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ABSTRACT
PIONEER is a high Q-resolution, single-crystal, polarized neutron diffractometer at the Second Target Station (STS), Oak Ridge National
Laboratory. It will provide the unprecedented capability of measuring tiny crystals (0.001 mm3, i.e., x-ray diffraction size), ultra-thin films
(10 nm thickness), and weak structural and magnetic transitions. PIONEER benefits from the increased peak brightness of STS cold-neutron
sources and uses advanced Montel mirrors that are able to deliver a focused beam with a high brilliance transfer, a homogeneous profile,
and a low background. Monte Carlo simulations suggest that the optimized instrument has a high theoretical peak brilliance of 2.9 × 1012

n cm−2 sr−1 Å−1 s−1 at 2.5 Å at the sample position, within a 5 × 5 mm2 region and a ±0.3○ divergence range. The moderator-to-sample
distance is 60 m, providing a nominal wavelength band of 4.3 Å with a wavelength resolution better than 0.2% in the wavelength range of
1.0–6.0 Å. PIONEER is capable of characterizing large-scale periodic structures up to 200 Å. With a sample-to-detector distance of 0.8 m,
PIONEER accommodates various sample environments, including low/high temperature, high pressure, and high magnetic/electric field. A
large cylindrical detector array (4.0 sr) with a radial collimator is planned to suppress the background scattering from sample environments.
Bottom detector banks provide an additional 0.4 sr coverage or can be removed if needed to accommodate special sample environments. We
present virtual experimental results to demonstrate the scientific performance of PIONEER in measuring tiny samples.

© 2022 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/10.1063/5.0089524

I. INTRODUCTION

Neutron scattering has played seminal roles in our under-
standing of advanced materials, revealing the microscopic details
on the interplay among spin, charge, orbital, and lattice degrees
of freedom and their collective excitations. As formulated in
the Basic Energy Sciences Advisory Committee (BESAC) report
Challenges at the Frontiers of Matter and Energy: Transformative
Opportunities for Discovery Science1 and the Basic Research Needs
Report Quantum Materials for Energy Relevant Technology,2 the
contemporary scientific grand challenges need basic research on
“quantum materials,” “critical roles of heterogeneity, interfaces,
and disorder,” and “beyond-equilibrium matter,” which requires

sophisticated instruments to probe the structure and dynamics of
materials over extended length, time, and energy scales. To address
this need, Oak Ridge National Laboratory (ORNL) is substantially
expanding the capabilities of the Spallation Neutron Source (SNS)
to build the Second Target Station (STS) with a high-brightness
cold-neutron source, i.e., a source optimized for long-wavelength
neutrons. The high peak brightness of cold neutrons and the
broad wavelength band available at the STS will lead to transfor-
mative capabilities, such as studying smaller samples, performing
time-resolved studies, and investigating hierarchical architectures
in detail.3 The new STS instruments will utilize the latest advances
in neutron optics, neutron spin manipulation, instrument design,
and computational techniques, which will enable researchers to
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collect information faster and with higher precision than existing
instruments.

PIONEER at the STS will be a next-generation time-of-flight
(TOF) single-crystal diffractometer for materials science, which
aims at accelerating materials discovery with the world-leading
capability to investigate samples with tiny volumes or weak sig-
nals in a range of experimental conditions. Single-crystal neutron
diffraction (SCND) is a powerful structural characterization tool
for materials science, including quantum magnets, superconduc-
tors, energy and functional materials, and minerals. Particularly,
SCND provides critical and accurate microstructural information
about hydrogen-related energy materials and exotic magnetic mate-
rials due to its high sensitivity to the arrangement of light elements
and magnetic moments. However, neutron scattering is generally
a flux-limited technique, and SCND has known constraints. For
SCND, the required sample size is traditionally larger than 1 mm3,
and the beamtime capacity and sample environments (SEs) need
expansion to match the demand from the user community. The
sample-size barrier is gradually overcome by developing higher
brightness moderated neutron sources and detectors of greater sen-
sitivity. Particularly, accelerator-driven spallation neutron sources
have enabled highly efficient SCND instruments using the TOF
Laue technique and large-area detectors. SCD at the Intense Pulsed
Neutron Source (IPNS)4 and SXD at the ISIS Neutron and Muon
Source5 are two early successful examples. Recently built instru-
ments include TOPAZ at ORNL6 and SENJU at the Japan Proton
Accelerator Research Complex (J-PARC),7 both of which use a
MW-class proton accelerator and an extensive detector array. These
instruments have greatly reduced the required sample volume to
below ∼0.1 mm3, but it is still larger than the typical x-ray diffrac-
tion size. Currently, MAGiC, a permanently polarized instrument, is
under construction at the European Spallation Source (ESS),8,9 aim-
ing to push the crystal-size requirement to 0.001 mm3 and focusing
on magnetism-related studies. PIONEER will also enable measure-
ments on 0.001 mm3 or smaller samples but plan to support broader
fields in materials science.

This paper gives an overview of the proposed science cases for
PIONEER, describes its technical parameters and major instrument
components, and presents detailed Monte Carlo ray-tracing simula-
tion results to demonstrate its performance. PIONEER is currently
under the active preliminary design, and the instrument parameters
are subject to change.

II. SCIENCE CASES AND INSTRUMENT
SPECIFICATIONS

PIONEER aims to provide the world-leading single-crystal
neutron diffraction capabilities to measure tiny crystals (0.001 mm3,
i.e., x-ray diffraction size) and ultra-thin films (10 nm thickness) and
weak structural and magnetic transitions. With the input from the
user community, the science advisory team has identified a broad
range of research areas that can benefit from unprecedented capabil-
ities of PIONEER. For example, PIONEER requires a small sample
volume that is one-order-of magnitude smaller than the current
limit. It assists materials discovery at the early stage before large
single crystals are available. It enables studies of rare and valuable
natural mineral inclusions (usually less than 500 μm) in diamond.
At the same time, PIONEER can probe exotic magnetic states in thin

films and even surface and interface states. It also enables studies of
high-pressure induced quantum states using commercially available
x-ray diamond avail cells. PIONEER has a high reciprocal-space res-
olution to probe chemically and magnetically modulated structures
with a large characteristic length scale up to 200 Å and to study
large unit-cell functional materials, such as metal–organic frame-
works and polyoxometalates. The instrument provides a high-flux
polarized neutron beam that can significantly enhance the sensi-
tivity of the local magnetic susceptibility.10–13 The high brightness,
the broad wavelength band, and the large detector array lead to
high efficiency for time-resolved studies and few-pulse experiments.
This also allows measuring both Bragg reflections and diffuse scat-
tering simultaneously from sub-mm3 crystals that help researchers
to decipher both the average and local structures in crystalline
samples. Furthermore, PIONEER supports various sample envi-
ronments for materials science, including low/high temperatures,
magnetic/electric fields, and pressure.

TABLE I. Instrument parameters for PIONEER. The brilliance is evaluated at the sam-
ple position over a square region of 5 mm wide with a ±0.3○ divergence for both
horizontal and vertical directions, which is in the unit of n cm−2 sr−1 Å−1 s−1. The
simulations are performed on an ideal beamline. See the main text for details.

Parameter Value Comment

Moderator Pure parahydrogen Cylindrical, port 13
λ range 1.0–6.0 Å
λ bandwidth 4.0 Å Nominal 4.3 Å
δQ/Q <0.3% Minimum value

L1 Moderator to sample
Fixed 60.0 m

L2 Sample to detector
Standard 0.8 m
Maximum 1.2 m

Detector coverage With collimators
Side cylindrical 4.0 sr
Bottom flat 0.4 sr

Beam divergence
Maximum ±0.3○ Standard mode
Minimum ±0.1○ High resolution mode

Beam size Tunable
Maximum 5 × 5 mm2

Minimum 0.5 × 0.5 mm2

Q coverage
Unpolarized beam 0.1–12.0 Å−1

Polarized beam 0.1–8.0 Å−1

Brilliance 15 pulses per second
5 × 5 mm2, ±0.3○ 2.9 ×1012 Peak value at 2.5 Å

Flux 4 Å band
1 × 1 mm2, ±0.3○ 6.8 × 108 n cm−2 s−1 1.5–5.5 Å
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Overall, PIONEER will expand the frontier of SCND, partic-
ularly in the following areas:1–3,14 (1) quantum materials, such as
unconventional superconductivity, 4d–5d strong spin-orbital cou-
pling systems, and topological materials; (2) thin films and artifi-
cial heterostructures; (3) functional materials for energy, such as
metal–organic frameworks, polyoxometalates, multiferroic oxides,
complex hybrids, and thermoelectric materials; (4) time-resolved
studies, and (5) planetary sciences and mineral physics.

To maximize the scientific performance of PIONEER, we
consider the following principles for the instrument design: (1)
PIONEER shall transport a high-brilliance beam to the sample posi-
tion, remove undesired neutrons from the incident beam as early
as possible, have a large detector array, and minimize neutrons not
directly scattered by samples from reaching the detector. (2) The end
station shall accommodate the most common types of sample envi-
ronments (SEs) used at the leading neutron facilities for materials
science and be flexible for user-provided SEs and future upgrades.
(3) The instrument system shall provide a homogeneous beam at the
sample position and precise control on the sample position to enable
high-quality data collection for quantitative structural analysis. (4)
It shall enable remote operation for most experiments, if not all, and
enable autonomous experiments as many as reasonably achievable.
After balancing the requirement from the proposed science cases
and the technical constraints, we have chosen the specifications for
the PIONEER, as listed Table I. The standard beam divergences are
similar at TOPAZ, SENJU, MAGiC, and PIONEER instruments, but
the sample size requirements are different for the four instruments.
The former is mainly determined by crystal mosaicity, while the lat-
ter is primarily affected by individual instrument characteristics. In
Sec. III, we describe the major components of the instrument and
present the simulated performance.

III. INSTRUMENT SYSTEM

Figure 1 shows a schematic of the PIONEER instrument.
PIONEER will use beam port 13 to extract the beam from the
upper pure-parahydrogen moderator, which is a vertical cylinder
and provides a narrower neutron pulse width for a better wave-
length resolution than the bottom tube moderator.3 Figure 2 shows
the wavelength resolution δλ/λ for different moderator-to-sample
distances L1. The calculation uses the moderator source file sim-
ulated for beam port 13 [BL13-CY-46D-STS-Min-2G-source_mctal-
125_sp.dat (2021)]. We have chosen L1 = 60 m, and as seen from
Fig. 2, at this distance, this instrument provides δλ/λ below or near
0.2% over the wavelength range of 1.0–6.0 Å.

As previously mentioned, the transport system shall efficiently
transport neutrons from the source to the sample position with an
illumination area of 5 × 5 mm2 with a ±0.3○ beam divergence in
both the horizontal and vertical directions. The angular and spatial
distribution of the neutron flux shall be homogeneous within this
phase space, and the neutron flux should quickly vanish outside this
phase space. From the moderator, the first optical component is the
beam extraction system acting as a collimator, which starts before
the monolith3 and ends before the primary mirror. The collimator
is interrupted by the maintenance shutter located right outside the
monolith at 5.75 m. Inside the bunker wall, two bandwidth chop-
pers select the wavelength band. The neutron transport vacuum
system begins after the maintenance shutter to minimize air scatter-
ing. The operational shutter is outside of the bunker wall at 13.9 m,
used for daily operations, such as sample or sample environment
changes.

We choose a pair of Montel Kirkpatrick–Baez (KB) mirrors
(also known as nested KB mirrors) for the beam transport because

FIG. 1. (a) (Top view) Schematic drawing of the PIONEER layout to show the key regions, including the monolith, the bunker, the primary mirror (m1) and secondary mirror
(m2) regions, and the detector cave. The red and blue dashed lines indicate the major axes of the Montel mirrors m1 and m2, respectively. The black dot-dashed line is a
guide to the eye to show the rotations of the major axes. The shown components are the moderator, a pair of wavelength band choppers, the secondary source slit, the
removable polarizer, and spin flipper, and the detector. The gray and light-blue arcs inside the detector cave represent the oscillating radial collimator and the detector bank.
(b) (Side view) The major beam transport components are a pair of Montel mirrors with built-in beam stops and one set of slits at the secondary source position. m1 and m2
are 21.0 and 4.0 m long, respectively. Two additional sets of slits are placed right before m1 and right after m2 (not shown). The three sets of slits are used to control the
beam size and divergence at the sample position. (c) A sketch of a Montel mirror consisting of two elliptical reflection surfaces that are mutually perpendicular.
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FIG. 2. Wavelength resolution as a function of the moderator-to-sample distance
L1. PIONEER chooses L1 = 60 m to achieve δλ/λ below or near 0.2% over
1.0–6.0 Å.

they provide excellent focusing with a high brilliance transfer (BT)
and high beam homogeneity at the sample position.15–17 As sketched
in Fig. 1, each Montel mirror has two elliptical reflection surfaces
arranged perpendicularly to each other. The mirror parameters are
optimized using McStas18 and SciPy19 packages taking the gravity
effect into account. The mirror specifications are listed in Table II.
The primary Montel mirror (m1) starts from 21.7 m and ends at
41.7 m. m1 is looking at the moderator with its major axis being
titled both right and down by 0.34○. The major axis of m1 runs in
a straight line to the secondary source location. A beamstop at the
mid-distance of m1 blocks the downstream optics from the line-
of-sight to the moderator. m1 will generate a focused beam and
generate the secondary source at 51.66 m. Between the secondary
source and the secondary Montel mirror (m2), a removable polariz-
ing V-cavity and an adiabatic spin-flipper will generate a polarized
neutron beam when needed. m2 is looking at the secondary source
and is 4.0 m long. The major axis of m2 is further tilted right and
down by 0.34○ to form a kinked beamline geometry.

Multiple slits along the beamline will control the beam size and
divergence. The most important three are at 21.50 m (before m1),
51.65 m (at the secondary source location), and 59.2 m (after the
secondary mirror). The polarization system will provide an effective
polarized beam with λcutoff ≤ 1.5 Å and Qmax ≥ 8 Å, and a magnetic

TABLE II. Technical parameters for the Montel mirrors used at PIONEER.

Parameter Primary mirror, m1 Secondary mirror, m2

Length (m) 21.0 4.0
Start (m) 21.70 54.75
Major axis (m) 51.66 8.34
Minor axis (m) 0.40 0.066
Rotation (deg)
Right 0.34○ 0.68○

Down 0.34○ 0.68○

guide field in the order of 1 mT will be used afterward to main-
tain the direction of the spin and polarization of the neutron beam.
The tilted and kinked beamline geometry can keep the average beam
in the truly horizontal plane at the sample position and move the
sample out of the line-of-sight of the moderator, as illustrated in
Fig. 1.

A. Neutron transportation performance
The Elliptic_guide_gravity component from the McStas

package18 is used to model the Montel mirrors. To benchmark the
optimal performance, we have used the mirror coatings20 of m = 6
for two mutually perpendicular surfaces and m = 0 for the other
two surfaces and used the slope value of α = 3.044 Å. The para-
meter α is used to describe one major imperfection from realistic
supermirrors. Neutrons reflected with a high wavelength transfer
are not totally reflected by a supermirror, and the reflectivity drops
rapidly at the extended critical scattering vector of a supermirror,
qc = m × qNi

c , where qNi
c = 0.021 9 Å−1 is the critical scattering vector

for Ni. A linear function is used to model the reflection proba-
bility in the intermediate q values, i.e., R(q) = R0(1 − α(q − qNi

c ))
for qc > q > qNi

c , where R0 is the reflectivity below qNi
c . Other coat-

ing parameters take the default values. An in-depth analysis of the
position-dependent coating requirement is in progress. To evaluate
the mirror performance over a wavelength band broader than 4 Å,
choppers are not included in the simulations.

Figure 3 shows the simulated brilliance transfer (BT)21 and the
absolute brilliance at the sample position. The BT is a metric to

FIG. 3. (a) Brilliance transfer and (b) absolute brilliance at the sample position
evaluated over a 5 mm wide square region and a ±0.3○ divergence range in both
the horizontal and vertical directions.
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quantify the performance of the optical system to transport neutrons
from the source to the sample and has a theoretical maximal value
of 100% according to Liouville’s theorem.21 The brilliance is evalu-
ated over a 5 × 5 mm2 region of interest (ROI) and a ±0.3○ range in
both the horizontal (x) and vertical (y) directions. The angular and
spatial ROIs are also shown in Figs. 4 and 5, respectively. Within
1.0–6.0 Å, the BT initially increases as λ increases, becomes more
than 60% at λ = 2.0 Å, and peaks around 4.7 Å with a value exceed-
ing 90%. The decrease in the BT at longer wavelengths is due to the
gravity effect. The peak value of the absolute brilliance is 2.9 × 1012

n cm−2 sr−1 Å−1 s−1 at 2.5 Å (also listed in Table I), which is largely
determined using the STS source characteristics.3 The simulation
assumes an ideal instrument and has not taken misalignment or
waviness of the mirrors into account, which are known to deterio-
rate the performance,22,23 particularly for long beamlines. Effects of
such realistic imperfections are under investigation, and our prelim-
inary analysis suggests that they may cause a flux reduction in the
order of 20%, and details will be reported elsewhere.

The beam homogeneity at the sample position is shown in
Figs. 4 and 5. Figure 4 presents the angular distribution of the neu-
tron flux averaged over the 5 × 5 mm2 ROI. The results from a 4 Å
band of 1.5–5.5 Å and a 0.4 Å band centered at 2.5 Å are shown in
Figs. 4(a) and 4(b), respectively. Figures 4(c) and 4(d) show linecuts
along the horizontal direction. The results are similar for the ver-
tical and horizontal directions, except at the long-wavelength end,
where the gravity effect slightly skews the beam direction in the ver-
tical direction (data not shown). These simulations confirm that the

FIG. 4. Angular distribution of the neutron flux at the sample position. The neutron
flux is integrated over a 5 × 5 mm2 region within (a) 1.5–5.5 Å and (b) 2.3–2.7 Å.
The dashed lines indicate the region of interest from the beam divergence require-
ment. (c) and (d) Flux distribution as a function of the beam direction in the
horizontal plane (the x direction), where the flux is integrated along the y directions
from (a) and (b), respectively.

FIG. 5. Spatial distribution of the neutron flux at the sample position. The neutron
flux is integrated over 1.5–5.5 Å (a) with all beam directions and (b) within the
±0.3○ range. (c) The neutron flux is integrated over 2.3–2.7 Å within the ±0.3○

range. (d) One-dimensional cut of (c) of the central 0.2 cm (i.e., y = [−0.1, 0.1]
cm) region. The dashed lines are the boundary of the 5 × 5 mm2 square ROI.

optimized transport system gives rise to a homogeneous angular dis-
tribution. The flux-weighted average beam direction in the 1.5–5.5 Å
band is within 0.002○ from the absolute horizontal plane, indicating
a truly horizontal neutron beam.

Figures 5(a) and 5(b) plot the spatial distribution of the neutron
flux over the 1.5–5.5 Å band. Neutrons of all directions are taken
into account in Fig. 5(a), while only the neutrons within the ±0.3○

range are included in Fig. 5(b). Although the beam is homogeneous
within the required spatial and angular ROIs, the flux outside the
±0.3○ range leads to beam inhomogeneity within the 5 × 5 mm2 ROI
and undesired neutrons outside this spatial ROI. As mentioned ear-
lier, slits at various locations will fine-tune the beam divergence and
footprint at the sample position.

Figures 5(c) and 5(d) indicate that the beam profile within
the ±0.3○ range is homogeneous within the 5 × 5 mm2 ROI using
the 2.3–2.7 Å band as an example. Coupled with the angular dis-
tribution, the spatial distribution weakly depends on the neutron
wavelength. The beam profile is of high homogeneity in the cen-
tral region of the 1.0–6.0 Å range. However, at both ends of this
range, the beam is less homogeneous because the short- and long-
wavelength neutrons are subjected more to the effects from the
reflectivity slope below the critical edge and the gravity, respectively.

B. End station
Figure 6 shows the detector system of PIONEER, which con-

tains a vertical cylindrical array and a bottom flat array using
silicon-photomultiplier (SiPM) based neutron Anger cameras.3,24
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FIG. 6. PIONEER detector system contains a vertical cylindrical array with an oscil-
lating radial collimator and a removable bottom flat array with a cone collimator.
The radial collimator is omitted for clarity. The last portion of the neutron flight tube
is included to indicate the direct beam direction.

The Anger camera principle is based on sharing of scintillation
light among clusters of pixel sensors. A transparent light-spreading
layer is placed between the scintillator and the sensor. The signals
from several adjacent pixels are combined to produce an order of
magnitude higher position resolution than the pixel pitch. For a
typical Anger camera, the position resolution is about 10% of the
pixel pitch size. Recent developments on the SiPM-based readout
with a 7.2 mm pixel pitch show a position resolution better than
0.5 mm and high tolerance to magnetic stray fields, which are the
preferred choice for PIONEER. The vertical and bottom arrays have
159 and 16 modules, respectively. Each module has a flat neu-
tron active area of 172.6 × 172.6 mm2, consisting of 3 × 3 SiPM
units. There is a ∼8-mm neutron insensitive region between adjacent
modules. Using new-generation SiPM-based Anger cameras with a
smaller pixel pitch and a higher counting rate is currently under
evaluation.

The vertical cylindrical and bottom flat detectors will be
equipped with an oscillating radial collimator25 and a 3D-printed
cone collimator,26 respectively. The cylindrical detector has a
sample-to-detector distance of 0.8 m, accommodating numerous
types of sample environments (SEs) for materials science with the
collimator in place. The cylindrical detector covers a solid angle of
4.0 sr, with 245○ horizontal and 80○ vertical ranges, and the bottom
detector coverage is 0.4 sr.

The radial collimator for the cylindrical detector is remov-
able to accommodate very large SEs. When needed, the sample-
to-detector distance of the cylindrical detector can be increased
to 1.2 m by moving detector modules away. However, there will
be large gaps between detector modules and the solid-state cov-
erage will be less in this case. The bottom detector array can be
removed for extra-large SEs. To use an automatic sample changer,

the bottom detector will be replaced with a goniometer; a cyrostream
system27 will provide the temperature control between 90 and
450 K, and a six-arm robotic arm28 will be deployed for sample
changes.

C. Sample environments
The planned SEs are listed in Table III, most of which are

currently available to users at the First Target Station (FTS) at
the SNS.31 Due to the instrument characteristics, PIONEER will
excel when using extreme sample environments, particularly for the
high-pressure and pulsed-magnetic-field experiments.

The tiny-sample capability offers advantages to use diamond
anvil cells (DACs) for neutron scattering, which is under active
development at ORNL.30 For powder samples, the highest pres-
sure achieved at the SNAP instrument is 120 GPa. However, the
highest pressure is only around 20 GPa to date for single-crystal
diffraction due to the inherent limitation of single-crystal sam-
ples. With smaller volumes, single-crystal samples tend to have a
higher quality and thus a better chance to survive at high pres-
sure. PIONEER provides a tunable beam size that can match the
sample size and reduce the background scattering from the cell.
Furthermore, the unprecedented capability of PIONEER to mea-
sure tiny crystals down to 0.001 mm3 or less also opens the door to
use the commercially available x-ray DACs for neutron diffraction
experiments.

One of the critical technical issues for pulsed-magnetic-field
experiments is that the field apparatus may fail before a sufficient
signal/noise is achieved. PIONEER will collect valuable datasets with
fewer pulses and increase the success rate with high peak brightness
and low background.

D. Performance evaluation
The target of measuring 0.001 mm3 crystals at PIONEER

is about 50 times smaller than the current limit at TOPAZ
(∼0.05 mm3).27 The small beam option, a long beamline, and a
large sample to detector distance provide new opportunities for
PIONEER to reduce the background level for measuring tiny crys-
tals. PIONEER will provide sub-mm beam options, much smaller

TABLE III. Planned sample environment sets for PIONEER. Ultra-low T inserts
include both 3He and dilution refrigerator inserts.

Parameter Value Comments

Temperature
Standard 1.5–500 K Closed cycle refrigerator
Ultra-low T inserts 0.05–300 K
Cyrostream 90–450 K
Furnace 300–1700 K

Magnetic field
Static, max. 14 T 0.1–300 K, vertical
Pulsed, max. >40 T 1.5–300 K, horizontal29

Pressure
Clamp cell, max. 2 GPa 0.3–300 K
DAC, max. >45 GPa 0.3–300 K30
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than the smallest one at TOPAZ (2 mm diameter). To further mini-
mize the background level at PIONEER, we have chosen to install the
bandwidth choppers inside the bunker, avoid a direct line of sight
between the moderator and the sample, employ scattering beam
collimators, and use a vacuum sample vessel.

As listed in Table I, the integrated flux is 6.8 × 108 n cm−2 s−1

for the high-flux mode at 0.7 MW, which is about 14 times higher
than that of TOPAZ (4.7 × 107 n ⋅cm−2 s−1 at 1.4 MW). At the
same time, PIONEER mainly uses neutrons from 1 to 6 Å (medium,
3.5 Å) for a relatively lower Q range than TOPAZ, which mainly
uses 0.4–3.5 Å neutrons (medium, 1.95 Å). Therefore, PIONEER
will have an additional 3.2 gain factor on the scattering signal
because the effective flux ϕeff (λ) = ϕ(λ) × λ2, where ϕ(λ) is the
wavelength-dependent flux. The detector of PIONEER will have
a solid angle coverage of 4.4 sr, about 1.4 times more than the
current coverage of TOPAZ (3.2 sr, TOPAZ has 25 of 48 detec-
tor ports populated with Anger camera modules so far). Therefore,
PIONEER will have about 60 times higher data collection rate than
the current TOPAZ.

IV. VIRTUAL EXPERIMENTS
This section presents a couple of virtual experiments to demon-

strate the capability of PIONEER to measure tiny sample volumes

FIG. 7. Virtual experimental results from CsV(MoO4)2. (a) A slice in the reciprocal
space volume obtained from a single sample orientation. (b) Chemical structure of
the compound. (c) Estimated number of peaks with a signal-to-noise ratio larger
than three as a function of the counting time for a 0.001 mm3 sample. (d) The
simulated single-pulse peak of the [0 1 1] peak when a 0.125 mm3 crystal is used.
The peak is indicated within a circle in (a).

and collect useful data with a few neutron pulses. The simulations
use the MCViNE package.32,33 Instrument background scattering
has not been included in these simulations. However, the simula-
tions have helped us determine the background level required to
measure 0.001 mm3 or smaller crystals at PIONEER.

In the first case, we have simulated experiments on a trian-
gular lattice magnet CsV(MoO4)2

34 using a 0.125 mm3 crystal (a
cubic of 0.5 mm per side) and the wavelength band of 1–5 Å. Since
PIONEER is a TOF Laue diffractometer with an extensive detec-
tor array, it probes a large reciprocal-space volume even at a fixed
sample orientation. Figure 7(a) shows a two-dimensional slice in
the volumetric reciprocal space covered from a single sample ori-
entation. Figure 7(c) reports the number of peaks as a function of
measuring time at this orientation after scaling down the intensity
by the sample volume to 0.001 mm3. It suggests that in the ideal
case, one can observe more than 30 peaks with a signal-to-noise

FIG. 8. Virtual experimental results from a 2 × 2 mm2 epitaxial thin-film sample
consisting of 40 nm LaMnO3 grown on top of a 500 μm (001) Sr2IrO4 single-
crystal substrate. (a) Scattering pattern taken at a single sample orientation in the
H0L scattering plane, where the signal has been integrated over the full range
of the K direction in the reciprocal space. (b) Nominal film structure. (c) Selected
linecuts along the L direction. The ⋆ and # symbols label a few magnetic and
nuclear film peaks, respectively. The other visible peaks are from the substrate.
(d) Estimated number of film peaks with a single-to-noise ratio larger than three.
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ratio (I/δI) larger than three within 5 min. There will be additional
flux lost due to mirror misalignment and waviness, unavoidable
background scattering, attenuation due to collimators, and imper-
fect detector performance for a real instrument, all of which
will increase the required counting time. Additionally, it needs
about ten orientations to obtain a complete dataset for structural
refinements. Therefore, we estimate that for a 0.001 mm3 crys-
tal, the data collection rate will be about tens of minutes per
frame and several hours per full dataset, making such experi-
ments feasible. This unprecedented capability enables PIONEER
to carry SCND experiments at the early stage of new materials
discovery when large single crystals are often unavailable. It also
offers the opportunity to use x-ray diamond anvil cells for high-
pressure neutron experiments and use tiny crystals for accurate
structural determination on high neutron-absorbing samples. At
the same time, as shown in Fig. 7(d), the nuclear (0 1 1) peak
acquires good counting statistics from a single-pulse exposure with
a 0.125 mm3 crystal. Therefore, PIONEER will be efficient for
pulse-field experiments or time-resolved studies, even with sub-mm
crystals.

The second case studies an epitaxial thin film on a home-grown
single-crystal substrate, which often has a small surface area of a
few square mm.35 The sample is of a 2 × 2 mm2 size, which con-
sists of a 40 nm LaMnO3 film grown on a 500 μm (001) Sr2IrO4
substrate. In this case, the scattering volume of interest is from the
thin film, which is only 1.6 × 10−4 mm3. The volume ratio between
the film and the substrate is 1: 12 500, and the incoherent scatter-
ing signal from the substrate is observable in Figs. 8(a) and 8(c),
giving rise to a broad diffuse background. Nevertheless, good film
signals can be obtained within one or two hours per frame, and the
entire dataset takes less than a day to collect. We can further push
the thickness limit down to 10 nm or less with a 5 × 5 mm2 sam-
ple, the typical size for high-quality thin films grown using pulsed
laser deposition (PLD) molecular-beam epitaxy (MBE) techniques.
The results demonstrate that PIONEER can quantitatively study the
nuclear and magnetic structures in ultra-thin films down to 10 nm
or less thickness and potentially probe exotic surface or interface
states.

V. SUMMARY
In summary, PIONEER is a time-of-flight single-crystal diffrac-

tometer for tiny samples at the STS. It will cover a wide range of
science cases, including quantum materials, energy and functional
materials, and minerals. PIONEER has a high reciprocal-space reso-
lution, enabling studies of crystals with chemically or magnetically
modulated structures with long characteristic length scales up to
200 Å. PIONEER provides a high-flux polarized neutron beam,
which will significantly enhance the sensitivity of the atomic mag-
netic susceptibility. The high beam brilliance, the low background,
and the large detector array will enable PIONEER to study tiny
crystals with volumes typical for x-ray diffraction experiments, i.e.,
0.001 mm3 or less, which is one-order-of magnitude smaller than
the current limit. It also becomes feasible to study ultra-thin films of
10 nm thickness or less at PIONEER. With these novel capabilities,
PIONEER will be a powerful tool to accelerate materials discovery to
address energy, national security, and environmental challenges.
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