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ABSTRACT

The VERsatile DIffractometer will set a new standard for a world-class magnetic diffractometer with versatility for both powder and single
crystal samples and capability for wide-angle polarization analysis. The instrument will utilize a large single-frame bandwidth and will offer
high-resolution at low momentum transfers and excellent signal-to-noise ratio. A horizontal elliptical mirror concept with interchangeable
guide pieces will provide high flexibility in beam divergence to allow for a high-resolution powder mode, a high-intensity single crystal mode,
and a polarized beam option. A major science focus will be quantum materials that exhibit emergent properties arising from collective effects
in condensed matter. The unique use of polarized neutrons to isolate the magnetic signature will provide optimal experimental input to

state-of-the-art modeling approaches to access detailed insight into local magnetic ordering.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090919

I. INTRODUCTION

Neutron diffraction is the premier technique to determine
the nature of magnetic short- and long-range ordering of mate-
rials due to the well-understood neutron scattering cross section.
The ever increasing complexity of magnetic systems, which often
involve coupled spin, orbital, and lattice degrees of freedom,
calls for much improved instrumentation that provides high res-
olution at low-Q, high intensity, reduced extrinsic background,
and polarization analysis capability. The VERsatile DIffractometer
(VERDI) is designed to take full advantage of the high brightness
and wide energy bandwidth offered by the Second Target Station
(STS) at the Spallation Neutron Source (SNS) and will provide

transformative capabilities for research involving magnetism and
spintronics.

In the context of the neutron suite at the Oak Ridge National
Laboratory (ORNL), VERDI will be unique in being a wide-
wavelength bandwidth diffractometer optimized for magnetic stud-
ies at a variety of sample environment conditions and fill a clear
gap in current capabilities at the SNS first target station (FTS) and
the High Flux Isotope Reactor (HFIR).! All current or planned SNS
diffractometers that are situated at the FTS make use of a narrow
bandwidth at short wavelengths for their science focus. This nat-
urally limits the low Q capabilities possible. Instruments at HFIR
currently offer options for magnetic structure determination; how-
ever, they have limited Q-range and resolution. Therefore, VERDI

Rev. Sci. Instrum. 93, 065103 (2022); doi: 10.1063/5.0090919
Published under an exclusive license by AIP Publishing.

93, 065103-1


https://scitation.org/journal/rsi
https://doi.org/10.1063/5.0090919
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0090919
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0090919&domain=pdf&date_stamp=2022-June-7
https://doi.org/10.1063/5.0090919
https://orcid.org/0000-0002-5322-7271
https://orcid.org/0000-0001-8402-3741
https://orcid.org/0000-0001-9233-0100
https://orcid.org/0000-0001-7234-939X
https://orcid.org/0000-0002-4047-9453
mailto:garleao@ornl.gov
mailto:caldersa@ornl.gov
https://doi.org/10.1063/5.0090919

Review of

Scientific Instruments

will greatly complement the current oversubscribed diffraction suite
at ORNL by offering longer wavelengths, lower background, full
polarization analysis, and higher resolution to tackle more com-
plex science problems not feasible on the current instrumentation.
Considering other neutron facilities, the WISH” instrument located
at ISIS-TS2 is the most analogous instrument in current opera-
tion worldwide and is widely considered the world-leading powder
diffractometer for magnetic studies. The operating frequencies of
ISIS-TS2 (10 Hz) and SNS-STS (15 Hz) are similar; however, the
peak brightness at the STS allows VERDI significant flux gains
compared to WISH. As shown from simulations shown in Fig. 1,
VERDI will have an order of magnitude increased flux on the sam-
ple compared to WISH. Other instruments that allow for wide-angle
polarization analysis include the diffuse scattering spectrometers: D7
at ILL,’ diffuse neutron scattering (DNS) at FRMIL* POLANO at
J-PARC,’ and the future single-crystal diffractometer, MAGIC, at
ESS.°

A major science focus at VERDI will be quantum materials
that exhibit emergent properties arising from collective effects in
condensed matter. Materials with strong spin-orbit coupling and
even modest electron—-electron correlation effects have recently been
identified to manifest a host of novel electronic states.” '’ These
include spin-orbit entangled Mott insulators, Kitaev spin liquids,
and correlated topological materials. Limitations in elucidating the
magnetic ground states of these systems lie in the fast decaying
magnetic form factors associated with the extended nature of the
magnetic orbitals (typically 4d or 5d electron), the weak intrinsic
moments in these materials, and the small sample volumes from
synthesis or neutron absorption constraints. These challenges high-
light the critical need for a high-flux and low background VERDI
instrument that can probe small sample crystal sizes and powder
sample volumes (milligrams) with small (<0.2ug) or dilute ordered
moments. Such measurements should additionally be feasible in
pressure cells, requiring tunable beam sizes.
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FIG. 1. Flux at the sample position against wavelength comparing VERDI (STS),
WISH (ISIS-TS2), POWGEN (SNS), and DISCOVER (SNS). Hl is high intensity
and HR is high resolution instrument configurations.
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Unique opportunities also exist in the field of energy
materials research from superconductors to thermoelectrics and
multiferroics.'"'* Due to its high resolution at low-Q and ability
to precisely define magnetic reflections, VERDI will be a lead-
ing tool for probing complex incommensurate and multi-Q mag-
netic structures within extreme sample environments. Additionally,
polarization analysis will provide a powerful tool to probe and
distinguish between intertwined degrees of freedom and to unam-
biguously resolve the nature of the driving noncoplanar, often
incommensurate magnetic orders.

VERDI will also unlock the potential of magnetic hybrid mate-
rials due to its ability to study their magnetism, where spins are
typically dispersed over organic linkers."”'* This requires polar-
ization measurements to reveal the spin interaction, direction,
and location through magnetization density plots. Additionally,
the large unit cell size and complex interaction pathways usually
present within organic magnets result in long-wavelength incom-
mensurate structures,’” necessitating high Q-resolution. Further-
more, the strong magneto-structural coupling inherent in these
materials and the ability to combine magnetism with tailored prop-
erties from organic linkers will require simultaneous understand-
ing of both the spin and lattice, requiring the wide Q-coverage
with the superior resolution promised by VERDI. The implemen-
tation of polarization also allows the isolation of the incoherent
scattering, which offers advantages when studying hydrogen-based
materials.

Magnetic diffuse scattering analysis in both powders and crys-
tals has recently emerged as a powerful tool for investigating short-
range magnetic interactions and correlations at the nanoscale.'® "’
Such effects are important in diverse material classes, including
quantum materials, energy conversion materials, and spintronics,
such as dilute magnetic semiconductors. The greatest obstacles in
conducting magnetic diffuse scattering analysis are accurately mea-
suring the magnetic diffuse-scattering signal over a wide range of
momentum transfer and separating magnetic from nonmagnetic
scattering. In a typical magnetic diffuse-scattering experiment, the
magnetic scattering is collected together with the nuclear scatter-
ing, which is usually much stronger. The natural solution is to
perform wide-angle polarization analysis to separate the magnetic
and nuclear scattering. Unfortunately, existing instruments with
this capability provide only a limited range of momentum trans-
fer. VERDI will revolutionize magnetic diffuse-scattering studies
by offering polarization analysis capability across a wide range
of momentum transfer—between 0.1 and 9 A™'—to isolate the
magnetic scattering for both powder and single-crystal samples.

Il. SCIENCE DRIVEN CAPABILITIES REQUIREMENTS

The overriding scientific driver for VERDI is to probe magnetic
order in powders and single crystals. The emphasis, therefore, is on
offering high resolution at low momentum transfers, which can be
traded for higher flux as required, with a low background. Polar-
ized capabilities for XYZ linear polarization analysis is a key science
driver. Flexibility in beam divergence is required to allow measure-
ments of both powder and single crystals, as well as different sample
sizes. The high-level capability requirements derived from science
goals are detailed below and summarized in Table I.
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TABLE I. Key capability requirements for VERDI.

Parameter Description

Beam size at sample 5x 5t0 10 x 10 mm?
Beam divergence

High resolution: 0.2° (hor.), 1° (vert.)

High intensity: 1° (H), 1° (V)
Q-range 01<Q<9A™
Q-resolution AQ/Q ~0.3%
Bandwidth (A1) 6 A (15 Hz)
Polarization Wide-angle po}arization
analysis

Sample changer, millikelvins,

Sample environment .
P magnetic fields, pressure

(i) Optimized range of momentum space: VERDI requires the
use of cold neutrons to access the required Q,,;, ~ 0.1 A~
(d ~65 A). On the other hand, a large Q-range is still necessary
for most of the anticipated science. For example, magnetic
PDF studies need access to both low Q as well as a Q,,,,
~ 8 A™'. To provide the necessary Q-range in a single wave-
length band, a wide bandwidth is required, combined with a
wide detector coverage.

(i) High resolution: Resolution of AQ/Q=~ 0.3% is required
to investigate complex magnetism, such as incommensurate
magnetic structures. The resolution will be variable to allow
high resolution and high flux modes as required.

(iii) Low background: An excellent signal-to-noise ratio is crucial
to investigate small magnetic signals and/or milligram-size
samples and is a central consideration driving all aspects of
the instrument design. This has led to the consideration of
a curved guide layout to avoid a direct line of sight to the
moderator and mitigate background from fast neutrons and
radiation.

(iv) Wide-angle polarization analysis: The polarization of the
incident beam and analysis of the scattered beam needs be
automated and to be switched in a simple “push-button” fash-
ion between polarized and unpolarized modes. For this, it
is planned to use a wide-angle supermirror analyzer, similar
to the one used at the HYSPEC?® instrument at SNS. This
flexibility will allow achieving a balance between more spe-
cialized polarized measurements and workhorse unpolarized
mail-in-type experiments.

(v) Variable beam divergence: Both powders and single crystals
will be measured. To accommodate the different sample sizes,
a variable beam size from 5 x 5 mm> (crystals) to 10 x 10 mm?
(powders) will be needed. Therefore, the beam divergence
will need to be varied: 0.2°~1° horizontal and 1° vertical for
powders (high resolution) and symmetric of ~ 1° for single
crystals (high intensity).

(vi) Large detector coverage: To measure both powders and single
crystals, a large horizontal detector coverage, covering 320°
(2° x 160°), is needed for the wide Q-range. For single crystal
measurements, continuous detector coverage and sufficient

ARTICLE scitation.orgljournal/rsi

out-of-plane coverage are required. The detectors must be
able to operate in the presence of stray magnetic fields.

(vii) Broad range of sample environment: Dilution temperatures,

magnetic fields, and pressure measurements are expected to
be routine; therefore, the sample area should be able to accom-
modate them. Sample translation and centering capabili-
ties will be incorporated. Automated multi-sample changer
options for sample environments will be developed to effi-
ciently utilize the high beam flux. A dedicated magnet for
fields 14 T with optimized out-of-plane coverage is anticipated
to satisfy the science cases for measuring magnetic structures
in applied fields.

I1l. PHYSICS DESIGN AND ENGINEERING CONCEPT

VERDI is planned to be located at the ST13 beamline position
of STS and will face the cylinder-coupled para-hydrogen moderator
with a 3 x 3 cm”® viewed area. Monte Carlo simulations using the
McStas package’! have been performed to inform the VERDI design
and ensure that the instrument achieves the science-driven key
instrument capabilities. The optimal moderator-sample instrument
length, based on McStas simulations, is 40 m. The engineering con-
cept of VERDI and a schematic of key instrument components are
displayed in Fig. 2. Table II lists the main instrument components
and their positions along the beamline.

A. Guide

A curved/deflected guide layout, shown in Fig. 2, as opposed
to a guide providing a direct view of the moderator, offers the
lowest-background option and therefore, fulfills a key science-driven
requirement. This choice cuts off wavelengths below 1 A; however,
it will not compromise the science-driven Q,,,, ~ 8 A™' or required
bandwidth. The VERDI horizontal elliptical mirror concept allows
for a high-resolution powder mode, a high-intensity single crys-
tal mode, and a polarized beam option with interchangeable guide
pieces. The first guide is the same for all modes. It starts at 6.35 m
at an initial displacement of 84 mm and ends at 26.9 m with a dis-
placement of 75.5 mm off axis, illuminating a secondary source at
31.75 m. The ellipse is defined by y = 2b- \/(_f -(1-17)), where
b is the semi minor axis (10.5 cm), x is the coordinate along the
beam, and L (the major axis of the ellipse) is the distance between
the moderator and the secondary source: 31.75 m. An adjustable
slits system will allow for a fine definition of the secondary source
size. Three different mirrors can be moved into place after the sec-
ondary source by means of a translation table: (1) A high resolution
option with an elliptical mirror starting at 32.93 m with a displace-
ment of —17.5 mm at the entrance. The exit is at 36.46 m, displaced
by —24.74 mm (b = 2.5 cm). (2) A high intensity option with an
elliptical mirror starting at 35.05 m, displaced by —49 mm, and end-
ing at 37.5 m with an exit displacement of —18.37 mm (b = 5 cm).
(3) Finally, a polarizing supermirror of the same shape as the high
intensity option described. The major axis of the ellipse is 8.25 m
for all three cases. A supermirror ratio of m = 3.6 would be enough
to secure reflection of neutrons over a 1 A wavelength for polarized
operation.

The overall shape of the vertical guide is an ellipse with a semi-
minor axis of 19.78 mm and a semi-major axis of 18.06 m. Since
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FIG. 2. Engineering concept of VERDI (top) and schematic of the curved guide layout (bottom). The main instrument components are indicated on the x axis. The vertical
guide profile is identical for all measurement modes. The horizontal guide profile consists of a long first mirror illuminating a secondary source, from where the beam is
transported by three interchangeable guide options: High Resolution (HR), High Intensity (HI), and a polarized supermirror whose shape matches that of the HI option.

the vertical guide attaches to the horizontal counterparts described
above, it has several interruptions that cause gaps. The individual
guide pieces are, therefore, slightly offset against each other to pre-
vent holes in the sample illumination. The ellipse is coupled with a
feeder guide (1.27 m long) starting at 6.18 m and tapering in width
from 2.38 to 2.4 cm.

TABLE II. Technical parameters of the VERDI diffractometer.

3.3 in. moderator
Source frequency

Coupled hydrogen moderators
15 Hz at 0.7 MW

Integrated flux 1.1 x 10° (high int.)
(nem2s7h) 1.1 x 108 (high res.)
Flight path L1=40m,L[2=12-3.1m
Beam size 3-10 mm variable
Peak flux wavelength 39A
Wavelength band 1-7A

Detector type/layout Logarithmic spiral *He

tubes from 1.2 to 3.1 m
5°-165° (hor.) + 15° (vert.) —
polarized 34° (vert.) — unpolarized
Polarization analysis with
a wide-angle supermirror

Detector coverage

Polarization

The neutron optics system described above was modeled using
the McStas package’’ to generate an estimate of performance for
two modes of operation, high-resolution powder samples, and high-
intensity single crystal samples. For powder measurements, the
beam is defined by slits of 10 x 10 mm? and a divergence of 0.23°
(FWHM). For single crystal measurements, the beam is 5 x 5 mm?®
with a divergence of 0.9° (FWHM). The peak flux for the high-
resolution powder mode is 4.77 x 10’ ns™' cm™? A™! and for the
high-intensity single crystal mode is 4.35 x 10* n s™' cm™* A7\,
These guides offer the required neutron beam sizes and angular
divergences for both modes.

The VERDI guide has also been the subject of a study on the
impact of guide misalignment during the STS physical installation
and subsequent resettlement of the instruments over time common
to all construction projects. The most significant impact is found to
come from “systematic” vertical misalignment (ground settlement).
A “systematic” misalignment profile with maximum offset <1 mm
would not adversely impact the flux of the instrument. Further stud-
ies on misalignments on the divergence and displacement of the
beam are underway.

B. Choppers

Two choppers (shown in Fig. 2) will be located at 6 m (double
disk, C1) and 7.5 m (single disk, C2) to define the bandwidth and
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suppress band overlap, informed by McStas simulations. An addi-
tional (double disk) chopper at 30 m was considered but found to
have negligible benefits to the instrument performance. With these
chopper locations and the 40 m distance from the moderator to
the sample, VERDI has an operating wavelength range of 1-6.75 A
with a central wavelength of 3.9 A. This bandwidth can be shifted
to longer wavelengths to provide a central wavelength of 9.4 A and
extend to a maximum wavelength of 12.3 A. Operating in the frame-
suppression mode at 7.5 Hz would enable the instrument to collect
data from neutron wavelengths of 1-12.3 A in a single instrument
configuration, as indicated in Fig. 3.

The choppers will operate on magnetic bearings and will con-
tain "B as the neutron absorber. A detailed design analysis of the
chopper disks will be performed to determine whether they will
be made from aluminum or carbon fiber material. In addition to
bandwidth neutron choppers, the instrument is envisioned as incor-
porating an optional Fermi chopper that can be translated into and
out of the beam to provide a monochromatic beam. Energy analysis
can be beneficial for separating the weak elastic scattering in diffuse
scattering measurements when inelastic fluctuations are compara-
ble in strength. Furthermore, the monochromatic beam can help
to eliminate unwanted spurious scattering from sample environ-
ments (magnet or pressure cell) while operating the instrument in
the unpolarized mode.

VERDI will be equipped with two beam monitors: one located
after the choppers and a second one behind the sample position.
Details related to different monitor types are still being evaluated.
We also anticipate using a neutron camera for alignment, but a
position-sensitive monitor is another possibility.

C. Sample area

The sample area consists of a top-loading vacuum tank with
dimensions adequate to support a full set of sample environments
as well as Helmholtz coils around the sample position, which will
be used during measurements with the polarized neutron beam.
Sample rotation for single crystal measurements will be done by
using motorized sample sticks that can be rotated about the verti-
cal axis. An oscillating radial collimator composed of Mylar blades

104
j - VERDI available wavelength spectrum (no choppers)
~—— VERDI 15Hz operation 1st frame
~—— VERDI 7.5Hz operation
— 103
3
5
>
=
7}
c
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€
- 102 4
10t T T T T T T T

0 2 4 6 8 10 12 14
Wavelength [AA]

FIG. 3. Simulations of the wavelength bandwidth defined by the neutron choppers.
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will define a small sample volume, and a ~15 mm radius cylinder
that the detectors will view to minimize background from non-
sample scattering. This will be interchangeable with a solid angle
polarizing supermirror array on one side of the instrument. The
other side will have a fixed oscillating radial collimator with a high
out-of-plane coverage. The curved analyzer will be located on an
elevator, enabling easy user selection between it and the oscillating
radial collimator during measurements. A curved supermirror ana-
lyzer with 60° in-plane and +7° out-of-plane coverage is operational
on HYSPEC at the SNS.”” Consequently, it is anticipated that more
than one analyzer could be required to achieve a full angular cov-
erage on VERDI. Out-of-plane coverage will be increased to +13°.
The analyzer housing will be masked between the multiple mod-
ules. This will not cause any gaps in the powder data due to the
wide wavelength range. For single crystal measurements, it will be
negated with sample rotation, which will be performed routinely.
To ensure reliability and ease of troubleshooting, the current con-
cept has the collimator/analyzer in air between the vacuum tank and
an argon-filled tank, filling the remaining volume out to the detec-
tors. Key considerations include the thickness of the windows on
the argon tank. Additional options will be explored during prelimi-
nary engineering design. The detectors will be in air, allowing ease of
access.

D. Detectors

Instrument performance was compared for a logarithmic spi-
ral detector geometry with the varying sample-to-detector distance
(3.1 m at 5° forward scattering and 1.2 m at 165°) backscat-
tering to a cylindrical geometry with detectors at a constant
radius (2.5 m radius). McStas simulations were performed for
various moderator-sample (L1) lengths (30-60 m) and approxi-
mated source divergences (0.1°-1.0°). The resulting output was
plotted in “onion-plots,” concentric pixelated detector rings start-
ing from 1 m from the sample out to 4 m as a convenient way
to interpret the change in resolution. The details of this simula-
tion approach used for optimizing design parameters are given in
Ref. 22. Results indicate that the spiral layout offers resolution
advantages at low Q, supporting the science needs, with a smaller
impact of decreased resolution in backscattering compared to a
cylindrical layout.

It is planned that both sides of the instrument will have full
detector coverage in the scattering plane (horizontal angular range
of 5°~165°). However, given the anticipated cost associated with the
curved polarizing supermirror analyzer, only one side will offer full
polarization analysis [see Fig. 4]. In addition to full horizontal in-
plane angular coverage, the other side of the instrument will add
out-of-plane coverage over a horizontal angular range of 45°-135°
from a second row of detectors (Fig. 4). This will provide additional
out-of-plane coverage to enable more efficient single-crystal mea-
surements. *He detector tubes are the preferred detector technology
because they can offer the required full gapless coverage, pixel size,
compatibility with stray fields, and gamma discrimination. These
are a proven technology and so represent minimal unknown risks;
however, as technology advances, further options for detectors will
be considered. *He tubes 1 m tall will give suitable out-of-plane
coverage of about +13°, which increases to +35° upon the addi-
tion of an out-of-plane row, as discussed earlier. Tube diameters of
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FIG. 4. Sample-detector area for VERDI. (a) Top-view of the logarithmic spiral
detector with all components shown. Both sides of the instrument will have a detec-
tor coverage in the horizontal plane of 5°~165° and out-of-plane coverage of about
+13°. The sample-detector distance varies from 3.1 m at 5° (forward scattering)
to 1.2 m at 165° (backscattering). Additional out-of-plane coverage (+£13°) is pro-
vided by the second row of detectors covering the 45°-135° angular range. The
sample area consists of a top-loading vacuum tank. An oscillating radial collimator
(ORC), interchangeable on one side of the instrument with a solid angle polarizing
supermirror array, will define a sample volume of about 15 mm radius. (b) Detector
layout highlighting the spiral geometry, two-sided horizontal coverage, and out of
plane second row.

8 or 12.7 mm (0.5 in.) are under consideration. McStats simulations
show a small but observable resolution gain for 8 mm cylindrical
layout detectors. Final selection will be based on the results of more
detailed simulations and consideration of the increased cost associ-
ated with the smaller diameter. The inefficiencies at the edges of the
tubes will potentially impact single crystal measurements; however,
most measurements will be performed at several crystal rotations,
which should mitigate the issue.

IV. SIMULATED SAMPLE SCATTERING FROM VERDI

This section underlines some of the important experimen-
tal gains from using VERDI instrument. The scattering from
a 5 mm Vanadium annular rod has been modeled using the
MCViNE package””*" to provide a clearer picture of the acces-
sible Q range from different experimental settings. As visible in
Fig. 5, when operated at 15 Hz, the instrument is expected to cover
a momentum transfer as low as 0.12 A™' and up to 9 A™! for
the high-intensity/single crystal mode or even higher for the high-
resolution/powder mode. Considering the low intrinsic background
expected for this instrument due to the curved guide shape, full
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FIG. 5. Simulated scattering from a 5 mm annular vanadium rod for different
experimental conditions. Simulations are performed using McVine.

polarization analysis studies can be performed for the Q range of
0.12-7.5 A" if one assumes using a m = 3 supermirror analyzer,
similar to the one currently in use at HYSPEC,” and the polariz-
ing supermirror located close to the sample at the high-intensity
position. A further increase in the Q range for polarization analy-
sis can be accomplished by positioning the polarizing mirror further
from the sample position at the high-resolution configuration and
by using higher m-value analyzing supermirrors.

A. Powder diffraction measurements performed
in high-resolution configuration

To demonstrate the importance of accessing the low
momentum-transfer region, we used MCViNE"""* to simulate the
magnetic Bragg scattering from a noncollinear antiferromagnetic
state in the frustrated spin-chain material NaCo,(SeO3),(OH)>
that was previously investigated using the HB2A powder diffrac-
tometer at HFIR. The material orders magnetically in a two-step
sequence with the wave-vectors k; = (0, 0, 0) and k, = (1/2,
0, 0). The lowest magnetic peak position at about 0.23 A™' is
hardly accessible when using a conventional thermal neutron
diffractometer due to an appreciable background from the direct
beam and poor angular resolution. Incomplete information on
magnetic scattering precludes an accurate determination of the
magnetic structure. As illustrated in Fig. 6(a), this issue is overcome
at VERDI where magnetic Bragg peaks can be measured down
to 0.12 A~ with very good Q resolution and low background
noise. Furthermore, our Monte Carlo simulations indicate that
refinable magnetic diffraction data can be obtained in 1 min on
a 50 mg polycrystalline sample, which is an unprecedented
performance.

The instrument’s high-resolution is particularly important
when dealing with incommensurate magnetic structures, such as
that reported for the polar tetragonal intermetallic NdCoGes.*
The ground state magnetic order in this material is incommensu-
rate in all crystallographic directions with the propagation vector
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FIG. 6. Comparison of low-Q coverage and Q-resolution of VERDI with HB2A
(@) and POWGEN (b) instruments for two case studies involving magnetic orders
with large magnetic unit cells or incommensurate propagation vectors. The relative
intensities between different datasets are not reflecting the actual counting rates
but are scaled for an easy comparison of the peak profiles.

k = (0.494, 0.0044, and 0.385). The propagation vector was con-
firmed using single-crystal measurements, and the magnetic struc-
ture was modeled from powder diffraction data measured on POW-
GEN.” A unique determination of the magnetic structure was not
possible, and several solutions, including single or multiple-k struc-
tures, have been proposed. The POWGEN data, represented by a red
open circle symbol in Fig. 6(b), does not provide sufficient signal
to noise ratio and Q-resolution, making it challenging to distin-
guish between possible spin configurations. The MCViNE simulated
diffraction profile for VERDI in the high-resolution mode demon-
strates the improved Q resolution in the low-Q region (<2 A™H
compared to the POWGEN data, which allows a clear separation of
nearby magnetic reflections for more accurate Rietveld refinements.
It is also noteworthy that the estimated increase in flux by about

two orders of magnitude at long wavelength will make such mea-
surements statistically significant in a much shorter counting time
or from smaller samples.

B. Magnetic PDF performed using the XYZ
polarization analysis in high-intensity configuration

VERDI will revolutionize the magnetic pair distribution func-
tion (mPDF) technique'” by allowing routine collection of mag-
netically isolated diffraction patterns with significantly improved
real-space resolution than is currently attainable. These advances are
made possible by the combination of full polarization analysis and
the large accessible Q range of 0.1-9 A™". Currently, the maximum
available Q on an instrument with full polarization analysis is about
5.5 A™' at HYSPEC. To illustrate the improved real-space resolu-
tion resulting from the expanded Q range at VERDI, Fig. 7 displays
the mPDF pattern for the topological non-collinear antiferromagnet
Mn;Sn”” generated from MCVINE simulated diffraction data with
different values of the maximum momentum transfer Q,,,,. Many
of the fine features seen in the idealized mPDF pattern (gray dashed
curved, corresponding to an infinite momentum transfer range) are
lost for Q. = 5.5 A™* (blue curve) but are at least partially recovered
for Qe = 9 A™! (orange curve). Sensitivity to these details in the
mPDF pattern is crucial for resolving the local magnetic correlations
in nontrivial spin structures, such as the non-collinear magnetic
structure of Mn3Sn.

We also note that mPDF data can also be obtained at dedicated
total scattering instruments, such as NOMAD at SNS, where a much
larger Q range is available. However, these instruments lack polar-
ization analysis capabilities, hindering efforts to cleanly separate
magnetic scattering from nuclear scattering. As a result, the effects
of the magnetic form factor typically cannot be deconvoluted from
the data, and the mPDF patterns obtained from such instruments

------ ldeal ——Qu,=55A" ——Q,=9A" ,

0.0 25 5.0 75 100 125 150 175 20.0

r(A)

FIG. 7. Simulated mPDF patterns from a non-collinear antiferromagnetic state in
Mn3Sn using various maximum values of Q. The idealized mPDF pattern corre-
sponding to an infinite momentum transfer range is shown by the gray dashed
curves. The fine features are lost for Qpay = 5.5 A~ (blue curve) that is currently
achievable by polarization analysis but are mostly recovered for a Qpay = 9 A~
(orange curve) provided by VERDI.
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suffer a large reduction in real-space resolution.'” Another problem
is the lack of low-Q coverage at most total scattering instruments,
where typical minimum Q values of 0.5-1 A™" often exclude impor-
tant magnetic scattering intensity at lower Q, making it impossible
to obtain an accurate real-space mPDF pattern. VERDI overcomes
both problems by offering polarization analysis and extending the
available Q range to smaller momentum transfers. We note that
concomitantly with the polarized data collection on one side, unpo-
larized data will be collected on the full detector bank on the other
side (VERDI is designed to have 160° horizontal coverage on both
sides).

V. SUMMARY

VERDI is a cold-neutron diffractometer optimized for studies
of magnetic and large unit-cell crystal structures with versatility for
both powder and single crystal samples and capability for wide-angle
XYZ linear polarization analysis. The STS low source frequency of
15 Hz coupled with the appropriate instrument length of 40 m will
naturally supply a large single-frame bandwidth of about 6 A with a
wavelength range of 1-6.75 A to achieve the science-required wide
range of momentum space. The option to access other wavelength
frames or run at half frequency (7.5 Hz) to double the Q-range
accessible for each diffraction angle will provide further flexibility
in increasing Q coverage.

An elliptical guide system with interchangeable guide pieces
will provide sufficient flexibility to cover a wide range of inci-
dent beam divergences and enable two modes of operation: a
high-resolution/powder configuration with a horizontal beam diver-
gence of 0.2° and a vertical beam divergence of 1° or a high-
intensity/single-crystal configuration with a symmetric beam diver-
gence of 1°. The instrument will include an oscillating radial
collimator for background reduction, which will be interchange-
able with a supermirror wide-angle polarization analyzer on one
side of the instrument. A logarithmic spiral detector design con-
sisting of *He detector tubes, with 3.1 m sample detector distance
at forward scattering and 1.2 m at backscattering, supports the sci-
ence case of high resolution at low-Q. Both sides of the instrument
will have full detector coverage in the scattering plane with a hor-
izontal angular range of 5°-~165°. A second row of *He detectors
will be added over a 45°-135° angular range to provide additional
out-of-plane coverage for more efficient non-polarized single-crystal
measurements.

VERDI will complement the current diffraction suite at HFIR
and SN facilities by offering longer wavelengths, lower background,
higher resolution, and full polarization analysis to provide trans-
formative insight into understanding novel small/dilute-moment
quantum magnets as well as interactions within extended/molecular
orbitals. The unique and versatile characteristics of VERDI will allow
for growth in areas such as materials synthesis and discovery, energy
material investigations, and organic material structure analysis.
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