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ii NIST CENTER FOR NEUTRON RESEARCH

Foreword

I
t is my pleasure to present this year’s Accomplishments and 

Opportunities for the NIST Center for Neutron Research. 

The global pandemic caused an unplanned suspension of 

scientific operations from March 17 – July 14. We resumed 

scientific operations on July 15, but in a mode limited 

to internal (NIST programmatic) experiments and mail-in 

experiments. As of this writing, scientific operations remain 

limited. The reactor operated for 160 days and, excluding 

the impact of the pandemic on scientific operations, 

operational reliability exceeded 98%.

Despite the significant impact to scientific operations by 

the global pandemic, it has been a remarkably productive 

year. The NSF/NIST partnership, CHRNS (Center for High 

Resolution Neutron Scattering), was renewed for another 

five years and includes the new reflectometer, CANDOR, in 

the CHRNS suite. You can read more about CHRNS, our most 

important interagency partnership, in this report. Planning 

continues for the 2023 outage when the H2 cold source 

will be replaced with a liquid D2 cold source, resulting in 

a doubling of the cold neutron flux at long wavelengths.  

Major procurements, including the cold source cryostat, 

were awarded this year for long lead-time items that are on 

the critical path. The neutron guide system will be upgraded 

during the outage. All guides required to reestablish reactor 

confinement at the end of the outage have been ordered. 

The NSE performance upgrade project is underway and 

the major, long lead-time items have been ordered. Major 

upgrades have also been made to the reactor’s cooling tower 

systems and electrical infrastructure which will contribute to 

increased operational reliability.

The result of NIST’s neutron facility development and 

operations is in the research carried out by you, the  

scientific community. This report contains a collection of 

these research highlights. I invite you to read through the 

report and see for yourself the fascinating work that took 

place here in the last year. I believe that these highlights 

speak for themselves.
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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 https://www.nist.gov/
ncnr/neutron-instruments. The newest 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, approximately 2000 research participants 
from government, industry, and academia from all areas of the 
country are served by the facility (see p. 60). 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 https://www.
nist.gov/ncnr/obtaining-beam-time. The National Science 
Foundation and NIST co-fund the Center for High Resolution 
Neutron Scattering (CHRNS) that currently operates six of the 
world’s most advanced instruments (see p. 63). 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.
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BT-2 Neutron Imaging Facility for imaging 
hydrogenous matter in large components such 
as water in fuel cells and lubricants in engines, 
in partnership with General Motors and DOE.

BT-1 Powder Diffractometer with 32 detectors; 
incident wavelengths of 0.208 nm, 0.154 nm, 
and 0.120 nm, with resolution up to 
∆d/d ≈ 8 x 10-4.

BT-9 Multi Axis Crystal Spectrometer (MACS II), 
a cold neutron spectrometer for ultra high 
sensitivity access to dynamic correlations in 
condensed matter on length scales from 
0.1 nm to 50 nm and energy scales from 
2.2 meV to 20 meV.

BT-8 Engineering Diffractometer optimized for 
depth profiling of residual stresses in large 
components.

BT-7 Thermal Triple Axis Spectrometer with 
large double focusing monochromator and 
interchangeable analyzer/detectors systems. 

VT-5 Thermal Neutron Capture Prompt Gam-
ma-ray Activation Analysis Instrument used for 
quantitative elemental analysis of bulk materials 
including highly hydrogenous materials (≈ 1 % 
H) such as foods, oils, and biological materials.

NG-A Neutron Spin-Echo Spectrometer (NSE) 
for measuring dynamics from 5 ps to 100 ns.

NG-B 10 m SANS for macromolecular structure 
measurements.

NG-B 30 m SANS for microstructure measure-
ments.

NG-C Neutron lifetime experiment.

NG-D Cold neutron capture Prompt Gamma 
Activation Analysis, for quantitative elemental 
analysis of bulk materials

NG-D MAGIK off-specular reflectometer for 
studies of thin-film samples with in-plane struc-
ture.

NG-D Polarized Beam Reflectometer (PBR) for 
measuring reflectivities as low as 10-8 to deter-
mine subsurface structure.

NG-1 CANDOR Chromatic Analysis Diffractometer 
or Reflectometer, capable of high throughput 
measurements (commisioning). 

NG-2 Backscattering Spectrometer (HFBS), high 
intensity inelastic scattering instrument with 
energy resolution < 1 µeV for studies of motion in 
molecular and biological systems.

NG-3 VSANS for single measurement investiga-
tion of lengths from 1 nm to 2 micron.

NG-4 Disk Chopper Time-of-Flight Spectrometer 
for diffusive motions and low energy dynamics. 
Wavelengths from ≈ 0.18 nm to 2.0 nm and energy 
resolutions from ≈ 2 meV to < 10 µeV.

NG-5 Spin-Polarized Triple Axis Spectrometer 
(SPINS) using cold neutrons with position sensi-
tive detector capability for high-resolution studies.

NG-5 Cold Neutron Depth Profiling for profiling of 
subsurface elemental composition.

NG-6 Precision measurement of the magnetic 
dipole moment of the neutron.

NG-6 Precision measurement of neutron flux.

NG-6 LAND detector development, neutron source 
calibration, and neutron cross section measure-
ment

NG-6 Cold Neutron Imaging Facility for imaging 
hydrogenous matter in large components such as 
water in fuel cells and lubricants in engines.

NG-7 30 m SANS for microstructure measure-
ments, in partnership with ExxonMobil and Univer-
sity of Minnesota’s IPrime.

NG-7 PHADES Cold neutron test station.

NG-7 Neutron Interferometry and Optics Station 
with perfect crystal silicon interferometer. A vibra-
tion isolation system provides exceptional phase 
stability and fringe visibility.

NG-7 Neutron Physics Interferometry Test Bed for 
quantum information science. 

NG-7 Horizontal Sample Reflectometer allows 
reflectivity measurements of free surfaces, 
liquid/vapor interfaces, as well as polymer coat-
ings.

[1] BT-5 Perfect Crystal Ultra-Small Angle Neutron 
Scattering (USANS) Diffractometer for micro-
structure up to 104 nm.

[2] BT-4  Filter Analyzer Neutron Spectrometer with 
cooled Be/Graphite filter analyzer for chemical 
spectroscopy and thermal triple axis 
spectrometer.

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

The Center for High Resolution Neutron Scattering 
(CHRNS) is a partnership between NIST and the National 
Science Foundation that develops and operates neutron 
scattering instrumentation for use by the scientific 
community. The following instruments are part of the Center: 
1 (USANS), 5 (MACS II), 9 (NSE), 16 (CANDOR),
17 (HFBS), and 18 (vSANS).

NIST Center for Neutron Research Instruments
(as of August 2020)

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

 
I

N
S

T
R

U
M

E
N

T
S



32020 ACCOMPLISHMENTS AND OPPORTUNITIES

BT-5 Perfect Crystal Ultra-Small Angle Neutron 
Scattering (USANS) Diffractometer for micro-
structure up to 104 nm.

BT-4  Filter Analyzer Neutron Spectrometer with 
cooled Be/Graphite filter analyzer for chemical 
spectroscopy and thermal triple axis 
spectrometer.

BT-2 Neutron Imaging Facility for imaging 
hydrogenous matter in large components such 
as water in fuel cells and lubricants in engines, 
in partnership with General Motors and DOE.

BT-1 Powder Diffractometer with 32 detectors; 
incident wavelengths of 0.208 nm, 0.154 nm, 
and 0.120 nm, with resolution up to 
∆d/d ≈ 8 x 10-4.

BT-9 Multi Axis Crystal Spectrometer (MACS II), 
a cold neutron spectrometer for ultra high 
sensitivity access to dynamic correlations in 
condensed matter on length scales from 
0.1 nm to 50 nm and energy scales from 
2.2 meV to 20 meV.

BT-8 Engineering Diffractometer optimized for 
depth profiling of residual stresses in large 
components.

BT-7 Thermal Triple Axis Spectrometer with 
large double focusing monochromator and 
interchangeable analyzer/detectors systems. 

VT-5 Thermal Neutron Capture Prompt Gam-
ma-ray Activation Analysis Instrument used for 
quantitative elemental analysis of bulk materials 
including highly hydrogenous materials (≈ 1 % 
H) such as foods, oils, and biological materials.

NG-A Neutron Spin-Echo Spectrometer (NSE) 
for measuring dynamics from 5 ps to 100 ns.

NG-B 10 m SANS for macromolecular structure 
measurements.

NG-B 30 m SANS for microstructure measure-
ments.

NG-C Neutron lifetime experiment.

NG-D Cold neutron capture Prompt Gamma 
Activation Analysis, for quantitative elemental 
analysis of bulk materials

NG-D MAGIK off-specular reflectometer for 
studies of thin-film samples with in-plane struc-
ture.

NG-D Polarized Beam Reflectometer (PBR) for 
measuring reflectivities as low as 10-8 to deter-
mine subsurface structure.

NG-1 CANDOR Chromatic Analysis Diffractometer 
or Reflectometer, capable of high throughput 
measurements (commisioning). 

NG-2 Backscattering Spectrometer (HFBS), high 
intensity inelastic scattering instrument with 
energy resolution < 1 µeV for studies of motion in 
molecular and biological systems.

NG-3 VSANS for single measurement investiga-
tion of lengths from 1 nm to 2 micron.

NG-4 Disk Chopper Time-of-Flight Spectrometer 
for diffusive motions and low energy dynamics. 
Wavelengths from ≈ 0.18 nm to 2.0 nm and energy 
resolutions from ≈ 2 meV to < 10 µeV.

NG-5 Spin-Polarized Triple Axis Spectrometer 
(SPINS) using cold neutrons with position sensi-
tive detector capability for high-resolution studies.

NG-5 Cold Neutron Depth Profiling for profiling of 
subsurface elemental composition.

NG-6 Precision measurement of the magnetic 
dipole moment of the neutron.

NG-6 Precision measurement of neutron flux.

NG-6 LAND detector development, neutron source 
calibration, and neutron cross section measure-
ment

NG-6 Cold Neutron Imaging Facility for imaging 
hydrogenous matter in large components such as 
water in fuel cells and lubricants in engines.

NG-7 30 m SANS for microstructure measure-
ments, in partnership with ExxonMobil and Univer-
sity of Minnesota’s IPrime.

NG-7 PHADES Cold neutron test station.

NG-7 Neutron Interferometry and Optics Station 
with perfect crystal silicon interferometer. A vibra-
tion isolation system provides exceptional phase 
stability and fringe visibility.

NG-7 Neutron Physics Interferometry Test Bed for 
quantum information science. 

NG-7 Horizontal Sample Reflectometer allows 
reflectivity measurements of free surfaces, 
liquid/vapor interfaces, as well as polymer coat-
ings.
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The Center for High Resolution Neutron Scattering 
(CHRNS) is a partnership between NIST and the National 
Science Foundation that develops and operates neutron 
scattering instrumentation for use by the scientific 
community. The following instruments are part of the Center: 
1 (USANS), 5 (MACS II), 9 (NSE), 16 (CANDOR),
17 (HFBS), and 18 (vSANS).
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Characterization of a dynamic membrane-bound 
molecular switch: the oncoprotein KRas-4B
F. Heinrich,1,2 M. Lösche,1,2 Q. N. Van,3 and A. G. Stephen3

1 Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213
2 NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899 
3 Cancer Research Technology Program, Frederick National Laboratory for Cancer Research (FNLCR), Leidos Biomedical Research, Inc., Frederick, MD 21702

I
nformation processing in biological cells is a fundamental 
capability of all living systems. It applies to sensory processes, 
such as vision, hearing, smelling, tasting, and touch, but also 

to decision-making: bacteria swim toward nutrients in their 
vicinity and away from harmful substances; and cells in more 
complex organisms, such as ourselves, regulate proliferation 
– i.e., growth and division. The communication of cells with
each other in these processes is known as cell signaling. On a
molecular level, it is realized by groups of proteins organized
in complex interaction cascades, in which the activity of one
protein has branching downstream effects on others. RAS
proteins are cell membrane-bound molecular switches of
the Small GTPase protein family, which are at the core of a
protein interaction cascade that regulates cell proliferation by
translating signals from outside the cell to effector proteins
within cell. The KRas-4B GTPase is a critical cellular regulator
that, if mutated, can trigger cancers of the pancreas, colon and
lung. Certain KRas mutations leave the molecule permanently
switched on leading to the characteristic uncontrolled cell
proliferation associated with the disease. One line of research
focuses on identifying small therapeutic molecules that bind to
KRas, thereby inhibiting it and restoring the balance between
activated and deactivated KRas; but painful setbacks made
it clear that detailed knowledge of the KRas structure at the
membrane is essential for finding inhibitors [1].

The general molecular architecture of KRas is well known: The 
C-terminal bears a disordered, lipidated membrane tether called
the hypervariable region (HVR). It connects to the G-domain, a
folded protein domain that allows effector proteins to bind and
harbors the intrinsic GTPase activity. Despite decades-long
efforts, no consensus structural model of KRas at the lipid
membrane has emerged. Conventional structural biology tools
readily provide high-resolution structures of ordered, well-
folded proteins but fail to resolve disordered segments of
proteins like KRas, and the association of such proteins with
intrinsically disordered membranes or membrane models
complicates the situation further. Fortunately, neutron
scattering techniques such as reflectometry, while offering
lower resolution, do not suffer from those limitations [2]. An
interdisciplinary collaboration between NIST, Carnegie Mellon
University, and the RAS Initiative at the National Cancer
Institute has now established such a model of membrane-
bound KRas using a combination of neutron reflectometry (NR),

nuclear magnetic resonance (NMR) and molecular dynamics 
(MD) simulation, among other techniques.

FIGURE 1: NR characterization of membrane-associated, fully processed 
KRas-4B-FMe-GDP. (A) Exemplary data sets before and after adding KRas from 
solution, measured with D2O and H2O-based buffer bathing the lipid membrane. 
(B) Component volume occupancy (CVO) profiles along the membrane normal. 
Shaded areas show 68% confidence intervals for the protein component. 
(C) Real-space representation in agreement with the data, using the crystal 
structure, PDB 6VC8, of the KRas-4B G-domain.

In past years, substantial MD simulation work consistently 
predicted that KRas is organized on the membrane such that 
its G-domain directly associates with the lipid bilayer while 
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assuming discrete orientations. Transitions between those 
orientations were observed to occur without prolonged 
detachment of the G-domain from the membrane surface [3] 
leading to a model of KRas at the membrane that, similar to a 
mechanical clock, sequentially switches between functionally 
distinct states. However, this molecular picture has now been 
revised by new experimental results of the Ras Initiative using 
the NCNR infrastructure for membrane protein research. 
Figure 1A shows a representative example of NR data before 
and after exposing a sparsely-tethered bilayer lipid membrane 
(stBLM) to KRas in solution. Panel B shows the distributions 
of the various molecular components deduced from these 
data in terms of a component volume occupancy (CVO) 
profile. Algorithms for rigorous determination of confidence 
intervals of these CVO profiles (shaded in Fig. 1B) using 
statistical inference with a Monte-Carlo Markov-Chain global 
optimizer, provides a realistic measure of the uncertainty 
on these structural profiles. Finally, Figure 1C shows a to-
scale representation of the KRas G-domain crystal structure 
(PDB 6VC8) positioned on the bilayer in agreement with the 
experimental data, which convincingly shows that on average 
the G-domain is detached from the lipid bilayer. Omitted 
from this representation, because their conformations remain 
unknown, are the HVR tether and the membrane anchor. A 
quantitative comparison of panels B and the dimensions of the 
G-domain shown in panel C indicates that the CVO profile is 
several Ås broader than expected for a static structure. This 
shows a substantial conformational flexibility of the membrane-
associated KRas GTPase, facilitated by the disordered HVR. 
These results were corroborated by complementary biophysical 
methods, including the Gd+3-induced quenching of NMR 
signals. Membrane-distant conformations of the G-domain are 
estimated to represent ≈ 90% of the full ensemble of states, 
while membrane-associated conformations are in the minority. 
We conclude that during membrane-contacts, the G-domain 
adopts orientations that were previously identified in MD 
simulations but remains most of the time in configurations 
conducive to effector protein recruitment.

Further research at the NCNR determined the structure of KRas 
in a complex with the Ras-Binding Domain of its immediate 
downstream effector Raf1 (Raf1-RBD), see Figure 2. Utilizing 
the isotopic sensitivity of neutrons, NR measurements resolved 
separate CVO profiles for both binding partners, from which 
the position and orientation of the complex was determined 
using a rigid body modeling approach with a crystal structure of 
the G-domain complexed with Raf1-RDB (PDB 6VJJ). We 
demonstrated that the two proteins form a membrane-bound 
1:1 complex. Unlike free KRas, the position and orientation of 
the complex with respect to the membrane are much more 
narrowly distributed, indicating a single, specific orientation. 
Complementary biophysical characterization techniques 
validated this interpretation.

In this work, a large body of experimental and computational 
work established a new, experimentally substantiated model of 
KRas signaling at the plasma membrane, as visualized in Figure 
3. The data suggest that the specific architecture of 

FIGURE 2: NR characterization of the membrane-associated KRas / Raf1-RBD 
protein complex. (A) CVO profiles. Shaded areas show 68% confidence intervals 
for the protein components. (B) Real-space representation in agreement with the 
NR data using the structure of the complex from PDB 6VJJ.

FIGURE 3: Model of kinase recruitment by membrane-bound KRas based on 
this research [4].

the KRas protein enables a directional fly-casting mechanism, 
in which the G-domain acts as bait to recruit Raf1 to the 
membrane. Membrane-bound KRas is highly dynamic, and 
both membrane-bound and membrane-tethered conformations 
coexist in fast exchange. These dynamics allow the G-domain 
to sample a larger conformational space, increasing the 
capture efficiency of the Raf1 effector protein. Once Raf1 
has been captured, KRas and its binding partner assume a 
rigid configuration at the membrane. This insight may prove 
critical to guiding the development of small-molecule or 
biopharmaceutical therapeutics for Ras-driven cancers.
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B
iological membranes are highly heterogeneous. They 
contain thousands of chemically distinct lipids, various 
sterols and carbohydrates, and diverse proteins that 

account for upwards of 50% of the membrane mass. Cells 
also further organize certain lipids, sterols and proteins into 
transient domains known as rafts to facilitate specific protein-
protein interactions. This rich heterogeneity in composition and 
organization is thought to play an essential role in regulating 
biological processes such as protein signaling and even 
pathogen entry into cells, but the detailed mechanisms remain 
largely unknown. The heterogeneity also inherently causes 
local variations in the membrane thickness, molecular order, 
and rigidity that in turn affect membrane physical properties 
that are essential to different cell processes. Given the intrinsic 
complexity of biological membranes, one of many questions 
that arises is – how do local variations in rigidity affect the 
elastic properties crucial to membrane deformation and 
rearrangement in processes like cell division?

While the underlying lipid matrix that forms the basis of cell 
membranes is soft and highly deformable, the other membrane 
components are much less flexible. Proteins are reported to be 
2X to 400X stiffer than the surrounding lipid membrane and 
rafts at least 3X. More than 30 years of theoretical studies have 
considered the effects of such rigid bodies, often referred to as 
additives or inclusions, on the dynamics of soft lipid 
membranes. The studies suggest that the collective dynamics 
are governed by an effective rigidity, κeff, that is highly sensitive 
to the inclusion area fraction (ϕ), shape, and interactions with 
the surrounding lipids, as well as how the rigid bodies are 
laterally organized within the membrane. However, there are 
limited experimental data to compare with these predictions, 
particularly at high ϕ where the effects of the inclusions and ri
their organization are expected to be most pronounced.

Experimental challenges in measuring the predicted trends of 
κeff in heterogeneous membranes are twofold. First, finding 
an appropriate technique to measure the effective rigidity is 
difficult as commonly used methods do not always work for 
heterogeneous membranes and cannot be used to determine 
κeff. Second, making appropriate model systems and then 
methodically varying the concentration of rigid inclusions is  
 

FIGURE 1: (a) Phase diagram for DMPC/DSPC lipids mixtures. The temperature 

region between the two gray lines corresponds to the two-phase coexistence 

region. (b) Intermediate scattering function at q = 1.1 nm-1 for a membrane 

containing a DSPC mole fraction (xDSPC) of 0.7 in the fluid (55 °C), gel + fluid 

(48 °C and 40 °C) and gel (30 °C) regions of the phase diagram as seen in the 

corresponding points in panel (a). Error bars represent one standard deviation 

are smaller than the symbols.

labor intensive and often infeasible. Here we overcome both 
challenges and measure the effective rigidity (κeff) of phase 
separated lipid membranes as a simple heterogeneous model 
system using neutron spin echo spectroscopy (NSE) [1].

We take advantage of the well-documented phase behavior of 
dimyristoylphosphatidylcholine (DMPC) and 
distearoylphosphatidylcholine (DSPC) lipid membranes, shown 
in Fig 1a. There is a large temperature region where the 
membranes phase separate into coexisting soft, fluid domains 
and rigid, gel domains. We systematically vary the amount of 
gid phase (ϕ) by simply cooling the system from temperatures 

in the fluid phase, into the two-phase region, and finally the gel 
phase, allowing us to quantify κeff as ϕ varies from 0 to 1.

Shown in Figure 1b are representative NSE data measured for 
a DMPC/DSPC membrane containing a DSPC mole fraction 
(xDSPC ) of 0.7 as the system is cooled from the fluid phase, 
into the coexistence region, and then into the gel phase 
following the temperature points in Fig 1a. The dynamics 
markedly slow down with decreasing temperature. The  
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FIGURE 2: Effective bending modulus (κeff) versus temperature for xDSPC = 0.7. 

Error bars represent one standard deviation are smaller than the symbols.

intermediate scattering function data are well described by 
a stretched exponential as predicted for membrane bending 
fluctuations, where the relaxation rate is inversely related to κeff. 
Accordingly, the slowing of the dynamics is directly related to 
an increase in membrane rigidity.

The changes in κeff with temperature for xDSPC = 0.7 are 
shown in Figure 2. κeff is on the order of ≈ 30 kBT at high 
temperatures and monotonically increases with decreasing 
temperature before reaching κeff ≈ 200 kBT in the gel phase. 
These temperature-dependent data, as well as κeff measured 
for different lipid mixing ratios, can be collapsed onto a single 
master curve shown in Fig 3.

As seen in Fig 3, κeff depends only on the rigid domain area 
fraction (ϕ). Moreover, the experimental results quantitatively 
agree with theoretical predictions for heterogeneous 
membranes with no adjustable parameters. The theoretical 
predictions by Netz and Pincus are shown as the solid line 
in Fig. 3, and the NSE data provide the first experimental 
validation that κeff not only scales with ϕ, but also depends 
on the lateral organization of the rigid phase within the 
membrane [1, 2].

While the present results are for phase separated lipid 
membranes, the general methods and theories should 
extend to any rigid inclusions embedded in a soft surfactant 
of lipid membrane. In fact, the theoretical studies were first 
developed to understand how κeff scales with the amount of 
protein in biological membranes. Red blood cells, synaptic 
vesicles, and viral membranes have transmembrane protein 
volume occupancies on the order of ϕ ≈ 0.2 to ϕ ≈ 0.3. As 
seen in Fig. 3, these low ϕ may only have a small effect on 

the membrane elasticity properties, where the protein-filled 
biological membranes may only be 1.2 to 1.3 times stiffer 
than a bare lipid matrix. 

This work takes a bottom-up approach to understand the 
rigidity of heterogeneous membranes and was designed to 
experimentally measure the effective stiffness of a specific 
type of membrane described in theoretical studies. There are 
likely other contributions to κeff in biological membranes that 
are considerably more complex than the models used here. 
For example, asymmetric proteins are predicted to couple to 
local curvature changes in the membrane which could lead to 
membrane softening with increasing protein concentrations [3]. 
Many proteins are not perfectly rigid bodies and undergo their 
own shape fluctuations and rearrangements that could also 
couple to the membrane dynamics. Nevertheless, the present 
results highlight that NSE will be a powerful tool to understand 
the collective dynamics in membranes as the models continue 
to build in complexity and we better understand the interplay 
between membrane mechanics and biological function.
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FIGURE 1: (a) Phase diagram for DMPC/DSPC lipids mixtures. The temperature 

region between the two gray lines corresponds to the two-phase coexistence 

region. (b) Intermediate scattering function at q = 1.1 nm-1 for a membrane 

containing a DSPC mole fraction (xDSPC) of 0.7 in the fluid (55 °C), gel + fluid 

(48 °C and 40 °C) and gel (30 °C) regions of the phase diagram as seen in the 

corresponding points in panel (a). Error bars represent one standard deviation 

are smaller than the symbols.

labor intensive and often infeasible. Here we overcome both 
challenges and measure the effective rigidity (κeff) of phase 
separated lipid membranes as a simple heterogeneous model 
system using neutron spin echo spectroscopy (NSE) [1].

We take advantage of the well-documented phase behavior of 
dimyristoylphosphatidylcholine (DMPC) and 
distearoylphosphatidylcholine (DSPC) lipid membranes, shown 
in Fig 1a. There is a large temperature region where the 
membranes phase separate into coexisting soft, fluid domains 
and rigid, gel domains. We systematically vary the amount of 
rigid phase (ϕ) by simply cooling the system from temperatures 
in the fluid phase, into the two-phase region, and finally the gel 
phase, allowing us to quantify κeff as ϕ varies from 0 to 1.

Shown in Figure 1b are representative NSE data measured for 
a DMPC/DSPC membrane containing a DSPC mole fraction 
(xDSPC ) of 0.7 as the system is cooled from the fluid phase, 
into the coexistence region, and then into the gel phase 
following the temperature points in Fig 1a. The dynamics 
markedly slow down with decreasing temperature. The 

FIGURE 3: Effective bending modulus (κeff) plotted versus area fraction of the 
gel phase (ϕ) for DMPC/DSPC lipids mixtures with the compositions given in the 
legend. The solid line is the predicted scaling calculated from the experimental 
data with no free parameters.
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F
or thousands of years, civilizations around the world 
have sought inorganic materials that could be used to 
paint things blue, with limited success [1,2]. The first 

blue material discovered was Lapis Lazuli, which was about 
6000 years ago. Since that discovery, only a few synthetic 
inorganic blue pigments have been developed – Prussian 
Blue (Fe4[Fe(CN)6]3) in 1706, Cobalt Blue (CoAl2O4) in 1802, 
Ultramarine Blue (Na7Al6Si6O24S3, the synthetic form of 
lapis lazuli) in 1824, and YInMn Blue (YIn1-xMnxO3) in 2009. 
Most of these compounds suffer from stability, cost, color, 
and toxicity issues. The YInMn Blue family of pigments are 
durable and possess remarkable heat reflecting properties, 
which makes them excellent candidates for energy-saving 
coatings, nonetheless they are not considered cost-effective 
for widespread general coating applications [2,3]. Co Blue, 
CoAl2O4, has been a dominant commercial blue pigment for 
the last two hundred years. It contains 33% by mass Co2+ and 
thus is expensive and environmentally unfriendly to produce.

The intensity of color generally scales with the chromophore 
composition, however reducing cobalt content is infeasible in 
the CoAl2O4 spinel structure without significant loss in 
coloration. The search for materials with similar local 
environments for chromophores has led to the exploration of 
other crystal structures as color-producing hosts. The hibonite, 
with general formula CaM12O19, has five distinct 
crystallographic M sites, including three different octahedra, a 
set of tetrahedra, and a set of trigonal bipyramids (TBPs) (Fig. 
1). Hibonites crystallize into a hexagonal crystal structure, with 
spinel blocks identical to CoAl2O4 separated by an ‘R’ block 
with TBPs, face-sharing octahedral M sites, and the Ca2+ sites. 
The tetrahedral and TBP sites are of interest because they are 
non-centrosymmetric and therefore may produce intense 
transitions as found in YIn1-xMnxO3 and CoAl2O4. Previous work 
has discovered many different colors in hibonite compounds 
[4,5]; however, the resulting blue colors are less intense than 
those in CoAl2O4.

We have investigated the effects of systematic Co2+/Ti4+ 
substitution into the hibonite structure and have found that 
Co2+ gives rise to intense, tunable blue coloration with up to  
x = 1 Co2+ (CaAl12-2xCoxTixO19, 8 % by mass Co2+) [6]. This 
coloration at such low Co2+ concentrations is characteristic due 
to the unique effect of the co-substituted Ti4+ within the 

FIGURE 1: Unit cell of hibonite, CaM12O19. Dark green spheres are Ca ions, 
green and yellow polyhedra are edge-sharing MO6 octahedra, red are face-
sharing MO6 octahedra, light blue are MO5 trigonal bipyramids (TBP), and blue 
are MO4 tetrahedra.

hibonite structure. This color is tunable by varying the Co2+ 

concentration as well as co-substitution with other transition 
metals, such as Ni2+, Mn3+, and Cr3+.

In order to understand the origin of the intense blue color of 
CaAl12-2xCoxTixO19, neutron powder diffraction data were 
collected using the NIST high resolution powder diffractometer. 
The structures were refined in hexagonal space group P63/mmc. 
We found that Co2+/Ti4+ co-substitution increases the lattice 
parameters from the parent composition. The deep blue hues 
seen in hibonites originate in the strong site preference of Co2+ 
and Ti4+ substitution. The face-sharing octahedral sites are the 
primary occupied sites of Ti4+, which is consistent with what 
has been found in other substituted hibonite systems. At least 
70% of Co2+ distributes into the tetrahedral site and 17% 
distributes into the TBP site by x = 1 substitution, with no Co2+ 
present in the face-sharing octahedral or one set of edge-
sharing octahedral sites. Refinement of these numerous sites is 
enabled by the large difference in neutron scattering lengths of 
Al3+, Co2+, and Ti4+. 
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FIGURE 1: Unit cell of hibonite, CaM12O19. Dark green spheres are Ca ions, 
green and yellow polyhedra are edge-sharing MO6 octahedra, red are face-
sharing MO6 octahedra, light blue are MO5 trigonal bipyramids (TBP), and blue 
are MO4 tetrahedra.

hibonite structure. This color is tunable by varying the Co2+ 

concentration as well as co-substitution with other transition 
metals, such as Ni2+, Mn3+, and Cr3+.

In order to understand the origin of the intense blue color of 
CaAl12-2xCoxTixO19, neutron powder diffraction data were 
collected using the NIST high resolution powder diffractometer. 
The structures were refined in hexagonal space group P63/mmc. 
We found that Co2+/Ti4+ co-substitution increases the lattice 
parameters from the parent composition. The deep blue hues 
seen in hibonites originate in the strong site preference of Co2+ 
and Ti4+ substitution. The face-sharing octahedral sites are the 
primary occupied sites of Ti4+, which is consistent with what 
has been found in other substituted hibonite systems. At least 
70% of Co2+ distributes into the tetrahedral site and 17% 
distributes into the TBP site by x = 1 substitution, with no Co2+ 
present in the face-sharing octahedral or one set of edge-
sharing octahedral sites. Refinement of these numerous sites is 
enabled by the large difference in neutron scattering lengths of 
Al3+, Co2+, and Ti4+. 

FIGURE 2: The face-sharing octahedral, tetrahedral, and TBP sites. Ti4+, Al3+, 
and Co2+ occupancy is represented by bright yellow, light blue, and dark blue 
spheres, respectively; red spheres are oxygens. Interatomic distances of interest 
are shown.

The Co2+ ion displays a strong preference for the tetrahedral 
coordination environment even though the crystal field 
stabilization energy for octahedral Co2+ is higher. This may 
be because the d7 electron configuration of Co2+ favors a 
weak Jahn-Teller distortion in octahedral coordination, which 
is unavailable in the hibonite structure. Neither the TBP nor 
tetrahedral environments require a Jahn-Teller distortion for 
d7, however, the tetrahedral site has a much higher percent 
of Co2+ in refined compositions. This is attributed to the 
displacement of the metal center of the TBP away from the 
trigonal plane (Fig. 2). This displacement creates a pseudo-
tetrahedral environment that is smaller than the real tetrahedral 
site and thus less likely to be occupied by the larger Co2+ ion. 
The total TBP occupancy in refined compositions is similar, 
despite the difference in molar percent of cobalt out of all sites. 
This suggests the TBP site becomes saturated by Co2+ at low 
concentrations of Co2+. 

This site preference is much more pronounced in  
CaAl12-2xCoxTixO19 than in the previously investigated  
CaAl Ni Ti O  or Ca La Al Ni O . The high spin d8

12-2x x x 19 1-x x 12-x x 19  
electron configuration of Ni2+ may contribute to this reduced 
preference as the octahedral crystal field stabilization energy  
is much larger than that for Co2+. 

Diffuse reflectance spectra shown in Figure 3 reveal 
absorption peaks centered at 580 nm and 1400 nm associated 
with tetrahedral Co2+, similar to that of commercial Cobalt 
Blue spinel. The hibonite blue spectra are blue-shifted until 
higher Co2+ concentration, resulting in a more neutral blue 
hue than Cobalt Blue. The tetrahedral site in hibonite blue is 
smaller and able to distort symmetrically away from the apical 
oxygen (Fig. 2), a feature forbidden in cubic Cobalt Blue. 
The increased intensity of the visible transition in hibonite is 
associated with the presence of both distorted tetrahedral 
Co2+ and TBP Co2+. The TBP site is more accurately described 
as a disordered pseudo-tetrahedral site, which may contribute 
to the tetrahedral electronic transitions seen in the diffuse 
reflectance spectra. Lastly, we have found that due to the 
reduction in Co2+ content in hibonite blue compared to Cobalt 
Blue, the near infrared reflectivity is enhanced in hibonite 
blue, making hibonite blues more suitable for energy-saving 
heat-reflective coatings.

FIGURE 3: (a) UV/visible and (b) near infrared diffuse reflectance spectra of 
hibonite blue and cobalt blue.  Representative color comparisons are shown 
at right.

In conclusion, we have found that hibonite blues exhibit 
intense, neutral blue coloration with Co2+ content lower 
than 8% by mass due to the high site preference of Co2+ 
and Ti4+ within the hibonite structure. This color rivals that of 
commercial Cobalt Blue pigments with a fraction the amount 
of Co2+ of Cobalt Blue while maintaining durability and better 
near infrared reflectivity.
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H
ybrid perovskites have radically transformed photovoltaics 
research. These materials do not quite “look” like our 
conventional semiconductors, such as silicon and gallium 

arsenide. While they all appear as black, light-absorbing 
materials macroscopically, hybrid perovskites have different 
atomic structures and atomic dynamics, as informed by 
diffraction and spectroscopy (Figure 1). The presence of an 
organic cation introduces several dynamic degrees of freedom 
not present in conventional materials. While these hybrid 
materials have recently been a focus of intense research, 
an enigmatic question has remained: does the organic 
component contribute to the advantageous properties? In 
other words, how does having a dynamic organic cation 
embedded into an inorganic semiconductor benefit the 
photovoltaic performance? A few studies have showed that 
optical excitation of the material yields transient (e.g., ≈ ps) 
responses of the organic cations that relate to the separation of 
charge carriers [1-3]; however, the relationship to macroscopic 
and steady-state performance has remained disconnected. 
Here we describe neutron scattering results which reveal how 
changes in the cation dynamics directly influence steady-state 
photoconductivity [4].

The hybrid perovskite formamidinium lead bromide,  
(CH(NH2)2)PbBr3, exhibits a strong photoconductivity response 
with a puzzling temperature dependence showing 5 anomalies 
in the wavelength and amplitude on cooling single-crystal 
specimens (Figure 2). Only two of these anomalies are 

explained by structural phase transitions detected by neutron 
and synchrotron X-ray diffraction (NIST, BT-1; APS, 11-BM). 
The remaining anomalies in these properties required an 
understanding of the dynamics of the material.

Changes in the dynamics and entropy of formamidinium lead 
bromide correlate with the anomalies in the temperature-
dependent photoconductivity. Each of the five anomalies 
corresponds to an entropy-releasing phase transition detected 
by calorimetry experiments, including the phase transitions 
with changes in crystallographic symmetry (Figure 2a, b). 
Fixed-window elastic neutron scattering (NIST, HFBS) revealed 
that all five transitions correspond to significant changes 
in the dynamics of the material (Figure 2c). Given that 
1H has the largest neutron scattering cross section in the 
material by nearly an order of magnitude, these changes in 
dynamics correspond largely to changes in motions of the 
formamidinium molecules. Therefore, the three anomalies not 
explained by changes in crystal structure depend on changes 
in organic cation dynamics. 

FIGURE 1: Comparison of the structures of the conventional inorganic 
semiconductors silicon, cadmium telluride, and gallium arsenide to the hybrid 
perovskite methylammonium lead bromide, which has dynamically reorienting 
molecular cations.

FIGURE 2: Left: False-color representation of the temperature-dependent 
photoconductivity as a function of excitation wavelength of (CH(NH2)2)PbBr3. 
Dashed-dotted gray lines indicate crystallographically resolvable phase transition 
temperatures while transitions indicated by the dashed gray lines are not 
detected by diffraction. Right: (a) Photoconductivity peak center (left axis, gray 
circles), photoconductivity peak intensity (right axis, unfilled green triangles), 
and photoconductivity background intensity (right axis, pink triangles). (b) Heat 
capacity data for (CH(NH2)2)PbBr3 showing entropy-releasing phase transitions 
at 118 K, 153 K, 162 K, 182 K and 266 K; only the transitions at 153 K and 266 K 
result in a change of crystallographic symmetry (dashed-dotted lines). (c) Mean 
squared displacement (MSD) from fixed window elastic neutron scattering (NIST, 
HFBS). After [4]. 
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The temperature dependence of the quasielastic neutron 
scattering (QENS) reveals a change in the nature of 
reorientational dynamics of the formamidinium molecules. 
Representative QENS data (NIST, HFBS; Figure 3, top) indicate 
a significant increase in the relaxation time upon cooling from 
155 K to 130 K, as observed in the decreasing linewidth of the 
quasielastic component. By extracting the elastic incoherent 
structure factor (i.e., the Q-dependent ratio of incoherent 
elastic to incoherent total scattering), we reveal changes in the 
form factor of the formamidinium dynamics (Figure 3, bottom) 
– at higher temperatures, the molecules are able to undergo 
many hopping reorientations, consistent with 120° (C3) or 90° 

(C4) rotations about the long molecular axis; however, upon 
cooling below 155 K, only 180° (C2) rotations about the short 
molecular axis are observed. This causes a measurable increase 
in the material’s bandgap (Figure 3), indicating that the organic 
reorientational dynamics are coupled to the inorganic lattice 
that contributes to the frontier electronic states. 

When we consider the observed changes in the 
photoconductivity of the hybrid perovskite formamidinium lead 
bromide in the context of the neutron scattering experiments, 
it shows that the cation dynamics are responsible for hidden, 
nanosized domains that result in changes to the macroscopic, 
optoelectronic response. This description is consistent with 
what others have described as a ‘ferroelastic electret’ [5] or 
dynamic, “ferroelectric large polarons” [3] in this family of 
materials. Our subsequent work studying the solid-solution, 
(CH(NH2)2)1–x(Cs)xPbBr3, using neutron scattering and nuclear 
spectroscopies (1H and 14N NMR and 79Br NQR) revealed the 
importance of quadrupolar interactions between the organic 
cation and the anionic cage in dictating this phase behavior 
[6]. These neutron scattering studies make an important 
connection between organic cation dynamics and the steady-
state photo-response of these materials that is directly relevant 
for photovoltaic applications. 

Reference

[1]  H. Zhu, K. Miyata, Y . Fu, J. Wang, P. P. Joshi, D. Niesner, 
K. W. Williams, S. Jin, X.-Y. Zhu. Science 353 (6306), 
1409 (2016).

[2]   K. Miyata, D. Meggiolaro, M. T. Trinh, P. P. Joshi, E. 
Mosconi, S. C. Jones, F. De Angelis, X.-Y. Zhu. Sci. Adv. 3 
(8), e1701217 (2017).

[3]   K. Miyata, X.-Y. Zhu. Nat. Mater. 17 (5), 379 (2018).
[4]   E. M. Mozur, J. C. Trowbridge, A. E. Maughan, M. J. 

Gorman, C. M. Brown, T. R. Prisk, J. R. Neilson. ACS 
Mater. Lett. 1 (2), 260 (2019).

[5]   J. N. Wilson, J. M. Frost, S. K. Wallace, A. Walsh. APL 
Mater. 7, 010901 (2018).

[6]   E. M. Mozur, M. A. Hope, J. C. Trowbridge, D. M. Halat, 
L. L. Daemen, A. E. Maughan, T. R. Prisk, C. P. Grey, J. R. 
Neilson. Chem. Mater. 32, 6266 (2020).

FIGURE 3: Top: Representative QENS spectra of CH(NH2)2PbBr3 collected above 
and below phase transition temperatures. The quasielastic component at the 
middle temperatures narrows as a temperature decreases, indicative of changes 
in the molecular dynamics within the energy resolution; the QENS is bandwidth 
limited at 200 K (± 15 µeV). Bottom: (a) Elastic incoherent structure factor (EISF) 
extracted at T = 160 K, 155 K, and 130 K. The smaller slope at T = 130 K indicates 
that the geometry of the motion has changed to encompass a smaller radius in 
the extent of motion compared to T = 155 K. For comparison, models constructed 
based on C2, C3, and C4 molecular rotations are shown in (b). After [4].
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B
attery technologies typically require high energy densities 
for economic feasibility. For popular solution-phase 
batteries (e.g., redox-flow batteries), this requirement 

translates to high concentrations of active materials. Structural 
properties, solubility, electrochemical diversity, and low cost 
make organic molecules promising active material candidates. 
However, problems, including high viscosities, crystallization, 
and high cell resistance, occur when the concentrations 
of redox-active organic molecules (ROMs) are increased in 
nonaqueous electrolyte solutions. Furthermore, building 
a reliable model to describe and predict the structure and 
dynamics of ROMs in nonaqueous electrolyte solutions is 
challenging, and experimental data are needed to develop the 
model. In this study, neutron scattering was performed on the 
CHRNS High Flux Backscattering Spectrometer (HFBS) at the 
NCNR to probe crystallization behavior and microheterogeneity 
formation in nonaqueous electrolyte solutions. Specifically, 
we compared two solutions – one contained symmetrical 
ROMs prone to crystallize, and one contained desymmetrized 
ROMs preferring disordered states. Calorimetry and neutron 
data show that the desymmetrized system stays in a 
disordered liquid state even at very low temperatures and 
high concentrations. Interestingly, localized cold crystallization 
occurs during heating, which prompts the system to increase 
nucleation of microcrystalline solids within liquid phases. 
These findings suggest molecular clustering, solvation 
inhomogeneities, and molecular crowding in concentrated 
solutions [1]. 

Neutron scattering can easily distinguish between hydrogen 
and deuterium; this fact makes it a highly useful technique 
for probing multicomponent electrolyte solutions because it is 
possible to synthesize selectively deuterated ROMs. While we 
are interested in the single-particle motions measured by the 
neutron incoherent scattering, we kept the chemical species 
of interest protiated while deuterating all other components. 
In this work, we studied ROM solutions containing acetonitrile 
solvent, lithium bis(trifluoromethane)sulfonimide (LiTFSI) 

supporting electrolyte, dimethoxybenzene-based catholytes 
(oxidized species), and 2,1,3-benzothiadiazole anolyte (BzNSN, 
reduced species). We chose 1,4-dialkoxybenzene (DMB) as the 
catholyte for the “symmetrized” solutions and 2,5-di-tert-butyl-
1-methoxy-4-[2′-methoxyethoxy]benzene (DBMMB) for the
“desymmetrized” solutions. The ROMs were studied at
0.5 mol/L, 1.0 mol/L, and 1.5 mol/L concentrations while the
LiTFSI was 1.0 mol/L in all cases. Neutron incoherent elastic
scattering was measured using a fixed-window temperature
scan to probe the temperature dependence of the single-
particle dynamics. Differential scanning calorimetry (DSC) was
performed to complement these data. Significant differences
were observed between DMB-containing solutions and
DBMMB-containing solutions. A schematic cartoon explains
this phenomenon (Figure 1). DMB solutions prefer to crystallize
while DBMMB solutions remain amorphous/supercooled. The
LiTFSI was necessary to favor the supercooled state, likely
through solvate formation with the functional groups on
DBMMB. Interestingly, the supercooled DBMMB solutions also
exhibited cold crystallization on heating.

We then performed quasi-elastic neutron scattering (QENS) 
experiments on DBMMB solutions both after cooling or 
heating to 250 K to reveal the molecular-level differences of 
supercooled and post-crystallized states. By analyzing the QENS 
spectra (see Figure 2), we extracted the Q-dependence of the 
relaxation time τ. In Figure 3a and 3b, 1/τ vs. Q2 was shown. 

FIGURE 1: Crystallization differences in complex fluids
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After cooling, 1/τ increases nearly linearly with Q2 but deviates 
slightly from linearity at large Q. This behavior was fitted with 
the Singwi-Sjölander jump diffusion model [2], which implies 
a homogeneous phase (supercooled state). After heating, 1/τ 
depends on Q2 only for Q < 0.5 Å-1. For larger values of Q, 1/τ 
shows oscillatory behavior (Figure 3b), suggesting a different 
phase state. This behavior was fitted with the Chudley-Elliott diffusion of the molecule; this result shows that neutron 
jump diffusion model [3]. In this model, the jump distance is 
fixed to account for diffusion in liquids with short-range order. 
The fitted jump length is five times larger than in the supercooled 
state, suggesting a more-ordered local structure. This result 
also indicates liquid-like and solid-like microdomains coexist 
after heating, and that the latter form by burst nucleation after 
the cold crystallization. These results demonstrate how subtle 
structural changes in electrolyte design lead to perturbative 
phase changes and the delicate balance between maintaining an 
amorphous glassy state vs. unwanted crystallization.

In summary, our work demonstrates how electrolyte design 
has a major impact on dynamics and phase behavior in ROMs 

nonaqueous solutions. Specifically, desymmetrized DBMMB-
containing solutions show the formation of surprisingly 
metastable supercooled states on cooling and mixed solid-like 
and liquid-like states on heating. The coexistence of solid and 
liquid micro-domains further leads to the slower translational 

scattering is a powerful technique for understanding early-
onset heterogeneity in concentrated flow battery solutions.
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FIGURE 2: QENS spectra of 1.0 mol/L DBMMB at 250 K. The overall fit (the orange 
line) is the sum of the elastic (ENS, green dotted line) and inelastic (QENS, dark 
purple dashed line) contributions. For cooling curves, the stretching exponent, β, 
used was β = 0.65, while for heating β = 0.5. 

FIGURE 3: (a) 1.0 mol/L DBMMB at 250 K follows the Singwi-Sjölander jump 
diffusion model after cooling, suggesting a more homogeneous phase, and (b) the 
Chudley-Elliott jump diff diffusion model after heating, suggesting mixed solid-like 
microcrystalline and liquid-like domains and cartoons denoting these regimes. 



14 NIST CENTER FOR NEUTRON RESEARCH

C
H

E
M

I
C

A
L

 
P

H
Y

S
I

C
S

Quantification of sub-nanometer chloride layer 
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P
bS quantum dots (QDs) are a promising class of 
nanomaterials that have been proposed for use in 
many next-generation optoelectronic devices. These 

semiconductor crystallites – typically less than 8 nm in diameter 
– exhibit widely tunable absorbance/emission across the near-
infrared spectrum. PbS QDs are particularly exciting for use in
solar cells, LEDs, thermoelectrics, lasers, photodetectors, and
infrared imaging systems. At the nanoscale, the high surface-
to-volume ratio in these materials means the surface structure
and energetics are critical to determining ensemble properties.
However, quantitative chemical characterization of QD surfaces
is extraordinarily challenging.

There are multiple synthetic routes for producing PbS QDs 
using either PbO or PbCl2 as the lead precursor. However, there 
are notable differences in the reported materials from each 
synthesis. A sizing curve for PbO-based PbS QDs yields smaller 
nanocrystal sizes for a given first exciton absorption peak as 
compared to a sizing curve for PbS QDs synthesized with a 
large excess of PbCl2 [1]. Additionally, the reported Pb-to-S 
ratio in PbCl2-based QDs is higher than that for PbO-based 
QDs, and residual Cl can be detected even after washing [1]. 
Circumstantial evidence suggests that PbS QDs prepared from a 
PbCl2 precursor may be coated with an insulating PbClx shell [2, 
3]. However, direct structural evidence is missing. Transmission 
electron microscopy (TEM) shows only that PbCl2-based QDs 
are as large as they were originally reported to be. This is 
because electron scattering techniques are dominated by the 
heavy lead atoms, which are present in both the PbS core 
and the hypothesized PbClx shell. Small angle X-ray scattering 
(SAXS) likewise is dominated by Pb. Moreover, X-ray powder 
diffraction (XRD) is of limited value since an epitaxial PbClx shell, 
by definition, will have the same continuous crystal structure as 
the PbS core.

In a recent paper, we showed that small angle neutron 
scattering (SANS) provides the elemental contrast needed to 
quantify the presence of a PbClx shell in oleate-capped PbCl2-
based PbS QDs [4]. Unlike electron and X-ray scattering probes, 
neutron scattering cross sections do not scale with the atomic 
number. SANS is well-suited to resolve all components of a 
colloidal nanocrystal given the significant contrast between the 
core, surface layer, ligand-shell, and solvent that results from 
the different scattering length densities (SLDs) of each of these 

components. The ability to shift the contrast with the solvent 
through deuteration enables robust parameter estimation for a 
complex model of the nanoparticle form factor.

We used Bayes rule to describe the statistical relationship 
between the parameters of a piecewise linear form factor model 

FIGURE 1: SANS data fitting of oleate-capped colloidal PbS nanocrystals in 
toluene. (a) Fit intensity profiles of three selected deuteration fractions. (b) Best-fit 
radial volume fraction profile corresponding to the data presented in panel (a).
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derived from molecular dynamics simulations and the measured 
scattering intensity in experiments with nanocrystals. We 
sampled from the distribution of form factor model parameters 
using an affine invariant Markov Chain Monte Carlo (MCMC) 
method. This statistical approach to analyzing the scattering data 
enabled detection and uncertainty quantification for different 
materials and their amounts within the nanocrystal core and 
the ligand shell. We found that the ensemble of form factor 
models sampled by the MCMC method using data drawn from 
nanocrystals synthesized with and without a chloride precursor 
were statistically distinct. Samples of the different form factor 
models were used to compute the expected ratios of lead 
to sulfur and sulfur to chlorine in the nanocrystals as well as 
the variance in these ratios. We confirmed that the elemental 
ratios derived solely from the form factor model and scattering 
data were consistent with elemental analysis of solutions of 
nanocrystals synthesized with and without a chloride precursor. 
These robust statistical methods for analyzing scattering data are 
far more complex than standard least squares fitting. However, 
the ability to derive ensembles of form factor models and to 
analyze directly the correlations among different parameters 
within the model yield insights that make the additional 
computational effort worthwhile.

Our SANS experiments were performed at the NG7SANS 
instrument at the NIST Center for Neutron Research. In order to 
have enough data sets to determine all the fitting parameters, 
nine different solvent contrasts were prepared by mixing 
the protonated and deuterated solvents. The fraction of the 
deuterated solvent ranges from 17% to 100%. By fitting all 
the data at different contrasts, our SANS analysis aided with a 
computer simulation model yields a lead chloride surface layer 
thickness of ≈ 0.3 nm, which is consistent with a monolayer 
of PbCl2 epitaxially bound to the PbS core. The difference 
in sizing curves is attributed to this surface layer. The ligand 
coverage and atomic ratios measured with SANS agree with 
nuclear magnetic resonance (NMR) spectroscopy and energy-
dispersive X-ray spectroscopy (EDS) measurements on the same 
QDs. Finally, we used this information to propose an atomic 
surface configuration that is charge neutral and consistent with 
all experimental measurables. This study resolved a scientific 
discrepancy between reported sizing curves for PbS QDs and 
further demonstrated the power of SANS in resolving molecular 
structure in soft and hybrid nanomaterials.
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FIGURE 2: Proposed structure of the PbClx shell. A pristine PbS core (blue) is 
covered in a monolayer of PbCl2 (orange) over both (100) and (111) facets. The 
three-dimensional structure, including oleate ligands bound to the (111) facets, 
is charge neutral. 
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M
agnetic ground states that are forbidden from ordering 
due to quantum fluctuations, such as quantum spin 
liquids, represent enticing new electronic phases of 

matter that in certain scenarios host long-range entanglement 
between spins and unconventional quasiparticles. However, 
experimentally stabilizing and studying quantum spin liquid 
states predicted from idealized theoretical models is an 
enduring challenge—one often fraught with the complexities 
of defects, anisotropies, and symmetry breaking that appear 
in real materials. Our recent study advances this field by using 
neutron scattering techniques to identify a chemically ideal 
material, NaYbO2, that stabilizes a native, quantum-disordered, 
ground state that can be driven into a classically ordered phase 
via the application of an external magnetic field. This opens 
an exciting new frontier for exploring and understanding how 
quantum disorder arises in a highly frustrated magnetic system 
and how external perturbations promote the formation of 
competing magnetic order.

Geometrically frustrated magnetic materials are a rich platform 
for discovering new electronic phases of matter, and the 
triangular lattice antiferromagnet is one of the most intensively 
studied cases. The interplay of quantum effects in the limit of  
S = 1/2 spins and underlying anisotropies can lead to 
dynamically disordered, many-body correlated ground states 
that fundamentally behave differently from a conventionally 
ordered magnet or a frozen ensemble of disordered spins. 
Emergent degrees of freedom such as fractionalized spin 
excitations are endemic to many flavors of these quantum 
disordered states and are often sought via neutron inelastic 
scattering experiments. Realizing materials capable of 
manifesting true quantum disordered ground states born from 
idealized spin Hamiltonians is often a challenge, as is finding 
unambiguous evidence of many of the exotic properties 
predicted from these models. Within triangular lattice systems, 
chemical defects, lattice distortions, or electronic anisotropies 
in real materials often break the symmetries of an idealized, 
frustrated spin Hamiltonian and either promote conventional 
magnetic order or a static, frozen magnetic ground state. 

Rare earth oxides, such as YbMgGaO4 [1-4], have recently 
generated interest in this arena where Yb-moments with 
a Kramers’ crystalline electric field Jeff = 1/2 ground state 
decorate a geometrically-ideal triangular lattice. While this 
material exhibits a continuum of spin excitations and no 
signs of conventional long-range order that could presage a 
true quantum disordered ground state, intrinsic site disorder 
(between divalent Mg and trivalent Ga ions) within its crystal 
structure imparts ambiguity to interpreting these effects 
as either born from quantum fluctuations or from highly 
disordered exchange fields. To address this ambiguity, we 
furthered this notion of harnessing rare earth oxides to create 
an ideal triangular lattice of Jeff=1/2 moments and explored 
the magnetism in the compound NaYbO2 [5]. Unlike previous 
materials studied, in NaYbO2, the triangular layers of Yb 
moments are not impacted by innate chemical disorder (Figure 
1), and this has a resounding effect on the resultant low-
temperature physical states observable in the system. 

FIGURE 1: (a) NaYbO2 crystallizes in the α-NaFeO2 R-3m structure with D3d YbO6 
octahedra generating two-dimensional triangular lattice layers (Yb: blue, O: 
orange, Na: black). The layers are stacked in an ABC sequence separated by 
one, fully occupied Na ion layer, within experimental resolution. (b) A simplified 
depiction of a spin liquid state involves dynamically disordered quantum spins 
that resist magnetically ordering to zero Kelvin. In NaYbO2, the system does not 
order in zero field down to 50 mK, as the Jeff = 1/2 spins are frustrated in the 
triangular lattice. Furthermore. the stacking sequence enhances the geometrical 
frustration of the system, as the projection of Yb ions into neighboring planes 
contains three equivalent bonds from the center of a Yb triangle (Yb ions above: 
black outlined green squares; Yb ions below: green squares).
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Figure 1 shows the chemical structure of NaYbO2. The YbO6 
octahedra form in the D3d point group and generate Jeff = 1/2 
spins that decorate a geometrically ideal triangular lattice. 
Specific heat measurements of the system [5] reveal that this 
material exhibits a complex series of magnetic phenomena that 
vary with temperature and magnetic field. In zero magnetic 
field, no sharp anomaly appears down to 80 mK; this is one 
indication that the material contains an unconventional, 
disordered ground state. The data instead only show broad 
features that account for all the expected magnetic entropy of a 
Jeff = 1/2 system. However, upon the application of a magnetic 
field, the features in specific heat shift in temperature and form 
a sharp peak indicative of the appearance of magnetic order. 
This provides evidence that the disordered magnetic ground 
state is innate in this material and can be driven to order under 
a reasonably small perturbation that breaks the degeneracy of 
NaYbO2’s quantum disordered magnetic ground state. 

The appearance of the sharp heat capacity anomaly 
coincides with new, long-range ordered, magnetic diffraction 
peaks, observed at 5 T using the NCNR neutron powder 
diffractometer BT-1, that are absent at 0 T [5]. Fits to the 
neutron powder diffraction data show that the ordered magnetic 
state is a collinear “up-up-down” state represented by two 
ordering wave vectors of k1 = (1/3, 1/3, 0) and k2 = (0, 0, 0) with 
moments aligning nearly parallel to the (1, -1, -1) direction. 
The extracted magnetic moment of 1.36 ± 0.1 μB per Yb ion 
is slightly lower than the expected 1.5 μB moment and is likely 
caused by strong remnant quantum fluctuations endemic to 
this material. 

Neutron inelastic scattering measurements performed on DCS 
at the NCNR on NaYbO2 powder were used to explore the 
dynamics associated with the unconventional ground state of 
this compound (Figure 2). In zero field, the data in Figure 2 (a) 
reveal a gapless continuum of excitations centered on the two-
dimensional antiferromagnetic Q = (1/3, 1/3, 0) zone center 
(1.25 Å-1) and spanning a 1 meV bandwidth. Upon increasing 
magnetic field, these magnetic excitations coalesce into an 
ordered state, and a new flat band of excitations appears near 
1 meV at 5 T. Linear spin wave models of these excitations within 
the ordered state identify a model XXZ Hamiltonian with a slight 
easy-plane anisotropy and Jz = 0.45 and Jxy = 0.51 meV. However, 
this classical model fails to capture the inelastic spectrum in 
zero field and predicts 120o correlations between neighboring 
moments in an ordered antiferromagnetic ground state. Further 
theoretical analysis of NaYbO2 suggests that the quantum 
fluctuations and geometrical frustration in this material are 
enhanced by three-dimensional interlayer frustration that 
potentially promotes a two-dimensional spin liquid magnetic 
ground state. NaYbO2 therefore shows promise for exploring 
the behavior of this anomalous new magnetic phase and, 
more broadly, for helping us to understand how a quantum 

disordered phase evolves into a conventionally ordered 
magnetic state as its degeneracy is lifted via the application 
of a modest magnetic field.

In summary, our work demonstrates that NaYbO2 is a model 
material for investigating the formation of an intrinsic 
quantum disordered state formed by Jeff=1/2 Yb-moments on 
a triangular lattice. The presence of a field-induced transition 
into a magnetically ordered “up-up-down” state directly 
demonstrates that this quantum disordered state is innate to 
the highly frustrated Yb-based triangular lattice and does not 
arise from extrinsic chemical disorder. NaYbO2 thus provides a 
unique opportunity to investigate the formation of a quantum 
spin liquid ground state and to test predictions of model 
Hamiltonians in a chemically ideal setting with an easily field-
controllable magnetic phase diagram.
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FIGURE 2: (a) Neutron inelastic scattering from a powder sample at 67 mK 
in zero magnetic field in the quantum disordered state of NaYbO2. Scattering 
intensity is centered near Q = (1/3, 1/3, 0) (1.25 Å-1) and forms a continuum that 
stretches to roughly 1 meV. (b) At 5 T and 74 mK, the inelastic spectral weight is 
pushed primarily into the elastic line forming static magnetic order and develops 
a flat band near 1 meV. The strong, low-energy, quantum fluctuations in NaYbO2 
become suppressed by the external magnetic field as it enters a conventional 
long-range ordered phase with an equal moment “up-up-down” structure. 
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I
t can be very convenient to think of magnetism in terms 
of localized spins – that is, assigning a valence state to an 
atom, which determines the magnitude of the moment at 

that atom. While this picture works well for insulators and 
even some metals, many materials can’t be described in these 
terms. An example is a molecular magnet, where a group 
of atoms shares an unpaired electron (or, electrons) and this 
group is the smallest unit in a compound for which you can 
assign a moment value. GaV4S8 is a molecular magnet, where 
V4 tetrahedra share a single electron with S = ½, and all the 
magnetic properties within the system are driven by this 
electron within each vanadium cluster. Above 44 K, GaV4S8 
has cubic lattice symmetry, and the electron is known to be 
equally shared between all vanadium atoms due to equal V-V 
bonding lengths (Fig. 1(a)). When GaV4S8 is cooled below 44 K, 
it undergoes a structural distortion that breaks the equality 
of the V-V bonds, and an outstanding question has been 
what happens to the shared nature of the electron? This is a 
particularly important inquiry because the structural transition 
displaces one V atom (the apical) in the cluster further from the 
other three, which induces a robust ferroelectricity, a sought-
after material property involving charge ordering.  A proper 
understanding and modeling of the ferroelectricity depends 
on knowing where the electron resides. Upon further cooling, 
GaV4S8 orders magnetically at 13 K, and the dual ordering of 
charge and spin is what classifies this system as a multiferroic. 
These two properties can be coupled, where manipulating one 
type of order can drive the other to undergo changes, thus 
broadening the ways in which the properties useful to quantum 
computing and spintronics can be controlled.

Using the triple-axis spectrometer BT7, we carried out neutron-
diffraction measurements of the magnetic order as a function 
of temperature and magnetic field in all the different phases 
of this multiferroic system [1]. The transition from the high-
temperature cubic phase to the low-temperature rhombohedral 
phase at 44 K can be seen in Fig. 1(b), where the (3,3,3) Bragg 
peak splits as the symmetry is lowered and ferroelectricity sets 
in. The focus of this study was to determine the magnetization 

density in the ferroelectric phase and the nature of the 
magnetic ground state, which turns out to be ferromagnetic. 
The magnetization density, a real-space distribution, is 
determined by measuring the magnetic form factor, a reciprocal 
space quantity, which gives information on the location of 
the unpaired electron within the material. This measurement 
is particularly challenging in GaV4S8 given that the magnetic 
moment is small and that the magnetic Bragg scattering 
coincides with the nuclear Bragg scattering. Nevertheless, we 
were able to make these measurements by using the field-
induced magnetic scattering and a polarized neutron beam, 
which maximizes sensitivity to weak magnetic scattering.
The magnetic form factor at 20 K obtained from these 
polarized beam data  is shown in Fig. 2(a), where we have 
assumed in calculating the magnetic structure factor that 
the average aligned moment on each V ion is the same and 
aligned along the field direction. The smooth curve is the 
calculated spherically averaged form factor for a singly ionized 
V atom. Some deviations from spherical symmetry are not 
unusual, so we don’t expect all the points to be within the 
statistical uncertainties of the curve, but there is quite good 
agreement with the overall trend. In contrast, assuming that 
the unpaired electron is only located on the apical ion produces 
an unphysical result, as shown in Fig. 2(b) for the same 
experimental data. Density functional theory (DFT) calculations 
found that the electron most likely has a slight inhomogeneous 
distribution among the 4 V, but the results are consistent with 
the neutron analysis showing that the equal density picture 
model best fits the data. Analysis of magnetic form factor data 
requires exact knowledge of the crystal structure. Repeating the 
form factor measurements at 15 K, which pushes the system 
closer to the magnetically ordered state, proved difficult due to 
the coupling between the magnetic and ferroic orders, which 
was reflected in our measurements by changes to the structure 
as field was applied.
Exploring the magnetic ground state utilized both polarized and 
unpolarized neutron diffraction measurements. We found that 
the field-induced saturated magnetic moment at 20 K – above 
the long-range ordered state – matched that of the zero-field 
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magnetic moment at 2 K. The analysis showed that all the 
magnetic moment can be accounted for assuming a collinear 
ferromagnetic model as the ground state. Additionally, we 
were able to determine that in the ground state, the magnetic 
anisotropy is particularly strong, such that a 2 T applied field is 
not large enough to pull the moments away from the preferred 
ferromagnetic axis. 

Measurements performed at the NCNR focused on studying the 
distribution of the unpaired electron within the V4 clusters and 
the magnetic ground state using neutron diffraction. In addition 
to the diffraction measurements, theoretical calculations 
using the DFT framework were employed to verify what was 
observed. The theoretical and experimental results are in close 
agreement, suggesting that the electron stays distributed 
among the vanadium clusters upon entering the electrically 
polarized phase. The study also demonstrated the coupled 
nature between the magnetic and ferroic ordering, where the 

addition of an applied magnetic field redistributes the structure 
due to the magnetic moments aligning with the external field. 
These results answer outstanding questions about GaV4S8, 
which has long been studied for its many intriguing properties.
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FIGURE 1: (a) Crystal structure of GaV4S8 in the cubic phase. (b) The effective 
“cubic” lattice parameters from neutron-diffraction data. The inset is a contour 
plot of the neutron diffraction intensity from the (3, 3, 3) Bragg peak as it splits 
on cooling below the cubic-to-rhombohedral phase transition.

FIGURE 2: (a) Magnetic form factor obtained from the polarized beam data, 
normalized by moment per V4 cluster and plotted against wavevector, assuming 
that the electron is equally likely to be found on the 4 V. The solid curve is the 
spherically averaged form factor for a singly ionized V atom. This function was fit 
to the data, and both data and function are scaled by the saturated moment at 
high field. (b) Alternative extracted form factor assuming the electron is localized 
on the apical V, where the solid curve is the spherical average for a singly ionized 
V atom. This function provides a poor fit to the data, where both data and 
function are scaled by the saturated moment at high field.
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a kagome staircase lattice
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F
rustrated magnetism occurs when a material contains 
coupled magnetic moments where no ordered state 
can simultaneously satisfy all magnetic interactions. 

Geometrical frustration arises from the material’s lattice 
structure, usually from antiferromagnetic interactions (which 
encourage neighboring spins to point antiparallel) in a 
material with spins arrayed on triangular plaquettes. The 
antiferromagnetic kagome lattice, consisting of corner-sharing 
triangles, is particularly frustrated due to an infinite degeneracy 
of the classical ground state. Frustration can also arise from 
disorder or when ferromagnetic and antiferromagnetic 
interactions compete. Magnetic frustration weakens the 
energetic favorability of the ordered state, which often 
allows for unique magnetic phases to arise due to quantum 
or thermal fluctuations. Co3V2O8 features spin-3/2 magnetic 
moments arranged on a kagome staircase lattice of corner-
sharing triangles (Fig. 1). While competing interactions yield 
a complex magnetic phase diagram, previous work had 
treated the compound as quasi-two-dimensional with only 
weak interactions between the buckled kagome planes. In 
contrast, our extensive spin-wave measurements using the 
DCS spectrometer at the NCNR show that a fundamentally 
three-dimensional magnetic model is necessary to describe 
this material [1]. Further, the spin-wave spectra point to an 
unusually large Dzyaloshinskii-Moriya antisymmetric exchange 
interaction on the nearest-neighbor bond.

Co3V2O8 belongs to a family of compounds featuring a 
divalent transition metal ion decorating the kagome-staircase 
structure. Like the planar-kagome lattice, magnetic ions lie on 
corner-sharing triangles.  In the kagome-staircase structure 
there are two crystallographically distinct sites: the Co1 sites, 
referred to as the cross-ties, and the Co2 sites, referred to 
as the spines. Previous powder and single-crystal-diffraction 
experiments [2] revealed a complex series of magnetically 
ordered phases. Below TC = 6.2 K all magnetic moments 
align ferromagnetically along the a-axis. Above TC diffraction 
experiments show antiferromagnetic Bragg peaks with a 

   
→

propagation vector k = (0,δ,0), where δ evolves continuously    
with temperature from δ = 1/3 just above TC to δ = 0.55 at  
TN = 11.3 K with commensurate lock-ins at 1/3 and 1/2 
persisting over a range of temperatures. These diffraction 
data indicate a transversely polarized spin-density-wave 
structure, where the changing value of δ with temperature 

is driven by competition between various ferromagnetic and 
antiferromagnetic interactions.

A previous work [3] had measured the spin-wave spectra of 
Co3V2O8 along the [H 0 0] and [0 0 L] directions and found 
that they could be modeled fairly accurately using only the 
nearest-neighbor-ferromagnetic interaction J1 between a 
cross-tie and spine site. Because of this the literature had, for 
a decade, treated Co3V2O8 as quasi-two-dimensional with 
the out-of-plane magnetic interactions being quite small 
compared to those within a buckled-kagome plane. Using 
the DCS spectrometer, we measured the spin-wave spectra of 
Co3V2O8 in the ferromagnetic phase in multiple orientations 
that could probe along the [0 K 0] direction (perpendicular 
to the buckled-kagome planes). We found that the spin 
waves along this direction, shown in Fig. 2(a), are highly 
dispersive with a bandwidth comparable to that measured 
along directions within the planes. This indicates fully three-
dimensional magnetism, with interactions between planes that 
are comparable in strength to those within them.

FIGURE 1: Structure of Co3V2O8. The two crystallographically distinct cobalt 
sites are shown in blue (Co1 cross-tie sites) and green (Co2 spine sites). 
Vanadium ions are cyan and oxygen ions are red.
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Our spin-wave spectra along these directions reveal two distinct 
modes that are split from each other by about 0.3 meV near 
high-symmetry points, indicating an avoided crossing between 
these two modes. One possible cause of this avoided crossing 
is the Dzyaloshinskii-Moriya (DM) interaction, an antisymmetric 
exchange interaction that is possible for bonds with low 
symmetry but that is typically fairly weak. We performed a fit 
of all of our measured spin-wave data to a spin Hamiltonian 
featuring multiple Heisenberg exchange terms, a DM interaction 
on the nearest-neighbor bond, and single-ion anisotropy on 
each site. Figure 2 displays both the data and simulations using 
the best fit Hamiltonian, showing very good agreement. As 
expected, the fit values support a three-dimensional magnetic 
model where the out-of-plane couplings between a spine and 
cross-tie site (J3 = -0.14 meV ± 0.02 meV) or between spine  
sites (J4 = -0.12 meV ± 0.03 meV) on adjacent planes are  
only slightly weaker than the ferromagnetic interaction  
between spine and cross-tie sites within the same plane  
(J1 = -0.21 meV ± 0.02 meV). It is expected that there must  
also be at least one weaker antiferromagnetic coupling between 
planes in order to lead to the antiferromagnetic spin-density-wave 
phase observed between 6.2 K and 11.3 K [2]. The structure of 
the δ = 1/2 spin-density wave features spins connected by these 
three dominant ferromagnetic interactions that are aligned with 
each, suggesting that antiferromagnetic perturbations too small to 
be deduced from spin-wave measurements could be sufficient to 
drive the spin-density wave phase.

The measured spin-wave spectra are best fit by a model that 
includes a DM interaction on the nearest-neighbor bond with 
D1,x = 0.12 meV ± 0.03 meV. This is an unexpectedly large 
value, with D1/J1 ≥ 0.5. Other frustrated magnets with very 
large DM interactions display unique physics like topological 
excitations, nonreciprocal spin waves, or the magnon Hall 
effect. Ni3V2O8 features spin-1 moments on a kagome-staircase 
structure that is very similar to that of Co3V2O8. 

The related Ni3V2O8 compound is a multiferroic material, 
with combined magnetic and electrically polarized domains 
that can be controlled with an applied electric field [4]. 
The magnetic order in the multiferroic phase exhibits a 
helical-spin-density wave that might be stabilized by a DM 
interaction. In this way a full understanding of the magnetic 
Hamilton of Co3V2O8 might shed new light on the multiferroic 
behavior of the related material.

We also performed neutron spectroscopy measurements 
at 9.2 K, in the spin-density-wave phase. Well-defined spin 
waves were not observed. Instead, we found that most of 
the spectral weight was in broad, diffuse scattering centered 
on antiferromagnetic Bragg positions, which may be a 
characteristic of the spin-density wave that would be interesting 
to explore further experimentally.

Co3V2O8 is a prime example of classical frustrated magnetism 
driven by competing ferromagnetic and antiferromagnetic 
interactions. Extensive spin-wave measurements at the NCNR 
have shown that the magnetic interactions are more complex 
than previously assumed, with strong magnetic interactions 
between buckled-kagome planes yielding an essentially 
three-dimensional spin Hamiltonian. This enables future work 
to probe the effects of subtle antiferromagnetic interactions 
between the planes in driving the spin-density-wave phase. 
An unusually strong Dzyaloshinskii-Moriya interaction on the 
nearest-neighbor bond is also required to explain the spin 
waves. Such a strong DM term suggests that Co3V2O8 might 
be close to a more exotic ordered structure, possibly including 
an inversion-symmetry-breaking-helical order of the type that 
is found in the multiferroic phase of the structurally similar 
compound Ni3V2O8.
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FIGURE 2: Measured and calculated spin-wave spectra of Co3V2O8 in the 
ferromagnetic phase at 2.8 K. Top: Measured (a) and modeled (b) spectra along 
the [0 K 0] direction, expressed as reciprocal lattice units (r.l.u.). Bottom: Measured
(c) and modeled (d) spectra along the [1 K 0] direction. The dashed white lines are 
the dispersions of the two spin-wave modes where the splittings are caused by the
very large Dzyaloshinskii-Moriya interaction.
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H
igh-transition-temperature (high-Tc) superconductivity 
in copper- and iron-based materials, derived from their 
antiferromagnetic (AF) ordered parent compounds [1, 

2], is believed to arise from interactions between itinerant 
electrons mediated by spin fluctuations [3]. One of the key 
signatures is the appearance of a neutron spin resonance 
mode, a collective spin excitation with an intensity tracking the 
superconducting order parameter below Tc. In the case of iron-
based superconductors, the spin resonance can have more than 
one component in energy and be anisotropic in spin space due 
to the multi-orbital nature and spin orbital coupling (SOC). Here 
we study iron selenide (FeSe), a clean material among iron-based 
superconductors with relatively low Tc and a sharp resonance in 
energy, on MACS at the NIST Center for Neutron Research. We 
show that a c-axis aligned magnetic field suppresses the intensity 
of the spin resonance mode much more efficiently than for an 
in-plane field, which is consistent with lower upper critical fields 
required to suppress superconductivity in c-axis aligned fields, 
suggesting that the intensity of the resonance is a measure of 
superconducting electron pairing density.

FeSe, which undergoes a tetragonal-to-orthorhombic structural 
transition at Ts = 90 K, forms a nematic phase below Ts, and 
becomes superconducting at Tc = 9 K, is an excellent choice to 
test if the resonance in iron-based super- conductors is a spin 
exciton and associated with singlet-triplet or singlet-doublet 
transition for several reasons. First, the compound is known to 
be extremely clean and has a relatively low resonance energy of 
Er = 3.6 meV. Second, the resonance in FeSe only occurs at the 
in-plane AF wave vector QAF = (1, 0). Third, neutron polarization 
analysis of the resonance reveals that the mode is anisotropic in 
spin space and essentially c-axis polarized due to SOC. Finally, 
the upper critical fields to suppress superconductivity in FeSe are 
around 16 T and 28 T for the c-axis and in-plane aligned fields, 
respectively, meaning that an applied magnetic field will have 
a larger impact on superconductivity compared with that of 
optimally doped iron pnictides.

The effect of an 8.5 T in-plane magnetic field on the resonance 
and low-energy spin excitations is shown using data obtained 
on MACS. Figures 1(a-d) show constant-energy scans along 
the [1,0] direction at different energies with 8.5 T and zero 

magnetic fields in the superconducting state (T = 2 K). At  
E = 2.5 meV, an 8.5 T field induces magnetic scattering near 
QAF = (1, 0) above the flat background, indicating a reduction 
in spin gap energy [Fig. 1(a)]. Near the resonance around  

FIGURE 1: (a)-(d) Constant-energy scans along the [1, 0] direction, expressed as 
reciprocal lattice units (r.l.u.), at E = 2.5 meV, 3.5 meV, 4.5 meV and 5.5 meV in 
zero field and 8.5 T in-plane magnetic fields at T = 2 K. (e) and (f) 2D images  
of wave-vector and energy dependence of the spin fluctuations in 0 T and  
8.5 T in-plane magnetic fields at T = 2 K. (g) and (h) are constant-Q cuts at the 
QAF position from (e) and (f), respectively. The error bars indicate statistical errors 
of one standard deviation.
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E = 3.5 meV [Fig. 1(b)], the field suppresses the resonance as 
expected. Above the resonance energy at E = 4.5 meV and 
5.5 meV, the applied field has little effect on the magnetic 
scattering [Figs. 1(c), and 1(d)]. Figures 1(e) and 1(f) show 
the two-dimensional (2D) wave vector-energy images of the 
resonance above background scattering at zero field and 8.5 T 
field, respectively. The effect of an 8.5 T in-plane magnetic field 
is to weaken and broaden the resonance, with no convincing 
evidence for the splitting of the mode. Figure 1(g) is a cut along 
the energy direction at QAF = (1, 0), which reveals the resonance 
at 0 T field. The net effect of a magnetic field is to push the 
spectral weight of the resonance to lower energies [Fig. 1(h)].

Figure 2 illustrates the effect of a 5 T c-axis aligned magnetic 
field on the resonance. Figure 2(a-d) show constant-energy scans 
along the [1, 0] direction with different energies in 5 T and zero 
magnetic fields in the superconducting state (T = 2 K). At  
E = 2 meV, a 5 T c-axis aligned field induces magnetic scattering 
near QAF, which is 1.6 meV below the spin resonance energy 
Er. Off the resonance energy at E = 3 meV and 4 meV and 
above the resonance energy at E = 5 meV, the applied field has 
slight effect on the resonance. Figures 3(e) and 2(f) compare 
the 2D images of the wave-vector and energy dependence 
of the spin resonance in 0 T and 5 T, respectively. For a c-axis 
aligned magnetic field, the upper critical field Bc2(⊥) is around 
16 T, meaning that a 5 T field is already ≈ 31% of Bc2, which is 
similar to the fraction of 30 % achieved for the 8.5 T in-plane 
oriented field given the 28 T critical field. Although qualitatively 
the broadening in energy is similar to that of the in-plane field, 
the amplitude of the broadening is more significant. Figures 
2(g) and 2(h) show the constant-Q cuts at the QAF position from 
(e) and (f), respectively. We see that an applied field shifts the 
magnetic spectral weight to lower energies. By comparing Figs. 
1(g), 1(f), 2(g) and 2(f), we conclude that a 5 T c-axis aligned 
field has a larger impact on the resonance than that of an 8.5 T 
in-plane field.

The effects of c-axis and in-plane magnetic fields on the neutron 
spin resonance of FeSe, are determined. An in-plane magnetic 
field increases the width of the resonance following the field-
induced Zeeman effect, while a c-axis aligned field suppresses 
and broadens the resonance much more effectively than the in-
plane field, clearly related to the orbital effect and vortex 
currents induced by the c-axis field. The data indicates that 
rather than the absolute applied field, it is the ratio of the 
applied field to the upper critical field that controls changes in 
the magnetic excitation spectrum. The results are consistent 
with the hypothesis that the resonance is associated with 
electron pairing density in FeSe superconductor.

[1] M. R. Norman, Science 322, 196 (2011).
[2] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, J. 

Zaanen, Nature 518, 179 (2015).
[3] D. J. Scalapino, Rev. Mod. Phys. 84, 1383 (2012).
[4] T. Chen, Y. Chen, D. W. Tam, B. Gao, Y. Qiu, A. 

Schneidewind, I. Radelytskyi, K. Prokes, S. Chi, M. 
Matsuda, C. Broholm, P. Dai, Phys. Rev. B 101, 140504 
(2020).

 

 

FIGURE 2: (a)-(d) Constant-energy scans along the [1, 0] direction at E = 2 meV, 
3 meV, 4 meV and 5 meV in zero field and 5 T c-axis aligned magnetic fields at 
T = 2 K. (e) and (f) 2D images of wave- vector and energy dependence of the 
resonance in zero field and 5 T magnetic fields at 2 K. (g) and (h) are constant-Q 
cuts at the QAF position from (e) and (f), respectively. The error bars indicate 
statistical errors of one standard deviation.
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T
raditional spin valves built around a nonmagnetic (NM) layer 
sandwiched by two metallic ferromagnetic (FM) layers have 
found applications in hard disk drives as well as spintronic 

memories and logic schemes. The key concept of a spin valve is 
that the efficiency of spin-polarized electrons able to travel across 
the FM/NM/FM structure is dependent on the relative orientation 
of the magnetization of the two ferromagnetic layers (i.e. parallel 
vs. antiparallel). Thus, the state of the valve is ‘written’ by setting 
the relative magnetization direction by a variety of methods such 
as external fields, spin-transfer torques, and spin-orbit torques 
and is ‘read-out’ by the resistance across the structure due to 
the efficiency of spin-polarized electrons transmitted from one 
end to the other, known as magnetoresistance. 

Magnons, also known as spin waves, transmit spin without the 
need for electron currents. A magnon is the magnetic analog of 
a photon or phonon, and is a quantized quasiparticle associated 
with coherent magnetic excitations of precessing spins that form 
a standing wave. Transmission of spins using only magnons, and 
not spin polarized electron currents, is potentially advantageous 
in that magnons allow for long-distance signal propagation 
(not limited by spin diffusion lengths) while avoiding the energy 
dissipation associated with Joule heating. A magnon spin valve is 
conceptually similar to a traditional spin valve, except in this case 
the relative orientation of the magnetic layers does not modulate 
the flow of spin-polarized currents, but instead regulates the 
magnon transmission coefficient. In particular, because insulators 
block charge currents, hybrid systems which integrate magnetic 
insulators (MIs) with metallic FMs show promise for realizing a 
highly efficient magnon spin valve. 

Yttrium iron garnet (Y3Fe5O12, YIG) is a ferrimagnetic insulator 
that efficiently propagates magnons and possesses other 
favorable magnetic properties that make it a promising material 
for use in spintronic technologies. The magnon spin valve effect 
has been realized in YIG/Au/YIG/Pt and YIG/CoO/Co samples, 
where the spacer layers (Au and CoO) allow for the realization 
of parallel and antiparallel magnetic configurations between 
the YIG layers. In these systems, the metallic Pt and Co layers 
serve as a read-out of the magnon transmission from the YIG as 
a charge current via the inverse spin Hall effect, a phenomenon 
where a spin polarized current is converted into a conventional 
electric charge current [1, 2]. As is common for obtaining high 

quality YIG, these works relied on growing the structures on 
Gd3Ga5O12 (GGG) substrates which results in non-homogenous 
magnetization profiles due to interdiffusion between the YIG 
films and the substrate. More importantly, structures reliant 
on GGG substrates are not compatible with semiconductor 
industry techniques for mass production.

In an effort to realize magnon spin transport in YIG hybrid 
structures grown on industry compatible Si, we have used 
sputtering to grow Pt(10 nm)/YIG(40 nm)/Py(20 nm)/Ru(3 nm) 
(where Py denotes the popular alloy permalloy, Ni80Fe20) thin 
films on Si substrates [3]. Initial magnetic characterization 
of the samples was completed using common laboratory 
scale magnetometry (Figure 1), where it was found that the 
switching of the magnetization differs dramatically depending 
on whether YIG and Py are in direct contact or separated by a 
thin insulating barrier. However, laboratory scale magnetometry 
can lead to ambiguous understanding when the total magnetic 
moment is non-trivial— such as in cases including, but not 
limited to complex interlayer coupling, multiple domains, 
magnetic dead layers, and magnetic proximity effects.

FIGURE 1: Magnetometry measurements of the Si/Pt(10)/YIG(40)/Py(20)/Ru(3) 
and Si/Pt(10)/YIG(40)/MgO(3)/Py(20)/Ru(3) samples (thickness denoted in nm). 
When the external field is less than 150 mT, pronounced differences in the 
switching process were observed. Inset shows control samples with individual 
magnetic layers to demonstrate magnetic moment conservation.
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To thoroughly characterize the depth resolved chemical 
composition and in-plane magnetization for the Si/Pt/YIG/Py/Ru 
hybrid structure, we carried out polarized neutron reflectometry 
measurements using the PBR instrument with varied in situ 
magnetic field (Figure 2a). We found that the sample contained 
sharp interfaces, near theoretical composition for each layer 
and at an applied field of 700 mT had magnetizations in 
strong agreement with expected values (indicative of magnetic 
moments fully aligned to the field). The depth profiles of 
the nuclear and magnetic scattering length densities are 
shown in Fig. 2b. When the field was lowered to 4 mT, we 
surprisingly found that the polarized neutron reflectometry 
(PNR) data (Figure 2a) could only be fit to a model in which 
the magnetization of the YIG layer is antiparallel to the field 
and Py magnetization direction. We then carried out a series 
of field dependent measurements to map out the reversal 
mechanism, including collecting reflectivity in the spin flip 
cross-sections to search for signatures of magnetic domains 
perpendicular to the field direction—which we did not observe. 
From these field dependent measurements, we found that 
the YIG and Py layers aligned along the same direction only 
when the external field was in excess of 150 mT. In order to 
confirm that this unexpected antiparallel coupling is caused by 
exchange coupling, and not dipolar effects, a similar control 
sample was measured with a thin 3 nm insulating layer of MgO 
separating the YIG and Py (data not shown). In this sample, we 
observed that the YIG and Py remain aligned in parallel both 
at high field (700 mT) and low field (4 mT)—indicative that 
direct contact (i.e. exchange coupling) is the necessary for this 
antiferromagnetic coupling in our Si/Pt/YIG/Py/Ru samples.

Given that our Si based Pt/YIG/Py hybrid samples showed 
pronounced and unambiguous antiferromagnetic and 
ferromagnetic coupling, when in direct contact, depending 
on the external field, the samples were patterned into spin-
pumping devices to look for signatures of the magnon spin 
valve effect. Patterning was carried out such that the electrodes 
were placed only on the Pt layer, and the whole device was 
then mounted onto a RF waveguide, which was used to set 
the Py into ferromagnetic resonance and generate the magnon 
current in the YIG by spin injection. The two DC electrodes 

were attached to the Pt layer as a ‘read-out’ of the magnon 
spin current injected into Pt via the inverse spin Hall effect. A 
cartoon schematic of this setup can be seen in Figure 3a.

The spin pumping signal, in the Pt layer, as a function of field 
with varied driving radio frequency is shown in Figure 3b. 
Based on the relationship between the resonance field vs. radio 
frequency input, the signal detected in the Pt originated from the 
Py layer. This was further confirmed by control measurements 
that found no clear resonance peaks associated with the YIG 
layer, and the DC resistance between the Pt and Py layers was 
found to be as large as a one-hundred mega-Ohm. From these 
combined results, we were able to conclude that the magnetic 
excitation in the Py is transmitted to the Pt as a DC voltage 
through magnon transmission in the YIG and spin to charge 
conversion from the inverse spin Hall effect. Further, the field 
dependence shows that the detected voltage in the Pt is largest 
when the external field corresponds to the YIG and Py aligning 
in parallel, and smallest when they are antiparallel. And so, by 
taking the ratio of these spin pumping voltages, we estimated 
the ON/OFF ratio of our magnon spin valve to be 130%.

This work demonstrated that new magnetic coupling 
mechanisms can be found even in thin film materials that have 
been thought to be well understood. Using PNR, we have shown 
that YIG grown on Si substrates directly couples antiparallel to 
Py, without the need for an additional spacer layer, when the 
applied field is less than 150 mT. This novel coupling has been 
used as the building block for a magnon spin valve that operates 
at room temperature with an efficient ON/OFF ratio of 130 %, 
which is comparable to low temperature achievements on GGG 
samples reported by other groups. Thus, we have demonstrated 
that magnon spintronics may be industry compatible and not 
simply an exciting physics playground.
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FIGURE 2: (a) PNR data for the Si/Pt/YIG/Py/Ru hybrid structure for an applied 
field of 4 mT. The depth profiles of the nuclear (dashed, left axis) and magnetic 
(solid, right axis) scattering length densities for an external field of 700 mT and 
4 mT. A positive/negative magnetic scattering length density corresponds to a 
magnetization applied parallel/anti-parallel to the magnetic field.

FIGURE 3: (a) a schematic of the spin valve structure and ferromagnetic 
resonance setup. (b) Spin pumping voltage induced in the underlying Pt layer as 
a function of field a differing applied radio frequency.



26 NIST CENTER FOR NEUTRON RESEARCH

E
N

G
I

N
E

E
R

I
N

G
 

P
H

Y
S

I
C

S

1

2

3

Benchmarking residual stress and  
dimensional fidelity in additive manufacturing
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T
here is a growing expectation that additive manufacturing 
(AM) will lift manufacturing to a new level not just through 
a new fabrication technology, but also by fabricating parts 

that could not have been made any other way. At the core of 
the technology is highly localized and rapid melting followed 
by fast cooling, resulting in significant levels of residual stresses/
strains at various length scales. Such stresses and their effect 
on the performance of AM parts represent one of the main 
obstacles for a broad dissemination of the technology. It is 
therefore crucial to accurately predict the residual stresses 
either to aid decision making for mitigation (heat treatment) 
or to make stress induced distortions part of the design. In 
response, NIST initiated the AM bench program in which a 
series of controlled measurements would provide customers 
with stress/strain data for a well characterized bridge shape 
part. The beneficiaries of this program are simulation software 
developers, companies that both manufacture parts using AM 
and AM machines, and end users.

The bridge shape part investigated here [1] was produced by 
the laser powder bed fusion process (LPBF) using nickel based 
super alloy feed stock (IN625) and 15-5 stainless steel as 
materials. Metallic AM materials possess high strength which, 
together with the high cooling rates of the laser melt pool, 
leads to high multi length-scale residual stresses in the as-built 
part. Stress levels are such that dimensional fidelity is affected 
after the part is separated from the build plate. In severe 
cases, it is possible that separation from the build plate occurs 
spontaneously during the build process. Other concerns are 
related to the effect of stresses on fatigue and part life.  
Besides their magnitude, residual stresses in AM parts are  
also characterized by high gradients in excess of  
> 100 MPa/mm which pose a challenge for the spatial
resolution capabilities in measuring stress/strains. The
neutron stress/strain measurements reported here are part
of the Benchmark Challenge CHAL-AMB2018-01-RS that
also included the application of synchrotron X-ray diffraction
and the contour method on the bridge shape part. Four
identical bridge structures were fabricated (Figure 1) which
were cut for separate measurements using electro discharge
machining. In order for stresses to be truly representative of
the as-built state, each structure had their base of the build
plate still attached.

The build parameter set consisted of 20 μm layer height,  
100 W contour laser power and scan speed of 900 mm/s;  
195 W infill laser power and 800 mm/s scan speed. The 
laser spot size was estimated as a Gaussian distribution with 
full width at half maximum of 50 μm. Each bridge structure 
consisted of 625 layers.

The neutron measurements were conducted using a (1.5 mm)3 
cube gage volume for specimen orientations and locations 
indicated in Figure 2. Since the gage volume is more than one 
order of magnitude larger than the layer height and the laser 
spot size, the strain variations on the length scales of the latter 
cannot be resolved and will be averaged.

The AM Bench program defined the residual strain as the target 
quantity in order to allow comparisons to synchrotron X-ray 
diffraction which cannot measure the εyy component due to 
absorption limitations that arise from small Bragg angles and very 
large pathlengths for this orientation of the scattering vector. 
In this context it is instructive to compare strains and stresses 
because, without additional boundary conditions, the tensorial 
relationship between these quantities generally prohibits a direct 
inference between single components of stress and strain.

Diffraction measures lattice spacings which relate to strain 
  
(d-dthrough ε = _____  0)

d  wher    e d0 is the unstressed lattice spacing. In
0

the procedure applied here, near surface measurements (Figure 
2, red line) were used to obtain an average d0 from the 43 near 
surface locations such that the average stress σzz=0 at these 

FIGURE 1: Build plate with four bridge shapes attached. The lines indicate cuts for 
extraction of parts used in the residual strain measurements.
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strain gradients of the type shown in Figure 5. It can be concluded 
that there is no one method of strain measurement that meets all 
demands of resolution, accuracy, and completeness (as in all strain 
components). The most desirable approach is therefore to use 
multiple measurement techniques for the complete understanding 
of the residual strain/stress states within the AM parts.

Reference

[1]  T. Q. Phan et al., Integrating Materials and Manufacturing
Innovation 8 (3), 318 (2019).

FIGURE 2: Specimen directions and measurement locations for neutron  
strain measurements. 

locations. The strains and stresses for each direction obtained for 
IN625 are shown in Figure 3. It is clear from the location specific 
comparison of stress and strain that one stress component 
depends on all strain components and vice versa. As a 
consequence, no simplifying assumptions can be made to obtain 
stresses from only two strain components. More to the point, 
despite the slenderness of the specimen with 5 mm thickness in 
the y-direction the σyy-stresses are sufficiently large to prohibit 
the plane stress assumption σyy=0.

The aforementioned effects of stresses on dimensional fidelity 
are best illustrated by the distortions caused by a partial EDM 
cut from the build plate shown in Figure 4. The deflection 
is caused primarily by stresses in the top part of the bridge.  
This is illustrated by the average stresses in the longitudinal 
direction σxx which are tensile in the top layer and compressive 
underneath (Figure 3) with a resulting bending moment 
that forces an upward deflection. The maximum separation 
bridge to build plate is ≈ 1.3 mm; there is a corresponding 
curvature on the top which, if unmitigated, would render the 
part useless. One of the possible mitigation strategies is to 
incorporate the stresses/strains – such as the data presented 
here – into the design process in such a way that the part, 
on separation from the build plate, distorts into the desired, 
nominal, shape. The same design principle is employed in sheet 
metal forming where it is used to account for spring back.

The AM Bench made a great effort to collect strain data through 
independent methods, and good agreement in the results was 
found between all methods. The direct comparison of strains 
measured by X-ray and neutron diffraction (Figure 5) shows good 
consistency between both, with the expected blur of the neutron 
results due to higher spatial averaging (spatial resolution 0.25 mm 
for X-ray vs. 1.5 mm for neutrons). The results show that key 
demands of the AM Bench are met in that the data provided 
are consistent and accurate. However, each of the methods 
employed has different strengths. The evaluation of triaxial 
stresses is only possible by neutron diffraction but at the expense 
of reduced spatial resolution. Length scales substantially smaller 
that the neutron gage volume are accessible to synchrotron 
diffraction which is best suited to resolve localized strains and 

FIGURE 3: Stresses and strains in the as-built IN625 sample with a close-up 
comparison shown on the right.

FIGURE 4: Stress induced deflection after partial separation by EDM cutting 
from the build plate [1].

FIGURE 5: Comparison of strains ɛzz from synchrotron (top) and neutron 
measurements (bottom). 
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in operando during electrochemical discharge
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B
ecause of their high volumetric and gravimetric energy 
density, lithium (Li)-ion batteries are the predominant 
energy storage technology for consumer electronics and 

electric vehicles [1]. While the materials chemistry of these 
batteries has been the primary research and development 
focus, other factors such as processing and electrode geometry 
are also important. For example, increasing the thickness of 
a battery electrode will result in higher energy density at the 
cell level because less mass and space is needed for inactive 
components (e.g., separators, current collectors), however, the 
tradeoff is that thicker electrodes become limited in their power 
or high rate capabilities due to ion transport limitations [2-5]. 
Additionally, reducing the inactive components (e.g., binders 
and conductive additives) within the electrodes themselves 
also increases energy density, although care must be taken to 
accommodate the functions of those inactive components, 
namely the mechanical and electronic conductivity properties of 
the electrodes.

Recently, a system has been reported which holds promise 
for using very thick electrodes, eliminating inactive 
materials and moving towards the goal of creating Li-ion 
batteries with higher energy density than those currently 
on the market. These electrodes only contain electroactive 
material and can be very thick (> 1 mm) [3]. During 
processing, they undergo a mild thermal treatment or 
sintering step and thus will be referred to as “sintered 
electrodes” [3-5]. Scanning electron micrographs of 
examples of fabricated sintered anode Li4Ti5O12 (LTO) 
and cathode LiCoO2 (LCO) cross-sections can be found in 
Fig. 1. The electrodes only contain the solid electroactive 
material (LTO or LCO) and can be processed into discs 
with diameters determined by the size of the hydraulic 
die used to press the pellets and thicknesses dependent 
on the amount of powder added. The pellets are porous 
(typically ≈ 40 % by volume pores). When processed into 
electrochemical cells these pores are filled with electrolyte. 
Materials for the sintered electrodes must have sufficient 
electronic conductivity and minimal volume change during 
cycling to avoid excessive cell polarization and electrode 
pulverization, respectively [3].

While sintered electrodes with large thicknesses can result 
in very high energy densities at the cell level, much like 

other thick electrode systems they are limited in delivering 
high capacity at increasing charge/discharge rates or current 
densities [3, 5]. Quantitative assessment of the capacity 
of a Li-ion battery cell is routinely done in using standard 
electrochemical equipment such as potentiostats, though other 
techniques must be employed to understand the root cause 
of the electrochemical properties of the battery materials. 
For the thick sintered electrodes, the hypothesis was that the 
limitations in the capacity at increasing charge/discharge rates 
was due to limited ion transport through the microstructure of 
the thick electrodes. Support for this hypothesis would require 
insights into where the Li+ moves in the cell during charge/
discharge as a function of the electrochemical rate or current 
density. In particular, an observation that Li+ in the electrodes 
become more concentrated near the separator at increasing 
rates would support the hypothesis that ion transport 
through the microstructure was indeed limiting the capacity 
because the ions could not traverse the deeper regions of the 
electrodes fast enough and/or with low enough polarization to 
accommodate a given current density, thus prematurely ending 
an electrochemical cycle.

In order to access information about how Li+ redistributes 
during electrochemical charge and/or discharge of a Li-ion 
cell, a technique is needed which is nondestructive to the 
cell, capable of providing in operando Li+ concentration 

FIGURE 1: SEM micrographs of (a) LiCoO2 (LCO) and (b) Li4Ti5O12 (LTO) 
sintered electrode surfaces. (c) LCO and (d) LTO cross-sectional SEMs at lower 
magnification showing the full electrode thickness [3].



E
N

G
I

N
E

E
R

I
N

G
 

P
H

Y
S

I
C

S

292020 ACCOMPLISHMENTS AND OPPORTUNITIES

information during cell operation at the appropriate time 
and length scales, and ideally does not require custom cell 
fabrication. Neutron imaging experiments were ideally suited to 
achieving these goals because 1) Li+ (6Li+ in particular) is highly 
attenuating to neutrons, and thus there is a large change in 
neutron transmission depending on the concentration of Li+ 
encountered for a given location of the beam path through 
the cell, 2) the other cell components are highly transparent 
to neutrons, meaning that conventional cell processing and 
components can be used, and 3) the resolution of the neutron 
imaging conditions used in time (30 seconds) and space  
(6.5 μm pixel pitch) were sufficient to give information on  
Li+ redistribution in the electrodes relative to the total time  
(30 min to 800 min) and thickness (468 μm to 691 μm) of 
interest. The battery cell could be aligned and mounted in 
front of the neutron detector with external leads going to a 
potentiostat such that images could be collected in operando 
during charge/discharge (Fig. 2a). Many of the battery cell 
features can be found in the raw radiographs (Fig. 2b), although 
for determining the changes in Li+ concentration in the cell 
the desired information is the changes in neutron transmission 
throughout the electrodes during cell operation (Fig. 2c).

After aligning the electrochemical cell containing a sintered 
LTO anode and sintered LCO cathode with the neutron beam, 
the cell was electrochemically charged/discharged while 
continuously collecting neutron images (Fig. 3). For cell cycling, 
“C rate” is a measure of the rate at which a cell is charged or 
discharged, with 1C typically corresponding to the rate where 
a fully charged cell is discharged in 1 hour, thus increased C 
rate is an increased rate of charge/discharge. Charging profiles 
are not shown, although the cell was always charged at the 
relatively low rate of C/20, and then discharged at increasing 
rates of C/20, C/10, C/5, and C/2.5. The discharge polarization 
curves can be found in Fig. 3a, which are measures of the 
voltage as a function of time during discharge of the cell at 
the constant rate indicated. There are eight points on Fig. 3a 
at the beginning and end of each discharge, and the relative 
transmission for the neutron radiographs collected at that point 
can be found in Fig. 3b. There are two main outcomes to note 
in the neutron radiographs. First, for each radiograph at the 
beginning of discharge, the images look very similar, indicating 

the relatively slow charge rate resulted in the Li+ distribution in 
the electrodes being approximately the same before discharge. 
Second, as the discharge rate increased, the changes in 
neutron transmission (and thus changes in Li+ redistribution 
and electrochemical activity) were focused near the middle 
of the electrodes where the separator region is located. This 
observation was consistent with the initial hypothesis of ion 
transport through the microstructure limiting the achievable 
capacity or rate capability at increasing rates of discharge.

While not discussed in detail in this highlight, the neutron 
images were collected at many time points beyond the 
beginning and end of discharge. Analysis of this information 
coupled with an electrochemical model of the system allows 
more detailed insights for the system, and it was determined 
that the neutron imaging results were consistent with a 
random-packed distribution of particles and their corresponding 
pore architecture. We expect that neutron imaging will provide 
further validation of the impacts of how modifications to cell 
chemistry and processing influence transport behavior within 
the electrodes, to provide insights into the fundamental 
properties of sintered electrode Li-ion batteries and eventually 
improvements in their design and performance.
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FIGURE 2: (a) Photograph of experimental setup used for neutron imaging. (b) 
Example of a raw radiograph image of the coin cell region, (c) example of the 
change in transmission for a radiograph of the cell after normalizing relative to 
the “no current” image. The color scale shows the relative change in neutron 
transmission. The black arrow depicts the z-direction the cell (thickness/depth 
dimension) [5]. 

FIGURE 3: (a) Discharge profiles at C/20 (blue), C/10 (orange), C/5 (grey), and 
C/2.5 (purple). The points labeled D    ix      represent the xth minute in the ith discharge 
process. (b) The neutron imaging radiographs corresponding to the points noted 
in (a) [5].
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K
nowledge of the nanometer-micrometer (nm to µm) 
pore structure of shales and other fine-grained rocks 
(which make up unconventional reservoirs) is critical to 

understanding production decline. In particular, the presence 
and proportion of isolated pores which hinder petroleum flow 
and production are of critical importance. We have studied 
the Bakken Formation in the Williston Basin of North Dakota 
which in 2019 produced about 7.7 million barrels of crude 
oil per day (≈ 1/3 of the shale oil produced in the U. S.).  The 
Bakken Formation itself is divided into lower, middle, and 
upper members. The lower and upper members are organic-
rich shales considered to be the sources of petroleum for the 
entire Bakken unconventional system. The middle Bakken 
member contains calcareous siltstones, which are somewhat 
more porous reservoir rocks (with slightly larger pore throats), 
and this is the main target for horizontal drilling and hydraulic 
fracturing. However, the predominantly nano-scale pore 
geometries (with about 2/3 pore space controlled by < 100 nm 
pore throats) of these low porosity rocks (both source and 
reservoir) are linked to the steep initial decline and low overall 
recovery even after fracturing [1-2]. Our work focuses on the 
integrated methodologies of (Ultra-) Small Angle Neutron 
Scattering (U)SANS and mercury intrusion porosimetry (MIP) 
analysis, aided by field emission- scanning electron microscopy 
(FE-SEM) imaging, to characterize and differentiate the pore 
structures of source and reservoir rocks [3].

FE-SEM images provide a direct observation of pore types in 
both source and reservoir samples. Mineral pores, including 
inter-particle and intra-particle pores, are widely distributed in 
the rock matrix and easy to identify (Fig. 1a-b). Pores in organic 
matter (OM) are well developed in the OM-rich shales (e.g., 
Fig. 1a), and these can be classified into the following OM pore 
types [4]: primary pores (formed during deposition) (> 1 µm), 
large bubble pores (round-shaped secondary pores related to 
thermal maturation) (200 nm to 1 µm), or (to a much larger 
extent) small spongy pores (nm in scales; homogeneously 
distributed secondary pores; rounded, sub-rounded, and sub-
angularly shaped) (< 200 nm). The OM-hosted pores, especially 
the nm-scale pores, can contribute significantly to the total 
porosity despite being so small, because of the relatively large 
mass of OM (as high as 22 % by weight) in the shale,

 compared to < 1 % typically for the middle member which 
only have mineral-associated pores (Fig. 1b).

While SEM provides visual and qualitative assessment of 
pore types, (U)SANS and MIP measure the porosity and pore 
size distribution using different principles. MIP is an invasive 
method and hence only measures pores connected to the 
edges of a sample (i.e., surface-accessible pore space). Neutrons 
scatter at the pore-mineral interface for both connected and 
unconnected (isolated) pores, and therefore, (U)SANS measures 
the entire pore space in the pore size range of 1 nm to 20 µm. 
Mineralogical data and total organic carbon (TOC) contents 
were used to calculate the average neutron scattering length 
density (SLD - a measure of the scattering power of a material) 
of the rock matrix. The intensity of scattered neutrons [I(Q) in 
Fig. 2 where Q is the momentum transferred in the scattering 
process] is proportional to the square of the difference 
between the averaged SLD values of a scattering object and its 
surrounding medium (i.e., pore space) [3]. 

Scattering profiles of combined SANS and USANS are 
presented in Fig. 2. (U)SANS porosities were obtained using the 
polydisperse spherical pore (PDSP) model and Porod-invariant 
(model-independent) analysis. The PDSP model generates the 
 

FIGURE 1: FE-SEM images of (a) upper Bakken shale (U), and (b) middle Bakken 
shale (M) of the Anderson well. Organic matter: dark grey; pores: black; quartz, 
feldspar, carbonates, and clays: light grey; pyrite: white. 
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fractal porosity (described by a power law relationship) and 
pore size distribution in the (U)SANS pore size measurement 
range, while Porod invariant analysis yields the volume of 
all pore space regardless of the pore shapes. MIP porosities 
and pore-throat size distributions were obtained using 
methodologies documented in Hu et al. (2017) [5]. 

The PDSP and the Porod analysis methods give porosities that 
are quite close, indicating that (1) the assumption of a spherical 
pore shape is adequate for quantifying the porosity; and (2) 
the amount of non-fractal pores at sub-nm sizes is small. In 
addition, the MIP results indicate that the middle Bakken 
siltstones have a larger measured porosity than the lower/upper 
Bakken shales. In contrast, the (U)SANS results generally show 
lower porosity in the middle member. There are at least two 
possible reasons for the disparity.  First, the larger samples  
(1 cm cube) used for MIP lead to a smaller pore connectivity (a 
higher proportion of isolated pores) when measured with MIP. 
This effect is expected to be more pronounced for fine-grained 
tight rocks such as lower/upper Bakken shales than for the 
middle Bakken sample, as its dominant pore-throat size  
(10 nm to 50 nm) is larger than for the upper and lower 
members (< 10 nm). It might also be that the volume 
proportion of closed pores, especially OM pores, is higher in 
the lower/upper Bakken than the middle Bakken. This closed 
porosity is not observable using the MIP method. Neutron 

scattering on the other hand is sensitive to all porosity in the 
system, both connected and isolated. We also note that to 
avoid multiple scattering, the thickness of the SANS samples 
is limited to 500 µm.  This restriction only allows us to validate 
the sample-size-dependent effective porosity observed by 
other approaches such as MIP, at this sample length.

The proportion of non-connected pore space as measured by 
MIP is a function of sample size because as the sample gets 
larger the sample, fewer pores will be connected directly to the 
surface increasing the proportion of isolated pores relative to 
the total porosity. In general, the measured effective porosity by 
MIP is relatively low (≈ 1 % to 4 %) when using a larger-sized 
cubic sample, even though MIP has a slightly larger upper size 
detection limit (i.e., pore-throat size of 50 µm) compared to 
(U)SANS, which gives a measured porosity of 9% to 15% for 
small-sized samples using either grains (177 μm  to 500 μm) or 
150 μm-thick thin sections. 

In conclusion, the combination of (U)SANS and MIP techniques, 
aided by SEM imaging, provides a comprehensive way to 
characterize and differentiate shale pore systems over a broad 
measurable range of pore and pore-throat sizes from 1.25 nm 
to 50 μm, and for different sample sizes. The results show 
that the lower/upper Bakken samples (source rocks) and the 
middle Bakken samples (reservoir rocks) have distinct pore 
structures in terms of throat-size and connectivity, which are in 
turn a function of different mineral compositions and organic 
matter contents related to deposition and diagenesis. The 
porosities measured by the MIP method (which is only sensitive 
to connected pores) is related to sample size due to the limited 
pore accessibility of tight rocks. As the sample size gets smaller, 
the porosities measure by MIP and (U)SANS techniques tend 
to converge as more of the pores become connected to the 
surface of the sample. As sample size increases, results diverge as 
more of the pores become disconnected and are not measured 
by MIP. As a result, (U)SANS gives higher porosities than MIP at 
larger sample sizes, but at the SANS-measurable sample size of 
< 500 μm, the proportion of pores isolated from the surface is 
small, yielding similar SANS and MIP porosities. The proportion 
of unconnected pores for any given sample size is related to the 
mineralogy and TOC content. A very large sample size (such as a 
subsurface reservoir) will possess a higher proportion of isolated 
pores, which could limit the rock drainage volume even after 
fracturing and lead to lower overall recovery during production.
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FIGURE 2: Combined (U)SANS scattering profile before (a) and after (b) 
background subtraction for Anderson well samples (L: lower member).
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order of expansion with current state-of-the-art calculations to 
order N = 3 (abbreviated N3LO). N

eutron scattering from a nucleus can be described using 
a single parameter known as the scattering length (b). It 
has dimensions of unit length and varies uniquely across 

different isotopes. For instance, for two of hydrogen’s isotopes 
b(1

1H) = -3.74 fm and b( 2
1H) = 6.67 fm. The value of b can be                   

complex, in which case the imaginary part describes absorption, 
and can also be spin dependent. Neutron scattering lengths are 
fundamental in neutron scattering applications and are widely 
used in neutron science and nuclear engineering. Our aim is to 
measure the scattering lengths of low-mass isotopes precisely 
to inform nuclear theory. 

In nuclear theory, the forces within a nucleus holding the 
protons and neutrons in confinement are far too strong to 
be directly calculated using the Standard Model of physics. 
Instead, two alternative approaches have emerged to provide 
insight into nuclear structure. The first uses realistic nucleon-
nucleon (NN) potentials to model nucleon behavior. A variety 
of such models exists with names such as Nijmegan, CD 
Bonn, and AV18. These models do successfully predict several 
few-nucleon scattering amplitudes but fail to reproduce three 
and four-body binding energies and do not accurately predict 
the vector-analyzing power in several few-nucleon systems. A 
number of 3N potential models [1] have been created (Tucson-
Melbourne, Brazilian, and Urbana-Illinois) that can be adjusted 
to match the 3

1H and 3
2He binding energies, but they do not                    

resolve the discrepancies between theory and scattering 
experiments and have trouble reproducing the binding energy 
of helium-4.

Another approach to understanding nuclear structure is chiral 
effective field theory (χEFT), which use the symmetries of QCD 
in a perturbative expansion of the particle momenta [2]. In χEFT 
short-range behavior is accounted for in a different manner 
than it is for intermediate and long-range regimes where 
the interaction is calculated explicitly. Instead, short-range 
behavior is accounted for through use of low-energy constants 
(LECs) that are adjusted to match experimental data including 
scattering lengths. Calculations in χEFT are done to a specific 

A significant motivation for making more precise 
measurements of the neutron scattering lengths of light 
nuclei, and in particular this measurement, is to provide high-
quality “set-point” data to test effective-range expansions of 
N-nucleus systems. These expansions can help generate more 
realistic 3N and 4N potential models and constrain the LECs 
used in building models at higher orders in chiral effective 
field theory. It is hoped that these improved models will bring 
few-nucleon theory and experiment into better agreement. 
A high-precision neutron interferometry measurement, 
previously performed at NIST, of the n-      21H scattering length [3]     
has already been used to help correct the LECs for the N3LO 3N 
force interaction.

FIGURE 1: Overhead view of the experimental setup. The phase difference 
between the gas (blue) and an empty interferometer (red) is shown in the 
interferogram below.
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This experiment uses a single-crystal neutron interferometer 
that splits the wavefunction of a neutron into two spatially 
coherent paths using Bragg diffraction. Exiting the 
interferometer, the two wavefunctions interfere with one 
another, and any difference along the paths manifests as a 
phase shift. For a physical target of thickness D placed in only 
one path of the interferometer a relative phase shift of  
ϕ = -NλDb is created. Here, N is the atomic density of the 
target and λ is the neutron wavelength. Here, an incident 
monochromatic neutron beam λ = (2.70913 ± 0.00016 
(stat.) ± 0.00023 (syst.)) Å was incident on the first blade 
of the interferometer. The wavelength was determined 
using a pressed-silicon monochromator placed behind the 
interferometer and rotated around the Bragg angle. A phase 
flag made of 1.5 mm thick fused silica inserted inside the 
interferometer provided a controllable phase shift. The target 
was a double cell constructed of 6061 alloy aluminum (see 
Fig. 1). To eliminate air-scattering corrections, one cell was 
kept evacuated. The neutron path length D through the cell 
target was measured at the NIST Precision Engineering Division 
Coordinate Measuring Machine to be D = (1.0016 ± 0.0001) cm 
at 20 °C. Adjustments to D were made using the thermal 
expansion of aluminum. The other cell was filled with helium-4 
gas at pressures ranging from 7 bar to 13 bar. Different 
pressures were used as a systematic check. To account for 
the phase shift caused by the aluminum walls both cells were 
evacuated, and phase shift of just the aluminum (ϕcell) was   
measured. The density of the gas was measured using a high-
precision pressure gauge and temperature probes attached 
to the cell. Both the temperature and pressure gauges were 
calibrated by NIST. 

The intrinsic phase (ϕ0), i.e. when no sample is present, 
of the interferometer is known to drift with time due 
to the interferometer’s coupling with the surrounding 
environment. To minimize drift the interferometer at the 
NCNR is housed in a unique enclosure with both active and 
passive vibration damping. Further, the interferometer is kept 
at a constant temperature using a feedback control loop. 
Despite these facility features, phase drifts are still present 
at the interferometer. To account for this, the double cell is 
periodically removed from the apparatus every 44 mins to 
measure ϕ0 directly. All movement of the cell, phase flag, and 
gas manipulation was done remotely to minimize interactions 
with the interferometer.

A systematic problem arose from the fact that the target 
slowly warmed over the course of measuring a data set, as it 
is translated in and out by a motor-driven stage. This created a 
thermal gradient between the sample and the interferometer 
crystal, which effectively caused a time-dependent drift in ϕcell. 
This thermal gradient issue derailed several early attempts 

to measure b(4
2He). This challenge was overcome using a          

combination of techniques. First, the motor driving the double 
cell was attached to a glycol-cooled copper block, and its 
effectiveness was checked using a specialized variation on the 
double cell. Secondly, a pattern of repeatedly measuring ϕcell   
throughout the experiment was adopted. This had not been 
done in previous gas measurements. In total, we measured 
1456 separate interferograms corresponding to 23 days of 
continuous phase data. 

Our current measurement of the phase shift caused by 
helium-4 gas inside an neutron interferometer yields a value 
of b = (3.0982 ± 0.0021 (stat.) ± 0.0014 (syst.)) fm [4]. Our 
largest systematic error is caused by the deformation of the 
cell under pressure, which is on the order of only 100 nm. The 
magnitude of this effect was calculated using finite-element 
analysis. The value of b was found by subtracting the measured 
ϕ0 and ϕcell values from measurements using the helium target. 
Our result is in disagreement with the often-quoted previous 
neutron interferometric measurement of Kaiser et al. [5]. 
However, it is in good agreement with earlier measurements 
that used neutron transmission (see Fig. 2). Our measurement is 
the most precise evaluation of this quantity, at 0.08 % relative 
uncertainty. It shifts the world average for b by 2 % lower and 
reduces the net uncertainty by a factor of more than six.
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FIGURE 2: Our result vs previous measurements using neutron transmission 
(NT) and neutron interferometry (NI) techniques.
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T
he liquid electrolytes currently used in lithium-ion 
batteries unfortunately pose safety concerns due to 
their flammability. One promising approach for creating 

safer, solid electrolytes is through the microphase separation 
of block copolymers, which decouple the Li+ ion conducting 
and mechanically reinforcing properties of the electrolyte 
through the self-assembly into nanoscale structures. Under 
the potentials applied to these electrolytes in a battery, 
the competition between diffusion and migration leads to 
significant Li salt concentration gradients. Since the salt and 
polymer concentration in the electrolyte must be uniform at 
equilibrium, polymer chains must compensate by diffusing 
away from regions of high salt concentration toward those 
of low salt concentration. Using neutron spin echo (NSE) 
spectroscopy, we have elucidated the molecular underpinnings 
of this process by quantifying segmental motion and polymer 
dynamics in a series of block copolymer electrolytes.

The block copolymer electrolyte of interest is a well-studied 
model system: polystyrene-block-poly(ethylene oxide) (SEO) 
mixed with lithium trifloromethanesulfonate  (LiTFSI) salt. 
Our experiments covered time scales from 0.1 ns to 100 ns 
corresponding to polymer dynamics on the Å to nm length 
scales. We synthesized two SEO copolymers with similar 
compositions by living anionic polymerization: deuterated PS-
b-deuterated PEO (ddSEO) and deuterated PS-b-hydrogenated 
PEO (dhSEO). The average PEO volume fraction of both 
copolymers is 0.78. The samples used were blends of 20% 
dhSEO and 80% ddSEO by volume and LiTFSI was added to  
the copolymer blends such that the final molar salt ratios,  
r =  [Li]____

    
[EO]

  , were 0, 0.025, 0.075, and 0.10. The sample design    

was chosen so that the NSE data are dominated by relaxation 
of the PEO segments as they interact with salt ions.

Small angle neutron scattering (SANS) data for SEO/LiTFSI at 90 °C 
are shown in Figure 1. All profiles contain a primary peak at  
Q = Q* and a higher order peak at Q = √3Q*. At r ≥ 0.075, an 
additional higher order peak at Q = √7Q*is seen. The SANS 
data indicate that SEO/LiTFSI self-assembles into hexagonally 
packed PS cylinders in a salt-containing PEO matrix at all salt 
concentrations. These data also show that the blends are 
macroscopically homogeneous at all salt concentrations and 
that at high-Q the scattering intensity scales with Q-2 

indicative of scattering from polymer chains obeying random 
walk statistics. The bar at high-Q in Fig. 1 shows the range 
of scattering vectors covered by the NSE experiments, which 
corresponds to length-scales where the intra-domain scattering 
dominates ensuring that the NSE experiments selectively probe 
the PEO/LiTFSI matrix phase.

The normalized intermediate scattering function measured by 
NSE,  S(Q,t)______    S(Q,0)'  is shown in Figure 2 at two temperatures for a salt   

concentration: r = 0.025. The NSE data for the remaining salt 
concentrations are provided in Ref. [1]. At short times, t ≤ 10 ns, 
the data are consistent with the Rouse model, wherein the 
polymer segmental motion is quantified by an effective friction 
coefficient, ζ, of the monomer units. The solid and dashed 
curves through the short time data in Fig. 2 represent fits to an 
approximation of the Rouse model. The data show deviations 
from Rouse dynamics at t ≥ 20 ns for all salt concentrations 

FIGURE 1: SANS profiles, Icoh (Q), of SEO/LiTFSI mixtures at different salt 
concentrations, 0 ≤ r ≤ 0.10, at 90 °C. Curves are offset vertically for clarity. 
Diamonds represent the primary scattering peak, Q*, and the higher order 
scattering peaks. An example of the scaling for a Gaussian chain, Q-2, is shown 
in the high-Q regime. 
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signaling the slowing down of segmental motion due to 
constraints imposed by the presence of other chains. The tube 
diameter, d, quantifies these constraints. At long times, t ≥ 50 ns, 
the data in Fig. 2 were fit to the tube model proposed by de 
Gennes and are represented by the solid and dashed curves in 
the long-time regime. 

Figure 3 shows the parameters obtained from fitting the NSE 
data. The dependence of ζ on salt concentration is shown in 
Fig. 3a at 90 °C and 120 °C. The monomeric friction coefficient 
increases with increasing salt concentration at a similar rate for 
both temperatures. At 90 °C, this rate matches that seen in 
homopolymer PEO/LiTFSI systems [2]. The segmental dynamics 
on short-time scales, t ≤ 10 ns, in a microphase separated 
block copolymer electrolyte is indistinguishable from that of the 
homopolymer electrolyte. The dependence of tube diameter, 
d, on salt concentration is shown in Figure 3b. Our measured 
values of d increase with increasing temperature as typically 
seen in homopolymers due to increased chain mobility. In 
addition, the tube diameter decreases with increasing salt 
concentration. As salt concentration increases, the coordination 
between Li+ ions and the ether oxygens on the PEO backbone 
increases, leading to a decrease in d. In a melt of entangled 
homopolymers, the longest molecular relaxation time, τd, 
quantifies the time needed for a confined chain to escape the tube 
created by neighboring chains and scales with ζ/d2. We define a 
normalized relaxation time, τd,n = τd (r) /τd (r = 0), to quantify 
the effect of salt concentration on chain dynamics (Fig. 3c). 
τd,n increases by a factor of 1.7 across our salt concentration 
window at 90 °C. The effect of salt concentration of chain 
diffusion is less pronounced at 120 °C. These factors are 
the lower bounds on the effect of added salt on the longest 
relaxation time of block copolymer electrolytes as we have 
neglected contributions arising from the presence of the 
PS block. To our knowledge, these results provide the first 

measurements of the entanglement constraints, represented 
by tube diameters, in polymer electrolytes as well as block 
copolymers. 

When a large enough current is applied to a polymer-
electrolyte-based battery, the volume fraction of the salt 
near the cathode will approach zero due to concentration 
polarization. In this case, the electrolyte volume that was 
originally occupied by salt must be replaced by polymer due to 
the incompressibility constraint. Similarly, the salt concentration 
at the anode will increase, displacing polymer chains. The 
NSE data suggest that relaxation processes at the anode will 
be about 1.7 times slower than those at the cathode. While 
further work is necessary to substantiate this effect, the NSE 
results provide the first insights into factors that may limit the 
performance of polymer-electrolyte-based batteries operating 
at high currents.
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FIGURE 2: The normalized intermediate scattering function, _____ S(Q,t)       ,  for SEO at S(Q,0)
90 °C (filled symbols) and 120 °C (open symbols) for r = 0.025. At t≤ 10 ns, the 
curves correspond to the Rouse model. At t ≥ 50 ns, the curves correspond to the 
tube model for reptation. Solid curves correspond to the fits of 90 °C data and 
dashed curves to the fits of 120 °C data. 

FIGURE 3: Results from NSE data: (a) monomeric friction coefficient, ζ, (b) tube 
diameter, d, and (c) normalized longest molecular relaxation time, τd,n = τd (r)/τd 
(r = 0), as a function of salt concentration, r, at 90 °C (filled circles) and  
120 °C (open squares). 
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T
o understand how the microstructure of inks used in 3D 
printing develops during the printing process, we studied 
the non-equilibrium behavior of a lamellar phase made 

of diblock bottlebrush copolymer across a wide range of 
shear rates. The effects of the steady flow conditions on the 
self-assembled microstructure are shown using imaging, bulk 
rheology, and rheo-VSANS. We show that we can control the 
color of the solution by shearing alone, taking the fluid from 
green at low shear rates, to cyan and indigo at higher rates. By 
considering the structure of the bottlebrush polymers within 
the solution in tandem with the rheological response, we 
develop a structure-property-process relation that connects 
the applied shear rate to the self-assembled microstructure, 
which dictates the color of the sample. This relation can be 
used to rationally design new generations of smart materials for 
printing applications [1].

Bottlebrush polymers are a class of high molecular weight 
polymers consisting of a single linear backbone with a series 
of side chains densely grafted along the length of a linear 
backbone. These materials display a wide range of physical 
properties that can be accessed by adjusting the polymer’s 
chemistry, backbone length, side chain length, and graft 
density [2].  In particular, diblock bottlebrush block copolymers 
rapidly self-assemble into highly uniform lamellae with a 
domain spacing similar to the wavelength of visible light 
making them promising photonic materials [3]. Prior studies 
with diblock bottlebrush polymers have focused on the impact 
of backbone length and the inclusion of additives on the 
reflected color under quiescent conditions [4, 5]. However, 
in the case of practical applications such as melt extrusion or 
direct-ink-writing, the out-of-equilibrium processing conditions 
experienced by a soft material can have a significant impact on 
the microstructure and macroscopic properties [6].

We investigated a polylactic acid-b-polystyrene diblock 
bottlebrush polymer dispersed in toluene with a concentration 
of 175 mg/ml. Images of this sample collected through the use 
of a rheo-microscope setup positioned perpendicular to the flow 
vorticity direction and a camera position at ≈ 45˚ from axis of 
rotation are presented in Figure 1 for a select set of shear rates. 
At low shear rates the solution appears green when viewed 
perpendicular to the flow gradient direction. The color of the 
sample transitions from green to cyan and eventually indigo 

with increasing shear rate. Higher shear rates result in the sample 
appearing colorless and are not shown. When viewed off 
axis, the sample appears blue at quiescence and very low 
shear rates. A green band can be observed at the front of the 
geometry at higher shear rates.

We identified the structural changes that give rise to color 
variation as a function of shear with in-situ rheo-VSANS. One 
dimensional scattering data along the velocity gradient and 
vorticity directions are shown in Figure 2 for a representative set 
of shear rates. At shear rates below 1000 s-1, peaks are observed 
at integer multiples of a primary peak, qp, along the velocity 
gradient direction, indicating that the diblock bottlebrush co-
polymer has self-assembled into a lamellar structure. An additional 
peak is observed at very low q, corresponding to the inter-
backbone interactions of the bottlebrush polymer. With increasing 
shear rates, the 3rd and 4th order peaks along the velocity 
gradient direction are observed to widen and lose definition, 
indicating a loss of long-range order. At shear rates of 1000 s-1 
and greater, all higher order peaks become indistinguishable 
from the primary peak. Azimuthal smearing is observed between 
the vorticity and velocity gradient at starting low shear rates. This 
feature suggests that the lamellae are not uniformly aligned 
in the ‘face-on’ configuration with the geometry wall but are 
instead distorting and buckling during flow.

By fitting a series of gaussian curves to the scattering data, we 
identified the location of the primary lamellar peak and thus 
the characteristic length scale of the self-assembled lamellae. 
Along the velocity gradient direction, this peak is observed 
to shift to higher q as a function of shear rate. This change 

FIGURE 1: Microscopy and imaging data collected using a microscope 
positioned perpendicular to the velocity gradient direction and a camera 
positioned at an angle at of ≈ 45˚ from the velocity gradient axis.
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in the scattering corresponds to a compression of the self-
assembled lamellae, which accounts for the shift in sample 
color from green to cyan as shown in Figure 1. Along the 
vorticity direction, the location of the peak shifts to lower q 
accounting for the change in color from deep blue to green. In 
the velocity gradient direction, the changes in the domain size 
of the lamellae are not significant enough to induce a color 
change from cyan to indigo on their own. Therefore, we also 
consider the width of the peak as a function of shear rate. 
Increases in the peak widths indicate a loss of coherence in the 
undulations of the lamellae as shown in Figure 3. This greater 
dispersity in the primary peak points towards the existence of 
many scatterers with smaller length scales than indicated by 
the primary peak position alone. The presence of these smaller 
spacings contributes to the cyan to indigo color transition 
observed at shear rates from 100 s-1 to 316 s-1.

Above a shear rate of 316 s-1, we observe a complete rotation 
of the lamellae from a face-on configuration to an edge-on 
configuration. This transition is indicated by the disappearance 
of the repeated lamellae peaks along the velocity gradient 
direction coupled with the appearance of a peak located at 
3qp along the vorticity direction. The reorientation of the 
lamellae results in an effectively infinite path length through 
the material when viewed along the velocity gradient 
direction, thus leaving the sample colorless.

In summary, we have shown how the microstructure and 
photonic properties of a diblock bottlebrush solution change 
across a broad range of flow rates. From this information 
we establish a comprehensive structure-property-processing 
relation, providing a basis for the rational design of 
new materials. This relation highlights how the complex 
flow environment in printing processes, such as additive 
manufacturing and solution printing, can impact the self-
assembled microstructure. A single ink of diblock bottlebrush 
polymers can therefore be used to print a wide range of colors 
by controlling the printing conditions.
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FIGURE 2: (a) Sector averages for select shear rates along the velocity gradient 
direction. Dotted lines serve as guides to the eye, highlighting the initial 
peak positions under quiescence. (b) Sector averages for select shear rates 
along the vorticity direction. Error bars represent the standard deviation of 
scattering intensities over the averaged area. Data have been offset to aid in the 
comparison of peak position and width.

FIGURE 3: A schematic representation of the structural transitions undergone 
at different shear rates, supported by the data shown elsewhere in this paper. 
Arrows at γ = 316 s -1 serve as guides to the eye, highlighting pinch points 
that develop between the incoherent layers. White lines at the same shear rate 
indicate layers that could develop due to these pinch points.
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T
he tunable architecture of bottlebrush polymers promises 
a wide array of potential application including adhesives, 
biomaterials, photonics, and beyond [1-6]. These materials 

are made up of linear backbones with densely grafted 
sidechains as shown in Figure 1a. For bottlebrush polymers, the 
properties of the grafted sidechain (e.g., grafting density, graft 
length, and graft chemistry) and backbone (e.g., backbone 
length, chemistry) determine the overall conformation, or 
shape, that the polymer adopts. For example, longer and more 
densely grafted sidechains are commonly thought to cause the 
polymer to adopt more extended conformations in solution 
due to the steric hindrances introduced by the crowding of 
sidechains. Despite this simple picture, bottlebrush studies 
still seek to further elucidate the relationship between the 
molecular design of the polymer and its conformation in order 
to create design rules that can be leveraged in the development 
of new bottlebrush-based materials. Here, we combine polymer 
synthesis, neutron characterization, and molecular simulation 
to show that backbones of uncharged bottlebrush polymers in 
bulk adopt similar conformational statistics to charged, linear 
chain polymers in solution [7].

Our goal was to produce broad insight into bottlebrush 
materials and decouple our observations from the unique 
behavior of a single bottlebrush chemistry or architecture. To 
achieve this, we synthesized a large library of polymers with 
varying backbone degree of polymerization (NBB), sidechain 
degree of polymerization (NSC), graft spacing (Ng) and backbone 
chemistry. Moreover, molecular dynamics simulations provided 
guidelines on which molecular parameters would be of 
most interest. As shown in Figure 1b, we denote the three 

backbone chemistries considered as double-graft norbornene 
(DNb), single-graft norbornene (SNb), or acrylate (Ac). These 
chemistries represent variation in both Ng and intrinsic 
backbone stiffness due to the size, number of graft points, 
and conformational restrictions of the backbone monomers. 
Each polymer was synthesized with deuterated polystyrene 
sidechains in order to provide neutron contrast with the 
hydrogenated backbone. All samples were prepared from 
toluene solutions by casting approximately 20 μm thick films 
onto quartz windows and removing all residual solvent using 
applied vacuum.

Figure 2a shows the small-angle neutron scattering (SANS) data 
from 6 polymers in our synthetic library. With the deuteration 
scheme described above, these data can be interpreted as 
describing the backbone packing and conformational statistics 
of bottlebrushes in the cast films. This study focused on the 
peak that appears at wavenumbers q > 0.1 Å-1 for each system. 
The position of the peak, q*, is related to the average distance 
between bottlebrush backbones via the correlation length  
ξ = 2π⁄q*  and the breadth of the peak is related to the 
dispersity in this spacing. With increasing NSC we see that q* 
shifts to lower values indicating that the backbones show 
increased separation due to the longer sidechains. We also 
observe that the DNb and Ac bottlebrushes show sharper, more 
well-defined correlation peaks compared to SNb. This indicates 
that packing is less random and more ordered for higher 
grafting densities. Similarly, within each bottlebrush chemistry, 
the bottlebrushes with longer sidechains display sharper 
correlation peaks. All of these trends in ξ are reproduced in 
structure factors calculated from coarse-grained molecular 
dynamics simulations from this study and previous ones [7-9].

Unexpectedly, we observed that the data in Figure 2a 
superficially resemble SANS from polyelectrolyte solutions. To 
explore this observation further, we plot the intermolecular 
correlation length ξ against the backbone monomer 
concentration cBB. This way of treating our data is based on 
a physical picture of the bottlebrush melt being a “mesh” of 
linear backbone chains within a sea of sidechain monomers. 
For uncharged, linear chain polymers in semi-dilute good-
solvent solutions, we would expect from a simple model that 
the scaling exponent μ = 3/4 while linear chain polyelectrolytes 
in semi-dilute solution should have μ = 1/2. Despite the 
bottlebrushes in this study being uncharged, their backbone 

Materials Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, MD 20899

Bottlebrush polymers in the melt and 
polyelectrolytes in solution share common 
structural features
J. M. Sarapas, T. B. Martin, A. Chremos, J. F. Douglas, and K. L. Beers

FIGURE 1: (a) Schematic of bottlebrush polymers with relevant physical 
parameters labeled. (b) General synthetic approach to three chemically distinct 
families of partially deuterated bottlebrush polymers.
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scaling statistics show near quantitative agreement with 
polyelectrolytes rather than neutral polymers at μ = 0.47. This 
trend, also seen in our coarse-grained simulations, indicates 
that the backbones adopt similar conformational statistics 
whether they repel each other via sidechain excluded volume or 
long-range Coulombic repulsion. We can further support this 
comparison by comparing the scaling of ξ with NSC (shown in 
Reference 7). Here, we find that the low grafting density system 
SNb shows particle like scaling (μ ≈ 0.35) while DNb and Ac 
show more mesh-like scaling (0.43 and 0.44 respectively). This 
behavior is also similar to what is observed for polyelectrolyte 
solutions with wider variation in polymer concentration.

Taken together, these results strongly indicate that uncharged 
bottlebrush polymers exhibit similar interchain correlations to 

solutions of linear polyelectrolyte chains, as shown as shown 
schematically in Figure 3. With the great promise of bottlebrush 
polymers across many applications, it is essential that we have 
a rational understanding of how their molecular design relates 
to microstructure and finally macroscopic material properties. 
While our data does not explain the origin of this behavior, 
it indicates that past studies of polyelectrolyte solutions may 
provide unique insight into bulk bottlebrush behavior. This 
provides a potentially powerful new avenue towards material 
design in leveraging a bottlebrush-polyelectrolyte analogy.
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FIGURE 2: (a) SANS data for bottlebrush melts of two sidechain lengths and 
three backbone chemistries and (b) log-log scaling diagram of the correlation 
length ξ (nm) as a function of backbone monomer concentration cBB. 

FIGURE 3: Schematic depiction of the packing of bulk brush polymers (a) and 
polyelectrolyte solutions (b).
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Rigid rod polymer construction  
through peptide computational design  
and hierarchical solution assembly
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N
ature achieves complex molecular structures and exquisite 
functionality using biopolymers, the most versatile of 
which are polypeptides and proteins. The information for 

structure and function is encoded in sequences of amino acids 
that direct molecular folding and intermolecular assembly. 
A protein possesses a well-defined shape and size, and its 
structure determines both internal and external presentation of 
chemical functional groups. This specificity in protein structure 
and consequent function has motivated the engineering of 
proteins and protein assemblies to produce new materials not 
observed in nature. While there have been many successes 
in the design of protein assemblies, primarily through the 
modification of the exterior of natural proteins [1], the design 
and manipulation of complex protein interactions remains 
challenging. Thus, a new, simplified scheme of materials 
design is needed to further the adoption of amino acid-based 
molecules into materials and nanotechnology. 

Large proteins can be aggregation prone, and their use is often 
limited to narrow ranges of environmental conditions, such 
as temperature and pH. At the high concentrations typically 
required for materials assembly, the folding and assembly of 
protein systems tend to be irreversible upon cycling temperature 
or pH, forming amorphous aggregates. Structural variation of the 
building block protein is desirable in tuning the structures and 
properties of material assemblies but is limited by what nature 
has provided. To develop stable, robust material assemblies, it is 
of interest to introduce covalent cross-links between residues; 
however, the chemistries for achieving this with natural proteins 
are limited. Advances in assembly, covalent crosslinking, 
and material functionality can potentially be achieved by 
incorporating nonbiological amino acids, but it is difficult to 
introduce non-natural amino acids into overexpressed proteins at 
more than just a few residue positions without the protein losing 
its inherent folded structure.

To overcome the limitations of using natural proteins to build 
materials, we use computational design of non-biological peptide 
sequences that include both natural and non-natural amino acids 
to provide new physical and covalent interactions for hierarchical 
solution assembly into designed nanomaterials. The use of 
natural and non-natural amino acid side groups on a polyamide 
backbone allows us to create new assemblies that constitute 
modular, functional building blocks (Figure 1), which become 

the basis of an entirely new method of materials fabrication. 
The development of these robust peptide bundle building block 
structural units, known formally as coiled coils, provides a new 
tool for a wide diversity of researchers to impact materials 
science, physics, chemical engineering, and biomedicine.

The short peptide molecules are amenable to solution assembly 
and processing associated with materials. Short amino acid 

sequences often are robust with respect to the cycling of 
temperature and wide variation of solution conditions such as 
pH, salt, and other added organic or polymer molecules. Such 
processing provides additional control over the hierarchical 
assembly and desired morphology of designed peptide 
materials. A common building block motif that will be used for 
ongoing materials construction is the interbundle, hierarchical 
formation of 1-D chains. Through modification of bundle 
peptide termini, we control the covalent conjugation of bundles 
in an end-to-end fashion.

FIGURE 1: Schematic of a coiled coil peptide bundle building block 
designed from the assembly of four helical peptides packed in an antiparallel 
configuration with each bundle end having two amine and two acid functional 
groups on the constituent peptides. With computational design, the side chains 
can consist of any desired natural or non-natural chemical functionality to 
provide the exact display of chemistry at the bundle periphery. 
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Two different bundle-forming peptides were synthesized 
containing click functional groups at the N-terminus, Figure 2. 
The single modification to the constituent peptide sequence 
of a tetrameric bundle results in four total functional groups 

being displayed from the bundle, two click functional groups at 
each end. This is a direct consequence of using an antiparallel 
homotetramer coiled-coil as the base bundle monomer. Two 
separate batches of peptide tetramer bundles were synthesized. 
One batch had N-terminal maleimides and the other had 
N-terminal cysteine residues (thiols). The thiol and maleimide 
functional groups from the ends of each bundle reacted 
together through a rapid thiol-Michael addition reaction 
forming an incredibly rigid, high aspect ratio polymer chain. 
These polybundles had widths consistent with a single bundle 
as determined by transmission electron microscopy and small-
angle neutron scattering and several had lengths > 1 µm.

Using computational design, stable bundle units can be 
assembled that possess significant charge density at the 
exterior, opening the door to the study of the polybundles as 
model polyelectrolytes. An example is shown in Figure 4 and is 

published in Sinha et al. [3], where alternating bundles along a 
rigid rod are highly positively charged at pH = 7. With growing 
concentration of rods, electrostatic repulsion introduces both 
an inter-rod structure factor correlation peak as well as a 
correlation hole due to the rods local excluded volume due to 
the significant charge.

Ongoing work involves the design of rigid rod chains and more 
flexible chains, with different interbundle linker chemistry and 
charged patterns to explore the colloidal behavior of the model 
rods as well as the liquid crystal phases that they produce.
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FIGURE 2: Schematic of end-to-end conjugation of the N-termini of designed 
bundles into a 1D chain. The use of the Thiol-Michael ‘click’ reaction, with one 
bundle having thiol end groups via a cysteine amino acid and another bundle 
having non-natural maleimide end groups, produces an extremely stiff, rigid rod 
chain of alternating bundle building blocks [2].

FIGURE 3: Left, SANS of individual bundle building blocks (black symbols) with 
rigid cylinder fit (red solid line) and of rigid rod chains (gray symbols) with rigid 
cylinder fit (red dashed line). Individual bundles were measured to have ≈ 4 nm 
length and ≈ 2 nm diameter as predicted by computational design. Rigid rods 
have the same 2 nm diameter and also display the characteristic -1 scaling of 
log (I) vs log (Q) for a rigid 1-D object. Right, negatively stained TEM image of 
ultrarigid rod chains [3].

FIGURE 4: Rigid rod solution SANS possessing significant positive charge. 
Low and medium concentrations (black symbols and dark gray symbols) reveal 
scattering from individual rods. Higher concentration (light gray) reveals an inter-
rod structure factor peak as well as the introduction of a correlation hole [3].
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T
he use of polymer membranes is well-established 
for achieving cost efficient and energy efficient gas 
separations [1]. Since the separation performance of most 

membranes is highly dependent on their chemical structure, 
most improvements to date have been achieved through the 
synthesis of new polymers. A philosophically different approach 
is physics-based, employing composite materials, e,g., ones 
constructed using only polymer grafted nanoparticles (GNPs). 
These hybrid inorganic-organic constructs have been recently 
shown to have tunable transport characteristics. 

In particular, GNP based membranes display enhanced 
diffusivities of light gases (e.g. CO2) when compared to the 
corresponding ungrafted homopolymer membrane with no 
added NPs. The degree of this enhancement is dependent on 
the molecular weight (Mn) of the grafted polymer chain at 
constant grafting density (σ). In fact, a nonmonotonic behavior 
is observed with a diffusivity maximum at an intermediate 
Mn, one where the Rg of the chain is close to the radius of 
the nanoparticle [2]. Diffusivity control in these composites 
was achieved by varying the grafted chain length at fixed 
grafting density, meaning that the gas transport properties 
of such scaffolds are likely controlled by the nanoscale 
segmental dynamics of the polymer. It is widely accepted 
that diffusion of gases in polymers proceeds through a jump 
diffusion mechanism, where gas molecules jump from one 
“free volume” pocket to another with penetrant jump lengths 
of ≈ 1 nm. This suggests that the use of quasielastic neutron 
scattering (QENS) would be appropriate, as it allows access to 
dynamics with spatial (< 3 nm) and temporal (< 3 ns) sensitivity. 

Here, we use spherical SiO2 NPs (14 nm ± 4 nm diameter) 
functionalized with poly(methyl acrylate) chains with a series  
of molecular weights (Mn ≈ 29 kg/mol to 136 kg/mol) at  
σ ≈ 0.47 chains/nm2. To enable comparison, a neat 
homopolymer with Mn = 96 kg/mol was also studied. For this 
set of configurations, the expected maximum in diffusivity is 
when Mn ≈ 90 kg/mol. All experiments were done at 420 K, 
which is much higher than the glass transition temperature  
(Tg) of the polymer and the composites (Tg ≈ 290 K).

When we compare representative quasielastic spectra from a 
composite with Mn = 88 kg/mol and the neat homopolymer at 
a single wavevector, q = 11.1 nm-1 in Figure 1A, we observe a 

FIGURE 1: (A) Dynamic structure factors at q = 11.1 nm-1 for a composite with 
Mn = 88 kg/mol (red ⦻) and neat homopolymer (black ●) showing increase 
in quasielastic broadening for the composite. (B) Normalized relaxation times 
across averaged across all wavevectors for the composites at different graft Mn

for σ = 0.47 chains/nm2. All data were normalized with respect to the average 
relaxation time of the neat homopolymer. (C) Characteristic jump lengths for 
composites as a function of Mn. The grey band represents the value for the 
bulk polymer. (D) Characteristic jump relaxation times for composites as a 
function of Mn. The blue band represents the value for the neat homopolymer. 
(E) Normalized segmental diffusion coefficients (black) for the graft chains. A 
clear non monotonic trend is observed with a maximum at Mn = 61 kg/mol. 
Corresponding normalized CO2 diffusivities at 308 K are also shown for the 
composites (red).
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larger broadening in the composite relative to the ungrafted 
homopolymer. This indicates that at this length scale  
(d≈2π ⁄ q ≈ 0.5 nm) within the largest measurable time (set by 
the resolution of the instrument), the graft chains are more 
mobile. To compare all the composites in the time domain, 
the data was inverse Fourier transformed and deconvolved to 
calculate the average relaxation times. As shown in Figure 1B, 
the mean relaxation times of the grafted chains are always 
lower than that of the neat homopolymer by a factor of five. 
A weak molecular weight dependence is observed, with 
the normalized relaxation times beyond 61 kg/mol nearly 
independent of the grafted chain Mn. 

While we note that the mean relaxation times of the grafted 
polymers are lower than that of the bulk polymer - to 
independently analyze both characteristic time and length 
scales of the motion, we use an anomalous jump diffusion-
based model that was proposed for glass forming polymers [3]. 
The central tenet behind the model is the existence of decaging 
jumps by polymer segments, with a well-defined length scale 
(jump length, l0) and frequency (jump frequency, 1/τ0 or jump 
relaxation time τ0). For the graft chains, there is a distinct 
minimum in τ0 at an intermediate Mn of 61 kg/mol where the 
relaxation times are 6-7 times smaller than that of the neat 
polymer (Figure 1D). Changes in the spatial mobility (i.e. the 
jump length) are much weaker than the frequency of the 
motion, but a maximum does manifest itself as a maximum at a 
larger Mn = 88 kg/mol, very close to the expected maximum in 
the light gas diffusivities (Figure 1C).

We estimate a segmental diffusion constant using the Einstein-
Smoluchowski principle as D = l 2

0 /6τ. This diffusion coefficient 
is only related to the nanoscale motion of the polymers and 
likely unrelated to the center of mass diffusion of polymer 
chains at longer times. Through this approach, we also combine 
the observed variance in both parameters with molecular 
weight and easily compare to measured light gas diffusivities 
in these composites. We observe nonmonotonicity in the 
segmental diffusion coefficients, qualitatively similar to the 
observation for light gases, with a maximum at a Mn of 61 kg/mol; 
all calculated diffusivities being larger than that of the neat 

homopolymer. This behavior is very similar to the measured 
enhancements in CO2 diffusivities (red circles, Figure 1E), albeit 
with a shift of the segmental diffusion maximum to a lower 
molecular weight and lower magnitude of the enhancement in 
the GNPs. A possible reconciliation comes from two facts – a) 
There need not be a one-to-one correspondence between the 
gas diffusion and local segmental dynamics, likely because the 
gas molecule is smaller than the polymer segments and b) the 
temperature response of the diffusion coefficient is different for 
different graft Mn. Nevertheless, the importance of dynamics on 
the scale of ≈ 1 nm for the transport of penetrants in polymer 
membranes is highlighted through this study.

Thus, GNP based membranes provide a tunable platform for 
controlling transport of penetrants. Using this platform, we 
identify dynamics at the scale of ≈ 1 nm being the driving force 
behind the transport with both spatial and temporal aspects of 
the motion contributing to changes [4]. The major contributor 
is the frequency of motion at this length scale, with faster 
dynamics leading to a nonmonotonic degree of enhancement 
in the segmental diffusion coefficient. More detailed studies 
can help identify how different GNP parameters (σ and core 
diameter) modulate the dynamics of the graft chains and 
develop a better understanding of how these scaffolds control 
the segmental dynamics.

References

[1]  M. Galizia, W. S. Chi, Z. P. Smith, T. C. Merkel, R. W. Baker
and B. D. Freeman, Macromolecules 50 (20), 7809 (2017).

[2]  C. R. Bilchak, E. Buenning, M. Asai, K. Zhang, C. J.
Duming, S. K. Kumar, Y. C. Huang, B. C. Benicewicz, D.
W. Gidley, S. W. Cheng, A. P. Sokolov, M. Minelli and F.
Doghieri, Macromolecules 50 (18), 7111 (2017).

[3]  A. Arbe, J. Colmenero, F. Alvarez, M. Monkenbusch, D.
Richter, B. Farago and B. Frick, Phys Rev E 67 (5), 051802
(2003).

[4]  M. Jhalaria, E. Buenning, Y. Huang, M. Tyagi, R. Zorn, M.
Zamponi, V. Garcia-Sakai, J. Jestin, B. C. Benicewicz and S.
K. Kumar, Phys Rev Lett 123 (15), 158003 (2019).



44 NIST CENTER FOR NEUTRON RESEARCH

S
O

F
T

 
M

A
T

T
E

R

Evolution of local and global chain conformation 
of polymer melts during extensional flow: what 
happens inside the “tube”?

1 ExxonMobil Chemical Company, Baytown, TX 77520
2 Department of Chemical and Biological Engineering, Northwestern University, Evanston, IL 60208

C. R. López-Barrón,1 W. R. Burghardt2 and M. S. Kweon2

S
trong extensional flows are ubiquitous in industrial 
polymer processing operations, such as film blowing, 
thermoforming and foaming. This has motivated a 

significant amount of research over the last few decades 
[1] aiming to elucidate the molecular origins of non-linear 
viscoelastic responses to extensional flow fields. However, 
a unifying theory that correlates local and global chain 
conformation with stress flow fields is still lacking. This is, in part, 
due to the lack of direct measurements of structural evolution 
during melt flow at all relevant length scales. Such measurements 
could aid in answering two unresolved fundamental questions 
of polymer rheology: (1) what is the effect of elongational flows 
on the local conformation (within the so-called “confining tube” 
[2]) of polymer chains? and (2) how is the rheological response 
affected by the local inter-monomer interactions, namely, the 
chemistry of the monomers?

We present a combined experimental method [3] to directly 
measure the structural evolution of polymer chains during 
uniaxial extensional flow on scales ranging from their radius of 
gyration (Rg) down to the monomer conformation. This method 
combines time-resolved in-situ extensional rheo-small-angle 
neutron and wide-angle X-ray scattering measurements 
(tEr-SANS and tErWAXS, respectively) using a commercial 
Sentmanat extensional rheometer (SER) mounted on an ARES G2 
strain-controlled rheometer (for tErSANS measurements) or on a 
custom-made oven (for tErWAXS measurements). Figure 1 shows 
a schematic representation of these measurements, which were 
applied in a polystyrene (PS) isotope blend [3]. In both cases, 
the (X-ray or neutron) beam passes through the center of the 
molten polymer film that is being uniaxially deformed by the SER, 
and 2D scattering profiles are collected in-situ (i.e., during the 
deformation) on the detectors. As illustrated in the top panel in 
Figure 1, the global chain alignment in the range from segmental 
to single molecule scales is measured with tErSANS [4], whereas 
local orientation of the backbone-backbone and phenyl-phenyl 
interactions between adjacent styrene monomers are measured 
with tErWAXS. The extensional stress is directly measured by the 
torque transducer in the rheometer.

The chain alignment in the segmental length corresponding  
to the Rg about the stretching direction (SD) is quantified  
by the segmental alignment factor, defined as  
Af = (∫ 2π

0  I (ϕ) cos(2ϕ)dϕ ⁄ ∫ 2π  
0  I (ϕ)dϕ) [5], where I (ϕ) is the 

SANS intensity (radially-averaged within the annular sector 
indicated in Figure 2(a)) measured as a function of azimuthal 
angle (ϕ), as shown in Figure 2(c). Two new parameters are 
defined to quantify the strain-induced anisotropic inter-phenyl 
interactions (also referred as inter-phenyl π-π stacking) and 
the “local” backbone stretching (backbone-to-backbone 
correlations). These are Aπ-π = (Iππ-SD - Iππ-TD) ⁄ (Iππ-SD + Iππ-TD) and  
Abb = (Ibb-TD - Ibb-SD) ⁄ (Ibb-SD + Ibb-TD), respectively, where integrated 
intensities measured in angular sectors (of equal area) along the 
stretching and transverse directions (SD and TD, respectively), as 
indicated in Figure 2(b). The alignment factors described above 
were measured as a function of time and strain during start-
up of uniaxial extension of the PS isotope blend at different 
temperatures and strain rates, which allows us to access a wide 
range of Weissenberg number (four decades) and extensional 
stress (0 MPa to 20 MPa) [3].

FIGURE 1: Schematic representation of the tErSANS and tErWAXS measurements 
using a commercial SER. The top panel shows a schematic illustration of the global 
and local chain conformations induced by extensional flow.
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We found that single master curves are obtained when all 
the of time-dependent alignment factors and stress data 
(measured at different temperatures and deformation rates) 
are plotted parametrically (Figure 3). This fact led us to propose 
three empirical rules that relate the bulk extensional stress to 
the microstructure evolution at different length scales. These 
are the stress-SANS rule (SSR, given as σ = C -1

E E,Rg Af  ) and 
two stress-WAXS rules (SWR, given as σ = C -1

E E,π-π Aπ-π  and  

known stress-optical rule (SOR), although they are not entirely 
analogous, as each of them probe different segmental  
lengths of the polymer chains. The stress-SANS coefficient  
(CE,Rg = 0.69 MPa-1) and the stress-WAXS coefficients  
(C  = 0.025 MPa-1

E,π-π  and CE,bb = 0.074 MPa-1) are given by the 
slopes in the straight lines in Figure 3. The deviation from the 
linear correlations indicates failure of the SSR and SWRs, which 
occurs at one order of magnitude larger stress values for the 
local alignment than for the global alignment. This observation, 
along with the fact that the SANS coefficient is one order of 
magnitude larger than the stress-WAXS coefficients, reveals that 
the global chain conformation is much more sensitive to the 
stress field than the local chain conformation (inside the tube).

σE = C -1
E,bb Abb ). Note that these rules resemble the well-

In summary, this work demonstrates the power of combining 
in-situ time-resolved SANS with time-resolved X-ray scattering 
measurements to elucidate the interrelations between 
viscoelastic response and microstructure in a wide length scale 
range. This method allowed us to reveal the very important role 
of the polymer “chemistry” (i.e., the chemical identity of the 
monomeric units) on the non-linear response of polymer melts 
to fast flows, which is typically ignored in most studies that 
consider a polymer chains as a mere one-dimensional strings 
(i.e., spaghetti-like entities). This study also revealed that the 
chain conformation on a global scale responds more strongly to 
extensional flow than does the local conformation (i.e., inside 
the confining tube), due to the local structure at the monomer 
level. Therefore, it follows that the application of the methods 
presented here to other polymeric systems represents an 
opportunity to gain deep understanding of the effect of specific 
interaction forces present in different monomeric units (e.g., 
hydrogen bonding, π-π interactions, ionic bonds, etc.).
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FIGURE 2: (a) and (b) show SANS and WAXS 2D data, respectively, of the PS 
isotope blend measured at Hencky strain of 2.4 during uniaxial extensional flow 
at 130 °C. (c) Radially-averaged SANS intensity as a function of azimuthal angle 
measured at strains of 0 and 2.4. (d) Radially-averaged WAXS intensity as a 
function of azimuthal angle measured at the inter-phenyl (q      *     ) and inter-chain  1
( q      *     ) peaks, respectively.2

FIGURE 3: Segmental alignment factor (Af), anisotropic π-π stacking (Aπ-π ), and  
“local” backbone stretching (Abb) versus stress, measured with tErSANS and 
tErWAXS. Solid lines are fits to the SSR and SWRs.
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Neutron probe for mass transport mechanisms  
in oil-in-water emulsions
Y.-T. Lee, D. Li, and L. Pozzo

E
mulsions are ubiquitous in many consumer products 
including foods, cosmetics and cleaning products. They 
are also key components to engineered systems such as 

lubricants, drug delivery vehicles and micro or nano reactors 
such as in latex polymerization. A deep understanding of the 
transport mechanisms that occur in these dynamic and complex 
microenvironments is critical to the successful design and to 
control the performance of these systems. In this work we use 
small angle neutron scattering (SANS) with carefully designed 
contrast variation, and time-resolved data collection capabilities 
at the NCNR, to provide fresh insights into the mechanisms of 
molecular and colloidal mass transport that occur in oil-in-water 
emulsion systems stabilized by anionic alkyl sulfate surfactants 
such as sodium dodecyl sulfate or SDS [1, 2].

Figure 1 highlights possible mechanisms of oil exchange that 
take place in emulsions. Droplets can exchange oil by molecular 
diffusion processes that depend, among other things, on the 
solubility and diffusivity of the molecules in the continuous 
water phase. Alternatively, micelles can also ‘shuttle’ oil between 
droplets by solubilizing molecules in their hydrophobic core. 
Colloidal transport mechanisms, which rely on the direct 
interactions between droplets, may also dominate kinetics of oil 
exchange. For example, two droplets may coalesce to form a 
larger ‘mixed’ droplet. Alternatively, droplets may collide or come 
into close proximity to accelerate transient interfacial transport 
without undergoing irreversible coalescence. To determine the 
dominant transport mechanisms, contrast variation time-resolved 
SANS (CV-SANS) was used to track oil exchange after rapid 
mixing of identical emulsion systems that differed only in their 
isotopic H/D oil composition. When these are mixed (t = 0) the 
molecular exchange is initiated and tracked as a function of time 
by a decrease in scattering intensity due to the loss of contrast 
with the continuous water phase.

Figure 2 highlights the kinetics of oil exchange that occurs 
when hexadecane, a water-insoluble oil, is emulsified with 
SDS at surfactant concentrations above and below the critical 
micelle concentration (CMC). The kinetics of oil exchange for 
this system is very slow and it takes several hours to observe 
an appreciable decrease in contrast. Control experiments 
monitoring an unmixed emulsion were also performed to 
demonstrate that they were stable against coalescence and 
that any intensity decrease was dominated by the change 
in neutron scattering contrast. The oil exchange kinetics 

were further quantified by the calculation of the relaxation 
function R(t) that was then fit to a simple exponential decay. 
It was noteworthy to find that the decay rate was unaffected 
by the presence or absence of micelles in the colloidal 
dispersion. This result suggests that SDS micelles do not play 
a significant role in regulating the transport of hexadecane 
molecules between droplets. Moreover, control experiments 
without any SDS surfactant in the system showed even slower 
kinetics of exchange. Thus, for SDS-stabilized hexadecane-in-
water emulsions, the dominant mechanism of oil exchange 
was determined to be dependent on interfacial exchange 
mechanisms due to direct droplet interaction. In contrast, 
CV-SANS experiments with shorter alkanes (i.e. octane and
dodecane) demonstrated that molecular diffusive transport can
indeed dominate for oils with increasing solubility in water [1].

Similar CV-SANS experiments were also performed using the 
same emulsion systems but under the application of an external 
high-intensity focused ultrasound (HIFU) field using a recently 
developed sample environment [3]. In these experiments, the 
droplet size distribution was also determined to be relatively 

University of Washington, Seattle, WA 98195

FIGURE 1: Potential oil exchange mechanisms in oil-in-water emulsion systems.
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unchanged for the duration of the experiment. However, 
Figure 3 shows that the kinetics of exchange for sonicated 
samples was greatly accelerated and full decay was achieved 
within just a few minutes of ultrasound activation [2]. Here, 
the dominant mechanism was determined to be a steady-state 
balance between mechanically induced droplet coalescence 
and breakup leading to complete oil-exchange without a 
net change in size distribution. Importantly, the addition 
of surfactant (SDS) was shown to reduce the kinetics of oil 
exchange through the formation of a colloidally stabilizing 
interface. CV-SANS experiments performed at variable acoustic 
pressures also indicated that cavitation processes were essential 
to the acceleration of oil exchange via droplet coalescence [2]. 

In conclusion, the use of CV-SANS with time-resolved analysis 
was demonstrated to be a powerful experimental tool for 
the quantitative analysis of mass-transport occurring inside 
complex emulsion systems without the necessary addition of 
external ‘tags’ that would undoubtedly influence the systems 
of interest. The development of new instruments, such as 
the new CHRNS vSANS instrument at the NCNR, which are 
capable of simultaneous data acquisition at multiple sample-
to-detector distances with neutron beams of increased 
brightness are key to the success of such kinetic experiments. 
The extended low-q range of vSANS, though it had not 
yet been commissioned for use in this specific work, will 
further enable the analysis of oil exchange rates in emulsions 

while simultaneously monitoring changes in droplet size 
distributions. Finally, developments in sample environments 
such as shear cells, ultrasound cells, microfluidics and stop-
flow will further expand the analysis of transport in complex 
fluids and emulsions under realistic use situations.

References

[1]  Y.T. Lee, L.D. Pozzo, Langmuir, 35 (47), 15192 (2019).
[2]   Y.T. Lee, D.S. Li, L.D. Pozzo, Langmuir, 35 (47), 15204 

(2019).
[3]   D.S. Li, Y.T. Lee, Y. Xi, I. Pelivanov, M. O’Donnell, L.D. 

Pozzo, Soft Matter, 14, 5283 (2018).

FIGURE 2: (Top) Time-resolved SANS analysis of mass exchange between 
deuterium-enriched and hydrogen-enriched hexadecane emulsions stabilized by 
sodium dodecyl sulfate (SDS). (Bottom) Decay rates in SDS-stabilized emulsions 
are insensitive to the presence or absence of micelles in the dispersion.

FIGURE 3: (Top) Design drawing of in-situ high-intensity focused ultrasound 
sample environment for SANS or SAXS analysis. (Bottom) Decay rates in SDS-
stabilized emulsions are greatly accelerated during ultrasound application.
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Techniques for time-resolved SANS measurements
C. Glinka,1,2 M. Bleuel,1,3 P. Tsai,1 D. Zákutná,4 D. Honecker,5 D. Dresen,6 F. Mees,6 

and S. Disch6

C
hanges in nanoscale structure that occur on time scales in 
the micro- to millisecond regime in response to a stimulus 
are critical to the function and performance of materials as 

varied as muscle tissue, membranes, superconductors, ‘smart’ 
gels, electrorheological fluids, domains in ferroelectrics and 
ferromagnets, and photosensitive macromolecules. The ability 
to observe nanoscale structural changes in this time regime 
by SANS requires, due to intensity limitations, collecting data 
over many response cycles. The time resolution attainable this 
way on a conventional reactor SANS instrument is ultimately 
limited by the instrument’s wavelength bandwidth (typically 
∆λ∕λ ≈ 10 %) which typically spreads out the detection times 
of neutrons scattered by the sample by several milliseconds. 
However, by employing R. Gähler’s time-focusing technique [1] 
that he termed TISANE (for Time-Involved Small-Angle Neutron 
Experiments), sub-millisecond time resolution is achievable.

TISANE utilizes counter-rotating high-speed choppers upstream 
from the instrument’s collimation to emit neutron pulses with 
microsecond burst times. The frequency of these bursts, in 
relation to the sample stimulus frequency, results in time focusing 
at the detector independent of the spread in wavelengths. The 
time resolution achievable by TISANE is largely determined by the 
chopper burst times. The duty cycle of the choppers (percentage 
of time the choppers are ‘open’) does impose a reduction in 
average beam intensity which is only partially mitigated by the 
time-focusing. Hence TISANE should only be employed when 
the resolution achievable with conventional cyclic time binning 
is insufficient. Recent TISANE resolution measurements [2] have 
been made under a variety of instrument configurations to serve 
as a guide to when TISANE measurements provide an advantage 
over conventional time-binning measurements (Figure 1).

The capability of the TISANE setup on the NG-7 SANS 
instrument was demonstrated recently in a study of the 
reorientation dynamics of magnetic nanoparticles [2] in an 
oscillating magnetic field, with a time resolution as fine as  
150 µs. The enhanced time resolution provided by TISANE 
allowed tracking of the oscillatory motion of the polar particle 
axis up to frequencies close to the kHz range, well beyond the 
limit set by the continuous SANS technique.
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FIGURE 1: The curves correspond to values of the sample-to-detector distance, 
L2, and the sample stimulus frequency, fs, where the time resolution obtainable 
with continuous-beam time-resolved measurements matches that obtainable 
with TISANE. For all values of L2 and fs above a given curve, the TISANE 
resolution is better, the more so the farther from the curve. For L2, fs values 
below the curves, i.e. at lower frequencies and shorter detector distances (larger 
Q measurements), continuous-mode measurements are preferable, due primarily 
to their 100 % duty cycle. The three curves are for three relative speeds of the 
two choppers (1:1, 1:2, and 1:1.5) which is another way of improving the TISANE 
time resolution albeit with a reduction in duty cycle.

FIGURE 2: 2D SANS patterns (upper panel) of the scattering from elongated 
magnetic nanoparticles [2] at different time frames during the application of a 
100 Hz applied magnetic field. The middle panel is a schematic representation of 
the orientation of the nanoparticles at the corresponding times.
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Measuring structure and viscosity of complex 
fluids at extreme shear rates
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and K. M. Weigandt1

S
mall-angle neutron scattering continues to be an important 
tool in measuring multicomponent, complex fluids at the 
nanoscale. Complex fluids such as protein therapeutics, 

soaps, paints, and food products are often processed at high fluid 
velocities in confined geometries. The ratio of fluid velocity to 
geometry gap size defines the velocity gradient and corresponding 
shear rate, which can approach values of 106 s-1 during 
industrially-relevant processes of injection, spraying, or lubrication.

By combining rheology and SANS techniques into a single 
method, called RheoSANS, it is possible to simultaneously measure 
the fluid viscosity and nanostructure, providing key insight into 
how changes in fluid structure lead to changes in viscosity. Until 
recently, RheoSANS methods were limited to speeds of roughly 
1 m s-1, corresponding to a shear rate of 103 s-1 using a 1 mm 
sample gap. To expand the shear rate limitations, a measurement 
device called Capillary RheoSANS (CRSANS) [1] was developed 
at the NCNR with support from the nSoft consortium and NIST 
Innovations in Measurement Science (IMS) funding. The CRSANS 
device consists of a coiled fused silica capillary (Fig. 1) and high-
pressure pumps that push fluid at 50 m s-1 within a confined 
diameter that can range from 1 µm to 200 µm. The advances in 
high pressure, fluid velocity, and confinement provide a thousand-
fold increase in the shear rate at the capillary wall, which can 
achieve shear rates in excess of 106 s-1.

An example CRSANS measurement is shown in Fig. 2, which 
demonstrates the viscosity and 2D SANS measurements of 
worm-like micelle surfactants commonly used in enhanced oil 
recovery applications. The steady-shear viscosity decreases

strongly with increasing shear rate up to 104 s-1, which 
coincides with the growing anisotropy in the SANS as the 
worm-like micelles align along the flow direction (horizontal 
direction).  Interestingly, the micelle alignment decreases upon 
increasing the shear rate further above 104 s-1. This maximum 
in alignment of micelles coincides with the macroscopic change 
in the power-law scaling of the viscosity from a slope of -2/3 
to -1/3 (dotted lines in Fig. 2a), which is predicted to occur as 
worm-like micelles break down into shorter rod-like micelles [2].

Using Capillary RheoSANS, scientists can now examine how 
complex fluids behave at extreme flow conditions. With the 
combined RheoSANS capabilities at the NCNR, the rheology 
and nanostructure can be measured over eight orders of 
magnitude in shear rate, opening the door to previously 
impossible neutron measurements of the microstructure of soft 
materials and complex fluids.
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FIGURE 1: (a) Capillary RheoSANS device at the nSoft NGB-10m SANS. (b) Front 
view of a single silica capillary that is coiled to increase the sample volume in the 
beam path. (c) Pressure-driven flow in a capillary (D = 100 µm) capable of generating 
shear rates of 106 s-1 at the wall and fluid velocity of 50 m s-1 at the center [1].

FIGURE 2: (a) Steady-shear viscosity of surfactant solution of worm-like micelles 
at various surfactant concentrations of (green) 4.6%, (red) 2.3%, and (blue) 
1.2% by mass. Different measurement geometries are compared for (solid) 
capillaries, (open) rotating concentric cylinders, and (crossed) rectangular slits. 
(b-e) Corresponding 2D SANS shows micelle alignment increases up to 104 s-1 
but decreases at higher rates [1].
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An autonomous liquid-handling platform  
for industrial formulation discovery
P. A. Beaucage and T. B. Martin

C
omplex liquid mixtures are the foundation of industries 
ranging from personal care products to biotherapeutics 
to specialty chemicals. In many such applications, small 

variations in composition can produce dramatic variations in 
performance. While neutron and X-ray scattering methods are 
workhorse techniques for characterizing model formulations, 
the large number of components in many real products makes 
mapping the parameter space impossible due to the sheer 
number of possible compositions. To enable rational design of 
these materials, we must leverage machine learning (ML) tools 
to greatly reduce the expense of creating structure-composition 
maps (phase diagrams). Applying ML tools requires a platform 
capable of autonomously creating samples with varying 
composition and chemistry. While there are numerous examples 
of robots which perform specific user facility operations, these 
systems tend to be bespoke and non-adaptable to new tasks. 
We have developed a highly adaptable sample environment 
that can be programmed to autonomously prepare and 
characterize liquid-formulations, which, in addition to ML-
assisted search, will be used for nSoft consortium mail-in 
operations and reference dataset generation.

The goal of the system is to prepare samples from stock solutions 
and characterize their properties using neutron and X-ray 
scattering. The base platform consists of commercial off-the-
shelf components, including an automated pipetting system, 
syringe pumps, flow selectors, and flow cells / capillaries (Figure 
1). While the initial configuration focuses on enabling automated 
small-angle neutron (SANS) and X-ray (SAXS) measurements, 
it is designed to accommodate other inline devices (e.g., flow 
mixers), secondary measurements (e.g., UV-Vis spectroscopy) or 
even other sample environments (e.g., Capillary μRheoSANS).

The physical design of the robot is supported by a highly 
extensible Python microservice backend. Each device or group 
of devices (e.g., syringe pump + flow selectors) is encapsulated 
in a Python-based server that provides a command language 
and an interactive webpage showing the command queue. The 
granularity of the command language for each device server is 
arbitrary and is defined using simple Python classes. Users can 
define commands which map directly onto device operations 
(e.g., move flow selector to port 8) or complex composite 
commands involving multiple devices (e.g., perform a multi-
cycle rinse routine). All of these commands are transmitted as 
web requests allowing our system to be integrated into existing 

networks. By separating device groups into different device 
servers, we allow for asynchronous operations so that rinsing, 
sample preparation, and sample measurement can occur 
simultaneously. 

Users design experiments on the platform by writing Python 
scripts or Jupyter notebooks. The user interface is through 
simple, physical commands such as “load” and “measure” 
and the user does not interact with communication or 
operational details; for SANS experiments at the NCNR, the 
neutron instrument is entirely controlled in the script via the 
Python interface to NICE. To enable autonomous formulation 
exploration driven by ML, we further developed a Python library 
which abstracts the sample preparation process. Users specify 
the location and composition of stock solutions along with the 
composition of desired samples. The library then solves the 
mass balance equations and creates a pipetting protocol. Users 
can specify desired samples by component mass, volume, or 
scattering length density, enabling the trivial construction of 
concentration or contrast-variation series. Most importantly, this 
sample abstraction will enable future ML algorithms to specify 
points in composition space without needing user intervention 
during autonomous phase-space mapping.

While ML-assisted phase mapping is still in development, our 
system has successfully operated at the NCNR and the Cornell 
High-Energy Synchrotron Source (CHESS). In both cases, 
we generated a library of scattering data for surfactant and 
nanoparticle solutions that will form the foundation of a future 
public database of small-angle scattering data.

Materials Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, MD 20899

FIGURE 1: Schematic of liquid handling robot.
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Annealing and etching away machining  
damage in a neutron interferometer
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N
eutron interferometers coherently split and recombine a 
neutron wave, generating an interference pattern that 
depends on the neutron’s interaction with samples inside 

of the interferometer. The macroscopic path separation unique 
to perfect-crystal neutron interferometers is achieved with Bragg 
scattering, where the neutron beam’s wavelength and direction 
of travel almost perfectly matches the distance between atoms 
in the interferometer. For the neutron wave to recombine 
coherently, however, the angular alignment of the crystal lattice 
across the entire interferometer must be less than 10 nrad  
(2 x 10-3 seconds of arc), which in terms of angular resolution 
would be like aiming for the bullseye of a dart board 1300 km 
away. Fortunately, the stringent angular alignment requirements 
may be satisfied without the need of sub-arc-second-precision 
motion control by constructing an interferometer from a high 
purity, floating-zone grown silicon ingot, so that the “blades” 
which diffract the neutron wave protrude from a still-connected 
base (Fig. 1a). Historically, this has used a notoriously non-
reproducible, etching process with some interferometers 
functioning almost perfectly and others hardly usable. In recent 
work [1], we have demonstrated a more reliable process where 
improved machining techniques and post-fabrication annealing 
of the interferometer reduced the required etching depth by an 
order of magnitude.

A test-case “two-blade” interferometer was fabricated at the 
RIKEN Center for Advanced Photonics (Fig 1a). The finish cuts 
were made using a specialized, ultra-high precision grinding 
(UHPG) technique that produced a geometry with one micrometer 
tolerances and relatively small amounts of surface-level machining 
damage. Such an interferometer is judged in quality by the 
sharpness of a central interference peak-like structure which is 
formed as a function of alignment of the two diffracting “blades” 
at the 10 nrad angular scale. The interferometer was tested at 
multiple stages in the post-fabrication process: Step N. UHPG  
only; Steps I and II, annealed at 800 °C for 10 hours and 72 hours, 

respectively; Step III. 4 µm of material chemically etched away; and 
Step IV. reannealed at 800 °C for 10 hours. 

While no interference structure could be resolved for Step N, the 
shape of the neutron beam’s profile leaving the interferometer 
indicated surface level strain at the 10-5 level extending down 
approximately 1.5 mm into the crystal blades. After Step I, a 
weak interference pattern appeared, suggesting a reduction of 
surface strain by three orders of magnitude. After reannealing 
(Step II) did not alter the interference pattern (Fig 1b), 4 µm of 
material was etched away (Step III), reducing strain by another 
order of magnitude and producing a nearly perfect interference 
pattern (Fig. 2c). Annealing a third time (Step IV) did not 
appreciably change the quality of the interference pattern, but a 
shift of the peak location indicated the relative alignment of the 
two blades changed by 10 nrad, which suggests continued strain 
reduction in the interferometer base.
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FIGURE 1: (a) The “two-blade” interferometer described in the text. Interference 
structure (a) after annealing (Step II), but before etching and (b) after both etching 
and annealing (Step IV) compared to a theoretical, unstrained interferometer.
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An RF neutron spin flipper for controlling the 
polarization in large beams with high efficiency

1 NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899
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W. C. Chen,1 R. Erwin,1 P. Tsai,1 Md. T. Hassan,1,2 and C. F. Majkrzak1

N
eutron polarization analysis using nearly perfect polarizing 
devices provides excellent sensitivity for distinguishing 
weak magnetic scattering from strong nuclear scattering. 

An adiabatic radio-frequency (RF) neutron spin flipper is such 
a device allowing researchers to flip the spin in a broadband 
neutron beam [1]. However, existing RF spin flippers are limited 
to use for a relatively small beam cross section, not suitable for 
the large incident beam of typically in the range of 5 cm2 to 
10 cm2. However, the incident beam on the newly developed 
polychromatic beam reflectometer, CANDOR, is much larger 
(90 cm2). Simulations showed that these flippers would not 
provide the required flipping efficiency of higher than 0.995 
in the wavelength range from 4 Å to 6 Å. Here, we report the 
development of an RF spin flipper that provides an efficiency 
of 0.999 or better over the entire 6 cm x 15 cm beam, and a 
technique enabling measurements of the flipping efficiency 
with a precision better than 0.001. This RF flipper includes a 
neutron guide with either 58Ni-coating or super-polished glass 
placed inside the coil which reduces the loss of beam intensity.

In an RF spin flipper, two orthogonal magnetic fields, one 
stationary (B0) and the other oscillating (B1), are required. 
The vectorially combined B0 and B1 field (effective field) in 
the rotating frame rotates its direction with a rate of change 
much slower than the Larmor frequency of the neutron as the 
neutron passes through the device. The neutron thus “sees” 
a change in direction of the effective field and the neutron 
spin flips. The flipper (Fig 1) contains three static magnetic 
guide-field sections (a), (b) and (c) which are employed to 
generate a gradient in B0 in the RF coil and provide the guide 
field for adiabatic neutron spin transport. The overall length of 
the flipper is ≈ 530 mm in which 250 mm is necessary for the 
RF coil (f). Sections (a), (b), and (c) are installed on CANDOR, 
while section (d) was used during testing to mimic the field 
generated by the magnetic cavity of the double-V supermirror. 
To increase the current delivered to the RF coil, which thereby 
raises B1, we developed an inexpensive RF circuit using a 
modified Hartley RF oscillator and mutual coupling of the 
resonant coil to the excitation coil. This yields a larger flipping 
ratio than using a conventional 40 W RF power amplifier. 

The RF spin flipper was characterized and optimized using the 
PHADES test station and two opaque 3He spin filters that have 
a high opacity such that their resulting neutron polarizations 

are close to unity [2]. The adiabatic fast passage (AFP) nuclear 
magnetic resonance (NMR) technique was employed to flip 
the 3He polarization, thus the neutron polarization of the 
incident beam, thereby establishing the maximum achievable 
flipping ratio and/or neutron polarization.

Zimmer et al. showed that when the product of opacity and 
3He polarization of an opaque 3He NSF is larger than 3.8, 
the resulting neutron polarization is higher than 99.9%. The 
neutron polarization and the efficiency of a flipper can then 
be determined to a relative standard error of ≈ 0.0002 [2]. 
Figure 2 shows the flipping efficiency as a function of the RF 
amplitude using the 58Ni-coated neutron guide (section (e) in 
Figure 1). A plateau of the flipping efficiency of 0.9997(3) was 
observed at an RF amplitude of 0.95 mT, which is consistent 
with the simulation. The flipping ratio at the plateau was 
879(63), which is comparable to that obtained using the 3He 
AFP NMR flipper, and confirming that the RF flipper provides 
a flipping efficiency nearing unity. We also found that the 
flipping probability changed only slightly with the resonant 
frequency, indicating that the operation of the RF flipper is not 
sensitive to small frequency deviations. 
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FIGURE 1: Left: Schematic of the adiabatic RF neutron spin flipper. The arrow 
length indicates strength of the static field B0. The neutron beam travels from 
right to left along x. Right: Dependence of the flipping efficiency on the RF 
amplitude from both simulation (open circle) and measurements (filled circle) for 
the 58Ni-coated neutron guide. The line is a guide to the eye. Error bars represent 
one standard deviation.
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Restraining molecular simulations with  
neutron reflection data
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N
eutron reflectometry (NR) is one of the few techniques 
in structural biology able to characterize disordered 
and peripheral membrane-binding proteins under 

physiologically relevant, fully solvent-immersed conditions. NR 
reports an ensemble and time average of the structure of a 
membrane-associated protein as a one-dimensional component 
volume occupancy profile with an intrinsic resolution of about 
1 nm. This is insufficient for many biomedical applications such 
as drug discovery, which require atomistic detail. Molecular 
dynamics (MD) simulations have therefore long been considered 
an optimal compliment to NR to provide the two missing 
dimensions and to obtain a structural model of the protein-
membrane complex at high resolution. More often than not, 
experiment and simulation gave incompatible results, either 
due to necessary simplifications of the experimental context 
or computational approximations during the simulation. To 
fill this gap, we recently implemented two related approaches 
that constrain MD simulations using NR data, leading to the 
best-possible agreement between the two and allow to obtain 
a high-resolution consensus structure.

Within a collaboration with the Roux group from the University 
of Chicago [1] we adapted the restraint ensemble MD (re-MD) 
approach, which previously had been successfully applied to other 
structural techniques such as nuclear magnetic resonance (NMR). 
The re-MD approach is formally equivalent to the maximum 
entropy method and minimally perturbs a MD trajectory for 
the purpose of matching target experimental observables. For 
a protein-membrane complex investigated with NR, this target 
observable is the 1-dimensional structural profile of the protein 
and its relative distance from the lipid membrane obtained 
from independent modeling of the NR data [2]. It is currently 
not realistic to use the NR data by itself as the target observable, 
as this would involve simulating the entire experimental setup 
and all relevant interactions. The re-MD approach is particularly 
suited for smaller proteins and peptides, and we have applied it 
to characterize the membrane-bound structure of the intrinsically 
disordered SH4-U region of the Hck kinase [1], a signaling protein 
which regulates many cellular processes relevant in cancer, whose 
membrane interaction was studied with NR at the NCNR. The 
re-MD approach led to a convergence of the simulated ensemble 
with NR data and NMR data collected in Chicago, leading to an 
atomistically resolved model of SH4-U membrane association.
For larger proteins, the re-MD approach quickly reaches a 

computational limit due to the system size and the need to 
perform parallel simulations. In collaboration with Argonne 
National Laboratory, we have devised a restraint MD simulation 
method that uses a single MD simulation in combination with 
time averaging to obtain the structural ensemble [3]. While this 
approach generally does not reach the optimal compromise 
between simulation and experiment that is achieved by re-MD, 
the restraining potential was designed to minimally affect 
experimental observables other than the target. We have tested 
this method with NR data of the membrane-bound PTEN lipid 
phosphatase [4]. The restraint on the configuration space 
showed a faster equilibration of the simulation compared to 
an unrestraint simulation and previously unobserved protein 
configurations were identified, leading to new insights into the 
role of the auto-inhibitory C-terminus of the protein during 
membrane-binding (see Figure 1). Future work will apply the 
method to more disease-relevant proteins and will integrate 
additional experimental techniques.
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FIGURE 1: A restraining potential for the MD simulation is obtained from a 
model fit to the NR data. In turn, the MD simulation provides a high-resolution 
structural interpretation of the experimental data.
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Neutron Source Operations

Reliability and availability of the reactor

The reactor operated for 160 days during FY 2020, achieving 
a reliability of greater than 98%. Operational days were 
limited due to the temporary suspension of operations as a 
result of the pandemic.

Cold source cryostat intermediary  
quality assurance

The cryostat for the new deuterium cold source is a complex 
assembly of individual shells machined out of billets of heat-
treated aluminum 6061 alloy that are welded together into 
one structure. To ensure the safety and performance of the 
actual cryostat, an analysis of the theoretical strength of the 
final product was carried out, followed by the fabrication of a 
prototype. The prototype serves several purposes including the 
manufacturability of the assembly. As the contractor assembled 
the prototype, it became clear that the design clearances were 
insufficient to accommodate material movement during the 
welding process resulting in several thermal shorts after the 
welded assembly was completed. This led us to make slight 
alterations to the geometry of the cryostat, which successfully 
eliminated thermal shorts without affecting the neutron optics.

Due to the issues encountered with manufacturing the 
protoype, the contractor initiated a special quality assurance 

procedure where the components of the cold source were 
3D printed at full scale which allowed visual inspection which 
demonstrated that the required clearances were maintained. 
The input into the 3D printer was exactly the same as that used 
to program the CNC machines that are used to fabricate the 
final aluminum parts. Upon determining that the clearances 
were adequate in the mock assembly of the 3D printed parts, 
the design files were used to generate the CNC programs 
used to machine the actual parts. In the end, this process 
resulted in a plastic version of the entire cryostat, which can 
be used for demonstrations.

New system for testing the air tightness of the 
NBSR confinement building

The NCNR’s confinement building acts as a barrier against 
unwanted release and as such requires an annual test of the 
building integrity against air leaks. Whenever a change is 
made to the structure, systems or components that comprise 
the confinement building, this test must be repeated. Both 
the annual test and any design change inspections require the 
building pressure to be changed to prescribed vacuum and 
overpressure levels while measuring the rate of gas flow in 
and out of the building.

The leak rate test system that was delivered with the original 
building consisted of two fans (one to deliver vacuum and one 
to deliver overpressure), a very large (washing machine size) 
gasometer, an inclined manometer and several damper valves 
to control the fan output. Testing required two operators over a 
time that spanned multiple operator shifts. This introduced the 
possibility of communication errors and excluded workers from the 
confinement building for extended periods of time during testing.

The new system is built on a single skid, occupies only about 
40 square feet and can be operated by one operator. Instead 
of two fans, the system driver is single regenerative blower, 
which can bring the building to testing pressure in several 
minutes. The blower is driven by a variable speed motor, 
which after the building is brought to pressure is dialed back 
using the building pressure as a control signal in a PID control 
loop. The new system has been deployed several times, 
proving to be much faster, so other users of the confinement 
building are no longer banned from entering for significant 
amounts of time. Repeat testing is also much quicker, which 
reduces the risk that a series of testing would impact reactor 
operations. Overall, the new system has reduced the test/
repair/test time cycle by an order of magnitude.

FIGURE 1: David Hix of the Cold Source Team inspecting clearances between 
the 3D printed mock components of the deuterium cold source cryostat.
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Training reactor engineers and health physicists to 
become licensed reactor operators

During FY 2019 the cadre of licensed NBSR operators had 
shrunk to a level that could jeopardize the ability of the NCNR 
to provide 24/7 operations, with an obvious negative impact 
on neutron availability for science. At the low point, the NCNR 
was seven operators short of a full complement of 20 licensed 
reactor operators.

In response, the NCNR undertook an aggressive campaign 
to fill the seven vacancies. Not knowing ahead of time how 
fast we would succeed in attracting the necessary talent, the 
NCNR trained several Health Physics and Reactor Engineering 
personnel, preparing them for a reactor operator licensing 
exam by the Nuclear Regulatory Commission (NRC). Four 
reactor engineers successfully passed the NRC exam given 
in June/July 2020. We now have four engineers available 
for occasional shifts as operators. In the process, the NCNR 
trained a new reactor operator trainer, who is now prepared 
to instruct the seven newly recruited operators.

Even though this program has involved considerable effort 
for several months, the entire program was well received 
by all involved. Besides adding needed reactor operators, it 
became clear that this training provided reactor engineers and 
health physicists an enhanced understanding of the rigors of 
operating a reactor. Thus the NCNR, now has not only more 
operators, it also has reactor engineers and health physicists 
who are more closely integrated into reactor operations, 
hopefully leading to more efficient designs and procedures.

FIGURE 2: New building leak test system. During a vacuum test air from the 
building is directed to the regenerative blower or during a pressure test the flow 
in the vertical pipe is reversed, while the flows through the other pipe segments 
remain the same. The building pressure is measured independently with a 
microprocessor controlled differential pressure transducer.
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Facility Developments 2020

The nSoft Consortium 10m SANS Detector Upgrade

A 10 m SANS is the flagship instrument of the nSoft 
consortium, enabling measurement technique development 
and rapid access for industrial members. The current detector, a 
0.65 m × 0.65 m manufactured by Ordela, has been in service 
for more than 20 years and is of an obsolete design and Ordela 
is now defunct. Thus, NIST is replacing it with a new detector 
which is an array of 1 m Reuter Stokes linear position sensitive 
tubes each with a diameter of 8 mm. The linear position 
sensitive tubes are arranged in “8-pack” modules yielding an 
effective spatial resolution of 8 mm × 6 mm and a sensitivity 
of 75% for 5 Å neutrons. Additionally, the new detector array 
is capable of time-stamping neutron events with nanosecond 
precision using the Precision Time Protocol (IEEE-1588).

The new detector was delivered in July 2020. To accommodate 
it, the carriage holding it within the SANS vessel is being 
redesigned along with the beam stop changer and the 
installation fixture. A compressed air supply line is being 
installed that will satisfy the more stringent cooling 
requirements. Parts manufacturing is well underway along with 
the hardware and software modifications required to operate 
the detector. The installation is projected to occur in April 2021.

CANDOR Commissioning Update

The CANDOR reflectometer, which is currently being 
commissioned at the NIST Center for Neutron Research marries 
the advantages of time-of-flight polychromatic reflectometers, 
such as those commonly employed at pulsed neutron sources, 
to the high time-averaged flux of a reactor neutron source. The 
key component of this instrument is a multiplexed detector 
consisting of channels each containing 54 graphite crystals 

which reflect neutrons of a particular wavelength onto an 
individual scintillator screen (described in more detail below). 
The calibration of this energy-dispersive detector system is 
crucial for reliable data reduction. This was accomplished using 
Bragg reflection from a pressed germanium single crystal. In 
Figure 2, each peak represents the response of one of the 54 
detectors in a single detector channel as the incident neutron 
wavelength is swept from 4 Å to 6 Å. Significant efforts have 
also been made to minimize the background, which sets an 
absolute limit to the reflectivity that can be measured using 
the instrument. CANDOR has front-end polarization provided 
by a double-V cavity and RF flipper, both of which have been 
commissioned and are functioning well. Back-end polarization 
options include 3He for wide-beam mode and a supermirror in 
single-bank mode, both of which are awaiting final testing in 
early 2021. In addition, reduction software for the multiplexed 
CANDOR data stream was developed and implemented.

At the same angular resolution, CANDOR collects data about 
20 times faster than the NCNR’s current reflectometers. Figure 3 
compares the performance of CANDOR to that of the Polarized 
Beam Reflectometer (PBR). The results of measurements are 
identical between the two instruments; however, CANDOR 
can reach much higher Q. Figure 4 demonstrates the ability 
of CANDOR to reach high Q (0.5 Å-1) with low background at 
both air/solid and liquid/solid interfaces. Due to this exceptional 
performance, CANDOR is accepting proposals for the first time 
in November 2020.

FIGURE 1: The 10 m SANS with new detector, carriage and beam stop installed.

FIGURE 2: Wavelength response of the CANDOR detector. Each colored peak 
represents the response of a single CANDOR detector, while the solid line is the 
sum of the detector responses.
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CANDOR Data Acquisition Electronics and Firmware

The CANDOR detector bank consists of arrays of neutron 
sensitive tiles using LiFZnS(Ag) scintillator read out with 
wavelength shifting fibers and silicon photomultipliers. 
Central to the operation of these neutron sensors is the 
machinery to discriminate neutron events via real time pulse 
shape analysis. To meet this challenge, the NCNR developed 
a custom module for data acquisition that includes advanced 
pulse shape discrimination logic. CANDOR_DAQ is a low cost, 
6-layer board design utilizing the ubiquitous USB interface 
for control and readout. This allows for virtually unlimited 
scalability, easily handling any future expansion of CANDOR 
detector system. Each board can handle 32 individual detector 
channels and process up to 108 neutron events per second 
when operating on a 5 Gbps (USB 3.1) link. When installed 
in a 20 card Eurocard crate, a system can serve 640 detectors 
and process 2 billion neutron events per second. The set of 

front-end cards is managed by an application running on a 
lightweight Linux operating system. In addition to a custom 
protocol for readout by instrument control software, the 
management application sports a web interface for command 
and configuration. Updated firmware now includes additional 
code for mitigating silicon photomultiplier (SiPM) thermal 
noise effects, resulting in better gamma rejection ratio. The 
new firmware also better compensates for the CANDOR 
detector’s long neutron fluorescence, resulting in shorter 
deadtimes for the detector.

Data Acquisition Software

The New Instrument Control Environment (NICE) has been 
deployed to additional instruments at the NCNR. The CANDOR 
instrument is completed, and NICE is operating it full-time. 
NICE is currently in the testing phase on the thermal triple-axis 
instrument at BT7. Additional code necessary for full deployment 
on BT7 has been written, including all items required for 
full-time operations and new items discovered during the test 
deployment. Planning is underway for the future deployment of 
NICE on MACS.

New Cold-Triple Axis Instrument Design Update

The cold triple axis spectrometer, SPINS, has operated 
continually on the NG-5 beam line for the last three decades. 
In that time, there have been dramatic developments in guide 
technology, multiplexed spectrometer analyzers, and numerical 
planning tools. The NCNR has recently finished an extensive 
redesign of the front-end relying heavily on Monte-Carlo 
simulations, aimed to optimize the flux at the sample position. 
The finalized front-end model for the new instrument consists 
of a doubly elliptic guide (Fig. 5) with mixed supermirror 
coating followed by a double focusing monochromator. 
Compared to the current rectangular 58Ni guide with a vertical 
(single) focusing monochromator, the new front-end will 
generate a factor of 7 increase in flux due to the improved 
optics compared to SPINS (Fig. 6).

FIGURE 3: Demonstration of the polarized neutron reflectometry capabilities of 
CANDOR and comparison to the PBR instrument. Reflectivity is shown in (a) and 
the spin asymmetry in (b).

FIGURE 4: (Left) Unpolarized specular reflectivity from a platinum-coated 
silicon wafer showing the ability of CANDOR to resolve features to high Q and 
extremely low reflectivites as low as 10-8. (Right) Fresnel-normalized unpolarized 
specular reflectivity from a lipid bilayer tethered to a gold-coated silicon wafer 
in a flow cell filled with D2O or H2O. (Inset) Structure in the reflectivity can be 
resolved at high Q.

FIGURE 5: In-plane and out-of-plane cross-sectional cuts of the guide, vertical 
lines are individual guide segments. Guide wall color designates optimized m 
values (red: m = 4, blue: m = 1.5).
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The continuous elliptical shape optimized via Monte-Carlo was 
then segmented into half meter polygonal sections and the 
m- value varied along the length of the guide to match the 
changing divergence. This m-value refinement allowed us to 
cut the guide cost from $4M to $2.5M while still maintaining 
nearly identical flux. Design and award of guide element 
contracts began in FY2019 and except for two short sections, 
all of the guide has been ordered. The two remaining sections 
are those that may be interchange for a V-cavity polarizer and 
neutron velocity selector. The first half of the guide will be 
installed in 2023 while the second half will be installed along 
with the spectrometer in 2025-2026. The design for the sample 
table and analyzer portion of the spectrometer is underway 
but has not been finalized. Our current plan is to build a new 
SPINS-like multiplexed analyzer, with the PSD as the central 
detection device that will be fully modeled and optimized by 
Monte-Carlo. If resources permit, a high-performance analyzer 
system could be implemented adding an additional order-of-
magnitude in detection capability to the new instrument.

NG-A’ Design

The future replacement of guide NG-5 for a new cold triple-axis 
spectrometer requires relocating the Neutron Depth Profiling 
(NDP) instrument and creating a new end-position on the cold 
neutron guide network to accommodate it. NG-A was chosen 
since the Neutron Spin Echo (NSE) instrument uses only the 
upper portion of the beam and offers space on the west side 
of the shielding that can easily accommodate the instrument. 
To deflect the lower portion of the beam sufficiently to provide 
clearance for NDP, we will install a bender in the lower portion 
of NG-A which extracts a 5 cm wide × 4 cm tall beam. The 
guide that transmits this beam to NDP is designated NG-A'.

NG-A is strongly curved upstream of the bender entrance, 
avoiding a direct line of sight to the source. This provides 

a neutron beam largely free of fast neutrons and gamma 
rays. The bender is 0.8 m long with a radius of curvature 
of approximately 4.5 m and 23 (≈ 1.9 mm wide) channels 
with m = 3.5 and m = 1.5 supermirror on the concave and 
convex surfaces respectively. The bender is followed by a 7 m 
long section of straight guide. The multiple channels and the 
ensuing straight section provide spatial uniformity of the beam 
and the 23 bender channels prove optimal for white beam 
intensity with 0.3 mm thick substrates (due to the tradeoff of 
reduced characteristic wavelength against reduced transmitting 
area and increased number of reflections). The installation of 
the bender means that approximately 6.4 m of the existing  
5 cm(w) × 12 cm(h) guide preceding the NSE velocity selector 
will be replaced by 5 cm(w) × 7 cm(h) cross-section guide, 
matching that of the guide downstream of the velocity selector. 
This change has negligible impact on the performance of NSE.

Simulations predict that with the upgraded liquid deuterium 
cold source, the thermal-equivalent (capture) flux at the exit 
of NG-A' will be ≈ 3.7×109 cm-2s-1, an increase of about 40% 
compared to that on NG-5. We will install NG-A' and the re-
configured NG-A beam delivery systems in October 2020. NDP 
will then be moved from NG-5 to its new location on NG-A'. 
It will undergo testing and calibrations during the last reactor 
cycle of 2020 with the goal of hosting user experiments during 
the first reactor cycle of 2021.

Progress on D2 Cold Source

The extended reactor shutdown planned for 2023 will include 
the installation of the new D2 cold source and the upgrade 
of neutron guides 5, 6, and 7. Many of the neutron guides 
required for the outage have already arrived at the NCNR while 
the remainder of guides have been ordered and will be on-site 
by the Fall of 2021, well ahead of the 2023 shutdown. Detailed 
design of components including the new in-pile helium casings 

FIGURE 6: Expected performance of the replacement for SPINS with the new 
D2 cold source. The blue squares show that the neutron flux on the sample 
should exceed 108 n/cm2s. The gain over the calculated flux for the current 
SPINS (red circles) is shown as a function of energy in the blue dashed line. The 
bottom figure shows that the energy resolution of the new instrument will be 
better than that of SPINS over most of the energy range.

FIGURE 7: Upper figure: Illustration of the installed NDP instrument and user 
area on guide NG-A' with the new shielding. Lower figure: Cutaway showing 
the NG-A' guide layout and NDP sample chamber position. The guide feeding 
the NSE instrument and the NSE velocity selector are visible in the background.
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for the reactor penetrations called “CTC” and “CTE” are 
complete and the CTC in-pile casing is already on site and is 
currently undergoing testing of the alignment mechanism. 
New shutters for guides 5, 6 and 7 are in development and the 
detailed design of the NG-7 shutter has recently been released 
for drafting. Finally, the four vacuum jackets that will house the 
neutron guides between the in-pile casing and shutters are also 
in various stages of development. Drafting of the downstream 
NG-5 vacuum jacket is in final stage and the detailed design 
is nearly complete of the upstream common casing and the 
downstream vacuum jacket for NG-6.

A tremendous amount of effort went into developing a 
comprehensive, resource loaded, project schedule yielding an 
aggressive, yet realistic plan to achieve an expected outage of 
less than 12 months. A detailed design of a mock-up assembly 
representing CTE, CTC, and CTW, along with the reactor bio-
shield and features attached to the bio-shield face has been 
completed. Award of this assembly is expected by the end of 
the year and delivery expected in the second quarter of 2021. 
This design has been a collaboration between RFO and ROE as 
both groups will use the mock-up to practice disassembly of 
the current liquid H cold source and insertion of the D2 cold 
source. Practice assembly on the mock-up is vital to identify 
potential interference problems and reducing radiation 
exposure (ALARA) during installation. 

PGAA Secondary Flight Path Upgrade

The PGAA secondary beam flight path was recently upgraded 
to provide a second sample position increasing the scientific 
capacity of this instrument. Prior to the final installation, 
three custom tables tied together by a single tabletop and 
a fourth table tied into the main three via connecting plates 
were installed and precision leveled and aligned. During the 
shutdown, the flight tube sections, and main beam stop were 
installed. The flight path is made in two sections. The first is 
attached to the sample box and is under vacuum, and the 
second is a continuation of the flight path to minimize local 
scattering downstream and contains the main beam stop. 
Each section contains two cassette boxes holding collimation 
plates that can be switched out. The open section between the 
flight tubes is available for scientific use with either secondary 
detectors or other equipment. A secondary beam stop will also 
be positioned in this area, at the end of the first section, when 
no equipment is being used in this area. F
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FIGURE 9: Mock-up of CTE, CTC, and CTW for practice installation of the new 
cold source.

FIGURE 10: New table installation at PGAA.

FIGURE 8: Simulations of the NDP guide performance comparing fluxes at 
the current NG-5 guide exit with the Unit 2 liquid hydrogen cold source (black 
curves) and those on NG-A' with the upgraded Unit 3 liquid deuterium cold 
source (red curves). The lower figure shows the cumulative distribution functions 
of the spectra in the upper figures.
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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 

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

Research Participation and Productivity 

The NCNR continued its strong record of serving the U.S. 
research community this year. Over the 2020 reporting year, the 
NCNR served 3068 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.

2020 NCNR Proposal Program

In response to the last two calls for proposals (calls 39 and 
40) for instrument time, we received 869 proposals, of which 
490 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 substantially since the NCNR first began 
accepting proposals in 1991. 
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Instrument 
class Proposals

Days 
requested

Days 
allocated

SANS 337 1258 615

Reflectometers 116 771 360

Spectrometers 348 2263 900

Diffraction 32 119 66

Imaging 36 186 74

Total 869 4579 2015

Users Group

The NCNR Users Group (NUG) provides an independent forum 
for all facility users to raise issues to NCNR management, 
working through its executive officers to carry out this function. 
All members of the Executive Committee (EC) are elected 
by NCNR users. The current members of the NUG Executive 
Committee are Carlos Lopez-Barron, (Chair, ExxonMobil), Brian 
Habersberger (The Dow Chemical Company), Michael Hore (Case 
Western University), Dmitry Reznik, (CHRNS Liaison, 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 well-attended meeting at the virtual 
American Conference on Neutron Scattering (ACNS) in July 
2020 and plans to have another meeting at the ACNS in 2022. 
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 winter of 2020. 
There were more than 160 responses, the majority of whom 
are CHRNS users. Compilation of the results is in progress. 
The results from the prior 2015 survey are posted on the NUG 
website (https://ceem.indiana.edu/lens/nug/nug.php). Working 

closely with NUG, the NCNR and CHRNS management teams 
developed a comprehensive response/action plan to the 2015 
survey designed to make the user experience more productive 
and enjoyable (Refer to https://ncnr.nist.gov/news/Response_to_
survey_FINAL_19jul2016.pdf). 

Panel of Assessment

The major organizational components of NIST are evaluated 
annually for quality and effectiveness by the National Research 
Council (NRC), the principal operating agency of both the 
National Academy of Sciences and the National Academy of 
Engineering. A panel appointed by the NRC convened at the 
NCNR on July 10 - 12, 2018. The panel members included 
Tom C. Lubensky (University of Pennsylvania, chair), Simon 
Billinge (Columbia University and Brookhaven National 
Laboratory), 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 report entitled “An Assessment of the 
National Institute of Standards and Technology Center for 
Neutron Research: Fiscal Year 2018” is available at https://
www.nap.edu/catalog/25282/an-assessment of-the-center-for-
neutron-research-at-the-national-institute-of-standards-and-
technology.

The Center for High Resolution Neutron Scattering 
(CHRNS)

CHRNS is a national user facility that is jointly funded by the 
National Science Foundation and the NCNR. Its primary goal 
is to maximize access to state-of-the-art neutron scattering 
instrumentation for the research community. It operates 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 ≈ 0.1 nm to ≈ 10 µm. 
A more detailed account of CHRNS activities may be found on 
p. 63 of this report.

FIGURE 1: Research participants at the NCNR from 1986 - 2020.
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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. Twenty-
five percent of the beam time on this instrument is allocated to 
the general scientific community through the NCNR’s proposal 
system. Consortium members conduct independent research 
programs primarily in the area of large-scale structure in soft 
matter. For example, ExxonMobil has used this instrument 
to deepen their understanding of the underlying nature of 
ExxonMobil’s products and processes, especially in the fields of 
polymers, complex fluids, and petroleum mixtures.

The nSoft Consortium

Formed in August 2012, the nSoft Consortium allows member 
companies to participate with NIST in the development of 
advanced measurements of materials and manufacturing 
processes and develop their own expertise in state-of-the-
art measurement technologies to include in their analytical 
research programs. nSoft develops new neutron-based 
measurement science for manufacturers of soft materials 
including plastics, composites, protein solutions, surfactants, 
and colloidal fluids. Members receive access to leading 
expertise and training support in neutron technology and soft 
materials science at NIST. 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.

The Center for Food Safety and Applied Nutrition, U.S. Food 
and Drug Administration (FDA), maintains laboratory facilities 
at the NCNR providing agency-wide analytical support for 
food safety and food defense programs. Neutron activation 
and low-level gamma-ray detection techniques yield multi-
element and radiological information about foods and related 
materials and provide a metrological foundation for FDA’s 
field investigations and for radiological emergency response 
planning.
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The Center for High Resolution  
Neutron Scattering (CHRNS)

T
he Center for High Resolution Neutron Scattering (https://
www.nist.gov/ncnr/chrns) is a national user facility jointly 
funded by the National Science Foundation through its 

Division of Materials Research (grant number DMR-2010792) 
and by NIST. The primary purpose of this partnership is to 
maximize access for the scientific community to transformative 
neutron scattering instrumentation. The 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. 
A 2½ minute video, Getting Great Data with CHRNS  
(https://ncnr.nist.gov/staff/dimeo/CHRNS_Animation_Final.mp4), 
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.

The CHRNS agreement was renewed for five years beginning 
on September 1, 2020. The success of the proposal was based 
on the demonstrated ability of CHRNS to provide advanced 
neutron scattering measurement capabilities to the scientific 
community and its prominent role in expanding, educating, 
and diversifying the community of researchers who use neutron 
methods. As part of the new agreement, the portfolio of 
instruments supported by CHRNS will continue to evolve to 
ensure that the scientific capabilities exceed or are comparable 
to the best worldwide.
 
Over the next five years, CHRNS will pursue a new initiative 
that aims to provide the scientific community powerful new 
capabilities for studying the time evolution of the structure of 
materials subjected to external stimuli. Specifically, CHRNS will 
implement a systematic methodology for simultaneous time-
stamping of instrument and sample environment data. Existing 
sample environments will be modified, and entirely new ones 
developed including stopped-flow mixing and electrochemistry 
experiments optimized for vSANS and CANDOR. Machine 
learning and AI procedures will be developed to aid in 
optimizing experiments and to provide real-time reporting 
of unexpected experimental conditions. Taken together, this 
program will significantly enhance the nation’s capabilities for 
using neutrons to study the evolution of materials in operando, 

under processing conditions, etc., such as the charge and 
discharge cycles of batteries, the non-equilibrium structures of 
complex fluids under sheer, the kinetics of reactions, and the 
formation of biomolecular complexes.

The scientific community provides essential input for these 
new directions for CHRNS through a variety of mechanisms 
including post-experiment feedback and user surveys, the most 
recent of which was administered by the NCNR User Group 
Executive Committee (EC) in the winter of 2020. The EC also 
led a well-attended discussion for neutron users at the recent 
virtual American Conference on Neutron Scattering (ACNS) 
held on July 13-16, 2020. Users are also encouraged to provide 
input by directly contacting the CHRNS Director, Associate 
Director, NCNR Director, and/or members of the EC.

Scattering Instruments 

During 2020 CHRNS provided robust user operations for five 
premier neutron scattering instruments: a backscattering 
spectrometer (HFBS), the Multi-Axis Crystal Spectrometer 
(MACS), a neutron spin echo (NSE) spectrometer, an ultra-
small angle neutron scattering instrument (uSANS), and a very 
small angle neutron scattering instrument (vSANS). In addition, 
CHRNS supported the commissioning activities associated with 
a new innovative white beam neutron reflectometer (CANDOR) 
with a unique multiplexing detector bank. uSANS, is being 
phased out of the CHRNS suite in the fall of 2020 as CANDOR 
completes its commissioning phase. Combined, CHRNS 
instruments can provide structural information on a length 
scale of 0.1 nm to ≈ 10 microns, and dynamical information on 
energy scales from ≈ 30 neV to ≈ 10 meV.

The unique strengths of these premier instruments are 
complementary by design. Specifically, HFBS can resolve motions 
with characteristic times of order a few nanoseconds. Since it 
offers the highest count rate with sub-μeV resolution in the US, 
it is an ideal choice for high resolution, quasi-elastic scattering 
studies of low-energy dynamics in polymers and biomolecules. 

MACS boasts the world’s highest monochromatic cold-neutron 
flux and routinely is featured in transformative investigations 
of quantum magnetism. With its 20-detector analyzer array, 
MACS is well suited for surveys of large regions of reciprocal 
space, leveraging its exceptional polarized beam capabilities 
that incorporate a unique toroidal 3He spin filter. As part of 
the new initiative in the CHRNS renewal agreement, efforts T
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are underway to exploit fully the new event mode for data 
acquisition on MACS. Of note is the ABCD (Always Be 
Collecting Data) approach on MACS which involves continuous 
sweeping of various angles and recording the position each 
time a neutron is counted. Compared with step scanning, this 
approach will substantially increase the data rate, particularly 
for strongly scattering samples. 

The NSE instrument provides the highest energy resolution 
of any neutron spectrometer in North America. It relies upon 
the Larmor precession of neutrons’ magnetic moments 
as an internal “clock” attached to each neutron allowing 
measurements of the final polarization of the neutrons to be 
directly correlated with the speed of the neutron. This modality 
results in data being obtained in the time domain rather than  
in the frequency domain. Fourier times as long as 300 ns 
(roughly corresponding to an energy resolution of  
0.01 μeV) have been achieved for investigations of slow 
diffusive processes in a range of soft materials notably 
including polymer nanocomposites, biomembranes, and 
biopharmaceuticals. A complete upgrade of the NSE is 
underway with funding received by the University of Delaware, 
in collaboration with NIST, from the NSF Mid-Scale Research 
Infrastructure program. The new primary coils and detector 
will increase the maximum Fourier time achievable at a given 
wavelength by > 2.5x and reduce count times by as much as a 
factor of 10 for a given Fourier time. 

For soft matter and magnetic structure characterization, the 
innovative vSANS instrument is meeting the emerging needs 
of the CHRNS user community. vSANS has a variety of front-
end optics choices including three choices of wavelength 
resolution in addition to the traditional velocity selector and 
slit collimation as well as the standard pinhole geometry. 
Three separate, adjustable detectors yield an extended Q 
range from 0.002 nm-1 to 7 nm-1 in a single instrument 
setting. The flexible sample area opens possibilities for 
sophisticated sample environments ranging from capillary 
rheometers to Peltier temperature blocks to superconducting 
magnets. The 45m instrument can also be readily configured 
for GISANS (Grazing Incidence Small Angle Neutron 
Scattering) experiments. All these features can be used 
with full polarization analysis. All these elements combined 
provide unprecedented possibilities not only for structural 
characterization of materials, but also for time-dependent 
studies of complex hierarchical structures.

A significant addition to the CHRNS instrument suite is 
CANDOR, which will be included in the next Call for Proposals 
expected in the fall of 2020. The novelty of CANDOR lies in its 
use of a bank of state-of-the-art “energy-dispersive” detectors, 
which permits a polychromatic beam to impinge on the 
sample for measurements of either specular and non-specular 
reflectivity with or without polarized beams. A gain of ≈ 20 
compared to the previous generation of neutron reflectometers 
in service at the NCNR has been realized, and reflectivities as 
low as 10-8 have been measured. Data reduction is provided 
by Reductus which allows users to access and reduce their 

data anywhere they have a web connection. This exceptional 
performance will enable unprecedented structural and kinetic 
characterization of complex materials from the nanoscale to 
the mesoscale.

FIGURE 1: CHRNS scientist Hannah Burrall shows a 3He spin filter to CHRNS 
users Rida Atif (left) and Priscilla Glaser (right) from Georgetown University 
while setting up their vSANS experiment.

FIGURE 2: Engineering schematic of CANDOR and actual instrument in the 
winter of 2020.T
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Research 

The wide range 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 biomaterials. 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 and broader impacts.  In 
the most recent Call for Proposals, 454 instrument-days were 
awarded of the 982 days requested on the CHRNS instruments. 
Roughly half of the users of neutron scattering techniques at the 
NCNR use CHRNS-funded instruments, and approximately one 
third of NCNR publications (see the “Publications” section on  
p. 71), are based at least in part 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 the critical areas of sample 
environment and chemical laboratories. The accomplishments 
in each of these areas during FY2020 are summarized below.

CHRNS offers eight 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 for 
their experiments.
 
The CHRNS sample environment staff provides CHRNS 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, 
leak detectors, and other complex equipment to control 
parameters such as pressure, humidity, and electric fields.  
During FY2020 the team set up and operated a diverse 
range of complex sample environment equipment for more 
than 110 experiments on CHRNS instruments. This total 
includes 9 experiments involving rheometers and shear cells, 
2 capillary rheosans experiments, 10 pressure experiments, 10 
electromagnet experiments including 8 of which made use of 
neutron polarization capabilities, 11 superconducting magnetic 
experiments, and 11 experiments that required access to mK 
temperatures, 7 of which simultaneously required magnetic 
fields up to 11.5 T. 

Single crystal studies of quantum magnetism and lattice 
dynamics often require that measurements be made in 

more than one reciprocal lattice plane. Because many of 
these studies are performed at low temperatures, the user 
must warm the sample to room temperature before it can 
be removed from the sample environment equipment and 
re-oriented. To nearly eliminate the time lost in this process, 
CHRNS designed, constructed, and is commissioning a single 
crystal holder that provides two degrees of freedom for in-
situ sample alignment. This holder provides good thermal 
conductivity between the sample and the mixing chamber 
of the dilution fridge, making it useful for many experiments 
on MACS. CHRNS also refurbished the high temperature 
furnace for vSANS, which can now reach temperatures as 
high as 900 °C. In addition, cylindrical tailpieces capable of 
accommodating up to three samples have been constructed 
from single boules of silicon for use on closed-cycle 
refrigerators. Manufacturing these components from single 
crystals of silicon, in lieu of aluminum, substantially reduces 
the background from metallurgical scattering at low Q. When 
used with electromagnets, which provide magnetic fields both 
parallel and perpendicular to the beam, these tail sets allow 
users to rotate samples relative to the magnetic field. Finally, 
CHRNS acquired a new Peltier block, which allows for more 
efficient temperature changes during vSANS experiments. 

Education and Outreach 

CHRNS sponsors a variety of educational programs and 
activities tailored to specific student groups and professions. 
One of the premier outreach activities is the annual neutron 
summer school for graduate students. The twenty-sixth 
annual summer school was originally scheduled for early June 
2020 but will instead be held virtually in the fall of 2020.  It 
will be entitled “Methods and Applications of Small Angle 
Neutron Scattering and Neutron Reflectivity.” Planning is 
currently underway.

Since direct outreach has proven to be an effective means 
to attract users, CHRNS pursues many avenues for engaging 
researchers from institutions that serve diverse groups. To that 
end a partnership with 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 PREM supports cutting-
edge materials research as the context for producing motivated 
and skilled members of those groups most underrepresented 
in materials research as future professional leaders. This 
partnership is organized around a common theme of structure-
processing-property correlations of nanomaterials to support 
student training in research using neutron scattering. During 
FY2020 several CHRNS scientists (Dan Neumann, Julie Borchers 
and Yun Liu) had the opportunity to visit IMREL to meet with all 
the PREM students and learn about their research. In summer 
2019 CHRNS staff members were also excited to host two 
PREM interns, one of whom (Washat Roxanne Ware) received 
the Best Poster Presentation Award for her PREM-based 
research at the Emerging Researchers National Conference 
on February 6-8, 2020. In a similar vein, CHRNS is launching T
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a partnership with California State University, San Bernardino 
within the NSF CREST (Centers of Research Excellence in 
Science and Technology) program as part of their new Phase II 
Center for Advanced Functional Materials (HRD-1914777).

CHRNS co-sponsored several workshops throughout the year 
including the fourth Fundamentals of Quantum Materials 
Winter school at the University of Maryland (January 6-9, 
2020). Presenters from both the University of Delaware and 
from CHRNS were featured at Neutron Day – 2019, entitled 
“Solving Grand Challenge Problems in Science & Engineering 
with Neutrons,” held on October 20, 2019. A related 
highlight was the NSE Boot Camp organized by Prof. Norman 
Wagner in early April 2020, featuring CHRNS scientists as 
lecturers. Other outreach participants included Thomas 
Gnäupel-Herold who was a co-organizer of a virtual workshop 
on Stress Analysis held as part of the Annual Denver X-ray 
Conference on August 3-7, 2020. 
 
CHRNS scientists also participated in teaching courses 
and giving lectures at nearby universities. In the spring of 
2020, Yun Liu taught a graduate course entitled Advanced 
Characterization of Soft Matter Materials” at the Material 
Science Engineering Department in the University of Maryland. 
The course covered the theories of neutron, x-ray and light 
scattering with applications in soft matter science.

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 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 advertised on the NCNR’s 

website at https://www.nist.gov/ncnr/chrns/travel-support.  As 
a new initiative in the CHRNS renewal, this opportunity will 
be expanded to include a limited number of travel awards to 
enable graduate students or post-docs to attend workshops or 
related CHRNS-sponsored events, once travel to NIST is opened 
again to users.

Due to NIST-site access restrictions in the summer of 
2020, CHRNS was unable to participate in NIST’s Summer 
Undergraduate Research Fellowship (SURF) program. Recent 
SURF participants, however, co-authored several significant 
publications. Mark Zic, a 2019 SURF student, obtained data 
critical to a publication in the journal Science, that announced 
the discovery of spin-triplet superconductivity in UTe2. This 
article has already been cited more than 80 times. SURF 
participant Paul Neves made significant contributions to a related 
publication in Nature Physics, the results of which prompted the 
nickname of the effect as “Lazarus superconductivity.” These 
accomplishments, as well as Mr. Neves’ research on skyrmions, 
culminated in Goldwater Scholarships for both students, as well 

FIGURE 3: Visit of CHRNS scientists with PREM researchers at Fayetteville State University in October 2019

FIGURE 4: CHRNS Scientist, Jose Rodriguez, explains MACS to a student tour 
group Participants from the Fundamentals of Quantum Materials Winter school 
at the University of Maryland in January 2020. 
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as an NSF Graduate Research Fellowship for Mr. Zic. It is also 
notable that SURF students Zachary Reidel and Marshall Nakatani 
contributed to the development of capillary RheoSANS reported 
recently in Soft Matter.
 
CHRNS initiated a Research Experiences for Teachers (RET) 
program in 2010. Unfortunately, CHRNS was unable to host RET 
participants on-site during the summer of 2020 due to access 
restrictions. Based on work done in the summers of 2018 and 
2019, Scott Hanna from Winston Churchill High School co-
authored an article reporting DCS investigations of diffusion of 
quantum liquids in bulk and confinement. This is the first RET 
publication since the CHRNS RET program was begun.  

Elementary, Middle, and High School Activities 

In lieu of the NIST-wide Summer High-school Intern Program 
(SHIP) in the summer of 2020, CHRNS remotely hosted six 
interns from local high schools. The students optimized 
algorithms for fitting order parameters through reinforcement 
learning, explored security benchmark implementations for 
Linux, supplemented an augmented reality training simulation 
program for the reactor operators, and developed an analysis 
program for prompt gamma activation spectra. The results 
of the students’ summer investigations were highlighted at a 
virtual symposium in August.

Many specialized tours and activities for high school and 
university students were offered throughout the year, including 
the CUWIP (Conferences for Undergraduate Women in Physics) 
tour in January, which was attended by 150 female STEM 
students.  In typical years CHRNS staff members also give 
science-based talks, participate in Career Days, or lead hands-
on demonstrations at local schools, participate in STEM events, 
and even volunteer as robotics coaches.  

FIGURE 6: The 2020 CHRNS High School Interns 

FIGURE 5:  Scott Hanna (center) from Winston Churchill High School with his 
2019 mentors, Tim Prisk (right) and Richard Azuah (left), in front of DCS. 
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2020 Awards

Don Pierce of the NCNR received the 2019 
NIST Distinguished Career Award for 30 
years of innovative engineering contributions 
to the design of world-leading neutron 
instruments and beam delivery systems. 
This award is granted to employees who 
made positive, lasting, long-term quality 
contributions to accomplishing NIST goals.

The NCNR’s Yun Liu received the 2019 
Department of Commerce Silver Medal. 
Yun was recognized for identifying the root 
cause of a major obstacle preventing the 
realization of the full potential of promising 
new monoclonal antibody therapies.

The NCNR’s Wei Zhou received the 2019 
Samuel Wesley Stratton Award for 
neutron measurements and modeling 
that reveal atomic interactions enabling 
simpler and cheaper methods of chemical 
separation and energy storage. Through 
this annual award, the Institute recognizes 
outstanding scientific or engineering 
achievements in support of NIST objectives

Pieter Mumm of NIST’s Radiation Physics 
Division and colleagues were awarded the 2019 
Department of Commerce Silver Medal 
for advancing nuclear reactor monitoring 
and nuclear nonproliferation by developing a 
novel, first-of-a-kind detector for measuring 
antineutrinos. The entire PROSPECT team 
also received a 2019 Director’s Science and 
Technology Award from Lawrence Livermore 
National Laboratory for the first above ground 
detection of reactor anti-neutrinos.

Muhammad Arif (1954 – 2018) was 
inducted into the NIST Portrait Gallery 
for the creation and success of the neutron 
interferometry and neutron imaging 
programs at NIST.

The NCNR’s Yamali Hernandez received 
an NSSA Service Award from the Neutron 
Scattering Society of America at the 2020 
American Conference on Neutron Scattering 
in July 2020. Yamali was honored “for 
her contributions to neutron education 
and outreach, and development of user 
laboratories for the benefit of the neutron 
community.”

Sheng Ran was awarded the 2020 
Lee Osheroff Richardson Science 
Prize, presented by Oxford Instruments. 
Sheng was recognized for his research 
on unconventional superconductivity 
and electronic phases, particularly his 
seminal contributions to the discovery of 
exotic and extremely high-field re-entrant 
superconductivity in uranium ditelluride. 
Sheng was a post-doctoral researcher with 
the NCNR’s Nick Butch and is currently 
an Assistant Professor of Physics at the 
Washington University in St. Louis.

Craig Brown of the NCNR has been named 
a 2020 NSSA Fellow “For insightful 
neutron scattering studies of gas adsorption 
in metal organic frameworks and other 
microporous materials.”

Paul Butler of the NCNR has been named a 
2020 NSSA Fellow “For outstanding research 
on the chemistry and physics of complex 
fluids and biomembranes, and exceptional 
service to the neutron community, including 
major contributions to neutron scattering data 
acquisition and analysis.”
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Ronald Bishop, retired Curator of Mexican 
and Central American Archaeology at the 
Smithsonian National Museum of Natural 
History has been awarded the first ever 
Anna O. Shepard Award. This award 
is presented by the Art, Archaeology 
and Conservation Science Division of the 
American Ceramic Society, recognizing his 
“outstanding contributions to materials 
science applied to art, archaeology, 
architecture, or cultural heritage.” Bishop 
has been a guest researcher at the NCNR 
since 1983, applying delayed gamma 
neutron activation analysis to archaeological 
ceramics, especially from the Maya region of 
southern Mexico, Guatemala, and Belize.

Prof. Norm Wagner from the University 
of Delaware was awarded the University’s 
highest faculty honor, the 2020 Francis 
Alison Award. This award is bestowed on 
the faculty member who best characterizes 
“the scholar-schoolmaster” and recognizes 
Norm for his many achievements as an 
engineer, inventor, teacher, and mentor. 
Norm is and long-time user and associate of 
the NCNR.

Thomas H. Epps, III from the University of 
Delaware has been awarded the 2020 Percy 
L. Julian Award. This award is presented 
by the National Organization for the 
Professional Advancement of Black Chemists 
and Chemical Engineers (NOBCChE) for 
significant contributions in pure and/or 
applied research in science or engineering. 
Thomas is the Director of the Center for 
Research in Soft matter & Polymers and 
the Thomas and Kipp Gutshall Professor of 
Chemical & Biomolecular Engineering at the 
University of Delaware and is a frequent user 
of the NCNR.

Mike Hore, an Assistant Professor of 
Macromolecular Science and Engineering 
at Case Western University, and a former 
NCNR post-doc was recognized as a 2019 
Soft Matter Emerging Investigator by 
the Journal Soft Matter, in recognition of his 
potential to influence future directions in the 
field of soft matter.

Gary Koenig, an Associate Professor at 
the University of Virginia in the Department 
of Chemical Engineering. was recognized 
as one of the 2020 Molecular Systems 
Design & Engineering Emerging 
Investigators for his research in lithium 
battery technology and his potential to 
influence future directions in the field. Gary 
is a frequent user of the neutron imaging 
facilities at the NCNR.

Michael Nguyen was awarded the 
Biointerphases Award for Best Student 
Presentation at the Biomembrane 
Symposium at the 257th ACS National 
Meeting & Exposition held in April 2019. 
Michael is a graduate student at the 
University of Windsor who has paid an 
extended visit at the NCNR.

Washat Roxanne Ware, a sophomore 
chemistry major at Fayetteville State 
University (FSU) and SURF student at 
the NCNR, received first place for her 
undergraduate poster presentation titled 
“Photophysics of Two-Dimensional Organic 
Inorganic Perovskites”. She presented 
her work at the Emerging Researchers 
National Conference in Science, Technology, 
Engineering and Mathematics in February 
2020. FSU and CHRNS cooperate in a 
Partnership for Research and Education in 
Materials (PREM) to support cutting-edge 
research that promotes involvement of 
minorities and female students.

Mark Zic, an undergraduate at the University 
of Maryland’s Quantum Materials Center, has 
received a National Science Foundation 
Graduate Research Fellowship. These 
fellowships recognize outstanding graduate 
students in science, technology engineering, 
and mathematics. Mark is a former NCNR 
SURF student and was a research intern with 
the NCNR’s Nick Butch.

Nairiti Sinha was awarded the best online 
presentation in the oral presentation 
category for the POLY/PMSE Excellence in 
Graduate Polymer Research Symposium at 
the 2020 American Chemical Society Spring 
National Meeting. Nairiti was a graduate 
student in the Materials Science and 
Engineering Department at the University of 
Delaware who was stationed at the NCNR.
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Prof. Thomas P. Russell, the Silvio O. 
Conte Distinguished Professor of Polymer 
Science and Engineering at the University of 
Massachusetts at Amherst is the recipient 
of the 2020 Clifford G. Shull Prize of 
the Neutron Scattering Society of America 
(NSSA) in recognition of “his pivotal role in 
the application of neutron reflectivity and 
small angle neutron scattering to polymer 
science and his important work on behalf of 
the neutron scattering community.” Tom is a 
long-time user of the NCNR

Prof. Timothy P. Lodge, Regents Professor 
of Chemical Engineering and Materials 
Science at the University of Minnesota 
(and a long-time user of the NCNR) is 
the recipient of the 2020 Sustained 
Research Prize of the Neutron Scattering 
Society of America (NSSA) “for his 
pivotal contributions to the fundamental 
understanding of polymer structure, 
thermodynamics, and dynamics though the 
use of small angle neutron scattering.”

Matthew E. Helgeson, Associate Professor 
of Chemical Engineering at the University 
of California, Santa Barbara is the recipient 
of the 2020 Science Prize of the Neutron 
Scattering Society of America (NSSA) 
“For his development and use of neutron 
scattering methods with application to non-
equilibrium thermodynamics and rheology 
of complex fluids and soft materials.” Matt 
has been a user of the NCNR since he was a 
graduate student.

Johnny Ching-Wei Lee, a graduate 
student at the University of Illinois at Urbana 
Champaign is the recipient of the 2020 Prize 
for Outstanding Student Research of 
the Neutron Scattering Society of America 
(NSSA) with the citation: “For seminal 
neutron scattering experiments forming 
time-resolved structure-property-processing 
relations of polymeric materials.” Most of 
his award-winning neutron scattering results 
were obtained at the NCNR.
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Instruments and Contacts
(name, tel. 301-975-xxxx, email)

High resolution powder diffractometer (BT-1):
• 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. Gnäupel-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
• R. P. Murphy, 8544, ryan.murphy@nist.gov
• C. Gagnon, 2020, cedric.gagnon@nist.gov

30-m SANS instrument (NG-B):
• P. D. Butler, 2028, paul.butler@nist.gov
• S. Krueger, 6734, susan.krueger@nist.gov
• Y. Mao, 6017, yimin.mao@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

uSANS, Perfect Crystal SANS (BT-5):
• 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
• 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

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): 
• C. M. Brown, 5134, craig.brown@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

Cold neutron depth profiling (NG-A′):
• J. Weaver, 6311, jamie.weaver@nist.gov

Cold-neutron prompt-gamma neutron activation analysis 
(NG-D): 
• R. L. Paul, 6287, rpaul@nist.gov
• H. H. Chen-Mayer, 5595, heather.chen-mayer@nist.gov
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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
• H. P. Mumm, 8355, hans.mumm@nist.gov
• M. S. Dewey, 4843, maynard.dewey@nist.gov
• J. Nico, 4663, jeffrey.nico@nist.gov

Dowser: Advanced Neutron Detector Development (NG-6a):
• H. P. Mumm, 8355, hans.mumm@nist.gov
• C. B. Shahi, 8194, chandra.shahi@nist.gov

α–γ: absolute neutron counter (NG-6m):
• M. S. Dewey, 4843, maynard.dewey@nist.gov
• H. P. Mumm, 8355, hans.mumm@nist.gov
• C. Haddock, 5761, christopher.haddock@nist.gov

Grating interferometer for fundamental physics (NG-6u):
• M. G. Huber, 5641, michael.huber@nist.gov
• D. Hussey, 6465, daniel.hussey@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 our website:  http://www.ncnr.nist.gov

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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