 150 mm. These two slits can be adjusted to produce a 
narrow beam at the rear detector with a width smaller than 
the smallest 6 mm wide beam stop. Using 6 Å wavelength, 
a source aperture that is 2.5 mm wide by 150 mm tall and 
sample aperture that is 1.25 mm wide by 75 mm tall, the 
measured beam intensity is 31,000 s-1. An additional factor 
of four increase in beam intensity is achieved by using the 
filtered white beam wavelength option. The measured parasitic 
background outside the beam stop was 91 s-1. Test scattering 
measurements have been made to qmin = 1.5x10-4 Å-1. 
Commonly available quartz capillaries of 2 mm diameter can be 
used for liquid cell holders.

Polarized beam experiments are also possible at VSANS. In 
fact, several improvements have been made to the beam 
polarization compared to the NG7 30 m SANS instrument 
providing flipping ratios of up to 300. Mathematical simulations 
of beam depolarization caused by instrument magnetization 
profile led to redesigning of the permanent magnet and soft 
steel structures surrounding the double V shaped polarizing 
super mirror insert before the source aperture and the RF 
coil located upstream of the sample. The redesign minimized 
nonuniformity of magnetic field lines in the beam area which 
was causing beam depolarization in the simulations. The beam 

polarization at the sample position is now measured to be 
99.3 % with a measured flipping efficiency of the RF flipper 
approaching 100 % within our measurement capability of 
+/- 0.0003. The large 2 m long sample area allows room for a 
3He spin filter downstream of the sample. Several experiments 
have been performed at VSANS, measuring all four polarization 
scattering cross-sections.

As an example of the capabilities of VSANS, the structural 
evolution of a sheared carbon black sample was measured 
using four converging beams and the high-resolution detector 
on VSANS [1]. The structure of carbon black suspensions 
play a pivotal role in the design and processing of electrode 
formulations used in electrochemical energy storage 
applications. Unfortunately, this structural evolution occurs at 
length scales too large for typical SANS experiments and time 
scales too short for USANS experiments. However, VSANS, 
with its lower attainable q-range and high neutron flux, 
provides a unique measurement of these structural changes 
under shear. VSANS data (Figure 2) shows the transient 
densification of carbon black agglomerates that occurs at low 
shear rates, as evidenced by a decrease in intensity at low q. 
This densification is related to a time-dependent decrease in 
both the viscosity and electrical conductivity of the suspension. 
Therefore, the combination of this time-dependent VSANS 
data and steady-state USANS data provides useful information 
for understanding the microstructural origin of the transient 
properties of carbon black suspensions. 

Nearly all of the experiments in the last year utilized at least one 
of the new capabilities provided by the new instrument. Further 
developments in the next year will concentrate on constructing 
and modifying sample environment equipment to permit 
routine user experiments that take full advantage of the higher 
beam intensity collimation options available on VSANS.
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FIGURE 1: Time of flight (TOF) spectrum for the three wavelength resolution 
options. The blue curve is obtained using a NVS with rotation speed chosen 
to produce a mean wavelength of 5.3 Å. The black curve is the spectrum from 
the filtered white beam. The red curve is a calculated spectrum for the HOPG 
monochromator. The beam intensity is proportional to the area under the curve.

FIGURE 2: Transient structural evolution measured for a sheared sample of 
Vulcan XC-72 carbon black suspended in propylene carbonate.
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T
o design the next generation of ‘smart’ soft materials, 
researchers must first understand how rapidly-changing 
flow conditions affect model materials. Soft viscoelastic 

materials, such as synthetic and biological polymers, tend 
to generate complex material responses. The link between 
macroscopic flow and molecular-level microstructural 
rearrangements has long been sought but has remained 
elusive. We show, by experimentally combining new 
rheological techniques with time-resolved rheo-small-angle 
neutron scattering (rheo-SANS), such links can now be 
made, forming nonlinear structure-property-processing 
relations, by considering the evolution of the recoverable 
component of the strain [1].

Oscillatory shearing has been widely used to study a wide array 
of soft materials. In particular, rapidly-changing flow conditions 
that are often encountered in processing and manufacturing 
soft materials can be accurately simulated by large amplitude 
oscillatory shear (LAOS) because of the independent control 
of length and time scales it affords. As such, LAOS has been 
commonly employed as a model transient flow protocol capable 
of eliciting nonlinear responses. In spite of the wide adoption 
of LAOS, the underlying physics and resulting structural 
rearrangements have remained difficult to interpret [2]. In a 
recent study, we show that the recoverable strain, a rheological 
metric first proposed by Weissenberg [3] and Reiner [4], is a key 
to understanding oscillatory shear rheology, in not only complex 
macroscopic responses such as shear and normal stresses, but 
also in how the microstructure reacts to dynamic flows. 

We investigate two distinct polymeric materials, including an 
industrial entangled worm-like micelle (WLM) solution and 
a fibrin network. The LAOS responses from WLMs across a 
wide range of amplitudes at a normalized frequency (Deborah 
number) of 0.25 are presented in Fig. 1. Traditionally, the 
stress response is plotted against the shear strain (Fig.1(a)) or 
shear rate (Fig.1(c)), forming the so-called elastic and viscous 
Lissajous curves. The distorted ellipses and the secondary 
loops are typical features of LAOS in these presentations. 
These presentations, however, view the responses from the 
perspective that the reference state remains fixed at zero strain, 
and ignores the fact that the reference state (or “ground 
state” originally referred by Weissenberg [3]) can be shifted by 
external flow conditions.

Strain can be experimentally decomposed into recoverable and 
unrecoverable components by unloading stresses.  Recoverable 
strain is elastic, while viscous properties are dictated by the 
rate at which strain is acquired unrecoverably. The natural 
presentation to display elastic and viscous responses is therefore 
stress versus recoverable strain (Fig.1(b)) and stress versus 
unrecoverable strain rate (Fig.1(d)). Significant differences 
are observed from the traditional Lissajous curves. The curves 
collapse into a straight line at small strains and rates, where the 
slopes naturally correspond to the plateau modulus (Fig.1(b)) 
and zero-shear viscosity (Fig.1(d)) of the WLMs, which are 
traditionally thought not determinable from a single LAOS 
test. Further, the instant when the total strain is maximal 
(star in Fig.1(a)), which is traditionally considered to be the 
most-strained state, actually corresponds to the point of zero 
recoverable strain, indicating there is little-to-no deformation 
from a microscopic perspective. This finding explains the 
origin of observations made in numerous studies of colloidal 
and polymeric materials, where researchers have noted the 
existence of linear elasticity close to total strain extrema (See 
[1] for references). In short, in these new experiments and their 
associated proposed presentations, LAOS naturally presents 
a sequence of physical processes: linear viscoelasticity (LVE) 
is observed when the recoverable strain is small, softening 
and thinning with larger recoverable strains and higher 
unrecoverable strain rates, followed by a recoil process that 
returns the material to the original state. The same sequence 
occurs twice per oscillation, as the materials respond to 
shearing in a symmetric manner. 

While the macroscopic physics is more clearly discerned 
by recovery-based rheology, we complete the structure-
property relationship using time-resolved SANS to monitor 
the microstructural evolution. Shown in Fig. 2(a) is the 
stress versus recoverable strain with a color scale reflecting 
the degree of alignment observed in the 2D SANS patterns 
in Fig. 2(b). Given that a natural state of the entangled 
micellar system is isotropic, aligning the micellar segments 
is entropically unfavorable, leading to a macroscopic elastic 
response. The alignment factors in the velocity-gradient 
(1-2) and velocity-vorticity (1-3) planes are presented as 
functions of recoverable strain in Fig. 2(c) and Fig. 2(d), 
where a linear proportionality with a constant prefactor is 
manifested. A clear physical picture therefore emerges. When 
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the recoverable strain is small, linear viscoelastic responses 
are seen, even under LAOS, and we observe an isotropic 
scattering pattern that is identical to equilibrium conditions 
with no alignment. As the magnitude of the recoverable strain 
increases, so too does the alignment factor. Even when the 
modulus begins to drop at large recoverable strains (points ii 
and iv in Fig. 2(a)), the alignment is still linearly dependent on 
the magnitude of the recoverable strain.

In summary, we have provided key insights into the 
understanding of dynamic flows and how molecular-level 
structure reacts during changing flows. We have shown that, 
by monitoring the evolution of the recoverable component 
of strain, the material physics under dynamic flows can 
be identified as a sequence of processes. Combining with 
experimental evidence from neutron scattering, we have 
established structure-property-processing relationships, 
providing new design criteria for soft materials. Armed with 
such new understandings, researchers now have a clearer path 
for developing advanced materials for a variety of biomedical, 
industrial and environmental applications.

FIGURE 1: LAOS results presented in the traditional (σ-γ, σ-γ ̇ ) and proposed 
(σ-γrec, σ-γ̇ un) frames from WLMs. The lines in the proposed elastic and viscous 
views have slopes equal to the plateau modulus G0 = 180 Pa and the zero-shear 
viscosity η0 = 48 Pa·s. The stars and squares correspond to zero and maximum 
recoverable strain at the largest amplitude, respectively. 

FIGURE 2: Correlation between macroscopic rheology and microscopic 
structure. (a) Proposed elastic Lissajous figure (σ-γrec) coupled with 1-3 
alignment factor A f denoted by the color scale. (b) 2D SANS patterns at zero (i 
and iii) and maximum (ii and iv) recoverable strain in both velocity-gradient and 
velocity-vorticity planes. Alignment factors in the 1-3 (c) and 1-2 (d) planes are 
plotted as functions of the recoverable strain, showing the same proportionality 
constant of 0.045.
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T
he addition of nanoparticles (NPs) to a polymer matrix, 
forming a polymer nanocomposite (PNC), can significantly 
enhance the thermal, mechanical, and functional properties 

of the host matrix. As a result, PNCs are appealing materials for 
a variety of fields, industries, and applications [1]. The dynamics 
of polymer segments are particularly important because they 
significantly influence or dictate the processability, applications, 
glass transition temperature (Tg), and various macroscopic 
properties (such as creep, toughness, and transport) of the 
PNC. Despite decades of research on various PNC systems, 
additional fundamental studies are needed to explore the 
complex parameter space and understand the underlying physics 
of interfacial and confined polymer dynamics. In this work, we 
use quasi-elastic neutron scattering (QENS) and temperature 
modulated differential scanning calorimetry to present a 
systematic and detailed study of segmental dynamics in highly 
attractive polymer nanocomposites comprised of poly(2-vinyl 
pyridine) (P2VP) and colloidal silica (SiO2) NPs as a function of 
temperature, NP concentration, and P2VP molecular weight.

There are several methods that can be used to analyze 
segmental dynamics including nuclear magnetic resonance 
(NMR), dynamic mechanical analysis (DMA), broadband 
dielectric spectroscopy (BDS), temperature-modulated 
differential scanning calorimetry (TMDSC), neutron spin 
echo (NSE), and quasi-elastic neutron scattering (QENS) [2]. 
The approximate timescales associated with many of these 
measurement techniques, as they pertain to segmental 
dynamics, are schematically represented in Figure 1 with 
measurements of neat P2VP and a global fit to Vogel-Fulcher-
Tammann (VFT) temperature dependence. QENS, the focus of 
this paper, has the advantage of spanning short time scales  
(≈ 1 ns), providing simultaneous temporal and spatial information 
to capture the timescales and geometries of measured segmental 
motions, and measuring the fraction of relaxing segments 
through the elastic incoherent structure factor.

First, by monitoring the elastic scattering intensity in a fixed 
window scan (FWS) as a function of temperature, the mean-
squared displacement (‹x2›) of P2VP segments was found to 
decrease for all T > Tg as a function of NP concentration (Figure 
2a). Similar results were observed by analysis of the QENS 
spectra for T >> Tg. Specifically, we observe the full-width at 

half max (FWHM) of quasi-elastic broadening increases linearly 
as a function of q2 for all NP concentrations, which is indicative 
of translational diffusive motion over these length and time 
scales (≈ 1 nm and ≈ 1 ns). The extracted diffusion coefficient 
of the alpha process (Da) obtained from this simple model 
(FWHM ~ Daq2) is plotted as a function of inverse temperature 
in Figure 2b, and the relaxation time for neat P2VP aligns 
with extrapolations from BDS and TMDSC measurements 
(Figure 1). However, as attractive SiO2 NPs are added to the 
polymer matrix, Da is slower than bulk by as much 80% at NP 
concentrations of ≈ 50 vol%, and despite the slowed timescale, 
the temperature dependence remains largely unchanged (Figure 
2b). A similar q-dependence of FWHM with a simultaneous 
slowing of mobility indicates that segmental dynamics in 
PNCs are perturbed much more temporally than spatially, i.e. 
the segmental relaxation process is slowed but segments relax 
in a similar manner. Interestingly, all polymer segments in the 
50 vol% PNC are in close proximity to a NP surface because 
the interparticle distance is ≈ 2.5 nm. Thus, our measurement 
of segmental relaxations shows that interfacial segments are 
dynamically active, albeit slowed, at these high temperatures. 

T
FIGURE 1: Primary segmental relaxation times (a-process) of bulk P2VP 
measured via TMDSC (red circle), BDS (blue circle), and QENS (green circle). 
Approximate time scales for five techniques, and their corresponding 
temperatures, are depicted by shaded regions along the relaxation curve.

1  University of Pennsylvania, Philadelphia, PA 19104
2  NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899
3  University of Maryland, College Park, MD 20742
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We next probe the effect of P2VP molecular weight on 
segmental dynamics in PNCs by studying P2VP/SiO2 (25 vol% 
SiO2) with unentangled to well entangled P2VP (10 kg/mol,  
40 kg.mol, 190 kg/mol). All bulk and PNC materials exhibit 
classic characteristics of translational segmental diffusion 
(FWHM ~ Daq2) that differ only in the associated timescale. 
In Figure 3, the extracted diffusion coefficient of the PNC 
is normalized to that of bulk to highlight the impact of 
molecular weight on segmental diffusion in PNCs. For all 
P2VP molecular weight, Da in the PNC is reduced relative to 
neat P2VP by a factor of ≈ 2, although a slight trend can be 
observed where NPs are more impactful in lower molecular 
weight P2VP. In contrast, a strong molecular weight dependence 
on segmental dynamics has been observed in P2VP/SiO2 
PNCs using BDS and TMDSC [3]. However, not only do these 
techniques probe and sample segmental dynamics differently, 
QENS measurements are at much higher temperatures which 
may indicate that the interfacial structure and dynamics have a 
strong temperature dependence or may indicate an existence of 
an equilibrium structure that other techniques do not access [2].
 

In summary, we systematically study P2VP/SiO2 PNCs using 
QENS as a function of NP concentration, temperature, and 
P2VP molecular weight and compare to measurements from 
other techniques (e.g. TMDSC and BDS). We show that 
motions of P2VP segments on ≈ 1 nm length scales and ≈ 1 ns 
time scales are well described by classic translational diffusion, 
even at NP concentrations of ≈ 50 vol% where the average 
interparticle spacing is ≈ 2.5 nm. The average segmental 
diffusion coefficient decreases with increasing NP concentration 
by up to a factor of ≈ 5 and is nearly independent of temperature 
over the studied temperature range. In contrast to the well-
documented molecular weight dependence of segmental 
diffusion in the deeply supercooled regime, our measurements of 
the same dynamic process at higher temperatures show slowed 
segmental dynamics that are largely independent of matrix 
molecular weight [3]. Finally, by comparing TMDSC, BDS, and 
QENS, our results suggest that temperature has a significant 
impact on the NP-induced perturbation to segmental dynamics in 
PNCs and highlight the unique and complementary insights that 
can be provided by QENS.
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FIGURE 2: (a) Average segmental mean-squared displacement (<x2>) obtained 
from FWS of bulk 40 kg/mol P2VP and P2VP/SiO2 PNCs with concentrations of 

25 vol% and 50 vol%. (b) Extracted segmental diffusion coefficient (Da) as a 
function of inverse temperature for neat polymer and PNCs. 
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FIGURE 3: Diffusion coefficient of P2VP segments (Da) in PNC normalized to Da 

in neat P2VP as a function of polymer molecular weight for 25 vol% SiO2 (blue) 
and 50 vol% SiO2 (red).

References

[1]   S. K. Kumar et al., Macromolecules 50, 714 (2017).

[2]   C. G. Robertson, C. M. Roland, Rubber Chem. Technol. 
81(3), 506 (2008).

[3]   S. Cheng et al., Phys. Rev. Lett. 116(3) 1 (2016).



Co
(c) Co (d) Co7Zn7Mn6 

ZnMn

Co
Zn
Mn

(c) Co8Zn9Mn3 
5

9

13

17

21

25

0123456

0

1

2

3

4

525

20

15

10

5

0
0

nSLD solvent 2, ρn
2 (10-6 Å-2)

nS
LD
 s
ol
ve
nt
 1
, ρ

n 1 (
10

-6

In
fo
rm
at
io
n 
ga
in
, Δ
H

S
O

F
T

 
M

A
T

T
E

R

42 NIST CENTER FOR NEUTRON RESEARCH

I
n recent years it has been shown that concentrated 
electrolytes can form a much more stable, conducting solid 
electrolyte interphase (SEI) as compared to traditional, 

more dilute electrolyte concentrations. The solid-electrolyte 
interface in electrochemical energy storage systems is critical 
for controlling both performance and safety. With this in 
mind, research related to the development of new electrolytes 
remains a key area of focus for battery researchers. It 
is a challenge to understand not only the differences in 
chemistry of the SEI with electrolyte formulation, but also 
the mechanism of SEI formation during cycling, and how 
this connects with the processes of cation intercalation and 
corresponding electrode microstructural changes. To address 
this challenge, the dynamic evolution of microstructure 
and surface chemistry for an ordered mesoporous carbon 
(OMC) electrode was probed during cycling using operando 
measurements on the NGB 30 small-angle neutron scattering 
(SANS) beamline [1]. Many different electrolytes have been 
developed, all with tradeoffs in viscosity, electrochemical 
stability and conductivity. The choice of salt and solvent for the 
electrolyte is similarly important, and the standard LiPF

6 salt and 
ethylene carbonate (EC) based solvent used in most commercial 
batteries is a compromise amongst other commercially available 
Li salts each with too many potential disadvantages, such 
as toxicity, an unstable or uneven passivation layer (SEI), or 
high corrosion of the current collector. Replacing LiPF6 with 
LiN(SO2CF3)2 (LiTFSI) can improve thermal and chemical stability 
of the electrolyte, but unfortunately result in corrosion of 
the cathode current collector (made of Al) at high voltages. 
In addition, replacing the standard EC-based solvent with 
propylene carbonate (PC) results in an electrolyte with better 
ionic conduction at room temperature, but the PC suffers from 
an inability to form a stable SEI and thus produces exfoliation 
of graphite in battery anodes. However, it has been shown 
that by increasing the salt concentration in electrolytes, 
Al corrosion and exfoliation of graphite is suppressed. It 
is reported that the salt in concentrated electrolytes are 
sacrificially reduced to form more stable passivation layers 
high in LiF content. These LiF based SEIs are superior in 
adhesion to the electrode surface, and thinner and denser with 
superior mechanical properties. Given the importance of the 
inorganic salt layer, a key question is therefore to understand 
how the concentration of LiTFSI, along with the increase in 
electrolyte viscosity, influences the formation of inorganic salt 

products (i.e., LiF, LiOH) versus carbonaceous products in the SEI 
during the critical initial discharge cycle.

Given the sensitivity of neutron scattering to light elements 
(e.g., H, Li, C, F), SANS is a powerful technique to probe 
the formation of the SEI layer during battery discharging. In 
order to study the SEI evolution operando, a suitable neutron 
scattering battery cell has been designed, as shown in Figure 
1, that provides minimal contribution to the scattering data, 
along with minimal absorption. Separate cells for dilute and 
concentrated LiTFSI/PC electrolytes on mesoporous hard carbon 
were simultaneously cycled on the beamline. The resulting data 
(Figure 2), demonstrate that operando SANS, in combination 
with ex-situ X-ray photoelectron spectroscopy (XPS), provides 
unprecedented detail on the concentration dependent filling 
of mesopores and micropores with Li-rich and carbonaceous 
products, co-intercalation of solvated Li+, and corresponding 
electrode microstructure expansion.

There are several key findings from this work derived from the 
SANS and supporting XPS data. SANS intensity changes indicate 
a displacement in the pore surface electrochemical processes to 
lower voltages, which is a physical effect related to pore filling 
– the filling of pores is shifted to lower voltages with the higher 
viscosity concentrated electrolyte, which can be influenced by the 
viscosity of the electrolyte and wetting of the surface. Moreover, 
the pore filling influences the expansion of the carbon framework, 

1  Oak Ridge National Laboratory, Oak Ridge, TN 37831
2        NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899

FIGURE 1: Schematic view of the operando SANS cell.
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with electrolyte concentration dependent results. The expansion 
occurs just below the open circuit voltage in the 1 mol/L cell and 
below 1.1 V in the 4 mol/L cell. The size of the solvation shell 
around Li+ is found to influence the framework expansion during 
the first discharge, with the larger PC coordinated Li+ in 1 mol/L 
electrolyte producing an overall 3.5 Å (≈ 4 %) increase in the 

pore–pore separation as compared to the 1.4 Å (≈ 1.5 %) increase 
for the Li(PC)-TFSI aggregates. The overall change in framework 
volume during the discharge can be explained by the combination 
of pore filling and co-intercalation into graphitic layers, which 
are reflected in SANS intensity changes during operando cycling. 
Furthermore, the intensity changes can be correlated with the 
electrochemical discharge profile to provide more information 
on the mechanism of SEI formation (Figure 2(c, d)). Both the 
low and high concentration electrolytes show electrochemical 
double layer (EDL) formation by adsorption of solvated PC to 
the electrode surface. In the 1 mol/L electrolyte system it is 
known that the inner Helmholtz layer is dominated by free PC 
molecules and that of the 4 mol/L by salt anions. Despite the 
prevalence of PC in the inner Helmholtz layer of the 1 mol/L 
electrolyte system, the TFSI- anions present at the anode surface 
begin to reduce at a higher potential and at a faster rate as 
compared to the PC, due to the higher reduction potential of 
the TFSI- anions. We find that Li-rich salts (e.g., LiF, LiOH) form 
at higher voltages for the 1 mol/L electrolyte, but that in the 
sloping discharge region of 1.1 V to 0.9 V the salts begin to 
dominate the mesopore scattering for the 4 mol/L electrolyte, 
while carbonaceous products such as C–O and C–F containing 
compounds begin to dominate for the 1 mol/L electrolyte. 
By the end of the first discharge the 4 mol/L electrolyte has a 
passivation layer richer in low SLD Li-rich reduction products than 
the 1 mol/L electrolyte. Finally, with the subsequent charges and 
discharges PC or solvated PC is desorbed (charge) and adsorbed 
(discharge), which is shown to have significant reversibility in 
the mesopores but not in the micropores. As we have shown, 
operando SANS studies can provide knowledge about the 
dynamic cell chemistry that is microstructure specific in new 
candidate electrolyte systems for high-energy density batteries, 
which cannot be seen from other probes such as electrochemical 
cycling or XPS studies. This approach has the capability to impact 
a wide range of electrochemical systems, taking advantage of 
the unique contrast provided by neutron scattering.

FIGURE 2: Scattering intensity is shown as a function of the scattering vector 
q, first discharge time and voltage for (a) the 1 mol/L and (b) 4 mol/L LiTFSI/PC 
(propylene carbonate) electrolyte systems. The development of carbonaceous 
and fluoride-rich reduction products in the SEI differs based on concentration as 
can be clearly seen from the extracted data for (c) the 1 mol/L and (d) 4 mol/L 
electrolyte systems.
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O
ver the last few decades, advances in nanoparticle 
synthesis with precisely controlled size and shape have 
transformed the way we use polymers today. Dispersing 

these inorganic rigid nanoparticles in soft polymeric matrices 
resulted in new hybrid materials- polymer nanocomposites- 
with superior properties compared to those of the neat 
polymers [1]. Likewise, polymer chemists can now synthesize 
macromolecules with precise length and shape; stars, combs, 
bottlebrushes, rings, hyper-branched polymers have emerged 
with exciting new properties that cannot be provided by 
their linear chain analogs. In particular, the star-shaped 
polymers in which many linear chains share a common 
center are interesting as the monomer density changes along 
the radial direction. Therefore, these polymers can exhibit 
both soft/penetrable and hard/impenetrable sphere character 
depending on the length and number of the star arms (see 
schematic in Figure 1a). 

In our work [2], we dispersed high-Tg (≈ 373 K) star-shaped 
polystyrene (PS) at 20 % by mass in low-Tg (≈ 250 K) linear 
long poly (vinyl methyl ether) (PVME) matrices to obtain a new 
kind of nanocomposite in which the interpenetration between 
the nanofillers and the matrix, and therefore, the bulk 
rheological properties, can be systematically varied via filler 
architecture. As the filler structure transitions from flexible 
linear chains to hard spheres, the resulting nanocomposites 
reside between the traditional linear polymer blends and 
conventional polymer nanocomposites- a region that has 
not been explored before. Our aim was to investigate these 
nanocomposites using static (SANS) and quasielastic neutron 
scattering (backscattering and spin-echo) measurements over 
a wide range of time and length scales in the glassy and melt 
states of the composites, and relate their bulk flow behavior 
to the microscopic relaxation mechanisms. 

We used deuterated PS (d-PS) of various arm number and 
molecular weights to determine their conformation and 
dispersion in hydrogenated 20 kg/mol PVME (h-PVME) matrix 
by using small-angle neutron scattering (SANS). The coherent 
intensity results from the contrast between d- and h-chains, 
therefore, the stars are visible to neutrons. Figure 1b shows a 
peak appearing at intermediate wave-vectors, Q, in the SANS 
pattern of the 18-arms star shaped d-PS filler in h-PVME due 

to intra-chain correlation, confirming their compact particle-
like nature. A linear d-PS chains of the same total molar 
mass retains its flexible Gaussian coil structure in the miscible 
h-PVME matrix.

Particularly important for polymers are the localized fast 
dynamics on sub-monomer level, the segmental dynamics 
at the monomer level and the entangled/collective dynamics 
at larger scales. To obtain an overview on the chain motions 
over a time scale of ≈ 1 ns using the High-Flux Backscattering 
Spectrometer (HFBS), we first measured the temperature 
dependence of the elastic scattering intensity (within the  
0.8 µeV resolution of the instrument). The incoherent intensity 
is dominated by the h-PVME matrix. The PS fillers are essentially 
frozen in the time-scale of the neutron experiments, the mobile 
component is the matrix. Figure 2a compares the normalized 
elastic intensities, I

el(Q,T)/Iel(Q,T = 15 K). Adding linear PS has 
a minority effect on sub-Tg dynamics of PVME, whereas the 
segmental dynamics is significantly slowed down above Tg due 
to increased monomeric friction due to the presence of frozen 
PS segments, as known from previous linear blend studies 
[3,4]. What we found different and interesting is that 
the 18-arms star PS significantly accelerated the localized 
dynamics of PVME below Tg, possibly due to additional 
free volume provided to the PVME chains by the free ends 
of the stars. This brings up exciting new opportunities 
for tuning glassy dynamics, which is important for high-
strength applications. 

The segmental dynamics of PVME in presence of PS fillers with 
different architectures were measured by quasi-elastic neutron 
scattering (QENS) measurements on HFBS. The quasi-elastic 
broadening at low-Q is related to thermally driven Rouse 
motion of the chain segments, which is determined by the 
local monomeric friction. We found that PS chains slow down 
the Rouse relaxation of PVME; however, unlike the localized 
sub-Tg dynamics, the monomeric friction imposed by star-PS 
chains is the same as their linear counterparts, suggesting that 
the monomeric friction coefficient is mainly determined by 
chemistry rather than the shape of the macromolecules.

At larger scales and longer times, the chains feel the presence 
of other chains in the melt, and their motion is constrained by 
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entanglements (reptation motion). Such confined dynamics of 
chains is important for bulk rheological behavior of polymers 
as the rubbery plateau modulus is inversely proportional to the 
square of the distance between the entanglements, i.e. the 
reptation tube diameter. Using a mixture of d and h PVME 
chains, we highlighted the single h-PVME chains in the sea 
of deuterated background. NSE results suggest that star 
shaped particles do not much alter the apparent tube size of 
PVME whereas blending with linear chains reduces the tube 
diameter by ≈ 40 %. This reflects directly on the rheological 
behavior of the samples. Linear PS chains results in a 
monotonic and moderate increase of viscosity relative to the 
neat PVME, as expected from conventional polymer blends. 
The 13-nm diameter silica nanoparticles, representing the 
conventional nanocomposites, monotonically reinforce 
the system orders of magnitude compared to the neat 
matrix, again as expected. The compact star PS remarkably 
decreased viscosity at moderate concentrations as they are 
impenetrable and small, while at higher concentrations 
percolation of the glassy PS stars causes reinforcement as 
high as the level that silica can achieve. This dual effect, 
softening and stiffening, of star macromolecules is novel and 
brings along a new design parameter- the filler architecture- 
for all-polymer based nanocomposites.

In 

conclusion, high-resolution neutron spectroscopy on isotopically 
labeled components in the resulting ‘architecturally engineered’ 
all-polymer nanocomposites allowed us to directly observe 
the chain conformation and motions at the nanoscale. The 
unprecedented bulk rheological behavior was therefore related 
to very complex microscopic mechanisms at a broad range of 
time-scale (from sub-nanoseconds to hundred nanoseconds), and 
length-scales (from monomer size to entanglement mesh sizes).

Disperse in a soft matrix

Architecturally
engineered

nanocomposites

Conventional
nanocomposites

Linear
blends

Star
polymers

Solid
spheres

Flexible
coil(a)

(b)

Q (Å-1)

I co
hQ

 2
 (a

rb
) intra-star

linear d-PS-80 kDa
18-arms d-PS-80 kDa

0.0 0.1 0.20.0
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0.4

FIGURE 1: (a) Schematic representation of different type of fillers. The glassy 
star polymers structurally reside in between two hard sphere and flexible coils; 
dispersing them in soft matrices results in new hybrids between conventional 
linear blends and nanocomposites. (b) Kratky plot for 80 kDa linear and 18-arms 
d-PS fillers dispersed in h-PVME matrix, showing the compact nanoparticle like 
structure of the high-functionality stars.
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FIGURE 2: (a) Normalized scattered elastic intensities of PVME in neat forms 
and in composites with 20 % linear (80 kg/mol) and 18-arms (88 kg/mol) 
deuterated PS. (b) Normalized dynamic structure factors of the same samples 
at 363 K and at Q = 4.7 nm-1. The gray line is the resolution.
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G
uar gum is a natural polysaccharide extracted from guar 
beans (Cyamopsis tetragonoloba). It belongs to the class 
of galactomannan and, as such, is comprised of (1-4)-ß-D-

mannopyranose backbone randomly attached by (1-6) linkages 
with pending a-D-galactopyranose units galactose moieties 
(Figure 1), with a mannose to galactose ratio around 1.6 to 
1. In its native high-molecular weight form, guar gum has 
unique thickening and suspending properties in water. Its 
worldwide availability (volume-wise) and sustainable sourcing 
have contributed to making it an additive that is often used to 
control rheological properties in diverse aqueous environments 
- from the oil & gas extraction industry, where it helps suspend 
sand during fracking, to the food industry, where it is used as 
a thickening agent for dairy products. Over the last 30 to 50 
years, chemists have continued to modify this raw material in 
controlled ways (i.e. depolymerizing it, grafting hydrophobic 
or cationic moieties, etc), which has helped further expand the 
use of guar-based products to even more applications, from 
rheological to surface modification ones.

Guar gum and its unique interactions with water, remain 
at the center of these myriad applications. The structure 
of guar gum in water has been extensively studied in the 
dilute state, where 2-body interactions dominate. But the 
details of its structure in semi-dilute to concentrated states 
is lacking, owing to the fact that guar gum quickly form 
strong gels as soon as formulated at more than a few tenths 
of weight percent. This makes sample preparation long, 
cumbersome and somewhat uncertain, as far as equilibration 
time is concerned. Yet, even though guar gum will often be 
formulated in the dilute to semi-dilute states to make use of 
its rheological attributes, it is often in the concentrated state 
that guar will eventually end up. For example, after spraying 
and drying on surfaces, a formulation containing guar ends up 
as thin films in equilibrium with the natural humidity present 
in the surrounding atmosphere. Closing the gap between 
dilute and concentrated states is the overarching goal of the 
study that we have started over two years ago.

First, we report on the use that we have been making of nSoft 
and the access that it provides to small-angle neutron scattering 
(SANS). This technique is ideal for the study of dilute to semi-
dilute solutions in D

2O of different guar gums depolymerized 

down to weight-average molecular weights MWs ranging from 
32 kg/mol, 57 kg/mol and 118 kg/mol, as provided by Solvay 
USA Inc. These materials have been purified by dialysis and 
centrifuged to recover only fully soluble fractions. In Figure 2, 
we show a typical set of concentration-normalized scattered 
intensities obtained on solutions of the Mw = 32 kg/mol guar 
at mass fractions of (0.1 to 5) % in D2O. Normalization by the 
concentration fails to result in the superposition of scattered 
intensities, suggesting a concentration-dependence – and, to 
some extent, a molecular-weight dependence - in the structure 
formed by guar gum in water.

Many empirical, phenomenological and theoretical models have 
been proposed over the years to describe SANS data obtained 
on dilute, semi-dilute and concentrated polymer solutions. 
To gauge the state in which SANS experiments were carried 
out - and determine which theoretical models to apply to 
extract meaningful information, we used capillary viscometry 
to determine the guars’ crossover concentration c*. The latter 
is defined as the concentration above which swollen polymer 
coils start overlapping, as their total hydrodynamic volume 
effectively exceeds the solution volume. In practice, hydrophilic 
polymers also exhibit non-Newtonian behavior above this 
critical concentration.

With c* values ranging from c*= 3.0, to 1.9 and 1.0 (% mass 
fraction), for MW = 32 kg/mol, 57 kg/mol and 118 kg/mol, 
respectively, the concentrations range we have explored during 
our SANS experiments in fact covers states from dilute (c < c*) 
to semi-dilute (c > c*). In practice, simple models (such as the 
flexible cylinder, the polydisperse Gaussian coil or the Guinier-
Porod function) which all account for only one characteristic 
length in the structure formed in solution, fail to capture the 
data collected experimentally, regardless of the concentration. 
More complex models, such as a double-Lorentzian, a Porod-
Lorentzian or a Gauss-Lorentz gel model [1-4], which all take 
into account two different length scales in the structure formed 
in water, do a better job at capturing the shape of the scattered 
intensity in the semi-dilute state above c*. The generalized 
double Lorentz model, for instance:

 I(Q) = Inetwork (Q) + Iblobs (Q)
  = Anetwork/(1 + QmΞm) + Ablobs/(1+Qp ξp )
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captures well the seemingly bimodal shapes of the scattering 
intensity obtained at c/c* = 1.67 (cf. Figure 2), the two terms 
in this model accounting for structures (heterogeneities, local 
phase separations, density fluctuations, mesh size, blob size…) of 
different characteristic length scales Ξ and ξ . Least-square fitting  
of the experimental data for the sample with 32 kg/mol  
at a mass fraction of 5 %, yields the following results. With 
Ξ = 270 Å and m = 2.88, the first contribution is interpreted 
as arising from a large-scale network of heterogeneities of 
dimensionality close to three, a feature often reported in 
imperfect hydrogels or ill-formed swollen polymer networks. 
With ξ = 9 Å and p = 1.96, on the other hand, the second 
contribution is consistent with a Lorentzian contribution  
1/(1+Q2 ξ2 ) that usually arises from solvated polymer chains 
comprised of blobs of size ξ, the length scale beyond which 
positional correlation is lost between polymer segments, as 
described by the blob theory [5, 6]. As complex as it is, the 
model fails at capturing the data obtained in the dilute state 
and there is for now no universal model that can fit all data 
regardless of concentration. 

We note that, in the dilute state, each polymer chain 
contributes individually to the scattering intensity, 
independently of all the others. The blob size is constant, and 
the total blob contribution is expected to be proportional to 
concentration. In the semi-dilute state, on the other hand, 
blob theory predicts that, as chain interpenetration increases, 
the blob size ξ must decrease with concentration following the 
scaling law ξ c -3/4. In the semi-dilute state, the blob contribution 
to the scattering intensity, i.e. c2 ξ3/(1+Q2 ξ2 ), eventually 
reads: I (Q) ∝ c5/4/(1+Q2 ξ2 ). We surmise that the measured 
scattering intensities do not superpose once normalized by the 
concentration, precisely because the prefactors scale differently 
with concentration on either side of c*.

While for low molecular weight polymers, isolating the 
scattering of chains free of interactions is not an issue (because 
their c* is rather high), doing the same for high molecular 
weights is not always possible, as the total scattering intensity 
at low concentrations is often insufficient to collect high 
quality data in a reasonable amount of time. This problem is 
exacerbated for guar as the OH-decorated galactomannose 
motif can almost fully exchange hydrogen with deuterium 
coming from D2O. This significantly decreases the neutron 

scattering length density (NSLD) of guar, hence the contrast 
with D2O and in fine, the scattering intensity of very dilute 
guar solutions. We will soon report on this feature, having 
fully demonstrated and quantified the exchange using a 
spectroscopic technique, PM-IRRAS, made available to us 
through a collaboration with NIST’s Functional Polymers Group, 
arranged through the nSoft consortium. 

This experimental work is now being combined with a novel 
hybrid coarse-grained modeling approach, parameterizing 
simulations onto experimental results, with the objective to 
create a modelling tool able to quantifiably simulate guar in 
water, albeit valid in this dilute to semi-dilute concentration 
range. Additional experiments using neutron reflectivity in 
controlled humidity (both H2O and D2O) have been taking 
place, to explore the semi-dilute to concentrated state, as 
thin guar films can absorb from 50 % to 200 % water, as 
the relative humidity is varied from 50 % to 95 %, so as to 
ascertain the universality of the parameterization performed on 
the SANS data obtained in the dilute state.

FIGURE 1: Chemical structure of guar gum, comprised of side-chain galactose 
motifs and a mannose backbone.
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F
low processing of soft materials introduces complex 
deformation histories that lead to nonlinear changes in 
fluid structure that are trapped out of equilibrium. These 

structural changes influence not only the properties of the final 
product, but also affect the fluid’s rheology and processability 
during flow. Small angle neutron scattering (SANS) provides 
an attractive technique to measure nanostructural changes in 
such fluids, but requires sample environments that can simulate 
diverse flow histories. Recently, Corona et al. presented a fluidic 
four-roll mill (FFoRM) sample environment that is available to 
the general SANS user community [1]. The device, inspired by 
a previously developed microfluidic version [2], enables SANS 
measurements of complex fluids under arbitrary programmable 
2D flow histories within a single sample environment. 

The FFoRM sample environment consists of two outer plates that 
confine the flow and enable temperature control, and an inner 
plate that defines the 2D FFoRM geometry (Figure 1a) consisting 
of eight channels feeding into a circular central region. In four 
of these channels, fluid is driven with syringe pumps at variable 
volumetric flow rates (Q

1 and Q2) while the remaining four 
channels are held at constant pressure. In general, the total flow 
rate into the device (Q1 + Q2) controls the rate of strain, E, while 
the ratio of the flow rates (Q1/Q2) controls the flow type, Λ [2].

Since the rheology of complex fluids can impact the flows 
that develop, flow characterization using particle tracking 
velocimetry measurements of the velocity gradients (Figure 
1b and c) is crucial for determining the precise flow history of 
fluid elements and interpreting the resulting SANS patterns 
(Figure 1d). To date, the operational limits of the FFoRM sample 
environment accommodate shear thinning, yield stress, and 
viscoelastic/elastic fluid responses.

The FFoRM-SANS method was validated with measurements 
on a model suspension of rigid rod-like nanoparticles, whose 
orientational order under flow can be predicted from various 
analytical theories. The fluid consists of a dispersion of 
cellulose nanocrystals (CNCs) dispersed in water at semi-dilute 
concentrations where the particle orientations are random at 
equilibrium due to thermal fluctuations but can be oriented 
by a steady flow when the strain rate is sufficient to overcome 
the randomizing effect of Brownian rotation. We define a 

rotational Péclet number (Per = EDr ), which is a dimensionless 
strain rate that describes the degree to which a flow field 
orients the CNCs. We find that the orientation of CNCs is 
described by Per for all conditions tested in this work and 
regardless of the imposed flow type, matching predictions from 
theory and validating the FFoRM-SANS methodology [1].

The studies presented by Corona et. al. demonstrate that 
FFoRM-SANS is a powerful technique for rapidly probing 
complex fluid microstructure under tunable flow histories within 
a single sample environment. The transient evolution of fluid 
microstructure can be mapped by spatially varying the location 
of the neutron beam to track the evolution of structure of a 
material element as it moves along the flow. It is anticipated 
that the capabilities of FFoRM-SANS will be useful in probing 
the rheology and flow-induced structuring of an expanding 
class of complex fluids, in flows that can be programmed to 
simulate a wide variety of processing conditions.

FIGURE 1: Schematic outline of FFoRM-SANS workflow. (a) The FFoRM 
geometry is optimized to generate spatially uniform flows. Flow field 
visualization enables operational mapping of (b) streamlines and (c) flow type/
deformation rate field the fluid experiences. (d) SANS probes structural changes 
in the material under arbitrary large-strain deformation histories near the 
stagnation point at the center of the device. The neutron beam can be focused 
at different locations in the geometry, signified by the white circles labeled 1, 2, 
and 3, to probe the transient evolution of the microstructure.
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T
he nature of magnetism changes both with temperature 
and applied magnetic field. Typically, for elastic and inelastic 
scattering on single crystals the magnetic field should be 

precisely aligned along either the spin direction, or one of the 
crystallographic axes of the crystal. Unfortunately, with our standard 
vertical field magnets the sample environment equipment does 
not allow the scientist to control the crystal alignment. Rather, 
the crystal would be aligned separately and then inserted in the 
magnet. Subsequent alignment of the scattering plane requires 
tilting the entire assembly and does not allow any realignment of 
the sample with respect to the magnetic field direction. To address 
this issue, we have developed a system that allows realigning the 
sample inside the cryostat, changing its orientation relative to the 
magnetic field during a neutron experiment without disrupting 
the experiment temperature and magnetic field conditions.

Design of such a system is a challenging problem due to the 
limitations for devices operated at ultra-low temperatures. The 
alignment device must be located inside the small space under 
vacuum conditions, it should produce minimal heat load to 
avoid interference with stable operation of the refrigerator, and 
it should demonstrate minimal expansion or contraction over a 
wide range of temperatures. Additionally, the device must not 
generate an electromagnetic field and must be made from non-
magnetic materials. Previous designs have had both positives 
and negatives. Some designs used a worm-gear mechanism 
to mechanically connect an external room temperature motor 
to the sample space [1]. Another design used a piezoelectric 
actuator located at ultralow temperatures to achieve sample 
rotation [2]. However, these actuator systems were not designed 
for neutron measurements. Our current design for sample rotation 
allows 360° rotation around the axis in the horizontal plane with 
resolution 0.1°. The device can be used at temperatures below  
1 K, magnetic fields up to 31 T, under high vacuum, and within a 
neutron beam. Figure 1 is a photo of the actual device.

Dimensions of this device are 98 mm high and 55 mm wide which 
allows it to fit inside the 3He cryostat inserts operated within our 
facility. The dimensions are mostly defined by the size of the piezo 
electric rotator ANR240 (closed loop) by Attocube. The choice 
of this rotator was motivated by the amount of dynamic torque 
supplied (2 N·cm) to allow repositioning and maintaining sample 
position in a high magnetic field. An aluminum sample holder 
is attached to the bottom gear located at the neutron beam 
position. The piezo electric rotator and gears are supported by a 

ceramic (AlOx) frame. Figure 1 shows how the device has been 
designed to minimize the amount of material surrounding the 
sample position. The 0.6 in wide horizontal opening creates a 
large viewing window for undisturbed 360° sample observation. 
We use aluminum or copper braids to connect the sample holder 
and cold plate to improve thermal contact down to the 3He insert 
base temperature (T = 0.3 K).

This sample alignment device has been successfully used 
in exploring the metamagnetic transition in the intrinsic 
antiferromagnetic topological insulator MnBi2Te4. Tilting the 
sample at high field and low temperature allowed researchers 
to access otherwise inaccessible reflections sensitive to changes 
in the magnetic ordering while maintaining a large component 
of the magnetic field along the c-axis. This alignment device is 
a powerful tool for researchers, allowing them to more easily 
search for novel relationships between scattering geometry and 
applied magnetic field direction. 

FIGURE 1: Low-temperature goniometer.
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N
eutron reflectometry from lipid membranes and associated 
small molecules, peptides, and proteins is unique in structural 
biology as it allows for measurements under biologically 

relevant, fully solvent-immersed conditions. It is routinely applied 
to difficult structural targets such as transient membrane binders, 
disordered proteins, and protein complexes [1]. Experimental 
resources at large-scale scattering facilities are scarce and there is 
significant pressure to use the experimental time most efficiently. 
We have developed a theoretical framework to find optimal 
conditions that maximize the information that is obtained from 
a neutron reflectometry experiment [2].

The framework is broadly applicable to any type of 
measurement with model-based data analysis and utilizes 
information theory and Bayesian statistics. The information 
gain from an experiment is defined as the difference in 
entropy between the prior and the posterior model parameter 
probability density functions (PDFs) computed within the 
framework. The entropy of a PDF is a measure of parameter 
confidence while taking into account correlations that constrain 
parameter values and, therefore, also contain information. 
The posterior PDF is obtained from a model fit of simulated 
data using a Monte Carlo Markov Chain global optimizer 
for neutron reflectivity data developed at the NCNR [3]. 
Simulated data allows us to systematically vary experimental 
and instrumental parameters of interest while searching for 
maximum information gain.

Among the large number of experimental and instrumental 
variables that warrant a systematic investigation with this 
framework, we decided to first have an in-depth look at 
contrast variation in biological neutron reflectometry. For 
this problem, we had to first extend this framework to 
include marginalization towards parameters of interest 
while integrating over nuisance parameters, which allows 
focusing the optimization on a subset of model parameters. 
We then identified optimal contrast conditions between a 
lipid bilayer membrane, membrane-associated protein, and 
the surrounding aqueous solvent for a series of reflectivity 
measurements with solvent contrast variation [4]. We plan 
to further extend this framework by implementing model 
selection to be able to dynamically adjust the complexity 
of a model while optimizing the information gain from the 

measurement. Such an algorithm could find application in 
real-time data analysis at the scattering instrument while the 
data is being collected, increasing the efficiency of the data 
collection process and allowing for early intervention in case 
of a faulty measurement. In situ data analysis is particularly 
important for new scattering instrumentations, such as the 
new CHRNS-supported CANDOR reflectometer at NIST, which 
produce a large amount of data in a short time.
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FIGURE 1: (A) Thin film test structure consisting of a porous silicon layer 
surrounded by aqueous solvent on a silicon support. (B) Simulated reflectivity 
and best fit for three exemplary values of the solvent nSLD. Inset: Best fit nSLD 
profiles. (C) Information gain ∆H (in bit) from two subsequently measured 
reflectivities under variation of the solvent nSLDs (contrasts). Most information 
is gained for a combination of a D2O-solvent (ρn ≈ 6.5×10-6Å-1) and any other 
solvent, except those close to matching the nSLD of silicon (ρn ≈ 2.0×10-6 Å-1).  
(D) Information gain from a single measurement with D2O as a function 
of counting time, simulated for a typical configuration of the NIST MAGIK 
reflectometer. The optimal counting time is ≈ 6 h, beyond which further 
information gain requires increasingly long counting times.
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F
luorine, due to its interesting chemistry, is playing 
increasingly important roles in pharmaceutical, 
environmental, and industrial applications [1]. An F mass 

fraction at 100 mg/kg levels is difficult to determine non-
destructively; several methods have been developed to address 
this measurement challenge [2]. Traditional neutron activation 
analysis (NAA), which involves irradiating samples in a reactor 
core with transport out for delayed counting, especially in 
conjunction with pseudo-cyclic methods of up to 10s of cycles 
of repeat shuttling in and out of the reactor core, can achieve 
good detection limit for biological materials [3]. However, INAA 
relies on a fast transfer system because of the short fluorine 
half-life. In addition, it may be subject to interferences from 
fast neutron activations in the reactor core. In a normal PGAA 
measurement, both prompt and delayed gamma rays are 
detected simultaneously, F in PE disks with mass fraction at  
100 ppm levels cannot be measured in our standard setting, 
due to a combination of two issues. First, the partial gamma 
cross sections for the strongest F line (0.0096 barns) is much 
smaller than that for H (0.33 barns) and thus the sensitivity for 
F (count rate per unit mass) is quite low. Second, the F peak 
at 1633 keV lies in the region of the Compton continuum 
from the H peak at 2223 keV so the high prompt gamma 
background overwhelms the weak peak from 20F decay. 
To overcome these issues, we use an arbitrary duty cycle 
neutron beam chopper [4] at an existing cold neutron beam 
prompt gamma activation analysis (PGAA) instrument (Fig. 
1(a)) to do the measurement in-situ, effectively performing 
thousands of irradiation and decay counting cycles without 
transferring the sample.

We report the first such application for the measurement 
of F in polyethylene (PE). The objective was to determine F 
concentrations from 100 mg/kg to 1000 mg/kg in a PE matrix, 
which was shown to be unachievable with normal PGAA 
and therefore precipitated the use of the chopper to extend 
our measurement capability. A single disk was measured for 
concentrations at 1000 ppm, 500 ppm, and 300 ppm and a 
3-disk stack was measured for 100 ppm. The measurement 
was complicated by the strong scatter and attenuation of the 
PE matrix, for which a simple empirical correction was made 
based on the measured attenuation from the disks. A standard 
consisting of KF on filter paper was measured using the same 

protocol to obtain the sensitivity of F in the chopped beam. 
The results are summarized in Fig. 1c, where both the 1-disk 
and 3-disk data are plotted together against the nominal F 
concentrations. 

Future work includes establishing the measurement and analysis 
procedures and performing method validation and error 
assessment using SRMs with certified or reference values. We 
anticipate that this technique will lead to lower detection limits 
of F and other short-lived isotopes.

FIGURE 1: a) In-situ NAA achieved by a neutron beam chopper in anti-
coincidence in the standard PGAA setting. (b) Gamma spectra of F in 
polyethylene, acquired with the chopper cycle set to 11 s on/off to match the 
half-life of 20F, for nearly 2000 chopper cycles. (c) F concentration (ug F/g sample) 
determined for the 4 concentrations vs the nominal value. The black open 
symbols are from the 1-disk measurements, and the solid red circles are from the 
3-disk measurements. The red line is from a weighted linear least squares fit. The 
overall ratio (represented by the slope) between the measured and the nominal 
values is unity within uncertainty.
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N
eutron interferometers (NIs) are made from perfect-
crystal silicon which has been machined so that there 
are crystal blades protruding from a rigid common base 

(Fig. 1) [1]. Each blade of the NI must be aligned to within 
6 x 10-7 degrees with thicknesses uniform at the micron level. 
If either of these stringent requirements are not met, the 
neutron paths will not fully interfere and the NI’s sensitivity 
will be lost. These requirements are achieved by cutting NIs 
from a single ingot using a rotating diamond saw. The cutting 
leaves microcracking and other stresses that can extend 
hundreds of microns into the blade’s surface. To eliminate 
these stresses, the interferometer is etched in a hydrofluoric 
acid mixture [2]. However, if too much material is etched 
away, the fringe contrast (ideally 100 %) worsens due to 
thickness variations caused by uneven etch rates. Notably, NIs 
constructed under similar conditions can show wildly different 
contrasts and machining accuracy was previously thought to be 
a major source of this variation. However, modern machining 
processes eliminate this as a possibility. In our work we have 
demonstrated that the lack of reproducibility in NI construction 
is likely due to the thickness variations of the interferometer 
blades from uneven etch rates as well as fluctuating or greater 
than 6 x 10-7 degrees lattice plane misalignments between the 
blades. We have shown that Bragg plane misalignment can be 
reduced by annealing the interferometer after fabrication.

When searching for contrast, an interferometer is translated 
vertically and horizontally, making a “contrast map” 
(see Fig 2.). The contrast after annealing was excellent, 
improving from 23 %, as per Ref [3], to 90 %. The spatial 
range exhibiting high contrast is larger for the annealed 
interferometer and implies that the annealed interferometer 
may be especially useful for phase imaging, where the 
incoming beam is 1.0 cm2. It is possible that annealing 
treatments to the NI fabrication process will require less 
etching and prevent thickness variation in the crystal blades. 
This enables both new interferometer designs and statistically 
improved performance.

FIGURE 1: A perfect-crystal silicon interferometer.
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FIGURE 2: Contrast maps of a high contrast NI (top) compared to the annealed 
NI shown in Fig.1 (bottom).

References

[1]   B. Heacock et al., Rev. Sci. Inst., 89, 023502 (2018).

[2]   M. Zawisky et al., Nucl. Instr. Meth. A 612, 338 (2010). 

[3]  C. J. Wood et al., Phys. Rev. A 90, 032315 (2014).



(d) Co7Zn7Mn6 
Zn Mn

Co
Zn
Mn

(c) Co8Zn9Mn3 
5

9

13

17

21

25

0 1 2 3 4 5 6

0

1

2

3

4

5 25

20

15

10

5

0
0

nSLD solvent 2, ρn
2 (10-6 Å-2)

nS
LD

 s
ol

ve
nt

 1
, ρ

n1  (
10

-6

In
fo

rm
at

io
n 

ga
in

, Δ
H

2420161284
Counting time, t (h)

A
D

V
A

N
C

E
S

 
I

N
 

M
E

A
S

U
R

E
M

E
N

T

532019 ACCOMPLISHMENTS AND OPPORTUNITIES

A
s part of the core function of NCNR-based neutron 
instruments, we provide software to transform raw 
measurements taken here into meaningful, interpretable 

data with physical units (data reduction.) This has largely 
been accomplished through the distribution of single-purpose 
programs for visiting scientists to install on their own available 
computers, to allow them to reduce data when they are away 
from the NCNR at their home institutions after the experiment, 
or in their hotel rooms at 3 am during an experiment. Recently 
for the NCNR’s neutron reflectometers, we have begun offering 
data reduction in a different way: at the web-based data 
reduction service, reductus [1]. Reflectivity data can be reduced 
in real time from any computer with a web browser and an 
internet connection.

The technique of neutron reflectometry provides nm-depth 
resolved information about the structure and optionally 
vector magnetization of planar samples, and is applied 
to biological membranes, polymers and polymer blends, 
magnetic thin-film structures, etc. The raw data is typically 
measured as neutron counts per unit time as a function of 
incident (and reflected) angle of a ribbon-like beam (well-
collimated in the scattering plane, but with a broad angular 
divergence along the axis perpendicular to the scattering 
plane). In order to make physical sense of this data, a 
few data processing steps typically need to be made. The 
momentum transfer Q (and resolution, dQ) can be calculated 
from the angles, wavelength and collimation with associated 
uncertainties. A “background” signal is subtracted, that 
arises from incoherent or inelastic scattering in the sample, 
small-angle scattering from sample-environment, cosmic 
rays, etc. The background-subtracted signal is divided by the 
incident intensity. 

At the bottom of Fig 1. is a flowchart-type display of the 
data reduction steps that are to be taken, through which the 
user interacts with the application. Data files (from the NCNR 
public data repository) are identified in the rectangles to the 
left of the flowchart, which are separated by measurement 
type (incident intensity, background or specular scattering) 
and where the “wires” leading to the right represent the 
loaded data flowing into reduction steps downstream, for 
example the module representing background subtraction 
has two inputs to the left but only one output to the right 
for the subtracted data.
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FIGURE 1: An example dataset being reduced using reductus.

Users can select data from any input or output within the 
diagram to inspect or export (download) to their computer. 
Selecting the module rectangle brings up the editable list (far 
right panel) of parameter values for the reduction function it 
represents. All exported data contains a header with a complete 
text representation of the reduction workflow embedded in it, 
so that users can reload exported data files into the reductus 
interface, and it fully recreates the data flow diagram, and 
repeats all of the calculations.

The calculations are carried out by a server written in Python, 
which receives a text representation of the data flow diagram 
and constructs the function calls needed to calculate the 
indicated outputs from a list of functions created for our data 
reduction. The source code for both the Python server and the 
Javascript client can be found at the repository for reductus. 
The diagrams themselves are editable, and users can rewire the 
modules, add new calculation modules, delete modules, etc., 
all from the web interface. This flexible but limited high-level 
visual programming interface has proven to work for a wide 
variety of experimental setups, and feedback has been positive 
from the user community. 
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Neutron Source Operations

Reliability and availability of the reactor

The reactor operated for 212 days during FY 2019, achieving 
a reliability of greater than 98%. Operational days lost to the 
government furlough that ended January 25, 2019 are not 
included in these numbers.

Replacement of reactor safety system relay box

What we call the “reactor safety system” is the logic center of 
the reactor. Its logic allows the operator to start, control, and 
shut down the reactor. The logic also provides for automatic 
actions, maintaining limits and interlocks required by our 
license for safe operation of the reactor. The old logic system 
consisted of (physically) tightly packed mercury wetted relays 
and wires. This system was largely unchanged since the 
original inception of the reactor. General degradation of the 
system itself as well as the obsolescence of mercury wetted 
relays required a full redesign and rebuild of the safety system.

From our experience with maintaining the tightly packed 
mercury wetted relay cabinet, it was decided to relocate the 
safety system into a large rack that allowed for the addition 
of several features to make the system as easily maintainable 
as possible. The rack has been moved away from the reactor 
console in its entirety. The chosen relays have quick-connect 
terminations that allow for regular testing and replacement if 
needed. Each relay point was wired out to a 1-to-4 terminal 
block where the logic and console interface connect to the 
relay. By removing the logic from the relay terminals, we 
can now replace the relays with any suitable alternative in 
the future. A detailed installation plan was developed that 
allowed installation and testing during a normal length 
reactor shutdown. This was quite an accomplishment as the 
new system comprises 82 modern safety relays wired into the 
reactor console with 3200 terminations and 4000 ft of wire. 
Multiple verification and validation tests at different points in 
the project were specified in the installation plan. This evolution 
will serve the NCNR well as ever more complex restoration jobs 
will be required to be executed as the reactor ages.

Design for a new reactor matures

The majority of scientific research at the NCNR utilizes cold 
neutrons that emanate from the large liquid hydrogen cold 
source.  A liquid deuterium cold source that offers a gain 
of approximately 50 % in brightness of long wavelength 
neutrons (> 4 Å) will replace Unit 2 in 2023.  Following this 

upgrade, there will be limited opportunity to further expand 
neutron production to meet the nation’s increasing demand for 
neutrons.  Furthermore, the current reactor has been operated 
since 1967 and has required significant outages for aging 
reactor maintenance.  In this context, Reactor Operations and 
Engineering has been investigating designs for a replacement 
neutron source at NIST both to mitigate the risk of a significant 
period without a neutron source and to substantially upgrade 
the source to enhance scientific capabilities.

The brightness of a cold neutron source depends on the 
local neutron flux.  Many reactors around the world have 
demonstrated a formula to achieve very high neutron flux: 
make the reactor core as compact as possible and have 
a large reflector (typically a tank of heavy water) where 
the neutron flux peaks.  Over the past few years, we have 
explored various reactor designs, including the Split Core 

FIGURE 1: The installation crew next to the new relay rack. Note the yellow 
connection wires.
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concept with horizontally split compact cores. While this 
Split Core concept demonstrated the substantial gains that 
would increase cold source brightness, it was found to 
pose reactivity control challenges.  Thus, recent efforts have 
focused on making a single compact core because it can 
provide a simpler solution that achieves excellent neutronic 
and fuel-efficiency performance.  

The latest concept features a 20 MW light-water-cooled 
compact core surrounded by a large heavy water reflector 
in a tank – all within an open light-water pool that allows 
access for refueling and maintenance.  The core contains just 
nine plate-type fuel assemblies, making its power density 
substantially higher than that of the NBSR with 30 plate-type 
fuel assemblies.  The hafnium shim blades, which will need 

less-frequent replacement than the cadmium shim arms of 
the NBSR, provide reactivity control as well as the safety 
shutdown system.  

Most importantly, the heavy water reflector has an 
unperturbed neutron flux that is more than a factor of 2 
greater than that of the NBSR and has ample space for 
multiple cold neutron sources, thermal beam tubes and 
other irradiation facilities.  The reactor concept appears to be 
feasible and shows merit for selection as the design concept 
that could eventually succeed the NBSR as the neutron source 
as the NCNR.  While engineering the design of a safe and 
cost-effective reactor core continues, we are now focusing on 
optimization of cold sources and neutron optics that would 
best serve the future needs of neutron science.

N
E

U
T

R
O

N
 

S
O

U
R

C
E

 
O

P
E

R
A

T
I

O
N

S



(a)

12d

(a) right-handed(b) left-handed

8c

A

C

solvent

solvent

Si

porousSi

-8
-7
-6
-5
-4
-3
-2
-1
0

0.00

29
∆H 630

D  Å
-2

)

N
eu
tro
n 
re
fle
ct
iv
ity
, l
og

10
 R

Co
(c) Co (d) Co7Zn7Mn6 

ZnMn

Co
Zn
Mn

(c) Co8Zn9Mn3 
5

9

13

17

21

25

0123456

0

1

2

3

4

525

20

15

10

5

0
0

nSLD solvent 2, ρn
2 (10-6 Å-2)

nS
LD
 s
ol
ve
nt
 1
, ρ

n 1 (
10

-6

In
fo
rm
at
io
n 
ga
in
, Δ
H

56 NIST CENTER FOR NEUTRON RESEARCH

Facility Developments 2019

CANDOR

CANDOR is an advanced neutron instrument based on 
an innovative design employing an “energy dispersive” 
detector, which permits use of a polychromatic incident 
beam. This detector analyzes the scattered beam using 
a linear series of 54 crystals, each oriented to diffract 
neutrons of one particular wavelength into a corresponding 
detector while neutrons of other wavelengths pass through 
to other crystals located downstream. In this manner, the 
wavelength and scattering vector Q is known for each 
neutron detected. The detection elements consist of thin 
plates (1.5 mm) of 6LiF/ZnS(Ag) scintillation material with 
embedded wavelength-shifting fibers. This design allows 
for a compact arrangement of multiple detector arrays. The 
energy analyzing HOPG crystals are cooled below ≈ 8 K to 
reduce the background in the detectors arising from thermal 
diffuse scattering. After extensive off-line cryogenic testing, 
this detector was installed, and first neutrons were recorded 
on CANDOR in June. 

FIGURE 1: Data from a single channel of the CANDOR energy dispersive 
detector. Each channel has 54 individual detector modules each with its own 
graphite crystal.  For this scan the detector was placed in the main beam and 
a pyrolytic graphite sample was placed at the sample position. The graphite 
sample was rotated, creating the line of black dots that occur when the angle of 
the graphite sample equals that of each of the 54 individual detector modules.

The scintillators, wavelength shifting fibers, silicon multipliers, 
and all support electronics are maintained in a dry gas filled 
(but non-cryogenic) light box above the cryostat. The data 
acquisition electronics based on field programmable gate 
arrays configured for pulse shape discrimination are being 

developed in-house because the contract for procuring these 
electronics was cancelled due to issues with the vendor. 
Prototype boards have been constructed and are undergoing 
testing. Until that development is complete (winter 2020), 
we are using a stopgap solution of a previously developed 
discrete component discriminator.  Figure 1 shows data from 
one channel of the CANDOR detector aligned on the main 
beam as a graphite crystal at the sample is rotated.  The series 
of black squares appear at the angles at which the angle of 
the graphite sample matches that of a particular graphite 
crystal in the detector system. 

Commissioning of CANDOR is continuing, and we expect the 
first specular reflectometry test measurements in early 2020.

MAGIK

The neutron reflectometer MAGIK was originally designed 
to measure the reflectivity of samples supported on a 
vertical planar substrate. However, liquid-gas or liquid-
liquid interfaces require that the reflecting interface(s) be 
horizontal.  The height of the NG-D guide is approximately 
20 cm at the location of the MAGIK reflectometer. 
Fortuitously, this large vertical dimension allows a horizontal 
ribbon beam to be defined (by an appropriate set of slits) 
such that a horizontal sample surface can be illuminated. 
This is accomplished with a pair of horizontal apertures, 
separated by approximately one meter, and a single pyrolytic 
monochromator blade. These three components, located 
upstream of the sample position, are translated vertically 

FIGURE 2: The scanning monochromator recently installed on MAGIK.
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in proper unison to keep the position of the beam on 
the sample fixed. The vertically scanning monochromator 
blade (which is located adjacent to the focusing array of 
monochromator blades for the original vertical sample 
geometry (see Fig. 2)) can be translated in or out remotely. 
This new scanning option on MAGIK has been successfully 
used by researchers from the University of Delaware in 
rheological studies of liquid interfaces using neutron 
reflectometry as a probe of interfacial structure.

BT8

Neutron diffraction measurements of residual stress and 
preferred orientation benefit tremendously if more than one 
diffraction peak can be mapped into a small angular window 
without excessive peak overlap. This has been achieved using 
a new multiwavelength monochromator recently deployed 
on the engineering diffractometer located at BT-8 (Fig. 3). 
The concept exploits a sweet spot represented by the high 
reflectivity and low absorption of horizontally bent stacks 
of thin silicon wafer blades with three different orientations 
([400], [311], [422]) and a common zone axis [011]. For 
symmetric diffraction, the device delivers three wavelengths 
but combinations of two wavelengths are also possible 
through rotation about the common zone axis.  The new 
monochromator is intended for use with the cubic and 
hexagonal materials which are typically used in industrial and 
structural engineering applications.  

FIGURE 3: Closeup view of the new multi-wavelength monochromator before 
installation at BT-8.

For texture measurements from steel (Fig. 4) the new triple-
wavelength monochromator delivers the same information 
in half the time through simultaneous collection of (200), 
(200), and (211) peaks grouped within a detection window 
Δ2θ = 9˚. Collection of stress data is 50% faster through 
the appearance of the new ‘super peak’ (211) + (200) at 
75˚. This is a new effect arising from the equal ratios of 
monochromator lattice spacings and sample lattice spacings. 
The data rate enhancement is expected to be even larger 
for fcc-materials where the entire triple-wavelength intensity 
appears in a single sample peak.

FIGURE 4: Comparison of diffraction patterns of a steel sample using 
the existing single wavelength (Si[311]) and the new triple-wavelength 
monochromator containing Si[311], Si[400] and Si[422].

Planning for the installation of a new D2 cold 
neutron source

To enhance its cold neutron capabilities, NIST will replace the 
current large liquid H2 cold neutron source with a liquid D2 
source that will nearly double the data acquisition rate for 
instruments in the NIST guide hall. The installation of the new 
cold source will require an extended outage of the reactor 
lasting 9 to 12 months. While this is a rather long outage, 
upgrades such as this are necessary to maintain the long-term 
health of the nation’s scientific infrastructure. It is also essential 
that every effort be made to limit the duration of the outage.  
To this end, a comprehensive work breakdown structure 
was developed during the past year to determine the scope 
of the project. A detailed project schedule is currently being 
developed. The effort thus far has been focused on “Activities 
Necessary to Achieve Confinement”; through the procurement 
of guides or on setting priorities on components which will 
need to be designed, drafted, fabricated and installed.

A mock-up assembly representing the reactor tubes that house 
neutron guides (CTE, CTC, and CTW), along with the bio-shield 
and features attached to the bio-shield face has been created. 
A final design is expected by early 2020.  In lieu of replacing 
CTW in-pile and casing, a mock-up has been modeled. It will be 
used to practice extraction and reinstallation of CTW. 
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FIGURE 5: Schematic diagram of the guides that will be installed during the 
installation of the new D2 cold source. Most, though not all, have been ordered. 
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Since neutron guides NG-5, NG-6, and NG-7 were installed nearly 
30 years ago we will use the shutdown to replace the existing 
guides with modern ones. In addition, some other guides will also 
be replaced to enhance safety and structural integrity. Most of 
these guides have been ordered and are expected to be delivered 
at the end of calendar year 2020 (Fig. 5). The CTC in-pile guide 
monolith has been delivered. The first elements of neutron guide 
1 through 4, made from aluminum, have also been delivered. 
The remainder of the guides needed to achieve confinement are 
expected to be ordered in the second quarter of FY 2020. This 
is pending design progress of some components such as NG-5, 
NG-6, and NG-7 main shutters, as well as NG 5-7 common casing. 
Design of these components will commence at the start of 2020.

DCS

The Disk Chopper time of flight Spectrometer has relied on a 
data acquisition system designed in-house to generate 20-bit 
timestamps relative to a synchronizing “T0” pulse. Although 
the equipment has been largely reliable over its lifetime it has 
demonstrated a number of limitations. This year that legacy system 
was replaced by a collection of timestamping units based on the 
Reuter Stokes Processing Platform system on chip (SOC). Each 
of the 20 modules has 48 TTL inputs and generates 96-bit event 
words containing the assignable pixel ID of the event input and a 
64-bit precision time protocol (IEEE 1588) absolute timestamp. 
The equipment has been in service since May of this year.

Polarized 3He Spin Filters

The spin filter program has two primary aims, (i) provide polarized 
3He spin filters for neutron scattering experiments on the NG-7 
SANS and vSANS instruments, the Multi-Axis Crystal Spectrometer 
(MACS), and the BT-7 thermal TAS, and (ii) enhance polarized 
neutron measurement capabilities throughout the facility. During 
the past year, the NCNR’s spin filter program served 44 user 
experiments, for a total of 170 days of beam time, 185 bar-liters of 
polarized 3He gas, and 182 polarized 3He cells.
 
During 2019, the team deployed a platform to support the 3He 
spin analyzer system on vSANS.  The nuclear magnetic resonance 
3He spin analyzer and flipper system is now seamlessly integrated 
into the vSANS data acquisition systems for polarized beam 
experiments. The team also developed a new 3He cell for SANS 
polarization analysis (Fig. 6) that has more than doubled the 
relaxation time of the 3He polarization. This has allowed polarized 
beam experiments on both the SANS and vSANS instruments to 
operate for up to three days without swapping the cells and has 
yielded a significant improvement in neutron polarization.

For BT-7, the team developed a polarized beam measurement 
capability with the 7 T superconducting magnet. The 3He 
polarizer developed last year yielded an improvement in the 
relaxation time of the 3He polarization at fields of 2 T to 3 T by 
an order of magnitude, making polarized beam experiments at 
high fields on BT-7 feasible. Figure 7 shows a routine polarized 
beam setup at low sample fields with the improved polarizer. 

FIGURE 6: One of the polarized beam configurations implemented on vSANS for 
studies of a skyrmion system at low fields. Shown in the picture is the dedicated 
magnetic guide field around a vacuum tube upstream of the sample and the newly 
developed 3He spin analyzer that has more than doubled the relaxation time. 

FIGURE 7: Polarized setup at low sample fields with the recently improved 
polarizer on BT-7. The polarizer fits into the tight space between the 
monochromator drum and sample enclosure. This set-up has significantly 
improved the relaxation time for polarized beam experiments at 2 T to 3 T.
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The team, in collaboration with the University of Maryland, has 
also continued work on a spherical neutron polarimetry device 
for studies of complex magnetic structures.

Data Acquisition Software

The New Instrument Control Environment (NICE) has 
continued to spread to more instruments at the NCNR. 
This year, NICE was deployed on USANS and is also operating 
CANDOR, which is in the commissioning phase. Triple axis 
instrument control is under development. During 2019, initial BT-
7-NICE requirements were gathered and prioritized, developing 
a schedule for development and deployment to BT-7. Planning 
also included time to develop general features for all triple axis 
instruments in the facility.  A preliminary version of NICE has 
now been installed and tested on BT-7 during an instrument 
shutdown to avoid impacting scheduled experiments.

Additional features have been developed to improve the 
operation of NICE, both behind the scenes and for the user 
experience. A new, “one-click”, deployment system for the NICE 
client has been developed. This automatically keeps the client 
software and even the Java Virtual Machine, used to run it, up 
to date seamlessly. This has greatly increased the number of 
users remotely using the client to monitor their experiments. The 
new NICE “queueing” system is also being deployed, providing 
a highly accurate estimate of how long a series of commands 
will take to execute, giving real-time updates of time remaining. 
It also allows easy browsing of command histories. A real-time 
display of reactor and cold-source status has also been added. 
Looking towards future development, the NICE team transitioned 
to a new IDE and development environment and has started 
work toward upgrading from the current Long-Term Stable (LTS) 



(a)

12d

(a) right-handed (b) left-handed

8c

A

C

solvent

solvent

Si

porous Si

-8
-7
-6
-5
-4
-3
-2
-1
0

0.00

29
∆H6 30

D Å
-2
)

N
eu

tro
n 

re
fle

ct
iv

ity
, l

og
10

 R

Co
(c) Co(d) Co7Zn7Mn6 

Zn Mn

Co
Zn
Mn

(c) Co8Zn9Mn3 
5

9

13

17

21

25

0 1 2 3 4 5 6

0

1

2

3

4

5 25

20

15

10

5

0
0

nSLD solvent 2, ρn
2 (10-6 Å-2)

nS
LD

 s
ol

ve
nt

 1
, ρ

n1  (
10

-6

In
fo

rm
at

io
n 

ga
in

, Δ
H

592019 ACCOMPLISHMENTS AND OPPORTUNITIES

Serving the Science and Technology Community

T
he 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 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 

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: 

• Pinar Akcora (Stevens Institute of Technology)
• Andrew Allen (NIST Ceramics Division) 
• Jeffrey Allen (Michigan Technological University) 
• Collin Broholm (The Johns Hopkins University) 
• Leslie Butler (Louisiana State University) 
• Mark Dadmun (University of Tennessee)
• Thomas Epps (University of Delaware)
• Kushol Gupta (University of Pennsylvania) 
• John Heron (University of Michigan)
• Hubert King (ExxonMobil)
• Valery Kiryukhin (Rutgers University) 
• Ramanan Krishnamoorti (University of Houston) 
• Jennifer Lee (National Institutes of Health) 
• Kai Liu (Georgetown University)
• Martin Mourigal (Georgia Institute of Technology)
• James Neilson (Colorado State University)
• Lilo Pozzo (University of Washington) 
• Stephen Wilson (University of California Santa Barbara)

Partnerships 

The NCNR may form partnerships with other institutions to 
fund the development and operation of selected instruments. 
Partnerships are negotiated for a fixed period 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.

Collaboration with NIST 

Some time on all instruments is available to support the NIST 
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 NIST staff. We 
encourage users interested in exploring collaborative research 
opportunities to contact an appropriate NIST staff member. 

Research Participation and Productivity 

The NCNR continued its strong record of serving the U.S. 
research community this year. Over the 2019 reporting year, 
the NCNR served 2769 researchers. (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 also increased.

2019 NCNR Proposal Program

In response to the last two calls for proposals (calls 38 and 
39) for instrument time, we received 774 proposals, of which 
441 were approved and received beam time. The following 
table shows the statistics for several instrument classes. The 
oversubscription, i.e., the ratio of days requested on all proposals 
to the days available, was 2.3 on average. Proposal demand has 
grown since the NCNR first began accepting proposals in 1991 
and has more than doubled in the past decade. 
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Instrument 
class Proposals

Days 
requested

Days 
allocated

SANS 281 1033 557

Reflectometers 109 724 360

Spectrometers 339 2260 899

Diffraction 21 73 56

Imaging 24 155 72

Total 774 4245 1944

Users Group

The NCNR Users Group Executive Committee (EC) provides 
an independent forum for all facility users to raise issues to 
NCNR management, working through its executive officers to 
carry out this function. All members of the EC are elected by 
NCNR users. The current members of the EC are Carlos Lopez-
Barron, Chair (ExxonMobil), Brian Habersberger (The Dow 
Chemical Company), Michael Hore (Case Western University), 
Dmitry Reznik (University of Colorado), Samantha Rhinehart 
(Student/Postdoc Member, University of Tennessee), Stephen 
Wilson (University of California Santa Barbara), and Claire White 
(Princeton University).

The EC regularly solicits user feedback via a variety of means.  
The User Group held a meeting at the American Conference on 
Neutron Scattering (ACNS) in June 2018 in College Park, MD 
and plans to have another meeting at the upcoming ACNS in 
2020.  The EC also administers a brief email survey that is sent 
to users approximately one week after the completion of their 
experiment.  Issues identified by the EC are regularly discussed 
with the NCNR and CHRNS management teams with a focus 
on resolving those requiring immediate action.  The EC also 
conducted a comprehensive user survey in the fall of 2015. 
There were more than 450 responses the majority of whom 
are CHRNS users.  Overall the results, which are posted on the 
NCNR User Group website, showed improvement relative to 
those from 2011 in 5 of the 6 general categories.  Working 

closely with the EC, the NCNR and CHRNS management teams 
developed a comprehensive response/action plan designed to 
make the user experience more productive and enjoyable (Refer 
to NCNR’s response to the User Group survey). 

Panel of Assessment

The major organizational units of NIST are evaluated 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 convened at the 
NCNR on July 10 - 12, 2018.  The panel members included 
Tom C. Lubensky (University of Pennsylvania, chair), Simon 
Billinge (Columbia University), Susan Coppersmith (University 
of Wisconsin, Madison), Aaron Eberle (ExxonMobil Chemical 
Company), Paul Fleury (Yale University), Dale Klein (University 
of Texas), Tonya Kuhl (University of California, Davis), Peter 
Moore (Yale University) and Thomas Russell (University of 
Massachusetts, Amherst).  Their findings are summarized in 
a report entitled “An Assessment of the National Institute of 
Standards and Technology Center for Neutron Research: Fiscal 
Year 2018”.  

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 academic research community. It 
operates five neutron scattering instruments at the NCNR, 
enabling users from around the nation to observe dynamical 
phenomena involving energies from ≈ 30 neV to ≈ 10 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 62 of this report.
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FIGURE 1: Research participants at the NCNR from 1986 - 2018.
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Partnerships for Specific Instruments

NG-7 SANS Consortium

A consortium that includes NIST, the ExxonMobil Research 
and Engineering Company, and the Industrial Partnership for 
Research in Interfacial and Materials Engineering (IPRIME) led by 
the University of Minnesota, operates, maintains, and conducts 
research at the 30m SANS instrument located on NG7. 
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.

The nSoft Consortium

The nSoft consortium was founded in 2012 to enable 
industrial access to neutron scattering and soft materials 
science at NIST. Since its founding the consortium has 
grown from six to thirteen member companies with 
representation from the specialty chemical, consumer product, 
pharmaceutical, automotive, and petrochemical industries. 
The 10 m SANS is the flagship instrument of the consortium, 
enabling measurement development and rapid access for 
industrial members. The consortium is not limited to SANS 
measurements, however, with members making measurements 
across the NCNR including reflectometry, imaging, depth 
profiling and dynamics. The consortium goes beyond access 
to neutron instrumentation by enabling collaboration between 
NIST staff and nSoft members toward the development of 
advanced measurement capabilities that enable cutting edge 
research and industrially relevant materials measurements. 
Further, through a model of expertise transfer we aim to ensure 
that the industrial sector can access these state-of-the-art 
measurement technologies and incorporate them into their 
own analytical research programs. Contact: Ron Jones, nSoft 
Director, rljones@nist.gov, 301-975-4624.

NIST / General Motors – Neutron Imaging

An ongoing partnership and collaboration between General 
Motors and NIST, which also includes Honda Motors through 
GM’s partnership with Honda, continues to yield exciting 
results using neutron imaging. Neutron imaging has been 
employed to visualize the operation of fuel cells for automotive 
vehicle applications. Neutron imaging is an ideal method for 
visualizing hydrogen, the fuel of electric vehicle 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. 25% of the time on the 
BT-2 Neutron Imaging Facility is made available to the general 
scientific community through peer-reviewed proposals.

Interagency Collaborations

The Smithsonian Institution’s Nuclear Laboratory for 
Archaeological Research is part of the Anthropology 
Department at the National Museum of Natural History. It has 
had a longstanding and productive partnership with the NCNR, 
during which time it has chemically analyzed over 43,100 
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.

DENIM

The 8th annual international Design and Engineering of 
Neutron Instruments Meeting (DENIM) was held in North 
Bethesda, MD from 17th-19th September 2019. Over 125 
people attended DENIM from more than 15 countries 
comprised of other neutron scattering institutes, universities 
and the corporations that support the community. DENIM 
is held under the patronage of the International Society of 
Neutron Instrument Engineers (ISNIE) and is the world’s largest 
conference on the engineering of neutron instruments. This 
year DENIM was organized jointly by the NCNR and the 
University of Maryland. 

The conference included two days of talks and posters 
presented by attendees of DENIM. The overall theme for the 
conference was “Lessons Learned” and presenters shared 
openly about what has worked, and more importantly, 
what hasn’t worked in key areas of neutron instrument 
engineering such as shielding, motion control, vacuum, project 
management, neutron guide alignment, choppers and more. 
Another hot topic this year was how 3D printing is successfully 
being used by members of the community. The final day of 
the conference included a tour of the NCNR and other NIST 
labs. Attendees were extremely impressed by the labs at NIST. 
On Sept. 20th, the NCNR hosted the 2nd annual ISNIE summer 
school with a focus on neutron guides.
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The Center for High Resolution  
Neutron Scattering (CHRNS)

T
he Center for High Resolution Neutron Scattering is a 
national user facility that is jointly funded by the National 
Science Foundation through its Division of Materials 

Research (grant number DMR-1508249) and by NIST. The 
CHRNS agreement was renewed for five years beginning on 
September 1, 2015. The primary purpose of this partnership 
is to maximize access for the scientific community to 
transformative neutron scattering instrumentation. 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. The scientific community provides essential 
input for new directions for CHRNS through a variety of 
mechanisms including post-experiment feedback and user 
surveys, administered by the NCNR User Group Executive 
Committee (EC) in the fall of 2015. The EC also led a discussion 
for neutron users at the recent American Conference on 
Neutron Scattering (ACNS) held on June 24-28, 2018 in College 
Park, MD. A 2 ½ minute video, Getting Great Data with 
CHRNS, highlights and summarizes CHRNS’ focus on advancing 
neutron scattering measurement capabilities and its prominent 
role in expanding, educating, and diversifying the community 
of researchers who use neutron methods. View the video on 
the NCNR website.

Scattering Instruments 

The portfolio of instruments supported by CHRNS continues 
to evolve to ensure that the scientific capabilities exceed or 
are comparable to the best worldwide. Combined, CHRNS 
instruments can provide structural information on a length scale 
of ≈ 1 nm to ≈ 10 µm, and dynamical information on energy 
scales from ≈ 30 neV to ≈ 10 meV. During FY2019 CHRNS 
continued to support operation of the High Flux Backscattering 
Spectrometer (HFBS), the Neutron Spin-Echo (NSE) spectrometer, 
and the Multi-Angle Crystal Spectrometer (MACS), which boasts 
the world’s highest monochromatic cold-neutron flux and is 
now the premier instrument in the world for investigations of 
quantum magnetism. A new event mode was added to the 
existing time-stamped histogram data collection capability on 
MACS. In this new mode, all individual neutron events are 
recorded, and the data can later be rebinned into traditional 

histogram data for analysis and visualization using the program 
Mslice. This new mode combined with the new sweeping 
instrument theta-angle operation greatly improves data 
acquisition efficiency. The data reduction and visualization has 
been continuously updated with new options and tools to allow 
users more ways to visualize the data, such as the new MACS 
histogram data. On NSE ongoing efforts to tune the machine at 
long wavelengths this past year have resulted in higher quality 
data. The instrumental resolution function was also improved by 
reducing the magnetic field inhomogeneity of the instrument.

Since its inception, CHRNS has provided the user community 
with outstanding SANS capabilities. During this past year, 
the innovative very-small-angle neutron scattering (vSANS) 
instrument was added to the CHRNS user program to meet 
the emerging needs of the scientific community. The versatile 
vSANS has a variety of front-end optics choices and three 
separate, adjustable detectors that provide an extended 
Q range from 0.002 nm-1 to 7 nm-1. The 45 m instrument 
provides unprecedented opportunities for structural studies 
of materials from the nanoscale into the mesoscale for 
complex systems with hierarchical structures. Following the 
first successful scientific use of the instrument in the spring 
of 2018, the first experiment awarded beamtime through the 
CHRNS proposal system was conducted in June 2018.

FIGURE 1: CHRNS user Adrian Rennie runs vSANS in consultation with Dan 
Neumann and Paul Butler.T
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Another significant addition to the CHRNS facility is the 
Chromatic Analysis Neutron Diffractometer or Reflectometer 
(CANDOR). This instrument is currently being commissioned. The 
novelty of CANDOR lies in its use of a state-of-the-art “energy-
dispersive” detector, which permits a polychromatic beam to 
impinge on the sample. The energy-dispersive detector analyzes 
the scattered beam using a linear series of 54 crystals, each set to 
diffract neutrons of a particular wavelength to a corresponding 
detector while allowing neutrons of other wavelengths to pass 
through to other crystals down the line. In this manner, the 
wavelength and scattering vector Q will be known for each 
neutron detected. Data reduction is provided by our Reductus 
web-based software which allows users to access and reduce 
their data anywhere they have a web connection. User access is 
expected in 2020. When fully operational, CANDOR will be the 
only instrument of this type in the world with data rates provided 
by the multiplex detector that exceed those available elsewhere 
in the world by perhaps an order of magnitude or more.

Research 

The wide ranges of instrument capabilities available in CHRNS 
support a very diverse scientific program, allowing researchers 
in materials science, chemistry, biology, geosciences, and 
condensed matter physics to investigate materials such as 
polymers, metals, ceramics, magnetic materials, colloids, 
fluids and gels, rocks, and biological molecules. The research 
community can obtain access to the state-of-the-art CHRNS 
instrumentation 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. In the previous 
Call for Proposals (call 39), 266 proposals requested CHRNS 
instruments, and 139 of these proposals received beam time. 
Of the 1360 days requested for the CHRNS instruments, 562 
were awarded. Roughly half of the users of neutron scattering 
techniques at the NCNR use CHRNS-funded instruments, and 
more than 1/4 of NCNR publications (see the “Publications” 
section on p. 70), over the current one-year period, are 
based on research performed using these instruments. This 
report contains several highlights of CHRNS publications. See 
the labeled highlights in the table of contents. 

Scientific Support Services

CHRNS provides scientific support in three critical areas: sample 
environment, chemical laboratories and the production and 
delivery of polarized neutron beams. The accomplishments in 
each of these areas during FY2019 are summarized below.

CHRNS offers six well-equipped and well-supplied user 
laboratories, including a Guide Hall Laboratory which provides a 
safe environment for CHRNS users to handle activated samples. 
The laboratory staff continues to ensure that the required 
equipment and/or supplies are available for users when they 
arrive for their experiments. 

The CHRNS Sample Environment team provides users with 
the equipment and training needed to make neutron 

measurements under external conditions of temperature, 
pressure, magnetic field, humidity, and fluid flow. From 
mK dilution refrigeration systems to a 1600 °C furnace, 
the equipment spans a large temperature range. Beyond 
precise temperature control, CHRNS users have access to a 
variety of flow systems, rheometers, gas-loading systems, 
two superconducting magnets with fields of up to 11 Tesla, 
and other complex equipment to control parameters such 
as pressure, humidity, and electric fields. During FY2019 the 
team set up and operated a diverse range of complex sample 
environment equipment for more than 137 experiments 
on CHRNS instruments. This total includes approximately 
30 experiments involving rheometers and shear cells, 20 
experiments that required access to mK temperatures, 11 of 
which simultaneously required magnetic fields up to 11.5 T. 
The valves of the 10 T superconducting magnet were replaced 
with electromagnetic valves to make the system more 
efficient. A new sample holder was developed to work with 
thin films. The new holder consists of a borated aluminum 
plate which shields background due to the sample stage 
components, a borated aluminum clamp for holding the 
sample substrate, and a boron nitride outer shell that goes to 
just the edge of the sample, which shields any background 
from the screws used for sample mounting. This has reduced 
the background by as much as an order of magnitude.
CHRNS also enables polarized neutron scattering experiments 
on MACS and SANS instruments by providing 3He spin analyzer 
cells with specialized geometries. During FY2019, the 3He Spin 
Filter team served two MACS and ten SANS user experiments. It 
is notable that CHRNS runs the only SANS program in the U.S. 
that routinely operates with full polarization analysis. With the 
double-V supermirror, RF flipper and guide fields installed on 
vSANS, 3He cell lifetimes of > 300 hours have been achieved 
with polarization efficiencies exceeding 99 %. MACS provides 
the most intense monochromatic polarized cold neutron beam 
with the largest scattering angle coverage for polarization 
analysis. The recent focus for MACS has been on optimizing 
the infrastructure for routine, high-flux, wide-angle polarization 
analysis over a broad energy range. To that end, the dedicated 
3He Spin Filter instrumentation rack has been upgraded. Spin 
filter lifetimes have been improved to enable usage for up to 
four experiment days without changing filters. 

FIGURE 2: CANDOR reflectometer in August 2019. Commissioning is in progress.
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Upon commissioning, CANDOR will feature spin-polarized 
incident beams using a double-V supermirror polarizer 
(efficiency of > 95 %), along with an RF spin flipper (efficiency 
of 99.5 %) and will be spin-analyzed by a 3He spin filter. The 
3He spin filter apparatus for CANDOR has been tested offline 
and is ready for polarized beam experiments. The setup 
includes a magnetically shielded solenoid to maintain the 3He 
polarization and a radio-frequency flipper to flip a large cross-
sectional incident beam with an efficiency exceeding 99.9 %.

Education and Outreach 

CHRNS sponsors a variety of educational programs and 
activities tailored to specific age groups and professions. The 
twenty-fifth annual summer school, held on July 22 – July 
26, 2019 was entitled “Methods and Applications Neutron 
Spectroscopy.” Thirty-four graduate and postdoctoral students 
from 29 universities participated in the school. Guest lecturers 
included Prof. Kemp Plumb from Brown University and Dr. 
James Rhyne (emeritus) from the Department of Energy. Dr. 
Rob Dimeo, the NCNR Director, encouraged the students to 
pursue careers in neutron scattering during his talk following 
the summer school banquet. CHRNS co-sponsored several 
other workshops throughout the year including the third 
Fundamentals of Quantum Materials Winter school at the 
University of Maryland (January 14-19, 2019).

CHRNS pursues many avenues for engaging researchers 
from institutions that serve diverse groups. To that end, 
a partnership between CHRNS and the Interdisciplinary 
Materials Research and Education Laboratory (IMREL) at 
Fayetteville State University (FSU) was established in August 
2018 through the NSF PREM (Partnerships for Research 
and Education in Materials) program (Agreement No. DMR-

1827731). The webpage of the Partnerships for Research 
and Education in Materials supports cutting-edge materials 
research as the context for producing diverse, motivated, and 
skilled minority and female students as future professional 
leaders in materials-related fields. This new partnership is 
organized around a common theme of structure-processing-
property correlations of nanomaterials to support student 
training in the context of research using neutron scattering. 
During the summer of 2019 CHRNS staff members hosted 
two PREM interns (Candyce Collins and Washat Roxanne 
Ware) and are looking forward in the coming year to giving 
seminars and lectures at FSU. 

CHRNS staff scientists also participated in teaching courses 
and giving lectures at nearby universities. In the fall of 
2018, Susan Kreuger (CHRNS Instrument Scientist) gave two 
lectures on small-angle scattering fundamentals and biology 
applications for a graduate level course taught by David 
Fushman at the University of Maryland. The course, entitled 
“Methods for Structure Determination in Solution,” also 
included SANS lab practicals. 

As part of its expanding education and outreach effort, 
CHRNS allows university-based research groups with BTAC-
approved experimental proposals to request travel support 
for an additional graduate student to participate in the 
experiment. This support is intended to enable new graduate 
students, for example, to acquire first-hand experience with 
a technique that they may later use in their own research. 
Announcements of this program are sent to all of the 
university groups whose experimental proposals receive 
beam time from the BTAC. Recipients of the announcement 
are encouraged to consider graduate students from under-
represented groups for this opportunity. The program is also 

FIGURE 3: Participants and instructors in the 2019 CHRNS Summer School “Methods and Applications of Neutron Spectroscopy”
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advertised on the NCNR’s website.

As in previous years, CHRNS participated in NIST’s Summer 
Undergraduate Research Fellowship (SURF) program. In 2019 
CHRNS hosted 15 SURF students, including two previous 
SHIP students. The students performed research on topics 
ranging from self-assembled amphiphilic diblock copolymers 
and oral insulin delivery via microencapsulation to the depth 
dependence of skyrmions in thin films and the thermal-
hydraulics feasibility for an ultra-compact nuclear reactor. 
They presented their work at the NIST SURF colloquium in 
August 2019 in sessions moderated by program officers 
from the National Science Foundation. The colloquium 
featured a plenary talk by Emily Blick from the University of 
Maryland on SANS characterization of vesicle stability for 
liposomal nanomedicines. It is notable that SURF student, 
Mark Zic from the University of Maryland, recently received a 
scholarship from the Barry Goldwater Foundation, in part, for 
his CHRNS SURF research on a newly discovered spin-triplet 
superconductor.

CHRNS initiated a Research Experiences for Teachers (RET) 
program in 2010. For the summer of 2019, the program 
hosted two teachers from Montgomery County, MD. Scott 
Hanna from Winston Churchill High School returned for a 
second year to study the diffusion of quantum liquids in bulk 
and confinement using DCS under the guidance of Tim Prisk 
and Richard Azuah. Brennan Boothby from The Nora School 
investigated pluronic micelles in polymer nanocomposites 
using SANS with mentors Liz Kelley and Antonio Faraone. 
Both Mr. Hanna and Mr. Boothby highlighted their research in 
oral presentations in August.

Elementary, Middle, and High School Activities 

The Summer High School Intern Program (SHIP) is a very 
successful, competitive NIST-wide program for students 
who are interested in performing scientific research during 
the summer. CHRNS hosted eight interns from local high 
schools. The students investigated magnetic dead layers in 
rhombohedral perovskites, created an enhanced web interface 
for the NCNR data repository, improved phase segmentation 
techniques for analysis of neutron tomography images, 
developed reinforcement learning algorithms for efficiently 
obtaining crystallographic measurements, and optimized 
a neutron spin flipper using active learning algorithms. 
The results of the students’ summer investigations were 
highlighted in a NIST-wide poster session, as well as in a well-
attended symposium at the NCNR. Cathy Yung from Richard 
Montgomery High School was honored with an Outstanding 
Poster Award from NIST’s chapter of Sigma Xi for her work 
entitled “Improving and Applying the Phase Segmentation of 
X-ray and Neutron Tomography.”

Many specialized tours and activities for middle school, high 
school, and university students were also offered throughout 

FIGURE 4: The 2019 SURF students

FIGURE 5: Scott Hanna (right) from Winston Churchill High School works on a 
pressure rig on DCS with the assistance of mentors Tim Prisk (right) and Richard 
Azuah (center). 
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the year. CHRNS staff give presentations and facility tours to 
students as part of the NIST activities for the annual “Take 
Your Daughters and Sons to Work Day.” At local schools 
CHRNS staff members also give science-based talks or lead 
hands-on demonstrations at local schools, participate in STEM 
events, and even volunteer as robotics coaches.

FIGURE 6: The 2019 SHIP interns 
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2019 Awards

Craig Brown of the NCNR was named 
a NIST Fellow. The NIST Fellows are an 
elite group of 40 scientists and engineers 
recognized as NIST’s most accomplished 
and influential researchers. Craig’s 
expertise in gas storage and separation, his 
leadership and vision in energy materials, 
his thoughtful mentoring and support 
for young scientists, and his international 
recognition throughout the world in 
materials science contributed to NIST 
bestowing this honorific. In addition, Craig 
has also been elected as a Fellow of the 
American Crystallographic Association 
(ACA). The ACA Fellows program recognizes 
a high level of excellence in scientific 
research, teaching, and professional duties, 
but also service, leadership, and personal 
engagement in the ACA and the broader 
world of crystallography and science.

Yun Liu of the NCNR was recognized by 
the journal “Current Opinion in Colloid 
& Interface Science” as one of the 
“Outstanding Young Researchers in 
Colloid and Interface Science” for his 
work on the phase behavior, structures, and 
dynamics of colloidal systems.

The NCNR’s Bob Williams and Mike Middleton received the 
2018 Department of Commerce Silver Medal. They were 
recognized “for commissioning a liquid deuterium refrigerator 
essential to ending HEU use in the NIST reactor while preserving 
or enhancing facility performance.” 

The NCNR’s Dan Flynn, Paul Liposky, Tony Norbedo, 
and Rick Sprow (L-R) were selected to receive the 2018 
Department of Commerce Bronze Medal for their leadership 
of major reactor upgrade projects during the outage last year. 

The NCNR’s William Ratcliff has been 
elected a Fellow of the American Physical 
Society. William was cited “for seminal 
neutron scattering studies of the magnetic 
order and spin dynamics in multiferroic 
materials.” 

Congratulations to Ryan Murphy 
who received the Most Outstanding 
Poster award at the NIST Chapter of 
Sigma Xi 26th annual Postdoctoral Poster 
Presentation. Ryan’s poster was entitled, 
“Capillary Rheo-SANS: Measuring the 
nanostructure and rheology of complex 
fluids at high shear rates”

Ryan Need received an Outstanding 
Poster award in the category of Engineering 
and Physics at the NIST Chapter of Sigma Xi 
26th annual Postdoctoral Poster Presentation. 
Ryan’s presentation was entitled “Exchange 
bias and closure domains in a ferromagnetic 
multilayer with orthogonal anisotropies”.
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Yimin Mao of the NCNR was awarded the 
Oxford Cryosystems Low Temperature 
Poster Prize for his poster titled: “Furan-
2,5-dicarboxylic acid, a promising platform 
molecule: polymer, monomer, and MOFs”. 
The award was presented at the American 
Crystallographic Association meeting in 
Covington, Kentucky in July 2019.

Lawrence Wroten of the NCNR submitted 
the winning logo entry for the International 
Society for Neutron Instrument Engineers.

David Hoogerheide of the NCNR received 
the 2019 Alumni Achievement Award 
from Western Michigan University’s physics 
department

Julia Mundy, assistant professor of physics 
at Harvard University was awarded the 2019 
IUPAP Young Scientist Prize in the field 
of magnetism “For pathbreaking research 
on electric field control of magnetism 
using epitaxially designed multiferroics.” 
In addition, Julia was the recipient of the 
2019 George E. Valley Jr. Prize from the 
American Physical Society in recognition of 
“pico-engineering and synthesis of the first 
room-temperature magnetoelectric multi-
ferroic material.” Prof. Mundy has been a 
user of the NCNR neutron scattering facilities 
for the past several years.

Lilo Pozzo, Weyerhaeuser Associate 
Professor of Chemical Engineering and a 
member of the faculty of the Clean Energy 
Institute at the University of Washington, 
was recognized with the 2018 Clean 
Energy Education and Empowerment 
(C3E) Award from the Department 
of Energy. Lilo, a long-time user of the 
NCNR and a former NCNR post-doc, was 
recognized for her achievements and 
leadership in clean energy education.

Mark Zic, an undergraduate student at the 
University of Maryland has been awarded 
a scholarship by the Barry Goldwater 
Scholarship and Excellence in Education 
Foundation, which encourages outstanding 
students to pursue advanced study and 
research careers in the sciences, engineering 
and mathematics. Mark was a SURF student 
at the NCNR and a research intern with the 
NCNR’s Nick Butch during the school year.  

Temilouwa Okusolubo of the University 
of Maryland Baltimore County won a 
2nd place award at the Undergraduate 
Research Symposium in the Chemical 
and Biological Sciences for her poster 
entitled “Correlating Gramicidin Ion-
Channel Formation to Artificial Membrane 
Dynamics”. Temilouwa was a SURF student 
at the NCNR.

Ian Hunt-Isaak has been awarded 
a National Defense Science and 
Engineering Graduate (NDSEG) 
Fellowship. NDSEG Fellowships are awarded 
to applicants who will pursue a doctoral 
degree in one of fifteen supported disciplines. 
Ian was a CHRNS user and a SURF student as 
an undergraduate. Ian is currently attending 
graduate school at the Harvard School of 
Engineering and Applied Sciences and is 
pursuing a PhD in applied physics.
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Montgomery Blair High School Magnet Program hosted 
the 27th Annual Magnet Research Convention where 
several of the awardees were SHIP students mentored by 
NCNR staff. Ryan Cho was awarded the Thomas Edison 
Award for Excellence in STEM, mentored by William 
Ratcliff of the NCNR. Telon Yan was awarded the Thomas 
Edison Award for Excellence in STEM, also was mentored 
by William Ratcliff. Isabella DeClue was recognized with the 
Washington Academy of Sciences Award and the Dr. 
Vaccaro Scholarship Award in the Physical Sciences Category, 
mentored by Jacob LaManna of PML.

Mike Hore, an Assistant Professor of 
Macromolecular Science and Engineering 
at Case Western University, and a former 
NCNR post-doc was recognized as an 
“Emerging Investigator” by the “Journal 
of Materials Chemistry B”.

Efrain Rodriguez, Associate Professor of 
Chemistry and Biochemistry at the University 
of Maryland and a former NCNR post-doc, 
is the recipient of the 2019 Margaret Etter 
Early Career Award. This award is given by 
the American Crystallographic Association 
“to recognize outstanding achievement 
and exceptional potential in crystallographic 
research demonstrated by a scientist at an 
early stage of their independent career.” 
His research areas include iron-based 
superconductors, magnetic materials, 
transition metal oxides, crystallography, and 
make use of neutron scattering at the NCNR.

Stanford University graduate student 
Rebecca Smaha won the 2019 Margaret 
C. Etter Student Lecturer Award from 
the Neutron Special Interest Group of the 
American Crystallographic Association for 
her work on “Interconnected Signatures 
of Quantum Spin Liquid Physics Across the 
Barlowite Family of Quantum Magnets”. The 
award was presented at the ACA meeting in 
Covington, Kentucky. Rebecca is a frequent 
user of the NCNR.
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Publications: August 1, 2018 to July 31, 2019
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Instruments and Contacts
(name, tel. 301-975-xxxx, email)

High resolution powder diffractometer (BT-1):
• J. K. Stalick, 6223, judith.stalick@nist.gov
• H. Wu, 2387, hui.wu@nist.gov
• Q. Z. Huang, 6164, qing.huang@nist.gov
• C. M. Brown, 5134, craig.brown@nist.gov

Engineering diffractometer (BT-8):
•  T. Gnaeupel-Herold, 5380,  

thomas.gnaeupel-herold@nist.gov

vSANS instrument (NG-3) (CHRNS):
• E. Kelley, 8584, elizabeth.kelley@nist.gov
• Y. Liu, 6235, yun.liu@nist.gov
• K. Krycka, 8685, kathryn.krycka@nist.gov
• J. G. Barker, 6732, john.barker@nist.gov
• C. Gagnon, 2020, cedric.gagnon@nist.gov

30-m SANS instrument (NG-B) (CHRNS):
• P. D. Butler, 2028, paul.butler@nist.gov
• S. Krueger, 6734, susan.krueger@nist.gov
• M. Zhang, 5513, zhenhuan.zhang@nist.gov

10-m SANS instrument (NG-B) (nSoft): 
• R. Jones, 4624, ronald.jones@nist.gov
• K. Weigandt, 8396, kathleen.weigandt@nist.gov
• T. Martin, 8866, tyler.martin@nist.gov
• M. Zhang, 5513, zhenhuan.zhang@nist.gov

uSANS, Perfect Crystal SANS (BT-5) (CHRNS):
• M. Bleuel, 5165, markus.bleuel@nist.gov
• P. D. Butler, 2028, paul.butler@nist.gov

30-m SANS instrument (NG-7): 
• S. Teixeira, 4404, susana.marujoteixeira@nist.gov
• Y. Mao, 5250, yimin.mao@nist.gov
• J. G. Barker, 6732, john.barker@nist.gov
• K. Krycka, 8685, kathryn.krycka@nist.gov
• J. R. Krzywon, 6650, jkrzywon@nist.gov 

Polarized Beam Reflectometer/Diffractometer (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):
• J. A. Dura, 6251, joseph.dura@nist.gov
• F. Heinrich, 4507, frank.heinrich@nist.gov
• C. F. Majkrzak, 5251, cmajkrzak@nist.gov

Neutron reflectometer-horizontal sample (NG-7): 
• S. K. Satija, 5250, satija@nist.gov
• G. Yuan, 5098, guangcui.yuan@nist.gov

CANDOR, White-beam reflectometer/diffractometer 
(CHRNS):
• A. Grutter, 4198, alexander.grutter@nist.gov
• D. Hoogerheide, 8839, david.hoogerheide@nist.gov
• B. Maranville, 6034, brian.maranville@nist.gov
• C. F. Majkrzak, 5251, charles.majkrzak@nist.gov

HFBS, High-flux backscattering spectrometer (NG-2) 
(CHRNS): 
• M. Tyagi, 2046, madhusudan.tyagi@nist.gov
• T. Prisk, 5010, timothy.prisk@nist.gov

NSE, Neutron spin echo spectrometer (NG-A) (CHRNS): 
• A. Faraone, 5254, antonio.faraone@nist.gov
• M. Nagao, 5505, michihiro.nagao@nist.gov

MACS, Multi-angle crystal spectrometer (BT-9) (CHRNS): 
• J. A. Rodriguez-Rivera, 6019, jose.rodriguez@nist.gov
• Y. Qiu, 3274, yiming.qiu@nist.gov

Double-focusing triple-axis Spectrometer (BT-7): 
• Y. Zhao, 2164, yang.zhao@nist.gov
• Z. Xu, 8097, zhijun.xu@nist.gov
• J. W. Lynn, 6246, jeff.lynn@nist.gov

SPINS, Spin-polarized triple-axis spectrometer (NG-5): 
• G. Xu, 4144, guangyong.xu@nist.gov

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

FANS, Filter-analyzer neutron spectrometer (BT-4): 
• T. J. Udovic, 6241, udovic@nist.gov

DCS, Disk-chopper time-of-flight spectrometer (NG-4):
• N. Butch, 4863, nicholas.butch@nist.gov
• W. Zhou, 8169, wei.zhou@nist.gov
• C. M. Brown, 5134, craig.brown@nist.gov

Cold neutron depth profiling (CNDP):
• J. Weaver, 6311, jamie.weaver@nist.gov
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Cold-neutron prompt-gamma neutron activation  
analysis (PGAA): 
• R. L. Paul, 6287, rpaul@nist.gov
• H. H. Chen-Mayer, 5595, heather.chen-mayer@nist.gov

Thermal-neutron prompt-gamma activation analysis (VT-5): 
• R. L. Paul, 6287, rpaul@nist.gov

Other activation analysis facilities: 
• N. Sharp, 3926, nicholas.sharp@nist.gov
• R. L. Paul, 6287, rpaul@nist.gov

Thermal Neutron Imaging Station (BT-2):
• J. LaManna, 6809, jacob.lamanna@nist.gov
• D. Jacobson, 6207, david.jacobson@nist.gov
• E. Baltic, 4842, eli.baltic@nist.gov
• D. Hussey, 6465, daniel.hussey@nist.gov

Cold Neutron Imaging Station (NG-6):
• D. Hussey, 6465, daniel.hussey@nist.gov
• E. Baltic, 4842, eli.baltic@nist.gov
• D. Jacobson, 6207, david.jacobson@nist.gov
• J. LaManna, 6809, jacob.lamanna@nist.gov

Neutron interferometer (NG-7):
• M. Huber, 5641, michael.huber@nist.gov
• D. Pushin, 4792, dmitry.pushin@nist.gov
• S. Hoogerheide, 8582, shannon.hoogerheide@nist.gov

Quantum-based neutron interferometer facility (NG-7):
• M. Huber, 5641, michael.huber@nist.gov
• S. Hoogerheide, 8582, shannon.hoogerheide@nist.gov
• D. Pushin, 4792, dmitry.pushin@nist.gov

Fundamental neutron physics station (NG-C): 
• S. Hoogerheide, 8582, shannon.hoogerheide@nist.gov
• M. S. Dewey, 4843, maynard.dewey@nist.gov

Fundamental neutron physics station (NG-6):
• NG-6M: M. S. Dewey, 4843, mdewey@nist.gov
• NG-6M: H. P. Mumm, 8355, hans.mumm@nist.gov
•  MDM (NG-6A): M. Huber, 5641, michael.huber@nist.gov
•  MDM (NG-6A): T. Gentile, 5431, thomas.gentile@nist.gov
• a–γ: H. P. Mumm, 8355, hans.mumm@nist.gov
• a–γ: M. S. Dewey, 4843, mdewey@nist.gov

Theory and modeling:
• J. E. Curtis, 3959, joseph.curtis@nist.gov
• T. Yildirim, 6228, taner@nist.gov

Neutron test station (PHADES):
• R. Erwin, 6245, ross.erwin@nist.gov
• S. Watson, 6232, shannon.watson@nist.gov
• K. Krycka, 8685, kathryn.krycka@nist.gov

Instruments under development:

SPINS-II:
• L. Harriger, 8360, leland.harriger@nist.gov
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NIST Center for Neutron Research Contacts

Copies of annual reports, facility information, user information, 
and research proposal guidelines are available electronically.

Please visit the homepage of the NIST Center for Neutron 
Research.

For a paper copy of this report:

Steve Kline
301-975-6243
steven.kline@nist.gov

For general information on the facility:

Rob Dimeo
301-975-6210
robert.dimeo@nist.gov

Dan Neumann
301-975-5252
dan.neumann@nist.gov

For information on visiting the
facility and/or user access questions:

Julie Keyser
301-975-8200
julie.keyser@nist.gov 

Mary Ann FitzGerald
301-975-8200
maryann.fitzgerald@nist.gov

Becky Ogg
301-975-8200
rebecca.ogg@nist.gov

For information on performing
research at the facility:

Yamali Hernandez
301-975-5295
yamali.hernandez@nist.gov

Facility address:

NIST Center for Neutron Research
National Institute of Standards and Technology
100 Bureau Drive, Mail Stop 6100
Gaithersburg, MD 20899-6100 USA
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