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Abstract: A two-dimensional (2D) Anger camera detector has been used at the HB-3A four-circle
single-crystal neutron diffractometer at the High Flux Isotope Reactor (HFIR) since 2013. The 2D
detector has enabled the capabilities of measuring sub-mm crystals and spin density maps, enhanced
the efficiency of data collection and phase transition detection, and improved the signal-to-noise ratio.
Recently, the HB-3A four-circle diffractometer has been undergoing a detector upgrade towards a
much larger area, magnetic-field-insensitive, Anger camera detector. The instrument will become
capable of doing single-crystal neutron diffraction under ultra-low temperatures (50 mK), magnetic
fields (up to 8 T), electric fields (up to 11 kV/mm), and hydrostatic high pressures (up to 45 GPa).
Furthermore, half-polarized neutron diffraction is also available to measure weak ferromagnetism
and local site magnetic susceptibilities. With the new high-resolution 2D detector, the four-circle
diffractometer has become more powerful for studying magnetic materials under extreme sample
environment conditions; hence, it has been given a new name: DEMAND.

Keywords: single-crystal neutron diffraction; polarized neutron diffraction; position sensitive
detector; magnetism; magnetic materials; atomic magnetic susceptibility; local magnetic susceptibility;
ultra-low temperature; high pressure; Anger camera

1. Introduction

Single-crystal neutron diffraction is known for characterizing magnetic and nuclear structures.
However, it is limited by the availability of intense neutron resources and large crystals. New detector
technologies have made high-resolution and high-efficiency large area detectors possible, which
can speed up the data collection and enable the capability of measuring more detailed information
beyond a structure solution, such as short-range order, strain, and defect studies, by modeling the
peak profile. A recently developed two-dimensional (2D) magnetic-field-insensitive detector has been
equipped at the HB-3A four-circle diffractometer housed at the High Flux Isotope Reactor (HFIR) at
the Oak Ridge National Laboratory (ORNL). The detector uses solid-state silicon photomultipliers
(SiPM) [1]. Fast data collection by snapshotting the Bragg peaks and short-range order studies
have been introduced. The new Anger camera detector on HB-3A enables the full capability of
single-crystal unpolarized/polarized neutron diffraction under a much more diverse set of sample
environment equipment, including ultra-low-temperature cryostats (50 mK), high-field cryomagnets
(up to 8 T), and high-pressure cells (up to 45 GPa), and extends the capability of single-crystal neutron
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diffraction for studying unconventional magnetic materials, including low-dimensional magnets,
highly frustrated magnets, 4d-5d strong spin-orbital coupled magnets, and molecular magnets.
By extending these capabilities, the traditional HB-3A four-circle diffractometer [2] has become an
extreme sample environment magnetic single-crystal neutron diffractometer with a high-resolution 2D
detector (DEMAND). After fully completing the detector upgrade, DEMAND will be able to expand
its capacity for neutron diffraction and support a more advanced single-crystal neutron diffraction
community together with other similar types of instruments, including the 6T2 thermal neutron
four-circle diffractometer (FCD) at LLB, France [3], the D9 hot neutron FCD [4] and the D10 FCD with
three-axis energy analysis [5] at ILL, France, HEiDi [6] and POLI [7] at FRM-II, Germany, the ZEBRA
thermal single-crystal diffractometer [8] at PSI, Switzerland, and the SENJU extreme environment
single-crystal neutron diffractometer [9] at ]-PARC, Japan. This paper is the continuation of the earlier
one reported in 2011 [2], and so will focus on the newly available area detector, the new sample
environment equipment, polarized neutron diffraction, and related new science areas.

2. Anger Camera Detector

The HB-3A four-circle diffractometer had run with a 3He point detector since 2010 and started to
use a 2D Anger camera in 2013. The detector is a scintillator-based 2D Anger camera with a size of
51 mm x 51 mm, in actuality a prototype detector for the instrument TOPAZ at the Spallation Neutron
Source (SNS) at ORNL [10]; we call this Camera-I. The new detector is magnetic-field insensitive due
to the use of solid SiPM, and it also has a better pixel resolution (0.65 mm) than Camera-I (1 mm
pixel resolution). We call the new SiPM model Camera-II, and its prototype with a 2 x 2 array of
sensor modules (Figure 1a) has already been commissioned and successfully run for a full reactor cycle.
Therefore, a larger 2D Anger camera detector of the Camera-II version will be installed at HB-3A at the
beginning of 2019. Its size of 348 (vertical) mm x 116 (horizontal) mm can cover vertical angles of 50° at
a 30-cm distance to the sample position, allowing the instrument to run in a two-axis mode with access
to a large reciprocal space volume, which allows for effective single-crystal neutron diffraction using
extreme sample environments. Soon, the detector will be expanded to the size of 348 x 348 mm? as
shown in Figure 1b. Except for the better pixel resolution, larger size, and tolerance to magnetic fields,
the new detector is similar to the current prototype Anger camera using conventional photomultiplier
tubes (PMTs) [10]. Here, we will introduce some new capabilities gained from the Anger camera
detector compared to the 3He point detector.

(a)

Figure 1. (a) A view of the solid-state silicon photomultiplier (5iPM) made of a 2 x 2 array of sensor
modules (116 mm x 116 mm). (b) DEMAND: the future view of the HB-3A single-crystal neutron
diffractometer after installing the 3 x 3 SiPM Anger camera detector. The x/¢ circles shown are
interchangeable with an ultra-low temperature cryostat or a cryomagnet, so the diffractometer can be
run in either four-circle mode or two-axis mode, respectively.
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2.1. 3He Detector and 2D Anger Camera Detector

The 3He detector had seven anodes, each with a size of 10 mm in diameter, and only the central
anode was used [2]. Camera-I has a size of 51 x 51 mm?2. We measured the same crystal, a natural
tetrahedrite Cu1,Sb4S13, at room temperature in the same mounting orientation with both the 3He
detector and the 2D Anger camera detector. The crystal has a spherical shape, and is 3.7 mm in
diameter. The neutron wavelength of 1.008 A from the bent Si-331 [2] was used for the data collection.
Figure 2 shows the peak (2 2 2) measured by both detectors. The peak image was observed in
Camera-I (Figure 2a). The rocking-curve scans with both detectors are plotted together in Figure 2b.
The detector signal is from the predefined region-of-interest (ROI), which has a size of 25 mm in
diameter. Camera-I observed 60% extra neutron counts, while the background is about the same
at 2 counts/s/cm? for both detectors. The conversion efficiency of the 3He detector is ~99% for
thermal neutrons of 1.008 A, while the conversion efficiency of Camera-I is estimated to be 80%.
The extra intensity gain is due to the Bragg peak size being larger than the aperture of the central
anode. Table 1 lists the structural and refinement parameters of Cu15Sb4S;3 from the data collected
with both detectors for comparison, and Figure 3 shows the plots of the observed structure factors:
squared, F2 s, versus the calculated F2 ;. The results are consistent with each other within the error
bars. By optimizing the ROI, the rocking-curve scans can have a lower background per scanning point,
which benefits measurements of small crystals. The ROI can be predefined in the data acquisition
program SPICE [11] before starting the data collection or can be redefined in MantidPlot [12] after the
experiment. For Camera-I, the rocking-curve scan covers the full peak profile of each Bragg reflection,
and the data can be sliced in reciprocal space, which can be used to calibrate dimensionalities of
ordering parameters and track structural transitions. The larger the detector gets, the faster new
phase searches can run. New phases are usually indicated by peak broadening/splitting, superlattice
peaks, magnetic satellite peaks, or/and diffuse scattering. The high pixel resolution ensures that
the high instrument resolution is not sacrificed (the closest detector-to-sample distance is ~30 cm for
Camera-I without losing the instrument resolution, and it is ~20 cm for Camera-II). The complete
DEMAND (with the full 3 x 3 array of detector modules) will advance the data collection speed
and the data completeness, enable the access to extreme sample environment conditions that only
allow limited or no tilting of sample (Section 3: sample environment), and expand the reciprocal
space coverage for half-polarized neutron diffraction to reconstruct magnetization density maps and
study atomic magnetic susceptibilities (Section 4: polarized neutron diffraction) under various sample
environment conditions.
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Figure 2. (a) A snapshot of the Bragg peak (2 2 2) of a sphere of a natural tetrahedrite CuipSbsS13
crystal recorded by the Camera-I detector. (b) 8-26 scans of the Bragg peak (2 2 2) recorded by the SHe
point detector and the Camera-I detector.
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Figure 3. (a) Observed versus calculated structure factors squared. The data were collected by
rocking-curve scans through each reflection with the 3He point detector (black solid squares) and
the Camera-I detector (red open circles). The blue open diamonds represent the data collected by
snapshotting each Bragg peak with the Camera-I detector (the F? ;. were calculated from the same
structure parameters that were refined from the data collected by rocking-curve scans with the Camera-I
detector). (b) The full-widths-at-half-maximum (FWHMSs) of the rocking-curve-scanned peaks versus
the detector angle 20. The widths were obtained by fitting each peak with a Gaussian function.
The larger the error-bar, the weaker is the corresponding peak. The peaks with FWHM error-bars larger
than 0.4° are not realistic although they are still plotted.

2.2. Capability for Tiny Crystals

The Anger camera detector enables the capability for rapid data collection by snapshotting Bragg
peaks instead of scanning through each reflection (typically 21 points at the minimum are used for
step scans). The strong reflections, e.g., over 1000 counts/s, can be measured by rocking-curve scans
at 1 second/point, and the mosaic information can be extracted from those strong peaks. The weak
peaks that require a long counting time can be measured by snapshotting the peak signal at each Bragg
position and corrected by the mosaic distribution and instrument resolution. The data collected on the
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same tetrahedrite Cu1,Sb4S13 were plotted in blue open squares in Figure 3a, and the corresponding
F2_,; were calculated from the structure parameters listed in Table 1 (the Camera-I detector) except for
the scale factor. The discrepancies are because the peak widths are not only Q (or 26)-dependent as
shown in Figure 3b. The figure plots the peak width versus the detector angle 26, which includes the
sample mosaic and instrument resolution information. Although, in principle, we should be able to
measure a structure by snapshotting the Bragg peaks, the formula of the peak width must be given or
modeled. Currently, it only works for tiny high-quality crystals, which is mostly important with this
kind of data collection considering that it is not possible to collect a full data set within a reasonable
amount of beam time by rocking-curve scanning each reflection. The data collection of 463 reflections
with rocking-curve scans takes ~1 min per reflection and 7.7 h in total (including motor motion
and data communication time) with 21 points/scan at 1 s/point. Snapshotting 463 reflections with
10 s/point takes 20 s per reflection and 2.6 h in total, including motor motion and data communication
time. Snapshotting Bragg peaks is especially important for measuring weak signals or tiny crystals.
For tiny crystals with perfect quality (the mosaic is instrument-resolution-limited), all of the reflections
can be snapshotted and corrected by the instrument resolution. The smallest crystal that has been
measured at HB-3A is an YbFeO3 hexagonal ferrite thin film (5 mm x 5 mm x 50 nm~0.001 mm?),
and the ordered Fe-moment size determined was 2 pp [13]. The weak superlattice peaks originating
from an Fe/Cu site order in a superconductor material NaCuFeAs were also collected by snapshotting
Bragg peaks at HB-3A, and the refinement confirmed that it is a Fe/Cu stripe structure. The counting
time for each snapshot was 10 min, and details for that study are reported in [14].

Table 1. The structural parameters of CujpSb4S13 measured at room temperature at DEMAND using
the Camera-I and 3He point detectors. The space group is [-43m and the lattice parameter a = 10.342(8)
A. The atomic positions are Cul: Cu (%, 0, %); Cu2: Cu (0,0, z); Sb1: Sb (x, x, x); S1: S (x, x, z); S2: S (0, 0,
0). The atomic displacement parameters U have units of AZ and only non-zero U elements are listed.

Parameter 2D Anger Camera (Camera-I)  3He Point Detector
Scale 2.88(5) 1.81(4)
Extinction 0.19(4) 0.21(8)
Rp? 4.02 459
Rp2w 4.89 10.8

Rg 3.49 5.02

X2 0.309 1.99

No. of reflections 463 323

Cu2: z 0.2169(3) 0.2163(3)
Sbl: x 0.2652(2) 0.26511(1)
S1: x 0.8824(4) 0.8828(2)
Sl:z 0.3598(4) 0.3593(2)
Cul: Uy = Uy 0.0189(8) 0.0201(7)
Cul: Uss 0.023(1) 0.026(1)
Cu2: Uyp = Uy, 0.072(1) 0.073(1)
Cu2: Us; 0.014(1) 0.013(1)
Cu2: Uy, —0.054(2) —0.051(2)
Sbl: Uy = Uy =Usz  0.009(1) 0.0090(8)
Sbl: Uy, 0.001(1) 0.0001(9)
Sl: UH = Uzz 0011(1) 0013(1)
S1: Uss 0.011(3) 0.010(2)
S1: Uy —0.0008(19) —0.002(1)
S1: U13 = UQ3 0.001(1) 0.001(1)
S2: U1 = Uy = Uss 0.020(3) 0.021(3)

3. Sample Environment

Besides the routine sample environments, such as closed-cycle refrigerators (CCR) for 4-800 K,
permanent magnet sets (up to 1 T), electric field options (up to 11 kV/mm), and clamp CuBe
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pressure cells (up to 2 GPa), that can be run in the four-circle goniometer mode, which enables
full access to reciprocal space, the Anger camera detector brings other extreme sample environment
equipment (Figure 4) that are only allowed to tilt a few degrees or not allowed to tilt at all, such
as ultra-low-temperature down to 50 mK, a high magnetic field up to 8 T, and high pressure up to
45 GPa, for single-crystal neutron diffraction. The large 2D Anger camera detector covers 50° in the
vertical and can reach enough out-of-plane reflections to determine structures for these extreme sample
environment conditions.

(a) (b) (c)

Figure 4. (a) A cryostat used for reaching a dilution refrigerator temperature of 50 mK and (b) a
cryomagnet used for reaching 0-6 T are installed at HB-3A in two-axis mode to do single-crystal
neutron diffraction. (c) The Diamond Anvil Cell (DAC) mounted at the cold head of a closed-cycle
refrigerator (CCR) in the four-circle mode.

High pressure studies have been performed on a Bag 45r1 (Mg, Fe120y, hexaferrite crystal that
presents a new magnetoelectric coefficient record for single-phase materials [15] by using Diamond
Anvil Cells (DACs) that were designed at ORNL [16,17]. Both polycrystalline diamond (Versimax®)
and single-crystal diamond anvil cells have been used. While the setup for the Versimax® cell is
limited to 10 GPa, the setup used for the single-crystal diamond anvil cell (6 mm anvils, 2 mm culet,
steel gasket) is capable of significantly higher pressures and has reached 45 GPa in the past [17].
With the single-crystal DAC, we can precisely calibrate the pressure with the ruby fluorescence method.
A thin hexaferrite sample (with a crystal dimension of 0.7 x 0.7 x 0.1 mm?) was loaded inside the
gasket chamber (1 mm diameter, 0.2 mm height) with glycerin as the pressure transmission medium.
The pressure was calibrated by the ruby fluorescence method at room temperature for each loading
step. Figure 5 shows the (220) peak change between the low pressure of 0.2 GPa (i.e., the locking
pressure) and the highest pressure of 7.3 GPa. Using glycerin as the pressure medium provides a
better hydrostatic pressure on the crystal compared to that using lead as the pressure medium [16],
so it enables studies under a higher pressure of 7.3 GPa, the highest pressure that has been reached
so far at HB-3A. In principle, higher pressures would be possible; however, in this particular case,
the sample did not maintain its single-crystal character upon a further pressure increase, which was
likely due to the non-hydrostatic pressure above 7.3 GPa. To reach a higher pressure than 10 GPa,
we need to reduce the crystal height to ~0.07 mm (while keeping the lateral dimensions) and using gas
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pressure transmitting, which in principle allows for ~45 GPa while maintaining detectability on the
beamline. So far, the high-pressure experiments are only used for qualitative studies because neutron
absorption caused by the gasket and the pressure medium varies with pressure. It requires more
calibration with several standard crystals, and various pressure mediums use high-pressure diffraction
for crystallographic purposes.

258
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Figure 5. High pressure on the hexaferrite crystal with DAC. The peak signal at (2 2 0) captured by
the Camera-I detector under pressure: (a) 0.2 GPa and (b) 7.3 GPa. Radial scans at (2 2 0) under a
pressure of 0.2 GPa (blue squares) and 7.3 GPa (red dots). The higher background at 7.3 GPa is due
to the pressure-induced Bragg peak shift, which now overlaps with a broadened powder peak from
the gasket. When the Bragg peak overlaps with powder lines of the sample environment, the peak
integration can be done through the rocking-curve scans as shown in (c), where the background caused
by the powder scattering is uniform and can be properly subtracted.

4. Polarized Neutron Diffraction

Besides the high flux (2 x 107 n/cm?/s) and the high-resolution modes (6d/d = 2%) [2] for
single-crystal neutron diffraction, HB-3A DEMAND also has added a new capability for half-polarized
neutron diffraction with an S-bender supermirror polarizer. Again due to the large high-resolution
2D Anger camera detector, we can easily measure the flipping ratios by snapshotting each reflection
with spin up/down neutrons. The extreme sample environments can be used for half-polarized
neutron diffraction, too. The resolution of 0.01 pg of a moment size for ferromagnetism is the best we
have determined so far. We are still commissioning other polarizers for shorter wavelength neutrons,
including a He-polarizer and supermirror bender polarizers. The capabilities of measuring spin
density maps and local site magnetic susceptibility or atomic magnetic susceptibility are in active
development. Further details will be reported in future works.

5. Conclusions

After the full detector and full capability of polarized neutron diffraction are installed, the HB-3A
will have migrated away from its traditional four-circle setup and become an extreme sample
environment magnetic single-crystal neutron diffractometer, DEMAND, that is fully suitable for
studying material science, especially quantum materials, condensed matter physics, solid state
chemistry, mineralogy, and other small molecular crystallography and magnetism. Table 2 lists
the instrument parameters as a summary for DEMAND.
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Table 2. The DEMAND thermal single-crystal neutron diffractometer.

Monochromator Double-Focusing Silicon
Incident wavelengths 1.008 A Si-331; 1.550 A Si-220; 2.548 A Si-111;

2D Anger camera (SiPM)

Magnetic-field insensitive (tested at 300 Gauss)
Size: 348 x 348 mm? (50° x 50°) at SDD = 300 mm;
Pixel resolution: 0.65 mm

Detector

Four-circle mode with a CCR:

—27° < 20 (scattering angle) < 155°; —40° < w (sample table) < 45°
—110° < x (tilt) < 110°; —181° < ¢ (sample rotation motor) < 181°
Two-axis mode with cryostat or cryomagnet:

—27° <20 < 155°; —177° < w < 163°

—5% < v (tilt) < 5°; —181° < ¢ (sample stick motor) < 181°

Sample-Detector distance (SDD)  200-400 mm

Diffractometer angles

Maximum flux at sample 2.2 x 107 n/cm?/s

Highest resolution od/d > 0.3%

S-bender supermirror: polarization ratio >95% for A = 2.548 A

Polarizers 3He polarizer 90% for A = 1.550 A

Four-circle mode with a CCR:
4K<T<800K;0<H<1T,;0<P<40GPa;0<E <10* V/mm;
Two-axis mode with cryostat or Furnace or cryomagnet:
0.05K<T<1800K;0<H<8T;0<P<45GPa; 0<E <11 kV/mm;

Sample environment
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