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ABSTRACT
M-STAR is a next generation polarized neutron reflectometer with advanced capabilities. A new focusing guide concept is optimized for
samples with dimensions down to a millimeter range. A proposed hybrid pulse-skipping chopper will enable experiments at constant geometry
at one incident angle in a broad range of wavevector transfer Q up to 0.3 A−1 for specular, off-specular, and GISANS measurements. M-STAR
will empower nanoscience and spintronics studies routinely on small samples (∼2 × 2 mm2) and of atomic-scale thickness using versatile
experimental conditions of magnetic and/or electric fields, light, and temperature applied in situ to novel complex device-like nanosystems
with multiple buried interfaces. M-STAR will enable improved grazing incidence diffraction measurements, as a surface-sensitive depth-
resolved probe of, e.g., the out-of-plane component of atomic magnetic moments in ferromagnetic, antiferromagnetic, and more complex
structures as well as in-plane atomic-scale structures inaccessible with contemporary diffractometry and reflectometry. New horizons will be
opened by the development of an option to probe near-surface dynamics with inelastic grazing incidence scattering in the time-of-flight mode.
These novel options in combination with ideally matched parameters of the second target station will place M-STAR in the world’s leading
position for high resolution polarized reflectometry.
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I. INTRODUCTION
A. Key novel capabilities: Advancing the frontiers
of knowledge

Polarized neutron reflectometry (PNR) is a depth-sensitive and
nondestructive means to probe magnetic and structure profiles at
the nanoscale for thin films and interfaces in quantum materials,
spintronics, functional materials, soft matter, and biology.1–5 PNR
is uniquely able to probe phenomena at interfaces buried within
materials.6–11 Novel interfaces often yield new material properties
or reveal new physical phenomena. There is a large user community
in the field of quasi-2D magnetic structures, spintronics, and topo-
logical insulator heterostructures, which actively applies the method
of PNR to a huge number of systems12–15

The application of neutron scattering for developments in fun-
damental science has significantly transformed our knowledge and
technology. M-STAR will take advantage of over 20 times higher
neutron flux of the STS than the world’s leading first target station
(FTS) at Spallation Neutron Source (SNS) and will become a next
generation instrument capable of responding to new scientific and
technological challenges.

1. High intensity and small sample size
Currently, a significant limitation of PNR is the required sam-

ple size. Equipment to carry out reflectometry experiments on
very small samples with sub-nanometer thickness and area of only
1–2 mm2 are often in demand by users; but, these experiments can-
not be efficiently performed on existing reflectometers, inevitably
preventing the application of this powerful method to scientific
problems where sufficiently large samples are not available. A prac-
tical sample size on the order of 10 × 10 mm2 is routinely used
on contemporary polarized reflectometers. Slightly smaller samples
require days—long measuring time—and can be measured in a very
limited range of wavevector transfer due to a high background,
resulting in insufficient quality of the acquired data. M-STAR will
empower nanoscience and spintronics studies routinely on small
samples (∼2 × 2 mm2) and of atomic-scale thickness using versatile
experimental conditions of magnetic and/or electric fields, light, and
temperature applied in situ to novel nanosystems and to complex
device-like systems with multiple buried interfaces.

2. Broad wavelength band for time-of-flight (ToF)
reflectometry, off-specular scattering (OSS),
and grazing incidence small angle neutron
scattering (GISANS)

The state of the art in surface preparation and characterization
has made it feasible to produce new types of materials that are struc-
tured on the nanometer scale. Grazing-angle neutron scattering and
properties of structures with reduced dimensionality in one direc-
tion are constantly developing fields of modern condensed-matter
research. The development of advanced methods of thin film prepa-
ration has created an avalanche of demand for the characterization

of thin film properties. At present, only conventional specular reflec-
tometry (SR) is commonly used to investigate the structure of films
or multilayers perpendicular to their surfaces, with fields of appli-
cation ranging from magnetic multilayers to biological films. SR
delivers information about the depth profile of the mean scattering
length density (SLD) averaged over the whole sample surface. How-
ever, in reality, pure SR does not exist because real surfaces or inter-
faces are not ideal and cannot be atomically flat, while thin films are
not perfectly homogeneous. Therefore, SR is always accompanied
by off-specular scattering (OSS).16–22 The latter probes the lateral
structure (lateral form-factor, structure factor and/or the roughness,
and magnetic and structural domains). Thus, the most exhaustive
and detailed information on the three-dimensional structure (trans-
verse and lateral) of multilayers can be gained using a combination
of grazing incidence neutron or x-ray scattering techniques, com-
prising SR and OSS.23–26 However, the high repetition rate of the
FTS results in a short wavelength band, which makes it impossible to
measure the reflectivity of a sample at a constant geometry, the main
advantage of ToF SR.27 For example, the measurement of reflectivity
in the range of wavevector transfer up to 0.25 A−1 at 60 Hz repetition
rate for the 2.6 < λ < 5.6 A wavelength band requires up to six scat-
tering angles, and up to four angles are required for 2.6 < λ < 8.6 A at
30 Hz repetition rate.25 This results in the necessity for stitching data
of multiple measurements carried out at different incident angles
αi and, hence, at different illumination conditions. Moreover, the
main problem is in merging the two-dimensional maps of the OSS.
In OSS, the same overlapping Δq-range measured for two consec-
utive angles—is measured with two limiting wavelengths (λmin and
λmax) of the spectrum, which results in stitching of the data mea-
sured with different resolutions and coherence lengths. M-STAR will
enable experiments at a constant geometry at one incident angle,
resulting in a broad range of wavevector transfer Q up to 0.3 A−1 for
SR, OSS, and GISANS measurements. In combination with a high
intensity, these measurements will be possible even for very small
samples, which will considerably increase the application of neutron
reflectometry by modern centers of excellence for nanoscience and
nanotechnology.

3. Depth-sensitive grazing incidence diffraction
M-STAR will establish unique world-class capabilities for mag-

netic surface-sensitive grazing incidence diffraction (GID), which
will constitute a depth-resolved probe of the out-of-plane component
of atomic magnetic moments in ferromagnetic, some antiferro-
magnetic, and more complex structures as well as the in-plane
atomic-scale structures inaccessible with up-to-date diffractometry
and reflectometry.28,29 One cannot overstate the importance and the
novelty of this development. Conventional 3D powder, or single
crystal diffractometers, such as CORRELI at SNS and that proposed
for the STS VERDI and PIONEER, operate in the Laue diffraction
ToF mode in the regime of the so-called “wide-angle” atomic-scale
diffraction, showing rather high luminosity and ability to record
single crystal diffraction and diffuse scattering from small single
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crystals and even from relatively thin (down to ∼0.1 μm) epitax-
ial films, probing the crystal structure averaged over their volume,
whose shape, due to kinematics, does not play a role. The depth sen-
sitivity is lost in conventional wide-angle diffractometry (WAD) and
cannot be compensated for by its ability to provide information on
three-dimensional atomic and magnetic arrangement averaged over
the film volume and independent of boundary conditions at surfaces
and interfaces. The way out assumes an implementation in the M-
STAR reflectometer of an additional operation mode specialized for
GID measurements. This option naturally combines diffractometry
with reflectometry, using the same beam-forming and polarization
setup, as well as the advantages of the ToF mode. M-STAR will be
equipped with one or several additional position-sensitive detec-
tors placed to record the lateral Bragg diffraction into angles in
the horizontal plane. In contrast to WAD, GID is a depth-sensitive
technique utilizing the entire wavelength band available and is,
thus, capable of measuring, for example, larger magnetic structures
(e.g., helical, spiral). Depth sensitivity of lateral atomic-scale diffrac-
tion occurring at large in-plane Bragg angles will be achieved via
recording the Bragg peak intensity variation as a function of the
small wavevector transfer component normal to the surface. The
latter is measured at a fixed angle of incidence via the ToF method
simultaneously with SR.

4. Grazing incidence inelastic scattering
New horizons will be opened by the development of additional

capabilities of M-STAR to probe near-surface dynamics with graz-
ing incidence inelastic scattering (GIINS) in the ToF mode. For
many decades, neutron spectroscopy has been recognized as one of
the most powerful tools for studying thermal excitations, or more
generally, atomic and spin dynamics in condensed matter, delivering
detailed and fundamental information over a wide range of scales
in time and space. This became possible due to the presence of a
large number of different types of spectrometers at all the leading
neutron facilities in the world. At the same time, there are almost
no instruments dedicated to probe surface and/or thin film dynam-
ics, both intrinsic and induced by external time-dependent field.30,31

Meanwhile, several recent experiments carried out, for example,
on lipid bilayers stacked in periodic multilayers have unambigu-
ously demonstrated the ability of neutron triple-axes spectroscopy
to address some of the most intriguing questions on the co-operative
dynamics of bio-mimetic membranes.32 Despite the obvious success
of this benchmark and other subsequent experiments, one should
admit that this kind of spectrometry is not ideal for studying sur-
face and thin film dynamics, e.g., due to its relatively low luminosity
and resolution. In this regard, a dedicated advanced GIINS option
based on ToF OSS, ToF GISANS, or ToF GID will be developed to
perform depth-sensitive inelastic scattering. The ability to measure
GIINS will render new opportunities to access dynamics in com-
plex layered systems, surface excitation spectra in liquids, polymers,
biological membranes, and other substances.

B. Scientific challenges
Although a wide range of the user community from various

scientific fields will significantly benefit from the new capabilities,
some of the key and specific cases described below are currently not
feasible to study using any of the existing reflectometers. M-STAR

will enable the study of the structure and dynamics of surfaces and
interfaces in unprecedented details, which are beyond the limits of
the current instrumentation.

1. Novel quantum materials
An understanding of interfacial complex behavior, especially

when two quantum systems are coupled, is essential for advancing
the field of quantum materials. Structures’ hybridizing topologi-
cal insulators (TIs) or superconductors (SCs) with ferromagnets
(FMs) are key platforms for enabling new quantum states, for inves-
tigating intriguing correlated interaction, due to the electrostatic
and quantum mechanical nature of the exchange coupling prevail-
ing at the proximitized interface. Aided by the exchange fields, TI
and SC characteristics can be profoundly modified owing to time-
reversal symmetry breaking, exchange gap opening in the Dirac
surface states of TI, while triplet pairing and/or Majorana bound
states occur in SCs. Fascinating physics emerges at the interface of
ferromagnetic materials coupled to materials with high spin–orbit
coupling (SOC). Due to exchange interaction between polarized
spins and the magnetic moments at the interface of FM/high-SOC
materials, the out-of-plane (OOP) magnetic anisotropy has been
commonly observed in these heterostructures. These effects are
magnified in materials with high SOC, such as topological insu-
lators (TIs). Although PNR is an ideal technique to probe the
magnetization depth profile in various types of thin film het-
erostructures at the nanometer scale,5,33–39 there exist limitations in
characterizing interfacial spin textures because of (a) the require-
ment for large sample dimensions and (b) an inability to probe
the out-of-plane component of magnetization.40 The GID capabil-
ity proposed for M-STAR will enable measuring the depth profile
of the perpendicular component of magnetization. In combina-
tion with the more conventional PNR method for obtaining the
depth profile of an in-plane magnetization, M-STAR will pro-
vide a complete picture of the interfacial spin texture in TI/FM
heterostructures.

The ability to focus the beam onto a small sample area will
enable the study of dynamic effects in multilayered magnetic thin
film heterostructures. For example, a small sample size of 2 × 2 mm2

can be easily patterned to perform Inverse Spin-Hall Effect (ISHE)
experiments. An RF field acting on a thin FM film causes preces-
sion of the magnetization, which, in turn, generates spin currents.
A high-SOC material such as TI coupled to FM will convert the spin
current to transverse charge current due to ISHE, which can be mea-
sured as a voltage signal across the sample. The ability to characterize
the magnetization depth profile of these samples at resonance will
make it possible to characterize the magnetization dynamics over
the cross section of the sample. This would be immensely beneficial
for the design and development of robust spintronic memory and
logic devices. Such studies cannot be performed on current instru-
ments due to sample size limitations, limited wavelength band, and
low intensity.

2. Topological insulator heterostructures—science
of interfaces and quasiparticles

Recent theoretical developments have accelerated the predic-
tion of novel quantum phases. Some newly predicted phases are
metastable or predicted in heterogeneous structures that can be
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stabilized by epitaxial growth. Due to the lack of commercial sub-
strates isostructural to many of the predicted materials, there is a
trend to grow films on single crystal substrates, which are often as
small as 2 × 2 mm2—too small for routine measurements on cur-
rent instruments. The ability of M-STAR to measure samples of
this size will remove this limitation and enable the study of phase
transitions in heterostructures and superlattices, their response to
external fields, and the creation of new quasiparticles. The following
examples illustrate the scientific studies that M-STAR will enable.

Topological phase transitions, i.e., the field-induced phase
transitions to explore the interaction of topological phases in het-
erostructures formed by a topological insulator/topological crys-
talline insulator41 (e.g., BiSbTe and its family interfaced with SnTe)
can be controlled by optical illumination, electric, magnetic, or
strain fields. Understanding the spin and magnetic properties with
atomic layer resolution of spin textures will enable the study of axion
physics34,42–45 in condensed matter in order to improve our under-
standing of axions as candidates for dark matter in particle physics.
The high intensity of M-STAR will enable experiments of this type
since it is highly challenging to achieve a successful gating of the
large 1 × 1 cm2 area required for conventional reflectometers, i.e.,
MAGREF at the first target station.25 Optical gating is also typically
limited by the spot size of the laser beam and is most effective if the
spot remains focused over an area up to mm2.39 The combination of
PNR with GID of individual monolayers in a superlattice can be used
to probe the magnetism in layered antiferromagnets and to study
intralayer ferromagnetic exchange.

The GID, magnetic OSS, and GISANS capabilities of M-STAR
will all be used to study the fluctuations of magnetic dopants or inter-
face induced magnetic spin textures by antiferromagnetic (AFM)
materials and their nonuniformity, which is key to realizing the
quantum anomalous Hall effect at room temperature. The study can
be extended to the use of two-dimensional graphene, for example,
to study the Sachdev-Ye-Kitaev model of a black hole in duality,
for which depth resolution is critical.46 Existing instruments do not
have the sub-nanometer depth resolution and monolayer sensitivity
required to access the physics of these interfaces. The high intensity
and the wide wavelength band of M-STAR, combined with the appli-
cation of various excitation fields, e.g., electric, optical, magnetic
fields, and strain fields, will further open up exciting possibilities
for exploring time-dependent processes in thin samples of a few
monolayers, such as 2D magnetic and twisted materials.

3. Probing nonequilibrium magnetization dynamics
with PNR

The proposed STS instrument M-STAR will provide new capa-
bilities and significantly reduced measurement times that will enable
previously impossible nonequilibrium measurements of spintronic
materials and devices. By exciting the magnetization dynamics using
in operando microwave radiation, it will be possible to study the
generation of pure spin currents, i.e., the net flow of spin angu-
lar momentum without any accompanying charge current. This
approach represents a new paradigm in the field of spintronics and
offers the potential for novel approaches to store and process infor-
mation that goes beyond what can be achieved with charge currents.
Spintronic devices involve the injection and accumulation of spin
at the interface between a ferromagnet and a nonmagnetic mate-
rial. While we have been able to show proof of principle of this

type of measurement at the SNS MAGREF,47 the new instrument
M-STAR will provide a 100-fold gain of the polarized neutrons
flux using the focusing mode to enable a quantitative determination
of fundamental properties such as the efficiency of spin-pumping
and spin accumulation in magnetic heterostructures. The ability
to measure the perpendicular component of the static magnetiza-
tion, provided by the GID geometry, will open new possibilities
for studying spintronic materials with perpendicular anisotropy,
which play an important role in many spintronic devices, includ-
ing spin transfer torque magnetic random-access memories, spin
torque oscillators, and readout heads for hard drives. For many of
these materials, the exact mechanisms responsible for their perpen-
dicular anisotropy remain a subject of discussion. The ability to
probe the perpendicular component of the magnetization through-
out the heterostructure will provide crucial and new insights that
will improve our fundamental understanding. Similarly, the abil-
ity to measure the perpendicular component of magnetization will
provide vital information about the emergence of an antisymmet-
ric exchange interaction, also known as the Dzyaloshinskii–Moriya
interaction (DMI), due to broken symmetry in magnetic thin films.
This interaction plays a central role in the formation of skyrmions,
i.e., topologically protected states in magnetic materials. In addition,
the high flux of polarized neutrons available for the proposed M-
STAR will, for the first time, make it possible to characterize the
dynamic properties of magnetic materials away from equilibrium.
This can be achieved by using microwave radiation to drive the sys-
tem out of equilibrium, which not only excites spin precession in
a ferromagnetic material but also drives a pure spin current into
adjacent layers.

4. Functional materials
Functional materials, such as magnetoionic devices,

organic/ferromagnetic interfaces, and halide perovskite-based
optoelectronics, often require the use of a polarized beam. In these
systems, the intensity gains of M-STAR will facilitate accurate
characterization of the critical parameters at their interfaces (Fig. 1).

The control of magnetism via electric fields remains an essential
objective of low dissipation spintronics development. Magnetoion-
ics is a relatively new field in which voltage drives ion-transport,
such as oxygen, lithium, hydrogen, and nitrogen in magnetic mate-
rials, to tailor magnetic states in heterostructures reversibly. Magne-
toionics holds promising application potential in areas that require
endurance and moderate operation speeds, such as neuromorphic
computing. Neutrons are sensitive to the involved light ions, and
polarized neutrons can also spatially resolve the magnetization dis-
tribution. These attributes make neutrons an ideal probe to inves-
tigate magnetoionic devices in operando, providing critical insights
into their operation and degradation mechanisms. However, func-
tional devices often have a small size; therefore, these experiments
are notoriously challenging and time-consuming in existing PNR
instruments. With the development of M-STAR, ORNL could
pioneer in neutron reflectometry applications in this emergent field.

5. From atomic to mesoscopic scale in-plane
structures

Many of the above-mentioned novel materials and phenom-
ena are closely related to reduced dimension in at least one
direction, which increases the surface-to-bulk ratio and, thus, the
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FIG. 1. M-STAR: Four scattering channels. M-STAR will be able to probe a wide spectrum of in-plane scales ranging from a fraction of a nanometer to a few submillimeters.
Such unique capability will enable us to establish grazing incidence crystallography addressing various kinds of natural and artificial in-plane structures.33,48,49 Image
illustrating GISANS is reproduced with permission from Adv. Mater. 31(16), 1808298 (2019). Copyright John Wiley and Sons and Copyright Clearance Center 2022. Image
illustrating GID is reproduced with permission from ACS Nano 14, 12037 (2020). Copyright 2020 American Chemical Society.

role of boundary conditions. Another factor that plays a decisive role
in determining the physics of thin films is the particular shape of
their boundaries. For example, the presence of extended flat inter-
faces reduces the effective size of new materials, providing a strong
anisotropy of their basic properties, which can differ dramatically
from properties of the same bulk material. Moreover, the geometry
of thin films can even change their atomic and magnetic structure,
i.e., due to the effect of truncation of interfaces that violate the gen-
eral structural symmetry existing in bulk. This happens particularly
in the case of exchange interaction between FM and AFM materi-
als through their common interface, FM layers exchange coupled
via non-FM metallic, insulating, or SC thin layers, etc. One can eas-
ily enumerate a number of other proximity effects that dramatically
change the “bulk” magnetic, electric, or thermodynamic properties.
However, there is almost no information on atomic-scale; for exam-
ple, the evolution of magnetic structure under surface generated
fields is available. Such information may be of particular interest,
for example, for non-centrosymmetric crystal structures with bro-
ken mirror parity, which allows for magnetic chirality. To date, little
is known about the relationship between chirality and the under-
lying crystal lateral structures, for which surfaces and interfaces
should play the role of extended defects violating mirror symme-
try. Depth-resolved atomic-scale information on in-plane structures
will be obtained using the special GID option of the M-STAR instru-
ment at STS. This option will also be used to address magnetic long
wavelength structures whose lateral dimensions are much larger
than the interatomic distances but smaller than those covered by
GISANS or OSS. Hence, M-STAR will be able to explore the entire
spectrum of in-plane scales ranging from a fraction of a nanome-
ter to several submillimeters (Fig. 2). This unique capability will
enable us to establish grazing incidence crystallography targeting
various kinds of natural and artificial in-plane structures composed
of nanomagnetic and micromagnetic elements with complex in-
and out-of-plane arrangements over flat substrates as exemplified
in the GID.

6. Probing dynamics in thin films
It is quite obvious that the possibility to directly probe with

GIINS of the excitation spectrum in thin films and multilayers

will open up new horizons in those areas of physics where
boundary conditions at the interface plays a decisive role. Indeed,
the presence of interfaces stratifying thin film materials can
prevent modes from propagating across their thickness, which
leads to new phenomena due to localized quantum near-surface
states substantially altering, for example, their thermodynamic
properties.

In particular, the GIINS application will render qualitatively
new information on surface spin waves (SWs), a hot topic in view
of nanotechnology, and neutron scattering is predestined to inves-
tigate their behavior.30 In the past, neutron scattering has delivered
indispensable information on, for example, the SW dynamics of bulk
magnetic materials. However, there is a lack of information on near-
surface magnons studied with neutrons. Inelastic neutron scattering
(INS) from surfaces and thin films is still a challenge. The main rea-
son for this is the lack of high-intensity dedicated reflectometers,
although a proof of INS from a thin sample measured in reflection
geometry for a supermirror multilayer was demonstrated31 with-
out energy analysis. One of the problems common to near-surface
scattering is that the number of nuclei or spins involved in the
scattering process near surfaces is small, and the effective interac-
tion of neutrons with nuclei and atomic spins is relatively weak.
Meanwhile, the latter fact, along with low absorption, is usually con-
sidered one of the main advantages of neutrons, which penetrate
deeply and nondestructively into thick materials. Moreover, due to
the weak interaction, neutron scattering can be easily considered in
the first order of the perturbation theory, i.e., simply in the Born
approximation (BA), which provides a fairly accurate theoretical
description of the scattering cross section, which is almost inde-
pendent of the shape of the sample and the boundary conditions
on its surfaces. However, this is not always the case, in particular,
when one of the large surfaces of the sample is flat and a well-
collimated neutron beam impinges on it at shallow angles. Then,
near-surface atoms scatter neutron waves almost coherently in the
SR direction with small phase shifts relative to the wave incident on
the surface. Consequently, due to constructive interference of the
incident and scattered waves, the neutron field near the surface is
noticeably enhanced, partially compensating for the lost scattering
volume.
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FIG. 2. A diagram of the M-STAR beamline layout and its components. The Selene optics recreates the neutron beam at the sample position (18 m) as defined by the virtual
source that is positioned at 6.5 m from the neutron moderator. Defining the footprint far away from the sample has the advantage that only neutrons that are going to touch
the sample are transported.

Therefore, reflection geometry can provide access to the INS,
both nuclear and magnetic, sensitivity to dynamics in the surface lay-
ers. However, grazing incidence inelastic surface scattering (GIINS)
enhanced by interference effects cannot be described in BA, and
by analogy with elastic OSS, GISANS, or GID, the distorted wave
Born approximation (DWBA) must be used. The interference effects
taken into account by the DWBA will add up to two orders of mag-
nitude in intensity, as shown in a reflectometry experiment.50 An
additional increase in the ISS intensity is achieved due to the small
incoming scattering angle, which provides a noticeably extended
footprint of the sample compared to the actual thickness of the
surface layer or multilayer. M-STAR will be the world’s first reflec-
tometer with a dedicated option to probe surface and/or thin film
dynamics under gazing incidence. This development will open doors
for the study of surface spin waves in continuous FM and AFM films
and multilayers, modes of magnetic excitations in Skyrmion lattices,
coherent switching modes in magnetic nano-valves arranged into
lateral lattices (mRAM), domain wall propagation in nanowires and
micro-wires, and Doppler shift (racetrack memory concept).

II. M-STAR DESIGN AND PERFORMANCE
A. High-level capability requirements

The key capabilities of M-STAR are determined by the scien-
tific challenges described in Sec. I B. The main characteristics are
high intensity, low background, broad wavelength band, and small
samples. This implies that the overall length of the instrument must
be rather short and that the instrument should be equipped with
advanced focusing optics. M-STAR will operate at 15 Hz and at
hybrid pulse-skipping option at 3.75 Hz to achieve a relative q-range
coverage of a factor of 10. M-STAR will be equipped with polar-
ized neutrons and polarization analysis. A second position-sensitive

detector for GID is foreseen. The GIINS operating mode is a dedi-
cated advanced capability based on ToF OSS, ToF GISANS, or ToF
GID. It will provide depth-sensitive inelastic scattering inherent for
reflectometry. A fast chopper in front of the sample is foreseen.

B. Instrument description
M-STAR is a reflectometer that allows specular measurement

on tiny samples using the focusing reflectometry technique.25 In
contrast to conventional reflectivity, the resolution for the reflec-
tion angle is not provided by collimation before the sample but
from the detector, allowing large divergent beams to be used for
significant gain factors in intensity. Several newly built instruments
are already employing this approach, including the upgraded reflec-
tometer AMOR at PSI51,52 and CANDOR at NIST,53 and it will also
be utilized by the ESTIA beamline at the ESS.54 Starting from 1 m
after the moderator, the neutron beam is guided within the mono-
lith insert using a straight to parabolic focusing neutron guide to a
virtual source (VS) slit at a distance of 6.5 m from the moderator.
The heavy collimation setup will be installed between the exit win-
dow of the monolith vessel and the VS to suppress fast neutrons,
limiting the size of the transmitted beam to only 10 × 20 mm2. The
parabolic feeder in the monolith not only leads to small reflecting
angles and homogeneous illumination of the VS but also provides
a much smaller opening of the inner shielding layer compared to,
e.g., ESTIA at ESS, which will reduce background and shielding
requirements. Downstream of the VS, two bandwidth choppers will
be placed: one standard 15 Hz disk with ∼115○ opening angle for
standard operation and a 3.75 Hz hybrid pulse-skipping chopper
that allows two full and one double band pulses to be transmitted
before blocking every fourth pulse entirely (Fig. 3).

The VS is defined by a slit system that can be rotated to allow
cutting the beam into a shape that corresponds to the shape of a
rectangular sample under a small angle. This shaped beam is then
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FIG. 3. ToF–distance diagram of standard (top) and hybrid (bottom) chopper
operation modes.

projected onto the sample surface through the Selene neutron
guide,54 similar to an image behind a lens. For a perfect guide, this
would allow the transport of all neutrons that can interact with the
sample surface in the experimental cave while also removing neu-
trons that cannot interact with the sample, reducing background
requirements and increasing the signal-to-noise ratio. Given the
typical manufacturing tolerances of state-of-the-art neutron optics,
the focus at the sample will be blurred by about 0.25 mm, which
leads to a fraction of unused neutrons that depends on the sample
size and incident angle. The Selene neutron guide55 consists of two
elliptical neutron guide sections with a reflector at the top/bottom
and left/right, respectively. The ellipse refocuses the beam from the
VS back to a middle focus, which is distorted due to geometri-
cal aberration effects. The second ellipse, by symmetry, corrects for
these aberrations, recovering the shape of the VS slit at the sam-
ple position. In the M-STAR layout, the first ellipse is inside the
neutron bunker and the second ellipse is outside the bunker wall.
At the end of each ellipse, the direct line of sight to the upstream
focus is lost. Thus, the high energy neutrons and gamma rays
already reduced with heavy collimation before the VS are strongly

suppressed before leaving the bunker enclosure. The proposed
geometry of the guide will allow 1.4○ of beam divergence to be trans-
ported in both directions. The Selene guide of M-STAR is optimized
for shorter wavelengths, leading to a broader relative wavelength
band that can be used efficiently due to the relatively short pulse
of the STS source. Neutron guide coatings can be moderate, with
the maximum required m-values being below 4. Between the two
guides, two curved logarithmic spiral transmission polarizers are
inserted for efficient spin selection, reaching the expected spin-
polarization of >98% over the entire wavelength band (2.6–15 Å).
Details on how these logarithmic spiral polarizers work and their
expected performance at longer wavelengths can be found in
Ref. 56. They perform as theoretically expected from the coat-
ing quality. The AMOR upgrade included a double transmission
polarizer that is also consistent with the expected quality.68,69 We,
therefore, base our expected polarization on commercially avail-
able transmission supermirror coatings (see, e.g., SwissNeutronics
m = 5 transmission polarizer58) that can polarize a large wavelength
band. These mirrors also filter very long wavelength neutrons (frame
overlap). For unpolarized operation, one mirror can be replaced by
an uncoated substrate that does not affect the selected wavelength
band.

After the second guide section, the beam enters the exper-
imental cave and hits the sample at the focus location, while a
position-sensitive detector located at 3 m after the sample records
the neutron events. The resolution for off-specular scattering and
GISANS is produced by a slit before the sample after which no fur-
ther reflection can occur. The slits are shown in Fig. 2, marked as
“resolution slit 1 + 2.” Any potential off-specular or GISANS scatter-
ing in the Selene mirrors may blur the beam size at the sample and
could potentially increase the background effects. Current super-
mirrors, however, have been shown to have negligible scattering,
several orders of magnitude below the specular reflection. The detec-
tor requires a relatively high spatial resolution (∼1 mm) coupled with
an ability to handle high count rates, which can be achieved by the
multi-blade 10B,56 GEM,59 or a scintillator base detector, such as the
SoNDe concept.60 The second detector in a fixed position or a sep-
arate arm at a distance of about 2 m from the sample will allow
for GID and WAD experiments to study atomic structures of thin
films. Two high-performance curved logarithmic spiral transmission
polarization analyzers (P > 98%) for reflected and diffracted beams
will be available for reflection and diffraction operational modes of
the instrument.

A dedicated cryomagnet with a vacuum chamber and rotatable
cold finger will allow for low background and fast measurements
on several samples within a broad temperature range. For GID, a
miniature sample mover for precise alignment of the crystal lattice
will be attached to the cold finger, either hexapod or piezo stages
may be used. This geometry benefits from the fact that the focused
beam is symmetric, allowing similar collimation in both the hor-
izontal and vertical directions. The presented layout will allow to
build a continuous vacuum from before the VS to the sample and
absorb the transmitted beam inside the vacuum chamber. This will
not only reduce the beam losses due to scattering but also elimi-
nate various sources of background. Downstream of the sample is
an absorbing flight tube with He, which will shield the detector from
ambient background and reduce losses between the sample and the
detector.
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1. Fast chopper
The inelastic capabilities using a fast chopper require that the

instrument is situated at the cylindrical moderator with significantly
shorter pulses. The FWHM of the STS pulse at the cylinder/tube
moderator is 80/170 μs at 3 Å and 200/300 μs at 10 Å, respectively.
For the best achievable resolution, it can be considered that the
chopper can generate an infinitely short pulse at the sample position.
The pulse length on the detector is the pulse length PL∗3m/(21-3)m
(for a sample–detector distance of 3 m). The ToF from the sample to
the detector corresponds to 2.3/7.6 ms for 3/10 Å respectively. This
leads to a relative energy resolution at the elastic line of 0.6%/1.3%
at 3 Å and 0.4%/0.7% at 10 Å.

Converting into energy resolution results in 108/232 μeV at 3 Å
and 6.5/11.3 μeV at 10 Å. This is obviously the highest achievable
resolution limit at zero intensity. Considering that the optimal work-
ing resolution will have a pulse length similar to the source, the
resulting resolution will be about four times higher than the val-
ues given above. A compact 100 Hz chopper close to the sample
position should be easy to install by and place in this position. The
closing/opening time of such a system would be 80 μs, any decrease
in divergence angle or increase in frequency will linearly decrease
this time.

C. Key characteristics of the instrument concept
The layout of the M-STAR instrument (Fig. 4) is optimized for

three main characteristics: low instrument background, large band-
width, and small samples. A large bandwidth is achieved by the short
moderator to detector distance of 21 m, allowing a usable band of
neutron bandwidth of 11.8 Å. With the hybrid pulse-skipping option
described below, this will be expanded to about 23 Å for a relative
q-range coverage of a factor of 10. Polarized measurements will be
restricted to a bandwidth of 11.8 Å due to the intrinsic limitations of
the Fe/Si supermirror coatings of the devices.

Selene optics deliver a symmetric beam with the ability for ver-
tical and horizontal collimation. The focusing is done in 2D with a
vertical cross section that is equal to the horizontal one, as shown
in the instrument sketch (see Fig. 4 for a 3D view). The geometrical
shape precision required is in the order of 5 × 10−5 rad to produce
a focus of better than 0.5 mm, within the proven manufacturing
capabilities of neutron guide suppliers.

FIG. 4. Conceptual beamline layout of M-STAR showing the placement of key
components.

The ability to measure tiny samples down to 2 × 2 mm2 is
made possible by a truly focusing neutron guide and the use of the
full divergence for specular reflectivity. This technique uses the fact
that specular reflectivity has the same reflecting and incidence angle;
thus, the reflection angle can be determined from the beam position
on the detector. For typical sample sizes of 10 × 10 mm2, this tech-
nique can also be used to achieve unprecedented counting times of a
few seconds instead of the typical hour for equivalent measurements
on MagRef/BL-4A at the FTS (see comparison in Fig. 5).

Several aspects of the beamline optics also facilitate a low intrin-
sic instrument background. The exit window of the neutron feeder
at the outer face of the monolith is just 25 × 15 mm2, drastically
reducing the number of fast neutrons leaving the target area into the
beamline. Copper substrates will be used to optimally employ the
guide boundaries for shielding purposes and to prevent degradation
of the inner guide as has been seen at other facilities for the in-
pile optics with glass substrates.61 After passing through the virtual
source (VS), the beam is reflected both horizontally and vertically
out of line of sight of the moderator before reaching the bunker
wall. The remaining fast neutrons scattered by the guide are fur-
ther restricted by a 40 mm diameter copper collar at the middle focal
point 12.25 m from the moderator as well as by another line-of-sight
avoidance setup present in the second ellipse of the Selene guide.
Beam collimation will be done within the guide at 3 m from the sam-
ple and a second slit at the guide exit (see Fig. 2, Slit 1 and Slit 2) will
prevent any scattered neutron from entering the cave. Another fac-
tor is the focusing of the beam itself; in contrast to a conventional
neutron guide with the same divergence, which after entering the
cave is collimated to the desired divergence and size, the Selene guide
transports three orders of magnitude fewer neutrons with the same
intensity hitting the sample surface. Finally, a continuous vacuum
from the beginning of the neutron bunker to the sample position
minimizes neutron loss and scattering. The cryogenic vacuum for
the sample is separated from the rough beamline vacuum only by a
micrometer thin aluminum foil. The direct beam passing the sample
is then absorbed before leaving the vacuum vessel. For alternative

FIG. 5. Comparison of MagRef (BL-4A) on FTS with M-STAR in different operation
modes.
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sample environments, this last section can be replaced by a sapphire
window and a short in-air flight path Table I.

D. Expected performance
Neutron ray tracing simulations have been conducted for the

M-Star instrument using the McStas62 software with the STS tube
moderator (differences with the cylindrical moderator were minor).
The model included the feeder, VS, and Selene guide optics as well
as a square sample modeling a Ni thin film on silicon. Events were
recorded at the detector and then processed using their time-of-
flight information to reconstruct the sample reflectivity and to get
the expected neutron intensity for each q-bin. The results for the
simulation are shown in Fig. 6 for a modeling with focusing mode
on 10 × 10 and 2 × 2 mm2 samples, as well as with conventional

collimated mode of ΔΘ/Θ = 1%. Experiments with tiny samples can
be done in less than an hour, even with additional intensity losses for
polarization. For standard 10 × 10 mm2 samples, a full reflectivity
measurement is feasible within just a few seconds and for a mod-
erate q-range, while the hybrid pulse-skipping chopper can make
conducting dynamic experiments in just a few seconds resolution
feasible. Even in the standard collimated mode, the expected inten-
sity is sufficient to perform full polarization analysis experiments in
less than an hour.

E. M-STAR grazing incidence diffraction (GID) option
M-STAR will be installed at a high brilliance neutron source,

the second target station at the SNS, and will provide fast record-
ing PNR curves from small samples over a wide range of 1D

TABLE I. Primary M-STAR instrument components and their locations.

Component Description Location from moderator (m)

Beam extraction and shaping

Feeder optics In-pile neutron guide for beam extraction 0.9
Heavy collimator 1 Shielding block with pin-hole to scatter fast neutrons 6.1
Virtual source Five-axis slit system to define beam footprint at sample 6.5
Bandwidth chopper Two disks @ 15 Hz 6.8

Beam delivery

Selene 1 vacuum Large chamber containing Selene optics and support carrier 7.2–10.4
Selene 1 support Long structure within vacuum to support and align the optics 7.2–10.4
Selene 1 optics Highly accurate elliptical reflectors 7.2–10.4
Heavy collimator 2 Shielding block to block fast neutron direct view 9
Heavy collimator 3 Shielding collar around beam containing path through wall 10.4
Instrument shutter Light shutter to close cold beam 11.4
Bunker wall vacuum In-wall vacuum vessel for middle-focus components 10.5–13
Polarizer 1 Transmission supermirror polarizer 11.5

(logarithmic spiral) + FOM (frame overlap mirror)
Heavy collimator 4 Shielding collar around beam containing path through wall 12.25
Polarizer 2 Second polarizer for improved polarization 13
Spin-flipper 1 RF neutron spin-flipper to select incoming polarization 13.5
Guide shielding Concrete/steel shielding for open neutron guide path 13.5–15.5
Selene 2 vacuum Large chamber containing Selene optics and support carrier 14–17.2
Selene 2 support Long structure within vacuum to support and align the optics 14–17.2
Selene 2 optics Highly accurate elliptical reflectors 14–17.2
Resolution slit Four-axis slit system for angular resolution (in vacuum) 14.5
Heavy collimator 5 Shielding block to block fast neutron direct view 15.5

End station

Background slit Four-axis slit system removing scattering background 17.5
Experimental cave 15.5–25.5
Fast chopper Small 1 disk @ 100Hz 17.8
Sample position 18
Spin-flipper 2 RF neutron spin-flipper to select outgoing polarization 18.5
Analyzer 1 2× transmission supermirror analyzer 19
Analyzer GID Supermirror analyzer 20
Forward detector PSD for reflectometry and GISANS 22
Diffraction detector PSD for GID 21
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FIG. 6. McStas simulations for M-STAR.
(a) ToF flux at the sample position for
two operational modes at 15 Hz (red
solid line) and 3.75 Hz hybrid pulse-
skipping chopper that allows two full and
one double band pulses (blue solid line);
(b) simulated reflectivity for Ni film 10 ×
10 mm2 for two operational modes at 15
and at 3.75 Hz and the corresponding
measuring time; (c) simulated reflectivity
for a 2 × 2 mm2 sample; (d) simulated
reflectivity for a 10× 10 mm2 sample and
neutron beam with the wavelength band
of 4–16 A and collimated beam with Δq/q
= 1%. ω denotes the incident angle α
for the center of the used divergence; for
the focusing mode simulations, the diver-
gence is ±0.7○, and for the collimated
mode simulations, it is 0.01∗ ω.

wavevector transfer variation. This range will be extended from the
total reflection region to inverse interatomic distances. The latter
scales are usually accessible with conventional 3D diffractometry
operating in the “wide-angle” mode of atomic diffraction. In con-
trast, the former ones are readily probed with reflectometry, with
its extreme sensitivity to near-surface and interfacial phenomena
as well as to SLD distribution across thin film thickness. Such
sensitivity is absent in conventional diffractometry and cannot be
compensated for by its ability to provide information on the 3D
atomic and magnetic arrangement, averaged over the bulk of the
films and independent of the boundary conditions at the surfaces
and interfaces. On the other hand, SR measures the mean SLD value
averaged over in-plane distances within a coherence ellipsoid and
summed incoherently over different ellipsoids totally covering the
sample volume. The coherence volume is usually quite small, but at
grazing incidence, it is extremely anisotropic. Usually, SR is mea-
sured at fine out-of-plane but relaxed in-plane collimation. The OSS
from the deviations in SLD from its mean value readily allows mea-
suring the Bragg diffraction from artificial in-plane structure with
periods ranging from 100 nm to dozens of micrometers. Smaller
scales are accessible in GISANS, which require 2D collimation of the
incident beam.

All these options are standard for conventional reflectometers
and will be substantially improved and implemented in the design of
the M-STAR instrument. The solution to access the in-plane atomic-
scale structures with the depth sensitivity typical for SR implemented
in the M-STAR reflectometer design is a new option specialized
for measurements of the grazing incidence lateral diffraction. This
option will combine diffractometry with reflectometry using the
same beam-forming and polarization setup, the advantages of ToF
mode, as well as depth sensitivity. M-STAR will be equipped with

one or more additional position-sensitive detectors placed at lat-
eral diffraction angles in the horizontal plane. GID combines optical
effects near the critical edge (reflection/refraction) with in-plane
Bragg scattering, so it is related to conventional diffraction in the
same way that GISANS is related to conventional SANS and offers
similar advantages of surface sensitivity and signal enhancement.
The layout of the instrument including the GID detector is shown
in Fig. 7 (top), and the scattering geometry of the GID experiment is
depicted in the bottom of Fig. 7.

In view of the remarkable possibilities provided by GID, it is
also important to note that out-of-plane magnetization is not acces-
sible in conventional reflectometry. M-STAR will make it accessible.
One of the key properties of GID that complements PNR and OSS
is its sensitivity to the direction of the magnetic moment normal
to the surface. This property is essential for studying systems with
perpendicular anisotropy as well as with an antiferromagnetic struc-
ture. Another important property is that the coherence length for
GID reduces in any direction to the value of the order λ/Δω (where
ω is azimuthal angle), which is much smaller than the characteris-
tic size of ferromagnetic domains. This means that GID is a kind
of local probe for domain magnetization: The diffraction intensity
of each individual domain adds up incoherently. A feasibility of
GID to study the multi-domain state in ferromagnetic films was
demonstrated in pilot experiments.29 This confirmed theoretical
expectations and sufficient luminosity of the method.

F. M-STAR grazing incidence inelastic scattering
(GIINS) option

Neutron spectroscopy is recognized as one of the most power-
ful tools to probe atomic and spin dynamics in condensed matter,
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FIG. 7. Sketch of M-STAR in GID scattering mode (top) and the corresponding
scattering vectors on the sample that illustrate the relevant Bragg plane and angles
(bottom).

providing detailed and fundamental information over a wide range
of scales in time and space. This became possible due to the large
number of different types of spectrometers available at all the leading
neutron facilities in the world. At the same time, there are practi-
cally no instruments dedicated to probe the dynamics of surfaces
and/or thin films, both intrinsic and induced by an external time-
dependent field. Meanwhile, a few recent experiments carried out
on, e.g., lipid bilayers stacked into periodic multilayers unambigu-
ously demonstrated the ability of neutron triple-axes spectroscopy
to address some questions on the co-operative dynamics of bio-
mimetic membranes.32 Despite the success of these experiments, it
should be recognized that this type of spectrometry is not an ideal
method to study the dynamics of surfaces and thin films due to
its relatively low luminosity. It this respect, a dedicated advanced
option based on ToF OSS, ToF GISANS, or ToF GID will not only be
more efficient, but it will also provide the significant depth sensitivity
intrinsic for reflectometry. Indeed, in Ref. 63, it has been shown that
ToF OSS can be easily observed from a single lipid bilayer in equi-
librium and quantitatively described in the DWBA approach by the
model of thermally excited capillary waves. The experiments were
carried out on the reflectometer (SPEAR) at the Los Alamos Neu-
tron Science Center in the ToF mode but without analysis of the
energy transfer of scattered neutrons. Therefore, only the OSS signal
integrated over energy transfer was available for theoretical interpre-
tation, without direct proof of its inelastic origin. This does not allow
us to unambiguously confirm the model and determine the range of
its applicability. A chopper inserted close to but before the sample
and measurement of the neutron flight path from the sample to the

detector will allow for (1) a clear discrimination of the inelastic con-
tribution from the inelastic counterpart and (2) further investigation
into the excitation spectrum by tracing the inelastic signal over the
PSD. The main advantage of this method is the active use of the time
structure of the incident beam, which, together with an additional
chopper, can provide an accuracy of determining the energy trans-
fer up to 1%. Another advantage is that at each energy transfer value
ω, a complete 2D data map is simultaneously recorded as a function
of λ and αf . This map can be converted into lateral and transverse
wavevector transfers, while the precision ω measurements can reach
1% in accordance with the accuracy of the wavelength.

It is obvious that the possibility of a direct study of the excita-
tion spectrum in thin films and multilayers using GIINS will open up
new prospects in those areas of physics where boundary conditions
at interfaces play a decisive role. Indeed, the presence of interfaces
separating thin film materials can prevent modes from propagating
though their thickness, which leads to new phenomena due to the
fact that localized quantum near-surface states change significantly,
for example, their thermodynamic properties.

In particular, GIINS application will render qualitatively new
information about surface spin waves (SWs), which is a hot topic
in view of nanotechnology, and neutron scattering is predestined
to investigate their behavior.64 Inelastic surface scattering (ISS)
enhanced due to interference effects cannot be described in BA and
the DWBA must be used by analogy with elastic OSS, GISANS, or
GID.65–67 The interference effects, taken into account by the DWBA,
will add up to two orders of magnitude of intensity, which has been
shown to be accessible in the reflectometry experiment.30 An addi-
tional increase of the ISS intensity is achieved due to the small angle
of incoming scattering, providing an appreciably extended footprint
of the sample compared to the actual thickness of the surface layer
or of a multilayer. With an additional chopper, M-STAR will also be
able to analyze the energy transfer of GID providing access to AFM
SWs.

1. M-STAR ToF spectroscopy setup
In the proposed M-STAR setup for ToF spectroscopy, a fast

chopper directly in front of the sample determines a series of short
pulses with a wavelength defined by the moderator to chopper flight
time while the outgoing wavelength is determined by the sample to
the detector flight time. The layout of the proposed setup is shown
in Fig. 8.

FIG. 8. Sketch of M-STAR in GIINS scattering mode; a compact fast chopper close
to the sample location defines a series of short pulses.
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The accessible energy resolution depends on the incident wave-
length and the energy transfer and, in general, gets better toward
energy loss scattering. With the planned instrument and source
parameters, the resolvable minimum energy transfer at 3/10 Å would
be 120/7 μeV for the cylinder and 230/11.3 μeV for the tube moder-
ator. The highest measurable energy loss is primarily defined by the
incident neutron energy, in these examples ∼50/∼10 meV.

The advanced polarized neutron reflectometer M-STAR with
the development of novel GID and GIINS operation modes in ToF
will open up a new terrain for the field of neutron scattering. It
will become a powerful and unprecedented tool with great versa-
tility to address a plethora of important and fascinating aspects
in nanoscience, related to the structural, magnetic, dynamic, and
kinetic properties of thin film heterostructures and surfaces.

III. CONCLUSIONS
The low repetition rate and increased brightness of the STS

peak are ideal for designing new generation polarized neutron reflec-
tometers. The low repetition rate allows for a broad wavelength band
necessary to obtain a broad q-range at one incident angle and to per-
form experiments at a constant geometry of the sample. Another
advantage is the large incident angle for spatial separation of the
reflected and direct beams, which provides low background and high
angular resolution at small momentum transfers. Advanced focusing
optics will increase the instrument performance gain by two orders
of magnitude or more. The focusing optics, optimized for very small
samples of only a few mm2, will allow measuring these tiny samples
over a wide q-range. The high intensity will allow the develop-
ment of advanced ToF GID and GIINS capabilities that have not
been achieved in the existing neutron reflectometers. Collectively,
these advances will dramatically expand the realm of the scientific
problems that will be explored with M-STAR, making a transfor-
mative impact on developments and applications in science and
technology.
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