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The nascent suite of single-crystal neutron diffractometers at the Oak Ridge National Laboratory
has no equal at any other neutron scattering facility worldwide and offers the potential to re-assert
single-crystal diffraction using neutrons as a significant tool to study nuclear and magnetic structures
of small unit cell crystals, nuclear structures of macromolecules, and diffuse scattering. Signature
applications and features of single-crystal neutron diffraction are high resolution nuclear structure anal-
ysis, magnetic structure and spin density determinations, contrast variation (particularly D2O/H2O)
for nuclear structural studies, lack of radiation damage when using crystals of biological molecules
such as proteins, and the fidelity to measure nuclear and magnetic diffuse scattering with elastic
discrimination. © 2018 Author(s). All article content, except where otherwise noted, is licensed
under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5030896

INTRODUCTION

The Oak Ridge National Laboratory (ORNL) neutron
scattering facility hosts seven single-crystal diffractometers.
At the Spallation Neutron Source (SNS), there are a high-
resolution neutron time-of-flight (TOF) Laue diffractometer
(TOPAZ) for small molecule and chemical crystallography, a
macromolecular diffractometer (MaNDi), a diffuse scattering
spectrometer focusing on quantum materials (CORELLI), and
a high-pressure dual-purpose—powder and single crystal—
diffractometer [Spallation Neutrons at Pressure (SNAP)]. At
the High Flux Isotope Reactor (HFIR), there are Wide-Angle
Neutron Diffractometer squared (WAND2), a dual-purpose
powder/single-crystal diffractometer, and a four-circle diffrac-
tometer (FCD) for the determination of magnetic and crys-
tal structures from small single crystals. IMAGINE in the
cold-guide hall at HFIR is focused on the neutron structure
determination of macromolecules. ORNL has both a spallation
neutron source (SNS) and a reactor neutron source (HFIR) co-
located at the same site which has enabled the construction of a
complete suite of single crystal diffractometers. Most of these
ORNL instruments, except the HFIR FCD, are still ramping up
in productivity (TOPAZ, MaNDi, and IMAGINE) or are either
in or just coming out of commissioning (CORELLI, SNAP for
single-crystal studies, and WAND2). New sample environ-
ments are either under active development or in commissioning
for these instruments and limited polarization options have
been available (e.g., FCD), but for each instrument, improve-
ments are also ongoing for data acquisition and analysis
software, and/or detectors and detector coverage.

a)Author to whom correspondence should be addressed: Coatesl@ornl.gov.
Telephone: 865-574-4620.

The Anger camera detectors1 on several of these instru-
ments (TOPAZ, MaNDi, SNAP, and FCD) are state of the art
and designed, and originally built, in-house. A next-generation
Anger camera has already been designed, built, and tested that
has a higher resolution, is insensitive to stray magnetic fields,
and costs half as much to construct compared to the first gener-
ation. A third-generation design is possible with even smaller
pixel size. Many of these instruments are pushing the lim-
its of minimum crystal size needed for neutron single-crystal
diffraction, which traditionally has been a disadvantage of this
method. The elastic diffuse scattering instrument, CORELLI,
is unique in being able to reconstruct the elastic-only scattering
and offers a powerful new tool for studying atomic/spin disor-
der and short-range order in crystals through diffuse scattering.
The progression in the unit cell size that can be efficiently
studied by TOPAZ (105 Å3) < IMAGINE (106 Å3) <MaNDi
(107 Å3), combined with in-house protein crystal growth and
deuteration facilities, is enabling a broad range of macro-
molecular neutron single-crystal studies of complex biological
systems. In a structural model, the positions of most hydro-
gen atoms can be reliably deduced from the chemical groups
to which they are bound. This is, however, not the case for
the small fraction of hydrogen atoms that are exchangeable
and more labile. For these functionally and often extremely
important hydrogen atoms, neutron diffraction is the only
technique that allows the experimental determination of their
positions. It is fitting that ORNL is poised to become a world
leader in single-crystal neutron diffraction studies given that
the first such experiments and first single-crystal diffractome-
ter automation were done at ORNL more than half a century
ago.

Magnetic structural studies are accomplished best using
neutron diffraction and typically require a combination of low
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and high temperatures (with respect to magnetic phase transi-
tion) at minimum and, for more advanced studies, applied mag-
netic fields, polarization analysis, and high pressure. Some-
times magnetic structures cannot be unequivocally solved
using powder diffraction data alone, and single-crystal diffrac-
tion data are vital. Magnetic structural studies continue to
expand to even more complexity (modulated structures, large
cells, reduced dimensionalities manifesting diffuse scattering,
geometrically frustrated systems that do not order, etc.). Future
directions in instrumentation capabilities will include incident
beam polarization options at more beamlines, higher applied
magnetic fields, higher pressure sample cells combined with
lower temperatures, and expanded detector coverage. Nuclear
structure studies on small unit cell crystals will continue to
focus on light elements (e.g., H, D, and Li), which are the
key to understanding a diverse array of technologically impor-
tant materials, such as batteries, metal-organic frameworks
(MOFs), catalysts, and chemical sensors, to name but a few.
Parametric studies of energy-related materials, such as thermo-
electrics, metal hydride complexes, hybrid organic inorganic
perovskites, and multiferroic materials, will continue to be
well suited to neutron diffraction studies, owing to the ease
of complex sample environments, such as applied electric
fields and controlled atmosphere and gas exchange. Neu-
tron single crystal diffraction on TOPAZ addresses structural
problems in multiple research areas: energy materials, cataly-
sis, hydrogen bonding, structural and magnetic properties of
functional materials, minerals, and earth and environmental
sciences.

Given the diversity of diffractometers we have with large,
highly pixelated, 2D detectors, diffuse scattering, due to
nuclear/spin disorder and/or short-range correlation, is grow-
ing into a major research focus. The CORELLI instrument will
become a leader in this research arena, owing to its abilities
of hosting extreme sample environments, rapid data collec-
tion rate, and reconstructing the elastic only portion from the
total scattering. Historically, ORNL has had a strong research
program in diffuse scattering from single-crystal alloy systems
using X-ray diffraction, and the burgeoning neutron instrument
suite will provide a powerful complementarity, particularly in
those cases where the atomic contrast is better for neutrons
and where magnetic diffuse scattering is the primary interest.
It is now evident that diffuse scattering can be manifested in
any kind of crystal, and the study of diffuse scattering is gen-
erally an untapped reservoir of information that can provide
new insights into structure property relationships and inspire
new ways to tune material properties.

Instrument descriptions

Wide-Angle Neutron Diffractometer WAND2

Main Science Area: Single-crystal/powder diffractometer
probing materials in extreme environments
Operational Status: Available to users
Instrument Publication: Ref. 3.

The HFIR WAND2 instrument is a dual-purpose
powder/single-crystal diffractometer that is supported by the
U.S.–Japan Cooperative Program on Neutron Scattering. The
instrument has just completed its second and final upgrade

phase, which amounts to a complete replacement of the whole
instrument after the monochromator. The instrument now
supports a diverse array of sample environments, including
ultralow temperature (50 mK), high pressure (up to 5 GPa),
and high magnetic field (6 T). A major part of the upgrade
was the deployment of a large 2D position sensitive detec-
tor with nearly 2 × 106 pixels which expands the instrument
beyond simply mapping reciprocal space2 (Fig. 1) to providing
quantitative 3D intensities.3 Magnetic structural studies make
up a major part of their scientific portfolio for single-crystal
studies, but their versatility enables single crystal studies in
other areas such as lipid bilayer diffraction4 and oxygen diffu-
sion in Ruddlesden-Popper phases. These upgrades have made
this instrument state of the art and a uniquely versatile tool
in the single crystal diffraction suite on the North American
continent.

Four circle diffractometer (FCD)

Main Science Area: Nuclear and magnetic structures as a
function of temperature, pressure, magnetic field, and electric
field.
Operational Status: Available to users
Instrument Publication: Ref. 29.

The HFIR Four-circle Diffractometer (FCD) continues
to play the principal role of determining the magnetic and
crystal structures of the small unit cell systems (cell volume
< 105 Å3) as a function of temperature, pressure, magnetic
field, and electric field.10 The FCD is used to determine pre-
cisely magnetic orders and complex magnetic structures at
various environmental conditions including temperature (4-
800 K), fixed magnetic field (0-1 Tesla with a good Q-range
access), pressure (0-5 GPa), and electric field (0-20 kV/cm),
and combinations thereof. Most recently, neutron diamond
anvil cells, reported in further detail elsewhere in this issue,
have been successfully used at 4.5 GPa on the FCD and soon
will become standard sample environment equipment for the
general user program. Currently, FCD runs with a 5 × 5 cm2

highly pixelated Anger camera (Fig. 2), which covers 7◦ in
the vertical and horizontal dimensions. By aligning the detec-
tor/goniometer to each predicted reflection position, a 3D peak
can be measured altogether, which provides faster speed to
track structural distortions and dimensional magnetic behav-
iors. The bent perfect Si monochromator can switch the beam
from a high-flux mode [107 n/(cm2/s)] to a high-resolution
mode (δq/q ∼ 0.1%), which allows optimization of the sig-
nal and q-resolution depending on the goal of the experiment.
The instrument has the highest accessible q of 12.3 Å−1 and
unique capability for psi-scans to reduce multiple scattering,
check mosaicity, and make absorption corrections. Based on
the current instrument configuration and the science produc-
tivity, new superconducting materials, multiferroic materials,
magnetic materials, thermoelectric materials, and battery/solar
cell materials fall in the scientific portfolio of FCD. Ongo-
ing upgrade plans include expanding the detector coverage by
adding 9 new generation (magnetic field insensitive) detec-
tor modules (3× 3 Anger cameras, 35 × 35 cm2 in total) and
recent implementation of a polarized neutron beam option to
measure weak ferromagnetic signals and complex magnetic
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FIG. 1. WAND2: (top left) layout of the instrument; the sample to detector distance is fixed at 70 cm. (Top right and bottom) reciprocal space maps of
BaSrCo2Fe11AlO22. The sample was oriented in HK0 geometry (top right); magnetic structure reflections are observed out-of-plane as shown in the H–HL
cut (bottom right). Magnetic reflections are observed both on commensurate ½ positions and incommensurate positions; additional obverse/reverse twinning is
observed (bottom left). The large lattice constant for the c-axis (43.3 Å) in this compound yields coverage of HK ± 3.8.

systems, which are important for studying many exotic mag-
netic phases. Besides increasing the data acquisition rate,
expanded detector coverage will also provide an opportunity
to allow new sample environment equipment, such as ultralow
temperature (50 mK) and high magnetic field (7 T) to be used
effectively. An increased scientific impact and productivity
will be expected for an enhanced FCD.

FIG. 2. The end station of the HB-3A four circle diffractometer; the sample-
to-detector distance is variable being set at 40 cm in the picture. Currently the
instrument is equipped with a 5 × 5 cm2 Anger camera detector.

Laue diffractometer (IMAGINE)

Main Science Area: Proteins and macromolecules
Operational Status: Available to users
Instrument Publication: Ref. 5.

The HFIR IMAGINE,5 quasi-Laue diffractometer (Fig. 3)
has the potential to have broad scientific impact and support a
diverse user community for the analysis of light atom positions
in materials that are of interest across the fields of structural
biology, pharmacology, chemistry, condensed matter physics,
nano-structured materials, and geological sciences. The pri-
mary science mission of IMAGINE is focused on the neu-
tron structure determination of proteins with unit cells up to
150 Å.6 The IMAGINE neutron image plate diffractometer
is designed for rapid collection of high resolution (Dmin up
to 1.1 Å) Laue or quasi-Laue data from small single crys-
tals (>0.1 mm3) of moderately large unit cell size, primarily
for structural biology. The instrument uses variable short and
long wavelength cutoff optics to provide multiple wavelength
configurations and a pair of elliptical focusing mirrors that
deliver 3 × 107 n s−1 cm−2 into a 3.5 × 2.0 mm2 focal spot
at the sample position (dλ/λ ∼ 25%). In 2016, the instrument
was equipped with a custom closed-cycle refrigerator (CCR)
allowing experiments to be conducted between 4.5 and 400 K,
enabling parametric studies of magnetic and supramolecular
structures, incommensurate systems, and phase transitions in
soft condensed matter materials. It also provides cryo-cooling
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FIG. 3. A schematic of the IMAGINE beamline; the
sample position is located at the center of the quasi-Laue
diffractometer (QLD). The distance from the instrument
shutter to the sample position is 13 m.

capabilities for macromolecular crystallography, which will
enable data collection on enzyme samples with trapped
intermediates whose room-temperature lifetime is too short
to analyze structurally.7

Macromolecular Neutron Diffractometer (MaNDi)

Main Science Area: Proteins and macromolecules
Operational Status: Available to users
Instrument Publication: Ref. 8.

The SNS Macromolecular Diffractometer8 (MaNDi)
(Fig. 4) is a powerful tool for determining the position of
hydrogen atoms and water molecule orientations and for iden-
tifying different chemical species in small molecules, macro-
molecules, and challenging protein structures.9–11 MaNDi pro-
vides neutron crystallography resources for large unit cell
samples with unit cell edges up to 300 Å12 using TOF Laue
techniques,13 servicing applications in bioenergy, medicine,
and general biological sciences. The wavelength bandwidth
is ∆λ = 2.15 or 4.3 Å (when operating at 30 Hz), which
can be selected anywhere between 1 and 10 Å. The beam

size at the sample position is variable from 0.5 × 0.5 to 7
× 7 mm along with the divergence of the neutron beam at
the sample position which can be altered from 0.12 to 0.80◦.
Data can be collected on single crystal samples of 0.1 mm3

or larger with unit cells in the range of 10-300 Å on edge.
An experimental temperature range of 80 to 300 K is pro-
vided by an inbuilt Oxford diffraction cryostream.14 Comple-
tion of the detectors in the MaNDi data array frame which
surround the sample position (this was increased from 30
to 40 in the summer of 2015) has improved the speed at
which the instrument can collect full and complete datasets
(Fig. 5).

The switch from H2O to D2O in the moderator cool-
ing system during the early 2018 shutdown at the SNS has
increased the incident flux on the sample at MaNDi by up to
30% lowering the exposure time needed for each orientation.
These upgrades coupled with the SNS running at 1.4 MW will
double the number of experiments on MaNDi each year. It
will also allow MaNDi (Fig. 5) to collect data from smaller,
more complex samples, such as membrane proteins and large
enzyme complexes.

FIG. 4. A schematic of the MaNDi beamline; the sample
position is located at the center of the data array frame
which is located 30 m from the moderator. Three band-
width choppers located at 7.2, 8.2, and 10.4 m from the
moderator select the wavelengths of neutrons that are
used in each experiment.
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FIG. 5. (a) A view of the MaNDi detector array frame
(DAF) which is currently populated with 40 SNS Anger
camera detector modules which completely surround the
sample position. The inset shows an image of a perdeuter-
ated β-lactamase protein crystal within a sealed quartz
capillary which has been aligned into the neutron beam at
the center of the DAF. (b) The diffraction pattern recorded
on MaNDi from the protein crystal shown as an inset in
(a). The total replacement of all hydrogen with deuterium
in the sample results in significantly lower background on
the diffraction image.

Spallation Neutrons at Pressure
Diffractometer (SNAP)

Main Science Area: Studying materials under extreme pres-
sures and temperatures
Operational Status: Available to users
Instrument Publication: Forthcoming

The Spallation Neutrons at Pressure (SNAP) instrument
is capable of both powder and single crystal diffraction exper-
iments although most of the current experiments conducted
on SNAP rely on powder diffraction data. However, with the
recent upgrade of the SNAP Anger camera detectors, single
crystal high pressure diffraction is poised to become a more
important and fruitful part of SNAP’s capabilities. In this
description, we focus primarily on single crystal diffraction

parameters that enable unique high-pressure experiments.15

A more detailed exploration of available pressure devices or
scientific examples will be presented elsewhere in this spe-
cial issue. The SNAP instrument is a medium resolution high
flux time-of-flight (TOF) diffractometer. A schematic of the
beamline is shown in Fig. 6(a), while the sample area of the
instrument is shown in Fig. 6(b).

SNAP views a poisoned decoupled hydrogen moderator,
providing the hottest beam (biased toward short λ) and sharpest
neutron pulse available at the SNS. The beam is transported to
the sample position through a straight, 15 m long, flight tube
(under vacuum for background reduction), with an option for
a parabolic focusing guide in the last 3 m. The wavelength
bandwidth used in the experiment is defined by three band-
width disk choppers. These run typically synchronously with

FIG. 6. (a) A schematic of the SNAP
beamline; the distance from the neu-
tron moderator to the sample position
is 15 m. The first section of the flight-
tube assembly rests on poured-in-place
shielding (P-I-P). (b) A close-up view
of the sample position: the two detector
banks are visible surrounding the sam-
ple position, and each detector bank is
45 × 45 cm2. (c) Single crystal mea-
surement on SrCu2(BO3)2 at 5 GPa and
90 K.16 The narrow cell aperture allows
access only to a single reciprocal lattice
plane. The inset shows magnetic peak
and highlights the enhanced sensitivity
afforded by the technique (note different
left and right scales on the y-axis).
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the SNS facility pulse at 60 Hz but can be set in either of two
frames (or wavelength ranges): 0.5–3.5 Å or 3.7–6.7 Å. The
direct view of the moderator allows access to the highest Q (and
consequent finest real space resolution) available in the SNS’s
single crystal suite. The scattered beam is detected via Anger
cameras, of the same style as are deployed on the TOPAZ and
MaNDi instruments. Each camera’s 15 × 15 cm area contains
256 × 256 pixels, resulting in a nominal pixel size of 0.58
mm but an effective resolution of about 1.2 mm. The SNAP
detectors are positioned in two flat banks of 3 × 3 Anger cam-
eras (∼450 mm each side) and located nominally at 500 mm
from the sample position. These sit on circular rails, allow-
ing independent radial placement about the sample position,
with the center of each detector located anywhere from 50◦

to 115◦, from the beam direction, as required for each experi-
ment. While for a single setting the solid angle covered by the
setup is only 1.354 sr (0.677 sr per bank), the available cover-
age reaches almost 3 times that. For single crystal scattering,
a number of improvements are being pursued. Chief among
these is a new focusing guide that will improve significantly
Bragg peak shapes and flux at higher Q. Another important
requirement is the incorporation of sophisticated corrections
to account for pressure cell absorption for each Bragg peak.

Single crystal diffractometer (TOPAZ)

Main Science Area: Elastic scattering of material structures
and responses under controlled environmental conditions
Operational Status: Available to users
Instrument Publication: Ref. 17.

The SNS TOPAZ diffractometer is a high-resolution sin-
gle crystal diffractometer for small molecule and chemical
crystallography. The smallest crystals studied on TOPAZ so
far are 0.065 mm3 single crystals of a nanospheric polyhydrido
copper cluster with 57% hydrogen content in the crystal struc-
ture.31 TOPAZ uses the neutron wavelength-resolved Laue
technique for data collection up to 0.25 Å in dmin or 25 Å−1

in Qmax, the highest in Q coverage among the suite of ded-
icated neutron single-crystal diffraction instruments at HFIR
and SNS. Figure 7 shows the layout of the TOPAZ instrument.

FIG. 7. A schematic of the TOPAZ beamline; the distance from the moder-
ator to the sample position is 18 m. The three bandwidth choppers select the
neutrons that will be used in each experiment with the sample position being
surrounded by a spherical detector array tank.

The size of the single crystal that can be used for TOPAZ
is sample dependent. We have successfully collected data from
single crystals as small as ∼0.05 mm3 in volume for the loca-
tion of hydrides in transition metal clusters. The instrument
has recently been upgraded with installation of a focusing
high-flux neutron guide end-section which enables TOPAZ
to perform routine measurements of submillimeter size single
crystal samples. Hydrogen atom positions can be well resolved
from high resolution data collected on TOPAZ. No deutera-
tion is needed for most hydrogenated single crystal samples.
TOPAZ is capable of continuous 3D Q-space mapping of a spe-
cific region of the reciprocal space volume from a stationary
single-crystal sample, much desired for the parametric study
of phase transitions and diffuse scattering with either nuclear
or magnetic origin. TOPAZ has the most mature data acqui-
sition, visualization, and reduction tools of the single-crystal
diffractometer suite17,18 and has exported these tools to other
instruments (MaNDi and CORELLI). However, TOPAZ has
yet to realize its full potential for its science capabilities
because the accessible sample temperature is limited cur-
rently to the range 90 K–500 K with the use of a nitrogen
cryostream; however, commissioning of a low-temperature
(5 K) goniometer is anticipated in 2018. Future plans include
detector-buildout and an option to polarize the incident neu-
tron beam using an in situ 3He neutron spin filter system.
An overview of the TOPAZ detector array tank and sample
goniometer is given in Fig. 8.

Elastic diffuse scattering spectrometer (CORELLI)

Main Science Area: Studies complex disorder in crystalline
materials through diffuse scattering of single-crystal samples
Operational Status: Available to users
Instrument Publication: Ref. 30.

The SNS instrument CORELLI is an elastic diffuse scat-
tering spectrometer optimized for studying the complex dis-
order and/or short-range correlation of both magnetic and
structural origins in single-crystal materials. Although single
crystal neutron diffuse scattering has been studied for decades,
technical challenges that have prevented it from becoming a
widely used tool remain. Accurate modeling of defect struc-
tures requires measurements over large volumes of three-
dimensional (3D) reciprocal space, with sufficient momentum
resolution to distinguish diffuse components from Bragg scat-
tering. These can now be measured with the suitable design of
high-resolution white-beam TOF Laue neutron diffractome-
ters.19 However, one key obstacle in using TOF instruments is
the lack of capability to discriminate elastic diffuse scattering
from vibrational and other inelastic scattering, which are often
comparable in intensity. The implementation of the cross cor-
relation technique (whereby the incident beam is modulated in
time in a pseudorandom way) has been previously well studied
using steady state sources and spallation neutron sources.20–23

CORELLI is the latest instrument that combines the efficiency
of the white-beam TOF Laue diffractometer with the energy
discrimination provided by the cross correlation method,24

with a gain of up to two orders of magnitude in efficiency
for elastic diffuse scattering experiments as compared to the
standard TOF spectrometer. Figure 9 shows the schematic
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FIG. 8. (a) Top view of the TOPAZ lay-
out with area detectors populated on 23
of 48 detector ports on the detector array
tank (DAT); (b) single crystal samples
mounted on varieties of TOPAZ pins; (c)
TOPAZ ambient goniometer with fixed
chi and unrestricted 360◦ rotations on
phi and omega axes. The sample is low-
ered into the neutron beam position at
the center of the DAT for data collection.

layout of the major components of the instrument. The instru-
ment uses ambient decoupled water as a moderator. Straight
focusing neutron guides are employed to maximize the neu-
tron flux at the sample position with∼2× 109 n/cm2/eV/s/MW
for Ei = 50 meV (1.28 Å). In typical operation, an incident
neutron energy band from 10 to 200 meV is selected using
bandwidth control choppers that enable measurement over a
large momentum transfer range (0.5 < Q < 16 Å) and appro-
priate energy resolution [for instance, ∆E (FWHM) ∼ 0.89
meV at Ei = 25 meV]. By operating the correlation chop-
per asynchronously to the pulsed neutron source, all incident
wavelengths are measured in a single run, saving the total TOF
as well as the current chopper phase for each detected neu-
tron. This allows the reconstruction of elastic signals using
the cross correlation method. The detector tank is capable of

hosting 91 modules (each module has sixteen 3He tubes with
12.5 cm diameter and 87 cm length), and 75 modules have been
installed. The current configuration has a solid angle coverage
of approximately 2 steradian with in-plane detector coverage
from −18◦ to 148◦ and out-of-plane coverage from −26.5◦ to
+29.5◦.

The wide wavelength band, high neutron flux, and large
detector coverage enable CORELLI to perform elastic single
crystal neutron diffuse scattering experiments at an unprece-
dented data collection rate. Recent installation of automated
sample slits located at 0.5 m from the sample position has
enabled users to quickly align samples in the vertical direction.

Figure 10 shows a reciprocal space map of molecular
material benzil, C14D10O2, where rich mapping of diffuse scat-
tering allows detailed modeling of the origin of the disorder in

FIG. 9. Schematic layout of major components of the CORELLI instrument. The instrument has a straight neutron optical guide with a moderator-sample
distance of 20 m. 3He tubes are used for neutron event detection.
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FIG. 10. Comparison of reciprocal space map in the [H,K,0] plane of a benzil (C14D10O2) single crystal measured at T = 300 K: (a) No cross correlation is
applied on the data and (b) with cross correlation.

the system, i.e., in this case, the diffuse scattering is primarily
due to phonons.25

Benefitting from a large sample scattering vessel, a ver-
satile set of sample environments has been commissioned,
including ultra-low temperature (50 mK dilution refrigerator
insert and 300 mK 3He insert), high magnetic field (5 T verti-
cal field for diffuse scattering and 8 T for Bragg diffraction),
high voltage (10 kV), and high hydrostatic pressure (up to 2
GPa using a clamp cell made of copper-beryllium alloy and
up to 4.5 GPa using a diamond anvil cell15). These extreme
sample environments are now strongly demanded by the user
community of hard condensed matter and materials science.

SUPPORTING FACILITIES

For biological samples, laboratory infrastructure to sup-
port deuteration is an essential component of the suite, with
the main instrument beneficiaries being protein crystallog-
raphy studies using MaNDi and IMAGINE. Deuteration is
performed at the Center for Structural Molecular Biology
(CSMB) user facility, which is co-located in the SNS lab
space. Perdeuteration reduces the incoherent scattering com-
ing from the sample by a factor of forty, greatly enhancing the
data signal-to-noise ratio and enabling much quicker and more
accurate data collection from crystals 3-4 times smaller than
hydrogenous samples.26,11 Laboratory infrastructure to assist
users in growing large crystals is also available because despite
progress in instrumentation and optics, the crystal size required
for neutron crystallography remains significantly larger than
that required for X-ray crystallography.27

FUTURE SINGLE CRYSTAL NEUTRON
INSTRUMENTATION

The SNS is currently undergoing a power upgrade project
(PUP) to raise the operating power of the first target station to

2 MW with 800 kW available to power a second target station
(STS). A key factor in producing high intensity peak neutron
flux at the STS is the use of a compact target. In particular,
the STS design incorporates a compact, stationary, water
cooled tungsten target. Surrounding the target will be two
parahydrogen cold moderators and a single cold parahydro-
gen/water moderator surrounded by a water-cooled beryllium
reflector. The high brightness of the cold neutrons currently
being designed for the second target station (STS) of the SNS
at the Oak Ridge National Laboratory (ORNL) will be ideally
suited for experiments that require focusing optics to enable
measurements on smaller samples than is currently possible
using the SNS. Macromolecular neutron single crystal diffrac-
tion utilizes cold neutrons; thus, we have designed a macro-
molecular single crystal diffractometer for the STS. For exam-
ple, the Extended Wide Angle Laue Diffractometer (Ewald)28

has a simulated increase in neutron flux of ×60 compared to
MaNDi at the first target station, which will reduce the mini-
mum crystal size required and enable new types of proteins to
become amenable to neutron protein crystallography.

CONCLUSIONS

The suite of neutron single crystal diffractometers at
ORNL enables researchers to study almost any crystalline
material from small molecules with less than ten atoms up
to large proteins composed of over 30 000 atoms in the unit
cell. Continuous improvement across the instrument suite with
several key upgrades such as the deployment of incident neu-
tron beam polarization for TOPAZ, FCD, and WAND2 will
expand their capability for particular kinds of magnetic struc-
tural studies. Key upgrades at SNS, such as the power upgrade
project (PUP) to raise the beam power to 2 MW, will be partic-
ularly beneficial for collecting data from the weakly scattering
protein crystal samples used on MaNDi. Finally, the construc-
tion of the STS at SNS promises the ability to collect data for
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crystals an order of magnitude smaller than that currently pos-
sible at SNS, enabling neutrons to be used to study even more
complex systems.
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