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Abstract

Seven time-of-flight quasielastic/inelastic neutron scattering instruments are installed on six beamlines in the Materials and Life
Science Experimental Facility (MLF) at the Japan Proton Accelerator Research Complex (J-PARC). Four of these instruments are
chopper-type direct-geometry spectrometers, one is a near-backscattering indirect-geometry spectrometer, and the other two are
spin-echo-type spectrometers. This paper reviews the characteristic features, recent scientific outcomes, and progress in develop-

ment of MLF spectrometers.
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1. Introduction

The Materials and Life Science Experimental Facility (MLF)
at the Japan Proton Accelerator Research Complex (J-PARC) is
a 1-MW-class spallation neutron and muon source. The neutron
source consists of a liquid mercury target and supercritical hy-
drogen moderators [1]]. The first neutron beam was produced
on May 30, 2008. Since then, the beam power has increased
gradually, and the beam power was 500 kW as of June, 2018.
The MLF houses 23 neutron beamlines [2]], of which 21 are oc-
cupied by time-of-flight (TOF) neutron scattering instruments.
Six beamlines are quasielastic neutron scattering (QENS) or in-
elastic neutron scattering (INS) beamlines, and they constitute
the MLF Spectroscopy Group [2| [3].

Fig. |I| shows the momentum (Q) and energy (E) range that
can be accessed by the MLF spectrometers [3]. 4SEASONS,
HRC, AMATERAS, and POLANO are direct-geometry spec-
trometers; 4SEASONS is a thermal neutron chopper spectrom-
eter covering the range of 10°~10%> meV [4]. HRC can access
higher energies [5]], while AMATERAS is optimized for lower
energies [6]. POLANO has the capability to use polarized neu-
trons [[7]. By contrast, DNA is a near-back scattering spectrom-
eter with a pulse-shaping chopper [8]. Measurements with ueV
resolution can be performed using this instrument. VIN ROSE
consists of two neutron spin echo spectrometers, MIEZE and
NRSE, and it can access even slower dynamics [9]. 4SEA-
SONS, HRC, and AMATERAS have been open to users be-
fore the other instruments were, followed by DNA. The user
program of VIN ROSE was started recently with a part of its
instrument suite, while on-beam commissioning has started in
the case of POLANO. Various combinations of these instru-
ments at MLF facilitate studies on dynamics in wide range of
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Figure 1: MLF spectrometers and their coverages in momentum-energy
space [3].

fields, including solid-state physics, amorphous materials and
liquids, soft and biological matters, as well as industrial appli-
cations such as tire rubbers and battery materials.

In this paper, we review the recent status of the six spec-
trometers. In Section [2} recent scientific results obtained us-
ing the MLF spectrometers, as well as characteristic features of
the instruments that led to these results, are overviewed. Sec-
tion [3] describes recent progress in instrument development of
the MLF spectrometers. Section [4] presents the results of ex-
periments performed with 1 MW beam power on July 2018 to
demonstrate instrument performance in the final phase of the
facility. Finally, Section [5] summarizes the present study. The
specifications and parameters of the instruments are summa-
rized in Refs. [2} 3]].
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Figure 2: Inelastic scattering intensity of MnV, 0Oy along (a) [hhh]., (b) [hhO],,
and (c) [h00], directions observed at 5.6 K by using 4SEASONS. (d)—(f) Calcu-
lated intensity contours corresponding to (a)—(c). The purple and black dots are
the calculated spin-wave dispersions along the [20/] and the [#h0] directions in
(b) and along the [00/] and [#00] directions in (c), respectively. The figure is

reproduced from Ref. [13]. 80

2. Results obtained using MLF spectrometers

2.1. 4SEASONS

4SEASONS is capable of highly efficient measurements at
moderate resolutions in the energy range of up to ~300 meV.
Observations of the full spectra of two-dimensional (2D) mag-
netic excitations in copper- and iron-based superconductors have
yielded typical outcomes (For example, see Refs. [10H12]). In s
addition, a number of experiments involving mapping full exci-
tation spectra in a four-dimensional (4D) Q-FE space with rotat-
ing single crystals have been conducted [13}14]. Figs. |Zka)—(c)
show the magnetic excitation spectra of the spinel-type vana-
dium oxide MnV,0y along the primary axes of the cubic lat-
tice [[13]]. This compound shows ordering of orbitals and spins,
and coupling between the orbital and the spin degrees of free-
dom is expected. The 4D excitation spectra were obtained by
many inelastic scattering spectra rotating the crystal in steps of
0.5° and reconstructing the obtained spectra into a 4D matriXioo
of Q, E, and intensity [15]. The dots represent the spin-wave
dispersions calculated using a Heisenberg model that considers
twinning of the crystal. Figs.[2(d)—(f) show the calculated in-
tensity contours corresponding to Figs. Pfa)—(c). Most of the
observed spectra are reproduced by the calculation instead ofios
the scatterings around 20 meV in Figs. Jb) and [2{c). Matsuura
et al. argued that the latter scatterings originated from the spin-
orbital coupled excitation [[13]]. To further improve the measure-
ment efficiency of 4D mapping measurements, the 4SEASONS
group in collaboration with the MLF Computing Environment
Group developed a new measurement system, which collectstio
data by rotating single crystals continuously and visualizes the
collected data in real-time [[16, [17]].
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Figure 3: Dispersion relation of spin-wave excitations in Fep7Mng 3 observed
at 14K by using HRC. The black dashed and solid curves show fits with E? =
c2q> + A?. The black solid straight line shows a linear fit. The green and
blue dashed curves show previously reported dispersion relations. The figure is
reproduced from [[19].

2.2. HRC

HRC combines INS with a wide energy range and high res-
olution. High-resolution experiments in conventional energy-
momentum spaces have produced many outcomes in condensed
matter physics, especially in the field of magnetism (for ex-
ample, see Ref. [18H20]). Fig. |§| shows the dispersion rela-
tion of the spin-wave excitations in the itinerant antiferromag-
net Feg7Mng 3 observed by Ibuka et al. [19]. Magnetic exci-
tations in itinerant antiferromagnets have been studied since a
long time ago, but the mechanism of these magnetic excitations
remains debated. Ibuka et al. observed the spin-wave excita-
tions in a single crystal of this material at energies of up to
E = 100meV by employing incident energies (E;s) as high as
372 meV. They found that the spin-wave velocity increases sud-
denly at 40 meV, and the damping parameter of the spin-wave
increases at energies higher than 40 meV. This finding suggests
that the spin-wave excitations merge with the continuum of the
individual particle-hole excitations at 40 meV.

The combination of high resolution and high energy can
mitigate the kinematic constraints associated with observing
INS at small momentum transfers. Because it is equipped with
a dedicated small-angle detector bank, HRC is capable of the
so-called neutron Brillouin scattering (NBS) [21]], that is, INS
close to the forward direction [22]]. A successful outcome of the
NBS experiment is a study of spin-waves in the metallic ferro-
magnet SrTRuO; [23]]. In the said study, ferromagnetic spin-
waves in a powder sample, which are difficult to observe by
conventional INS because of the rapid decrease in scattering in-
tensity as a function of Q, were observed by using NBS. The
observed temperature dependence of the spin gap was related
to anomalous Hall conductivity and was reproduced using the
framework of Weyl fermions. Moreover, the NBS experiments
conducted using HRC were quite effective from the viewpoint
of studying the collective dynamics of liquids [24} 25]].

2.3. AMATERAS

AMATERAS was designed for QENS and INS measure-
ments in cold to sub-thermal neutron energy regions. In partic-
ular, high resolutions and fine line profiles can be obtained by
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Figure 4: Magnetic excitation spectra of Baz3CoSb,Og at 1.0 K observed using
AMATERAS with (a) E; = 3.14meV and (b) 7.74 meV. The figure is repro-
duced from Ref. [26].
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using the pulse-shaping choppers. Fig. @] shows a recent out-
standing outcome in terms of the observation of the magnetic
excitations in BazCoSb,09 [26]. By utilizing a set of E;s si-
multaneously [27, 28], AMATERAS could successfully explore'®
the hierarchical structure of magnetic excitations in this § =
1/2 triangular-lattice Heisenberg antiferromagnet. The mag-
netic excitations were characterized by dispersive excitations
and continuum scattering at low energies [Fig. f[a)], whereas at
high energies, they were dominated by a columnar continuum'®
extending above 10 meV, six times larger than the exchange in-
teraction [Fig.[b)]. This finding challenged theories related to
the triangular-lattice quantum spin system.

As for QENS, a new analysis method to extract vibration
modes from quasielastic scattering data was developed with this'®®
instrument [29]]. This method, called mode-distribution analy-
sis, assumes that the quasielastic scattering profile consists of
arbitrary combinations of Lorentzian modes and determines the
mode distributions without using information about the number
of modes. This method was applied to analyze the QENS data'®
of liquid water by Kikuchi et al., who revealed the existence of
a new intermediate mode of the water molecule, in addition to
the known fast and slow modes [29]]. The dynamical structure
factor obtained by quasielastic and inelastic scatterings can be
Fourier-transformed to obtain the real-space structure factor or
the real-time and real-space structure factor. This type of anal-17s
ysis is useful for obtaining information on local dynamical cor-
relations [30, [3T]]. Kawakita et al. introduced a new procedure
to deduce real-time and real-space dynamical structure factors
of liquid bismuth, in which the maximum entropy method was
used to prevent truncation errors in Fourier transforms due totso
the finite ranges of momentum transfers [32)]. A similar ap-
proach was employed by Nakamura et al. to deduce real-space
dynamical structure factors from the phonon spectra of poly-
crystalline Nal measured using 4SEASONS [33].

185

@ obs
20[ Bulk water 1
2 4 =3
o 1ot 4 1
=
—
0 '. L L 1

o A?

Figure 5: 0? dependence of HWHM of QENS profiles of water in water pocket
observed at —20 °C by using DNA. The black line is the fitted values based on
a jump-diffusion model, and the red line represents the values of bulk water at
—20 °C. The figure is reproduced from Ref. [33].

2.4. DNA

DNA can provide micro-eV energy resolution measurements
over a broad energy range of —500ueV < E < 1500pueV,
thanks to the near-backscattering geometry of the instrument
and the pulse-shaping options. In addition, the high-efficiency
and high signal-to-noise (S/N) ratio (S/N ~ 10%) of the instru-
ment facilitate measurements with small scattering amplitudes
or with small quantities of samples (of the order of milligrams).
The above-mentioned features were exploited to study the dy-
namics of human hemoglobin, which plays an important role
in transporting O, from the lungs to tissues [34]. Fujiwara et
al. measured the QENSs of two forms of hemoglobin, namely,
deoxyhemoglobin and CO hemoglobin, with an energy resolu-
tion of 12 yeV. They found that the CO form involves internal
large-scale motions in addition to translational and rotational
diffusions of a rigid body. Another interesting example is the
study of water in an ionic liquid [33]]. Water in an ionic liquid
1-butyl-3-methylimidazolium nitrate ([C4mim][NOs3]) forms a
nano-domain structure called “water pocket,” in which water
is confined in nano-spaces. Abe et al. studied the dynamics
of water in the water pocket by performing QENS measure-
ments with an energy resolution of 3.6 ueV. Fig. [5] shows the
half-widths-at-half-maximum (HWHMs) of the QENS spectra
as a function of the square of momentum transfer (0?). 1t indi-
cates that the dynamic behavior of water in the water pocket is
slower than that of bulk water.

2.5. Annual trend

Fig. [6] shows the annual trends in the numbers of reviewed
papers published based on the results obtained using the MLF
spectrometers. The number of papers published based on the re-
sults obtained using 4SEASONS, HRC, and AMATERAS started
to increase from around 201 1. The numbers of papers published
based on the results obtained using VIN ROSE and POLANO
remain low, because the associated user programs are yet to
commence or have commenced recently, and the existing pa-
pers are mostly technical reports of instrument development.
Notably, the number of papers from DNA was low before 2016,
but it increased suddenly since 2017. Seemingly, this younger
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but potentially workhorse instrument is finally catching up to
the former three instruments.

3. Developments related to MLF Spectrometers

3.1. Development of new instruments

VIN ROSE consists of two types of spin-echo instruments:
MIEZE (Modulated Intensity with Zero Effort) and NRSE (Neu-
tron Resonance Spin Echo) [9} 36} 37]. It can measure interme-
diate scattering functions directly by conducting neutron po-
larization analysis. VIN ROSE can be used to perform mea-
surements with the highest energy resolution among the MLF
spectrometers, and the TOF technique offers higher efficiency
compared to its counterparts for steady sources. The most re-
markable progress pertaining to this instrument is that the as-
sociated user program has finally commenced: the user pro-
gram started partially with the MIEZE spectrometer since the
2017B proposal round. In addition, key components of the in-s
strument have been upgraded. As for the MIEZE spectrometer,
an 800-kHz MIEZE signal has been achieved [Fig. a)]. This
high-frequency signal corresponds to a Fourier time of as long
as 15 nsec at a wavelength of 13 A.In addition, the VIN ROSE
group has developed a supermirror device for the NRSE spec-z
trometer, which is used to correct the optical-path difference
and is indispensable for achieving a high resolution [38]. This
90-cm-long spheroidal supermirror device consists of m = 5
supermirrors, and its focal length is 2.5m. Fig. [7(b) shows
one of the spheroidal supermirror pieces constituting the su-s
permirror device, and Fig. [7(c) shows the neutron spin-echo
signal observed using this supermirror device. The spin-echo
signal is observed clearly over a wide wavelength region (0.67—
1.62nm). This result proves that the path-difference correction
performed by the supermirror device is successful [39]. 240

POLANO is dedicated to polarized neutron scattering over
a very wide scattering angle. It is aimed at polarization analysis
at energy transfers of up to 100 meV, which is higher compared
to that in the case of conventional polarized neutron spectrom-
eters. Such high-energy polarization analysis will be useful,s
for studying, for example, the respective roles of phonons and
magnons in high-critical-temperature superconductors. POLANO
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Figure 7: (a) Experimentally observed TOF-MIEZE signal at 800 kHz (blue
line). The neutron TOF spectrum is superposed (yellow line). The inset shows
the corresponding power spectrum obtained by Fourier transformation. (b) A
piece of spheroidal supermirror for the NRSE spectrometer. (c¢) Neutron spin-
echo signal observed with the supermirror device at the NRSE spectrometer.
The left (right) horizontal axis denotes the neutron TOF (or wavelength), and
the horizontal axis denotes the position of the downstream high-frequency res-
onant spin flipper.

was under construction until recently. The development of fun-
damental equipment for a conventional neutron spectrometer,
such as detectors, a vacuum pumping system consisting of scroll
pumps and cryopumps, and a chopper system, has been com-
pleted quite recently [4Q]. Then, on-beam commissioning of
POLANO started in 2017. Fig. [(a) shows the result of on-
beam calibration of the detectors. It shows the neutron inten-
sity distribution on the detector arrays when a white neutron
beam is irradiated on an incoherent scatterer at the sample po-
sition [41]]. The dark rectangle in the middle row indicates a
beam stop located in the direct beam, and the bright horizon-
tal lines on the detectors show projections of the cadmium slits
surrounding the sample. The latter indicates that the positional
parameters of the detectors are well determined. The POLANO
group will start a user program without polarization analysis in
2019. By contrast, the group will develop the polarization sys-
tem in a stepwise manner [42]. The target in the first phase is to
perform polarization experiments with a final neutron energy of
~30 meV by using a combination of SEOP (spin exchange op-
tical pumping)-type *He spin filter as the polarizer and a set of
fan-shape bender mirrors as the analyzer. Development of the
polarization devices for the phase-1 polarization experiments,
including an in situ SEOP system, an analyzer on a movable
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stage [Figs. [§[b) and[§]c)], and a guide field and Helmholtz coil
system, is almost complete [41]].

3.2. Developments related to instruments under operation a0

In addition to considerable progress in the development of
the two above-described instruments, the other four instruments
continue to be upgraded, even as their user programs remain
operational. For example, in the case of 4SEASONS, AMAT-
ERAS, and DNA, the numbers of 3He detectors (4SEASONS [16}
and AMATERAS) or Si(311) analyzers (DNA) are being in-
creased to expand their momentum transfer ranges in order to
cope with the rising demand to measure lattice dynamics [43}
48]]. The HRC group focused on improving the performance of
NBS measurements: they succeeded in increasing the intensity
by a factor of 2.4 at an energy resolution (AE) AE/E; = 2%gz1s
by optimizing the geometrical parameters of the Fermi chopper
and improving the design of the beam collimator and the config-
urations of the small-angle detectors [49]. Moreover, recently,
they succeeded in further increasing the neutron intensity and
achieving an energy resolution of nearly 1% [S0].

Sample environments have become more important in re-
cent neutron scattering facilities, and the development of sam-
ple environments is as important as the development of instru-
ments. In MLF, the Sample Environment (SE) team has system-
atically introduced new devices and developed maintenance en-
vironments [51]]. In parallel, the instruments are being prepared®®
to employ these new devices or devices specific to each instru-
ment are being developed. Recently, in the MLF spectroscopy
group, the HRC group developed a piston-cylinder clamped cell
for high-pressure experiments up to 1.5 GPa, which is mount-
able on their 1-K refrigerator. They succeeded in observing the
pressure-induced quantum phase transition in the one-dimensional
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(1D) antiferromagnet CsFeCls by using this pressure cell [52|
53]. The 4SEASONS group has estimated the magnitude of
stray-field from the MLF-SE superconducting magnet and per-
formed test measurements in order to prepare for actual use of
the magnet [[16} [54]]. We developed an oscillating radial colli-
mator for the MLF-SE superconducting magnet to reduce back-
ground scattering from the magnet. The collimator can be used
in experiments at 4SEASONS, AMATERAS, and HRC, and it
has already been used in four user experiments at AMATERAS.
The DNA group has performed cooling tests of the MLF-SE
3He cryostat and dilution refrigerator with a new 2-K cryostat
because sub-K sample environments are indispensable for uti-
lizing the fine energy resolution of DNA to study low-energy
excitations. They confirmed the lowest temperatures of 300 mK
(*He) and 50 mK (dilution), which opened many doors in terms
of high-resolution low-temperature measurements.

Some of devices installed on the instruments, unfortunately,
do not perform as expected or their performance degrades over
the years. Especially, the aging problem is becoming severe
now that the facility has been operational for 10 years. Mainte-
nance or replacement of the degraded devices is indispensable
for stable operation of the instruments, and it is as important as
the development of new devices. For example, we found that
the fast disk choppers used in AMATERAS and DNA start vi-
brating unstably at high speeds, and we suspect some defects
in the carbon fiber-reinforced plastic (CFRP) disks. This prob-
lem limits the maximum available speeds to 275 Hz, which is
considerably lower than the designed value (350 Hz) [S5]. Sev-
eral of the unstable disks have been replaced recently, and the
rest will be replaced in the near future. Similar problems have
occurred in the Fermi choppers of 4SEASONS and HRC ow-
ing to the deformation of slit packages, and both have been re-
placed already. AMATERAS and HRC utilize large-capacity
cryopumps to evacuate their large vacuum vessels and achieve
cryogenic vacuum. Unfortunately, these cryopumps have mal-
functioned repeatedly [S5], and in both instruments the pumps
were replaced with new units.

4. Glimpse of a 1-MW operation

On July 3, 2018, MLF succeeded in operating continuously
at a beam power of approximately 1 MW. Given that this 1-MW
operation was conducted for testing purposes, the continuous
operation duration was only 1 h. Nevertheless, a few of the in-
struments in MLF were used to perform experiments in order
to demonstrate their performance. Fig. [0] shows examples of
such experiments performed using MLF spectrometers, which
challenged short-time measurements of the magnetic excitation
spectra in 1D Heisenberg antiferromagnets. Figs.[9fa)—(c) show
magnetic excitations in a 0.5 cc single crystal of CuGeOs, while
Figs. [0(d) and [Ofe) show magnetic excitations in a 0.3 cc sin-
gle crystal of KCuGaFg. The latter crystal is the same as that
used in Ref. [56]. In both experiments, the crystals are aligned
such that their 1D spin chains are perpendicular to the incident
beam, and the scattering intensities collected for one minute
are integrated along the other two axes. Even with these short-
time measurements, characteristic spin-wave-like dispersions
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and continuum excitations were captured [S6,/57]. In particular,
the intensity is stronger at lower incident energies. The features
of the spin-wave-like excitations were observable even 10 s af-
ter starting the measurements. The high neutron flux proved®®
by such experiments will not only lead to high measurement
efficiency but also create new opportunities in QENS and INS

experiments, such as in sifu or time-transient experiments.
395

5. Summary

In this paper, we reviewed the present status of the neu-,
tron spectrometers in MLF of J-PARC. The MLF spectrome-
ters consist of four direct-geometry, one inverted-geometry, and
one spin-echo instruments, the last of which is subdivided into
two different types of spectrometers. Now that the facility has,
been operational for 10 years, a number of interesting and im-
portant research outcomes have been produced from the four
instruments that are open to users. Considerable progress has
been made in the development of two new instruments, whereas,,,
the other instruments continue to be developed for higher flux,
flexibility, and so on. In addition, we encountered the problems
of aging and unsatisfactory performance in the cases of a few
devices, and these problems have been or will be fixed. The re-
sults of test experiments with I-MW beam power were highly
promising from the viewpoint of the future of MLF spectrome-
ters when the facility will reach the designed beam power.
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