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The suite of neutron powder diffractometers at Oak Ridge National Laboratory (ORNL) utilizes the
distinct characteristics of the Spallation Neutron Source and High Flux Isotope Reactor to enable the
measurements of powder samples over an unparalleled regime at a single laboratory. Full refinements
over large Q ranges, total scattering methods, fast measurements under changing conditions, and
a wide array of sample environments are available. This article provides a brief overview of each
powder instrument at ORNL and details the complementarity across the suite. Future directions for
the powder suite, including upgrades and new instruments, are also discussed. © 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/10.1063/1.5033906

I. INTRODUCTION

Understanding the microscopic structure is often the first
step in new materials discovery and is essential to improve
the materials functional properties. Neutron powder diffrac-
tion has long been the technique of choice for structural
characterization by solid-state chemists, material scientists,
engineers, mineralogists, and condensed matter physicists for
a large variety of materials ranging from strongly correlated-
electron systems to energy-related materials to organic com-
pounds. Neutron powder diffraction has played a primary
role in crystal and magnetic structure determination and con-
trast resolution for elements that cannot be distinguished by
x-rays. In addition, the study of materials under extreme
conditions is particularly well suited to neutron diffraction
since developing specialized sample environments can often
be more straightforward than for x-ray diffraction due to the
high penetration depth of neutrons in most materials. As
the problems tackled by the structural tools get more and
more complex, better instrumentation, faster data collection,
higher Q-resolution, more complex sample environments,
and modern modeling tools to extract the information are
required.

The powder suite at Oak Ridge National Laboratory
(ORNL) offers unique and complementary capabilities to
tackle forefront scientific challenges. The ORNL neutron scat-
tering facility consists of two co-located world class sources:
the Spallation Neutron Source (SNS) and the High Flux
Isotope Reactor (HFIR). The distinct neutron beam charac-
teristics at SNS and HFIR offer unparalleled capabilities at

a)Author to whom correspondence should be addressed: caldersa@ornl.gov

a single facility. The time-of-flight (TOF) scattering at the
SNS excels at full refinements over large Q ranges and total
scattering methods, while the high constant flux at the HFIR
has unmatched performance for looking at a chosen limited
range of Q and performing fast measurements of nuclear and
magnetic peaks under changing conditions. ORNL currently
hosts six neutron powder diffractometers, with future instru-
ments planned to complement the suite. Current instruments at
the SNS include: a high flux neutron powder diffraction/total
scattering instrument Nanoscale Ordered Materials Diffrac-
tometer (NOMAD) for fast measurements and small sam-
ples, including liquids, glasses, and nanostructured materials;
a third generation powder diffractometer POWGEN provid-
ing a single histogram data set over a wide Q range to access
large unit cells, detailed structural refinements, and in situ
chemical measurements; a dedicated high pressure beamline
Spallation Neutrons and Pressure (SNAP) capable of mea-
surements over a wide temperature and pressure range; and
VULCAN which provides opportunities for materials and
engineering systems testing and understanding under extreme
stimuli. Current instruments at the HFIR include: a constant
wavelength diffractometer HB-2A, with incident beam polar-
ization option, capable of accessing exotic magnetic states
with ultra-low temperature, magnetic field, and high-pressure
sample environments and WAND2, a dual-purpose powder
and single-crystal diffractometer that offers a flexible sam-
ple environment and fast data acquisition. The powder suite
instruments can be considered mature, although several recent
upgrades have offered essentially new instrument capabilities.
Sample environment options within the suite are impressive
and continually developing. Advances are also on-going for
data acquisition and analysis software, detectors, and detector
coverage.
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II. INSTRUMENT DESCRIPTIONS
A. NOMAD

The Nanoscale Ordered Materials Diffractometer
(NOMAD) is a high-flux, low-to-medium-resolution diffrac-
tometer for structural characterization of both local order in
liquids, solutions, glasses, polymers, nanocrystalline, and dis-
ordered bulk materials, as well as time-resolved and sample
size limited structure determination in long-range ordered
polycrystalline materials.

1. Instrument characteristics

A primary characteristic of NOMAD is high incident flux
and large detector coverage leading to the highest neutron
count rate for a given sample size (Table I).1 This enables
the study of small sample sizes and in situ observations of
structural evolutions in an increasingly diverse array of envi-
ronments, such as the aerodynamic levitator as shown in
Fig. 1.

The layout of the instrument has NOMAD facing the
decoupled poisoned supercritical hydrogen moderator at the
SNS. The scattered beam is collected by a wide coverage of
3He detectors that are arranged in 6 banks, see Fig. 1. To
achieve the highest solid angle coverage within a reasonable
cost, many of the 3He tubes are in an unconventional hori-
zontal arrangement, which is a unique design feature of this
instrument. For a typical 2.54 cm diameter 3He position sen-
sitive detector, the resolution along the tube is about 0.8 cm
and if everything else is equal d- or Q- resolution is higher in
this orientation since the high spatial resolution is perpendic-
ular to the Debye Scherrer cone. At present, only 50% of the
available detector positions are populated and this provides a
clear upgrade path to increase the count rate, see Sec. IV A.

The NOMAD instrument sees dual use as a high flux
TOF neutron diffractometer and a specialized total scattering
beamline for neutron pair distribution function (PDF) studies.
Typical powder diffraction studies, excluding those involving
high d-spacings, utilize histogrammed data from the medium
to high angle banks (those centered at 31◦, 65◦, 120.4◦, and
150.1◦ 2θ). Representative data are shown in Figs. 1(c)–1(f)
for Si NIST standard material 640d, measured in a 6 mm diam-
eter vanadium canister for 30 min at room temperature in the
linear sample shifter at NOMAD.

As the average scattering angle is increased, the Q-
range, maximum Q and minimum Q decrease, the resolu-
tion increases, and the peak shapes become more asymmet-
ric. While the 31◦ and 65◦ NOMAD detector bank data are
modeled well with standard TOF exponential peak pro-
file parameters, the higher resolution bank data centered at

120.4◦ and 150.1◦ 2θ are best fit with fundamental parameter
approaches that take moderator line shape into effect.2 Also,
while it is typical to fit these four histograms, or a selection
of these four histograms, for crystalline and nanocrystalline
material diffraction studies on NOMAD, it is also possible to
select unique detector groupings or any number/character of
fit histograms to match the needs of specific experiments.

As a general observation, sample environments such as the
orange cryostat, which allows for sample temperature to 1.5 K
through flowed helium, and the ILL furnace, a mainstay for
neutron diffraction for a long time built with vanadium heat-
ing elements and can achieve 1200 C, are not as well adapted to
the small sample sizes and fast acquisition times at NOMAD,
due to their relatively large background scattering and long
equilibration times. A fast, low background, alternative is the
Oxford Cobra cryostream system operated with argon gas that
covers the temperature range from 90 to 500 K and has become
a workhorse sample environment on NOMAD for samples
in quartz capillaries and in vanadium canisters. A few of the
unique sample environment capabilities offered at NOMAD,
such as high temperature aerodynamic levitation [Fig. 1(a)]
and gas flow capabilities, are reviewed in Sec. III. A cryofur-
nace system combined with a 20-position sample changer is
currently being designed for NOMAD, to be delivered in 2019.

2. Science examples

The characteristics of NOMAD have enabled, for exam-
ple, exemplary studies of alloys and melts via container-less
levitation at extreme high temperatures with and without iso-
topic substitution,3,4 of the atomic structure of light atom
species on nanomaterial surfaces and interfaces,5,6 of in situ
material crystallization or growth,7–9 of materials synthesized
through extreme conditions such as high pressure or swift ion
irradiation,10,11 and of structure-property relationships in bat-
teries,12,13 catalysts,14–16 thermoelectrics,17 and a host of other
functional material families.

B. POWGEN

POWGEN is the highest resolution instrument in the pow-
der suite and is optimized for both parametric studies of mate-
rials under a wide range of conditions and ab initio crystal
structure determinations of complex solid-state materials with
asymmetric unit-cells of the order ∼1500 Å3.

1. Instrument characteristics

POWGEN is a fundamental departure from previous
designs for a TOF powder diffractometer at a spallation
neutron source and may be considered a third-generation
design.18,19 The geometric construct of the instrument allows

TABLE I. BL-1B NOMAD instrument specifications.

Applications Neutron beam Resolution (∆d/d) Q-range Beam size at sample Measurement times

Total scattering (PDF);
high flux measurements;
high throughput capabilities.
Small samples

TOF (decoupled
poisoned supercritical
hydrogen moderator)

5 × 10�3 to 5 × 10�2 0.2-50 Å�1 (see Fig. 1
for coverage of separate
detector banks)

Variable. Typical
is 0.6 × 0.6 cm

Sample dependent,
typical range
is 1-60 min.
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FIG. 1. (a) Inside of the NOMAD detector tank and (b) a sample (5 mm diameter) being measured on the aerodynamic levitator. [(c)-(f)] Si 640d data, shown
with results of Rietveld refinement from the four highest angle standard detector groupings on NOMAD (detector banks centered at approximately 31◦, 65◦,
120◦, and 150◦ 2θ). The Si was in a 6 mm diameter vanadium canister, and measurements were carried out for 30 min at room temperature in the linear sample
shifter at NOMAD. Refinements were performed with Topas.

for all detected scattered neutrons to be focused onto a single
diffraction profile yielding a high count rate with varying res-
olution as a function of d-spacing, preserving good resolution
of ∆d/d = 0.0015 at d = 1 Å (Table II).

POWGEN was recently rebuilt to increase detector cov-
erage and extend the coverage in Q, while still maintaining
the original 3rd generation design philosophy. The detec-
tor coverage after the upgrade is 1.2 sr (∼12 m2 coverage).
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TABLE II. BL-11A POWGEN instrument specifications.

Applications Neutron beam Resolution (∆d/d) Q-range Beam size at sample Measurement times

General purpose powder
diffraction; high throughput
sample capabilities

TOF (decoupled
poisoned super
critical H2)

1 × 10�3-2.5 × 10�2 0.7-50 Å�1 (one frame).
0.15-50 Å�1 (multiple frames)

40 × 10 mm Typically minutes to hours
(depends on sample quantity,
crystallinity, and symmetry)

A picture of the upgraded instrument is shown in Figs. 2(a)
and 2(b).

During an experiment there is flexibility to vary the
incident wavelengths over a wide range through control of
adjustable bandwidth-limiting choppers and pulse repetition
rates. With the current instrument configuration, any wave-
length between 0.1 and 5 Å at 60 Hz can be chosen with reason-
able flux on samples [∼107 n/(Å/MW-s)-5× 106 n/(Å/MW-s)].
Typically, the instrument team selects and calibrates a fixed
number of the center wavelength bands that cover differing
ranges of d-spacings, as shown in Table III. Measurements out-
side of these settings are possible but require additional time to
allow for collection of vanadium, a standard sample for profile
calibration and empty background runs for proper normaliza-
tion of data. The bandwidth choppers also allow operation
in pulse skipping mode at 10, 20, and 30 Hz which increases
the bandwidth accordingly but decreases flux. Interchangeable
guide sections and the ability to trade resolution for intensity
at the analysis stage allow users great latitude to optimize the
data range, resolution, and statistical precision for each experi-
ment. To reduce the background, the T zero chopper eliminates
most of the prompt pulse and the software removes the small
fraction of the prompt pulse (∼50 µs) before time focusing the
data.

The instrument can cover d-spacings from ∼0.1 Å to
8 Å in a single measurement at WL center 0.8 Å ideal for
both traditional Rietveld data and PDF measurements, albeit
for significantly longer collection time than dedicated PDF
machines, such as NOMAD. Rietveld measurements for tra-
ditional neutron-size samples (2-3 cc) can be completed in an
hour or less, with a <0.1% resolution at short d-spacings and
<2.5% resolution for nearly all d-spacings of interest. Alter-
natively, much of this resolution can be traded for increased
intensity, making it possible to take shorter measurements
while still maintaining good resolution using the high inten-
sity guide. The high intensity guide gives a factor of 1.2, 1.8,
and 2.2 gain at center wavelength 0.8, 1.5, and 2.665, respec-
tively, at 60 Hz making it possible to collect data from smaller
samples.

2. Science examples

Scientific studies on POWGEN encompass a wide range
of novel materials. These include, but are not limited to, struc-
tural studies of energy storage materials such as battery mate-
rials,20–22 ceramic membranes for solid oxide fuel cells and
oxygen sensors, hydrogen storage materials,23,24 and thermo-
electric materials.25,26 Fast data collection provides the ability
to look at processes in situ, while the availability of long
d-spacings also enables the study of magnetic materials such
as high-Tc superconductors, metal-insulator phase transitions,

FIG. 2. Images of the POWGEN instrument after the recent upgrade and
detector reconfiguration. (a) View along incident neutron guide. (b) Outside
of the detector array, each module is 0.3 m2 in size. (c) 1 g of the Si NIST
standard SRM-640d sample was loaded in a V can. Data were collected for
11 C charge of the accelerator which corresponds to 3 beam hours using
center wavelength 0.7 Å. All 40 detectors were focused to 90◦, and the data
were reduced using the following formula Normalized I observed = (Sample
− Empty 6 mm V can)/(V rod corrected for absorption and multiple scattering
− V empty). Rietveld refinement was carried out using GSAS-II.



092701-5 Calder et al. Rev. Sci. Instrum. 89, 092701 (2018)

TABLE III. Standard wavelength (WL) settings on POWGEN showing the corresponding d and Q ranges.

Frequency WL center WL min WL max dmin (Å) dmax (Å) Qmin (Å�1) Qmax (Å�1)

60 0.800 0.267 1.333 0.134 8.200 0.766 46.9
60 1.500 0.967 2.033 0.485 14.000 0.449 12.9
60 2.665 2.132 3.198 1.070 22.200 0.283 5.9
60 4.797 4.264 5.33 2.140 33.000 0.190 2.9
30 1.066 0.100 2.132 0.100 15.000 0.411 62.8
20 1.599 0.100 3.198 0.100 20.000 0.274 62.8
10 3.198 0.100 6.396 0.100 40.000 0.137 62.8

charge and orbital ordering transitions, and molecular mag-
nets.27,28 POWGEN capabilities can contribute to understand-
ing materials such as zeolite and Metal Organic Frameworks
(MOF), metals and semiconductors; dielectrics, ferroelectrics;
and ab initio structure solutions of complex polycrystalline
materials such as pharmaceutical compounds.

C. SNAP

The Spallation Neutrons and Pressure (SNAP) instrument
is a high-flux, medium-resolution diffractometer designed
specifically to accommodate a variety of pressure cells for
in situ studies of samples under the extreme conditions of high
pressure and high/low temperature.

1. Instrument characteristics

The design philosophy of SNAP leveraged the enhanced
neutron flux at SNS by building an instrument around an
entire suite of standard and novel pressure cells (Table IV).
This philosophy required an open walk-up sample location,
rather than the conventional well design, that allows for easy
sample alignment and pressure cell shielding to minimize
background, see Fig. 3(a). For large sample volumes, the
incident beam can be shaped by a straight evacuated flight
tube for reduced background and highest available resolu-
tion. Alternatively, for smaller samples, a parabolic mirror
guide can be used which increases the neutron flux by a fac-
tor of six across all wavelengths. The nominal beam size is
10 × 10 mm; however, in most cases a custom collimator is fit-
ted as close as possible to the sample to minimize background
and possible spurious Bragg scattering from components of
the pressure device. Consequently, the typical illuminated area
ranges from less than 1 mm2 up to 3 mm3. One unique fea-
ture of this instrument is that, although most measurements
are on powder samples, it is fitted with state-of-the-art Anger
camera area detectors with sub-millimeter resolution suitable
for single crystal measurements. The detector array consists
of two square banks (0.45 m edge length) of 3 × 3 Anger
camera modules, one on each side of the sample position.

Their 2θ location can be independently adjusted between
50◦ and 115◦. This allows a Q-range of 0.5 Å−1–25 Å−1 at
maximum coverage.

Due to the inherent versatility regarding incident optics,
sample alignment, and detector array, the SNAP instrument
excels at measurements in a variety of high pressure devices.
These include conventional pressure devices such as the gas
pressure and clamped cells, shared across the facility, and
a dedicated suite of Paris-Edinburgh (PE) cells. These cells
cover the typical pressure and temperature ranges already
available at other facilities (see Table VIII). There are con-
tinued efforts at ORNL to improve the performance by incor-
porating radial collimators for gas/clamp pressure cells, as
described elsewhere in the current issue. In addition, SNAP
has been critical in the development of a new generation of
diamond anvil cells (DACs) that enable a much wider pressure
range, with smaller samples and are more amenable to heat-
ing and cooling.29,30 The new DACs benefit from advances
in chemical vapor deposition methods for the growth of large
single crystal diamonds and an entirely new cell and gasket
design.29 These allow for collection of refinable data above
60 GPa,31 but a custom design resulted in unprecedented mea-
surements at close to 100 GPa.32 The new design is now
standardized for use up to 40 GPa and down to 5 K, and is
compatible with gas loading, a necessary condition to per-
form measurements in quasi-hydrostatic conditions. The use
of these DACs for single crystal measurements has also been
demonstrated and is detailed elsewhere in this issue of the
journal.

2. Science examples

The science performed on SNAP is broad, reflecting
the diverse research areas where the application of high
pressure is relevant. For example, many important insights
have been gained into areas of materials science ranging
from magneto-structural correlations in magnetic dimers35 or
cubic perovskites36 to insights into martensitic transitions in
light elements37 to the high-pressure synthesis of ultra-strong

TABLE IV. BL-3 SNAP instrument specifications.

Applications Neutron beam Resolution (∆d/d) Detector coverage Beam size at sample Measurement times

High pressure
studies

TOF (decoupled
poisoned supercritical
hydrogen moderator)

8 × 10�3 (at 2Θ = 90◦) Ω = 1.39 sr
Q = 0.8-30 Å�1

Typical,
1 cm2 < 1 mm2 for DACs

1-8 h, depending on sample
size and scattering properties
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FIG. 3. (a) SNAP instrument sample area and detectors. The open layout allows for ease of access and a variety of pressure capabilities. A DAC measurement at
room temperature is shown. (b) DAC shown on a bench-top, sample of area of order mm and cell height several inches. (c) Si data collected on SNAP. The Si was
loaded into a vanadium can and measurements were carried out with the instrument flight tube (no guide), background-subtracted and normalized to vanadium.
(d) The pressure-dependence of the c/a ratio of D2 extracted up to 31 GPa at room temperature on SNAP in a diamond anvil cell compared to previous results in
the literature.33,34

diamond nanothreads.10,38 Additionally, the formation and
behavior of various clathrates and hydrates have been investi-
gated.39,40 Important contributions have also been made to the
understanding of planetary ices such as water ice and further
geophysical problems.31,41

As a specific example, a unique system of study for the
SNAP instrument is hydrogen (deuterium) and hydrogen-rich
superconducting compounds such as H2S, where the strong,
coherent scattering cross section of deuterium allows neutron
measurements to excel over x-ray techniques. D2 was inves-
tigated on SNAP up to 31 GPa at room temperature, with the
set-up yielding the first high pressure powder, rather than crys-
tal, diffraction of this material. Rietveld refinement of the data
allowed extraction of the c/a ratio which is well determined in
a powder diffraction measurement, see Fig. 3(d). The resulting
data show far less scatter than previous measurements which
employed x-ray diffraction techniques using single-crystals.
Our neutron c/a ratio is in broad agreement with the major-
ity of past experiments, which all deviate from the ideal value

of 1.633 and show no strong evidence of isotope effects. An
exception is Mao et al.’s 1988 x-ray study33 of H2, which
appears anomalous. The c/a ratio measured here with powder
diffraction on snap appears to have a significantly lower depen-
dence on pressure than the x-ray measurements. The reason for
this is unclear motivating further studies to higher pressures.

D. VULCAN

VULCAN, the engineering materials diffractometer at
SNS,42 is a versatile TOF instrument. The high flux neu-
trons and easy access open sample space make the instrument
capable of tackling a wide variety of engineering and materi-
als science experiments under extreme conditions, including
deformation mechanisms of structural and functional mate-
rials, phase transformation and transition kinetics of energy
materials, residual stress and phase mapping in engineer-
ing structures and texture etc., from fundamental to applied
researches.
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1. Instrument characteristics

As shown in Fig. 4(a) and the specification Table V, the
current detector coverage on VULCAN, concentrated at 2θ-
scattering angles of ±90◦, represents about one third of the
fully built out detector solid angle proposed for the instru-
ment. The incident beam spectra can be freely chosen during
an experiment from different bandwidths/centers provided by

FIG. 4. (a) VULCAN instrument with the VULCAN-MTS load frame on the
sample stage. (b) A typical in situ thermomechanical diffraction experimental
setup on VULCAN, the tensile metallic sample loaded in the VULCAN-MTS
load frame, and heated in air by induction coils with a close loop control by
the control thermocouple welded on the sample, the high temperature exten-
someter with alumina extension rods measures the macroscopic strain, and
the infrared camera records the temperature distribution. (c) Si measurement
at 20 Hz in high resolution mode. The data are normalized using vanadium,
and the refinement was carried out using GSAS.

the double disk choppers. The typical measurement range in
d-spacing is from 0.5 to 3.5 Å (with 20 Hz chopper, 2.8 Å cen-
tral, and 4.32 Å bandwidth incident wavelengths) with the 90◦

banks. The motorized incident slits provide a flexible beam
opening range from 0.1 to 12 mm in both horizontal and ver-
tical directions. Two sets of radial collimators of 2 mm and
5 mm are available for different receiving collimations. From
the combination of the incident slits and collimators, VUL-
CAN provides rapid volumetric mapping with a gauge volume
of 2-600 mm3 and measurement times of a few minutes for
typical engineering materials. For example, for in situ defor-
mation measurement of 6 mm diameter tension bars by ferric
alloys, data are collected continuously and can be chopped
into 1 min or less for lattice strain evolutions. Similar instru-
ments at other neutron facilities include EnginX at ISIS, UK
and Takumi at J-PARC, Japan.

Much of the scientific impact of VULCAN is due to ded-
icated sample environment equipment including a load frame
capable of delivering multi-axial loadings (10 T axial, 400 Nm
torsional) and fatigue tests (rated up to 30 Hz) with an induc-
tion heater up to 1273 K, see Fig. 4(b), high-temperature
and controlled-atmosphere furnaces, and cells to study bat-
tery cycling. Other SNS sample environments with variable
temperature and electric and magnetic fields can be adapted
easily to VULCAN. The open access platform allows users
to bring in lab-scale equipment for in situ materials studies.
Time-resolved studies are routinely conducted thanks to both
the friendly time event neutron DAQ and the corresponding
data reduction software.43,44

2. Science examples

Science examples on VULCAN include deformation
mechanisms and texture of conventional engineering alloys
widely used in industries,45–48 design of high entropy
alloys49–51 and superalloys,52,53 stress or temperature induced
phase transformation of shape memory alloys54,55 and com-
posites,56,57 synthesis or stability of energy materials such
as energy storage materials,58,59 and energy conversion
materials,60 including battery materials performance under
operando,61,62 in situ materials processing,63 residual stress
of additive manufactured structures,64,65 and load sharing in
suspension bridge cable.66 Stroboscopic approaches44,67 can
be easily realized for rapid time resolved measurements.68 Sin-
gle crystal material behavior can also be studied under external
fields by utilizing the 2D detector coverage.69–71

E. HB-2A

The HB-2A powder diffractometer is primarily utilized
for magnetic structure determination, with an emphasis on
ultra-low temperatures combined with high field or pressure.
The constant wavelength neutron beam, flat background, sim-
ple beam profile, and open instrument layout make HB-2A
well-suited to a variety of interchangeable sample environ-
ments with minimal instrument calibration.

1. Instrument characteristics

HB-2A offers a balance of good Q-resolution while still
maintaining much of the high intensity flux from the HB-2
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TABLE V. BL-7 VULCAN instrument specifications.

Applications Neutron beam Resolution (∆d/d) Q-range Beam size at sample Measurement times

Versatile materials
engineering diffraction
capabilities

TOF
(poisoned decoupled
ambient water)

High resolution mode:
2.5 × 10�3 high intensity
mode: 4.5 × 10�3

1.6-16 Å�1 (at 2Θ = 90◦) V: 0.1–12 mm
H: 0.1–12 mm

Seconds to minutes.
Data collected
continuously and binned
based on required
statistics

beam port at HFIR.72 This is achieved by using a vertically
focused germanium monochromator with a fixed 90◦ take-off
angle that selects the principle wavelengths of 2.41 Å (Ge 113)
and 1.54 Å (Ge 115), see Table VI for the corresponding
Q range covered. During experiments, the long wavelength
is typically utilized for magnetic studies to access low
Q with the highest resolution and lowest background, whereas
the shorter wavelength affords larger coverage of reciprocal
space for more detailed crystal structure refinements. Switch-
able pre-sample 16′, 21′, 31′, and post sample fixed 12′ Soller
collimators offer further control of flux and resolution. The
layout of HB-2A follows a Debye-Scherrer geometry with a
detector bank consisting of 44 discrete 3He detectors. The full
detector coverage is ∼150◦; however, the detector bank must
be scanned to fill in the ∼2.6◦ 2θ gaps between the detec-
tors. The 44 pre-detector collimator replacement from 6′ to
12′ was the most recent upgrade since the instrument entered
the user program in 2009. This improved the detected intensity
by more than a factor of 2.5 and improved the signal-to-noise
ratio by 1.5 times. The HB-2A instrument design and oper-
ation is most similar to BT-1 at NIST and D2B at the ILL
that are also composed of a detector bank of separated He3

detectors.
Typical sample masses of 5 g and above make optimum

use of the large beam size of 60 × 20 mm2 at sample; however,
measurements on smaller samples are routinely performed
with longer counting times. Refinable data for crystal structure
modeling are readily achieved in under an hour. The counting
times for magnetic signals scale with the ordered moment size
and mass and therefore vary significantly between samples.
Time scales for magnetic measurements range from under
an hour up to 12 h on small samples with weak or diffuse
magnetic signals. Additionally, setting up complex sample
environments, such as dilution refrigerators, can take several
hours; therefore, suitable experimental planning with beamline
staff is required to appropriately allocate time.

To further complement magnetic studies, HB-2A has
implemented a polarized incident neutron beam option before
the sample that offers extreme sensitivity to small magnetic

signals, under 0.1µB, in materials with ferromagnetic or fer-
rimagnetic components to the moment,73 see Fig. 5(a). Both
He-3 filter and supermirror options have been used, with the
supermirror V-cavity the standard option offered to users.

The open instrument layout offers the option to host
and easily switch between a variety of sample environments
with minimal instrument calibration. Ultra-low temperature
measurements in dilution (50 mK) and He3 (280 mK) inserts,
applied magnetic fields (6 T), and pressure cells (2 GPa) are
routinely performed along with traditional cryostats (1.5 K)
and air or vacuum furnaces (up to 1800 K). Room tem-
perature measurements on multiple samples can be per-
formed with a 6-carousel sample changer. A 3-sample stick
has recently been implemented into the orange cryostat
(1.5-300 K), with similar capabilities for other sample envi-
ronments under development.

2. Science examples

The core of the science performed on HB-2A is focused
on the investigation of magnetic structures in crystalline mate-
rials as a function of temperature, field, and pressure. Detailed
analysis of complex magnetic structures often requires rep-
resentational analysis or magnetic symmetry techniques, see
Sec. III B.

Science examples on HB-2A include studies of materials
with strong spin-orbit interactions that show coupling between
magnetism and lattice or electronic conduction,74–76 magnetic
order in multiferroic materials,77–79 geometrically frustrated
magnetism at ultra-low temperatures,80 thermoelectric mate-
rials,81 low-dimensional magnetism,82,83 quantum critical
phenomena,84 and pressure controlled materials. The imple-
mentation of half-polarization has been demonstrated and is a
potential growth area for new science at the instrument.73

F. WAND2

The HFIR WAND2 instrument is a high intensity dual-
purpose powder/single-crystal diffractometer, supported by
the US–Japan Cooperative Program on Neutron Scattering.

TABLE VI. HB-2A POWDER instrument specifications.

Applications Neutron beam Resolution (∆d/d) Q-range Beam size at sample Measurement times

Magnetic structure
determination under
extreme environments.
Polarized beam option

Constant wavelength
(vertically focused
Ge monochromator)

2.2 × 10�3 (variable) 0.2-5.1 Å�1 (λ = 2.41 Å)
0.35-8 Å�1 (λ = 1.54 Å)

60 × 30 mm
Typical can sizes
are 6-15 mm diameter
and 50 mm height

Variable.
Refinable data in minutes.
Magnetic structure
in 0.5–8 h
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FIG. 5. (a) Incident neutron beam polarization set-up with supermirror V-cavity and flippers. The open goniometer sample area is shown. (b) Si data collected
on HB-2A using a wavelength of 1.54 Å. Measurements were collected at room temperature with the sample loaded into a vanadium holder in the six-sample
changer. Detector efficiency is normalized with vanadium. Rietveld refinement was performed using Fullprof.

1. Instrument characteristics

WAND2 has just completed its second and final upgrade
phase, which amounts to a complete replacement of the whole
instrument after the monochromator (Table VII). The instru-
ment 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) (Fig. 6). A major part of
the upgrade was the deployment of a large 2D position sensitive
detector with nearly 2 × 106 pixels which expands the instru-
ment beyond simply mapping reciprocal space to providing
quantitative 3D intensities.85

WAND2 has a low monochromator take-off angle, which
reduces the Q-resolution, but allows for high intensity to
access high data rates and small samples. Powder diffrac-
tion studies using WAND2 necessarily involve materials that
have simple crystal structures and/or small unit cell volumes.
However, it can and has been used for kinetic studies where
structural changes can be seen to evolve on a time scale of a
few minutes. The data rate achievable from the new detector
will enable kinetic studies over time scales of seconds.

The exceptionally high flux on WAND2 allows experi-
ments to undertake in situ studies, follow chemical reactions
and other kinetic processes. Furthermore, WAND2 takes data
in event mode which opens the possibility to filtering data after
the experiment or synchronizes the data stream to an external
input for stroboscopic measurements.

In this respect, WAND2 will compete with already mature
and successful 2D PSD instruments with comparable flux at
ANSTO (WOMBAT) and ILL (D19 and D20). Compared to
these instruments, WAND2 has less flexibility in varying inten-
sity and resolution settings due to only one fixed monochroma-
tor position. A planned next upgrade for WAND2 foresees the
installation of an additional monochromator position to allow
a high flux option with a pyrolytic graphite monochromator
and a high-resolution option using the existing germanium
monochromator, an option the other diffractometers already
have. The identical detectors of WOMBAT and WAND2 are
gapless with higher intrinsic resolution, which can be impor-
tant in the studies of texture. They also operate at higher
3He pressures which should translate into higher efficiency.
Time resolution for stroboscopic measurements on WAND2

can be achieved down to 100 ns (10 MHz), two orders of
magnitude better than the other instruments. Data acquisi-
tion on WAND2 is continuous, allowing a posteriori time
slicing.

The space in the incident beam path also allows for a
polarization device, either He-3 filter or supermirror, and this
option can be a beneficial addition for magnetic structural stud-
ies of ferro- or ferrimagnetic components in both powder and
single-crystal modes of operation for WAND2. Overall, these
recent upgrades have made this instrument a state-of-the art
tool in the powder diffraction suite on the North American
continent.

TABLE VII. HB-2C WAND2 instrument specifications.

Applications Neutron beam Resolution (∆d/d) Q-range Beam size at sample Measurement times

General purpose
diffraction/diffuse
scattering under
extreme sample
environments

Constant wavelength
(vertically focused
Ge monochromator)

2 × 10�2 0.1-8.2 Å�1 30 × 40 mm2 (full size)
9.6 × 40 mm2 (motorized slits)

5 min for high statistics.
Refinable data in 1 s
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FIG. 6. (a) Schematic of the WAND2 instrument sample area with the main components. (b) Detector view of the powder diffraction pattern from a Si-Standard
sample using a wavelength of 1.487 Å (2θ from right to left). (c) Reduced WAND2 measurements of Si standard for two data acquisition times (300 s, top; 1 s
bottom). Refinement was performed with Fullprof.

2. Science examples

WAND2 was commissioned in February 2018 and
returned to the user program in May 2018. Therefore, no data
has been published so far using the new detector. From the
first user experiments, it is expected that magnetic structural
studies will make up a major part of WAND2’s scientific port-
folio; however, the instruments versatility also enables studies
in other areas such as lipid bilayer diffraction86 and oxygen
diffusion in Ruddlesden-Popper phases.87

III. NEUTRON POWDER DIFFRACTION SUITE
CAPABILITIES
A. Sample environment capabilities
and development across the suite

The powder diffraction suite can access an extremely large
parameter space of temperature, magnetic and electric field,
pressure, and atmosphere. A suite-wide guide of common
sample environments is summarized in Table VIII. These capa-
bilities are essential at the forefront of neutron scattering sci-
ence, where powder diffraction is generally the first choice for
explorative investigations due to the accessible data, mature
analysis software, and less demanding sample synthesis
requirements.

The HB-2A and WAND2 at HFIR offer a wide vari-
ety of sample environments, with all capabilities available
on both instruments due to the identical sample goniometers.

The dilution refrigerator (DR) and He3 inserts available can
additionally be combined with the cryo-magnets to achieve a
parameter space down to 50 mK and up to 5 T in a single mea-
surement. A new workhorse 6 T magnet is being purchased
for HFIR to complement the magnetic studies at HB-2A and
WAND2. Development of clamp style pressure cells through
the US-Japan program that can be easily cooled to 4 K has been
successfully deployed on both instruments. Testing of the palm
cubic anvil cell (up to 10 GPa) on WAND2 is underway. High
pressure combined with low temperature and magnetic field
can further expand the experimentally accessible phase space.

The SNAP diffractometer has been a pioneer in develop-
ing diamond anvil cell (DAC) technology for neutron diffrac-
tion and an initial type of a neutron DAC achieved a record
90 GPa pressure in collaboration with the Geophysical Labo-
ratory. Throughout the last 3 years entirely new cells based on
ultra-large synthetic diamonds have been developed in-house.
These cells, which allow for the first time the study of a range
of materials with more complex crystalline or even disordered
structures and can be cooled to 5 K, have now become available
in the user program.

For the study of liquids and glasses under extremely
high temperature, the NOMAD team and outside collaborators
have developed neutron-friendly aerodynamic and electro-
static levitators. The standard sample environment capability
for both POWGEN and NOMAD includes 2-300 K orange
cryostat, 1200 C ILL furnace, and sample-changer fitted with
CCR: 10-300 K (POWGEN) and Cryostream: 100-500 K
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(NOMAD). Gas-handling capability is available on
POWGEN, with future development aimed at supplying more
turnkey gas-handling system, atmosphere furnace, gas pres-
sure cells, and gas absorption setups to serve a growing user
community.

VULCAN focuses on materials design, processing, and
performance, and the major sample environment develop-
ment efforts are for realizing practical materials behavior
under external stimuli. In addition to the VULCAN-MTS
load frame, special sample environments such as resistive
heating gas enclosure load frame67 and neutron friction stir-
ring welder/processor63 are developed for materials physical
behavior simulations. A compact paper size mini-load frame
is available for VULCAN as well as for use at other suites.88

B. Structural studies and computational tools

One of the primary reasons for the success of powder
instruments can be assigned to the impressive community
development of standard analysis codes, including GSAS
(with GSAS-II including TOF data analysis),89 Fullprof,90

JANA,91 RIETAN,92 MAUD,93 PDFGetN,94 PDFfit95 and
RMC-profile.96 There is a consistent expectation across the
powder suite to provide users with data both fully calibrated
and normalized against, for instance, incident spectra and
detector efficiency. In addition, more advanced analysis rou-
tines are being implemented for unique cases, for example,
at SNAP, the necessary corrections for measurements through
large strained diamonds97 are currently being implemented
into ORNL software.

Magnetic structure determination is best accomplished
using neutron diffraction. Measurements generally require col-
lecting data at low temperature in the magnetically ordered
phase and at a higher temperature, above the transition, in
the paramagnetic regime. More advanced studies incorporate
applied magnetic fields and high pressure. Polarization anal-
ysis is available on HB-2A and WAND2 as a further and
highly sensitive step to discriminate the magnetic signal. In
a separate direction recently, magnetic studies have expanded
into the total scattering regime with magnetic PDF measure-
ments (mPDF).98,99 In general, magnetic structural studies
continue to become ever more complex, covering ordering

including modulated structures, large cells, reduced dimen-
sionalities manifesting diffuse scattering and geometrically
frustrated systems that do not order without perturbations.
Data analysis is therefore increasingly more important as com-
plexity grows, with representational analysis and magnetic
symmetry techniques often required. Typically utilized soft-
ware for dedicated magnetic structure determination includes
Sarah,100 BasiRep,90 Isodistort,101 JANA,91 and the Bilboa
Crystallographic server.102

In advanced computation, there are efforts through-
out ORNL to utilize powder diffraction measurements for
advanced analysis. While the standard refinement methods and
tools offer deep insights, expanding beyond these capabilities
is often required for new scientific discoveries. For example,
the resulting time averaged structure measured with powder
diffraction and responses to perturbations are intimately linked
with deeper underlying physical phenomena, such as super-
conductivity, charge transfer, and exotic magnetism, which
cannot be fully elucidated by a set of refinements alone. Instead
the data must be coupled with sophisticated computational
tools. To this effect, there are several opportunities to harness
the computational power available at ORNL to test hypoth-
esis and validate computational models of complex systems
with powder data. Examples include the determination of
diffusion paths and energy barriers estimation in ionic con-
ductions or battery materials, the interpretation of nuclear and
magnetic diffuse scattering to access disorder, and the under-
standing of the underlying nature of phase transitions via the
analysis of critical exponents of order parameters. This cou-
pling between high performance computing and machine
learning will be a major growth area and go hand in hand
with future diffractometer capabilities and developments.

C. Total scattering analysis

Both NOMAD and POWGEN TOF powder diffractome-
ters access the needed Q range and resolution for neutron
total scattering studies with pair distribution function (PDF)
data. The newly updated detector configuration at POWGEN
allows suitable data to be collected in a single frame, providing
recently expanded opportunities for local structure studies in
the suite. Figure 7 shows a comparison of typical NOMAD and

FIG. 7. (a) Low-r and (b) high-r comparison of Ni PDF data available at the POWGEN instrument (in blue) and the NOMAD instrument (in orange).
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POWGEN PDF data collected for Ni powder. For NOMAD,
the data were measured in a 6 mm vanadium canister for
30 min, while for POWGEN the data were measured in an
8 mm vanadium canister for 3 h. The instruments produce sim-
ilar low-r data, with the primary difference between datasets
being the higher dampening envelope in the NOMAD case, an
effect of both its lower resolution and more asymmetric peak
shapes.

NOMAD is the dedicated total scattering beamline in the
powder diffraction suite, and due to its high intensity and initial
design focus, it is the best choice for local structure studies of
amorphous, liquid, and nanocrystalline materials, and for the
study of time-resolved phenomena or small samples involving
disordered crystalline materials. On the other hand, POWGEN
provides superior real space data in the intermediate to
high-r (20 Å and up) range, making it an attractive capabil-
ity for disordered crystalline material studies focusing on this
intermediate length scale range, as well as a convenient add-
on option when pursuing detailed average structure studies
at the instrument. The newly updated detector configuration at
POWGEN has made PDF studies feasible in the 3–8 h standard
measurement times per data point at the instrument. Increased
utilization of this capability is thus anticipated. However, it
should be stressed that these are representative times of typical
measurements rather than best possible measurements at the
instruments. The respective data characteristics and options
with regards to PDF studies in the suite will be explored in
detail in a future contribution.

IV. FUTURE NEUTRON POWDER DIFFRACTION
INSTRUMENTATION
A. Upgrades to current instruments
in the powder suite

NOMAD: A clear route to increase the count rate is to
fill out the detector bank complement that currently only has a
50% population of the available detector positions. Full detec-
tor coverage coupled with SNS running at the design power of
1.4 MW will bring NOMAD’s c-number (=neutrons scattered
from 1 cm3 Vanadium per second and 0.05 Å−1 bandwidth)
to about a factor of 4 higher. This world-leading neutron flux
will realize a long-term vision toward areas that increasingly
take advantage of very fast data rates and wide angular cov-
erage, characterizing atomic structure in an increasing array
of in situ and in operando phenomena (see Olds et al. in this
issue), and facilitating new community growth areas such as
multi-length scale structural, direction (orientation) dependent
local structure (see Usher et al. in this issue), and diffuse mag-
netic structure studies.98,99 It is also clear that NOMAD will
continue to have a central and sustainable role in the study
of liquid, glass, and other amorphous material studies, espe-
cially as an increasing number of research groups are turning to
nature for inspiration, exploiting non-equilibrium, metastable
amorphous, and disordered materials motifs to attain materials
with novel and more tunable properties.

POWGEN: The first stages of planned upgrades to
POWGEN were completed in early 2018 with the installa-
tion of half the anticipated detector coverage. New detectors
based on similar wavelength shifting fiber technology are now

being developed to improve the spatial resolution for the next
generation detectors. These detectors are needed for the out
of plane location, especially in backscattering and forward
scattering angles, to maintain the resolution needed for the
third-generation design of the POWGEN.

SNAP: To further improve the capabilities of SNAP for
extremely small samples, and thus increase available pres-
sures, SNAP is currently undergoing several upgrades. First,
the upgrade of its detectors has now been completed and is cur-
rently being commissioned. This upgrade addressed the wear
and tear of a decade of operation and will result in an upgraded
version of the optical package. In addition, the new detectors
exhibit improved special homogeneity and increased gamma
ray discrimination, a known issue in this type of detector
especially when located in such a short, high flux, beam-
line. Commissioning of the new detectors indicated signifi-
cant improvement in signal-to-background ratio of 3.5 times.
This is expected to improve further once the full upgrade is
deployed. In addition, there is an ongoing project that aims at
replacing the existing focusing optics with ones with improved
geometry that are better matched to the new standard sample
sizes. These upgrades will further improve data quality, enable
the expansion of the pressure capabilities, as well as shorten
necessary exposure times.

VULCAN: An upgrade project to build out the VULCAN
detectors, at 120◦, 150◦, −60◦, and −150◦, has been initi-
ated and the plan with high spatial resolution 3He detectors
(5 × 6 mm2 pixilation) will provide significant gains in both
efficiency, factor ×2, and resolution per unit area, factor ×17.
The expanded detector angular coverage and efficiency gains,
coupled with high spatial resolution, will increase capabili-
ties by an order of magnitude for measurements of real-time
operations whilst offering new capabilities in areas such as
high-spatial resolution mapping in residual stress, grain orien-
tations, and interfacial lattice strain deformation,103 probing
the evolution of dislocation densities under extreme conditions
and in situ measurement of pole figures under load.

HB-2A: The current detector design of a bank of 44 spaced
He3 tube detectors requires scanning of the detector bank to
fill in the ∼3◦ angular gaps and achieve a standard diffraction
pattern. Replacement with a position sensitive detector, that is
now commonly found on reactor-based diffraction instruments
such as D20 at ILL, WOMBAT at ANSTO, or HRPT at PSI,
would increase the count rate by a factor of×50. This dramatic
increase would allow HB-2A to become a world class diffrac-
tometer. New capabilities would include the ability to measure
mg sized samples, achieve detailed parametric studies of tem-
perature, pressure, field, voltage that is currently unfeasible
and undertake in situ time-resolved measurements.

WAND2: As part of the scheduled Be-change out at
HFIR in 2022, a modification of the HB-2 beam tun-
nel is planned. This would incorporate two monochromator
positions for WAND2. One would be close to the current
layout at small take-off angles (∼41◦) for a high-flux,
low resolution option using for instance a fixed focused
pyrolytic graphite monochromator. Further downstream, an
additional monochromator position could house the current
Ge-monochromator at a higher take-off angle (∼100◦) for a
low-flux, high resolution option.
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B. New powder diffraction instruments at ORNL

Considering the powder suite collectively and, in par-
ticular, the two general purpose diffractometers at the SNS,
NOMAD, and POWGEN, the user community has identified
two priority areas for future instrument additions to the powder
suite.

First, while POWGEN and NOMAD are highly comple-
mentary by being at either end of the flux-versus-resolution
trade-off, to meet the needs of the materials development
and powder diffraction communities, an instrument sited in
the middle of these two extremes is required, such as the
GEM and Polaris diffractometers at the ISIS neutron spalla-
tion source in the United Kingdom, the NOVA diffractometer
at J-PARC in Japan, or the recently closed Neutron Powder
Diffractometer (NPDF) instrument at Los Alamos National
Laboratory’s Lujan Center, leaving the United States with-
out an instrument in this class. To this end a new instru-
ment, DISCOVER, is being designed to fill this gap. DIS-
COVER is the evolution of the previous “RAPID” instrument
concept, originally proposed at the June 2013 ORNL user
workshop “Delivering on the Promise of Powder Diffrac-
tion.” The change in name reflects its strategic place in the
SNS diffraction suite: it will fill a current US capability
gap between the high-flux wide-Q diffraction/total scattering
instrument NOMAD and the medium-to-high-resolution pow-
der diffraction instrument POWGEN. As such, DISCOVER
will combine the characteristics of two enormously success-
ful instruments: (1) the recently closed NPDF at Los Alamos
National Laboratory, which was a world-class PDF diffrac-
tometer, despite being located on a relatively low-flux source
and (2) the equally transformational characteristics of the
Rapid acquisition PDF (RaPDF) development in the x-ray
domain, leading to the highly successful 11-ID-B beam-
line at the Advanced Photon Source and XPD beamline at
NSLS-II.

Second, the other priority to complete the general-purpose
powder diffractometers at the SNS is an ultra-high-resolution
instrument. ORNL currently hosts the highest resolution pow-
der diffractometer in North America in POWGEN; however,
the third-generation design was not intended for ultra-high-
resolution studies that would aim to achieve 10−4 resolu-
tion over a wide d-spacing range. An instrument concept,
HighResPD, is currently being developed to meet this need.
Future opportunities at the FTS along with the planned second
target station (STS) at ORNL are also under consideration
to further expand the capabilities of the powder diffraction
suite.

V. CONCLUSIONS

The suite of neutron powder diffractometers at ORNL
allows researchers to study the crystal and magnetic struc-
tures of almost any powder material over a wide range
of reciprocal and parameter phase space using traditional
Rietveld refinement or PDF quality data. Future instrument
upgrades and proposed new instruments will further enhance
capabilities to create a world leading powder diffraction suite
at ORNL.
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