
lable at ScienceDirect

Nuclear Engineering and Technology 52 (2020) 2138e2150
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Technical Note
Commissioning of neutron triple-axis spectrometers at HANARO

Haruhiro Hiraka a, *, Jisung Lee b, Byoungil Jeon c, Baek-Seok Seong a, Sangjin Cho a

a Quantum Beam Science Division, Korea Atomic Energy Research Institute, Daejeon, 34057, South Korea
b Korea Basic Science Institute, Daejeon, 34133, South Korea
c Intelligent Computing Laboratory, Korea Atomic Energy Research Institute, Daejeon, 34057, South Korea
a r t i c l e i n f o

Article history:
Received 30 September 2019
Received in revised form
4 March 2020
Accepted 6 March 2020
Available online 9 March 2020

Keywords:
Neutron scattering
Triple-axis spectrometer
HANARO
Radiation shield
Neutron collimator
* Corresponding author.
E-mail address: hiraka@kaeri.re.kr (H. Hiraka).

https://doi.org/10.1016/j.net.2020.03.003
1738-5733/© 2020 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

We report the status of the cold neutron triple-axis spectrometer (Cold TAS) and thermal neutron triple-
axis spectrometer (Thermal TAS) installed at HANARO. Cold TAS, whose specifications are standard across
the world, is in the final phase of commissioning. Proper instrument operation was confirmed through a
feasibility study of phonon measurements and data analyses with resolution convolution. In contrast,
Thermal TAS is in the initial phase of commissioning, and improvement of the monochromator drum is
now in progress from the viewpoint of radiation shielding. In addition, we report recent activities in the
development of neutron basic elements, that is, film-coated Si-wafer collimators, which are promising
for use in triple-axis spectroscopy, particularly in Cold TAS.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Although inelastic neutron scattering (INS) studies with time-
of-flight (TOF) spectrometers in pulsed-neutron facilities have
become popular, research using neutron triple-axis spectrometers
(TASs) is still important in many fields of condensedmatter physics.
Triple-axis spectroscopy is an approach whose fundamental prin-
ciple and techniques have already been established, including the
use of polarized neutrons [1]. As schematically shown in Fig. 1(a),
there are three rotation stages for TAS: monochromator, sample,
and analyzer. By operating on the three axes, we can specify the
momentum (Zk) and energy (E) of incident and scattered neutrons,
thereby quantifying the energy transfer (Zu) and momentum
transfer (ZQ) of neutrons as

Zu¼ Ei � Ef ; (1)

ZQ ¼ Zki � Zkf ; (2)

or
by Elsevier Korea LLC. This is an
Zu¼ Z2

2m

�
k2i � k2f

�
; (3)

Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2i þ k2f � 2kikf cos2qS

q
; (4)

where Ei (Ef) and ki (kf) represent the energy and wave-number
vector of incident (scattered) neutrons, respectively, and 2qS is
the scattering angle at the sample stage. From the definition of Z u

in Eq. (1), a positive (negative) Z u corresponds to neutron energy
loss (gain). The salient advantage of INS measurements is that the
observed scattering function S(Q, u) is directly related to the
imaginary part of dynamic susceptibility of the sample, such as
phonons and spin waves.

TASs have several advantages. First, the incident
monochromatic-beam flux is higher than that of TOF spectrometers
by a factor of 102e103 according to the time-averaged flux of
thermal neutrons at the sample position; for example, this flux is
~108 n cm�2 s�1 for TASs in the research reactor ILL [2] and ~105 n
cm�2 s�1 for TOF spectrometers in the pulsed-neutron facility MLF/
J-PARC [3]. The high-flux beam on TASs is favorable to single-
detector measurements for limited (Q, u) points such as fine
tracing of a peak intensity against external parameters (e.g., tem-
perature, magnetic field, external pressure) and neutron polariza-
tion analysis. Second, spurious peaks and/or background signals
caused by materials in the beam path around a sample (e.g. a
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Fig. 1. (a) Schematic of the Cold TAS downstream from the monochromator. 2qM, 2qS, and 2qA are scattering angles at the monochromator, sample, and analyzer, respectively. C2, C3,
and C4 indicate the pre-sample, pre-analyzer, and pre-detector collimators, respectively. An NVS (not shown) was placed ~4 m in front of the monochromator. (b) Accessible ranges
of momentum transfer (divided by -), Q, and energy transfer, -u, of Cold TAS for Ef ¼ 3 meV (blue), 8 meV (red), and Ei ¼ 14.7 meV (green), where the PG(002) Bragg reflection is
used for the monochromator and analyzer. The marks show examples of (Q, -u) positions where S(Q, -u) was examined in detail: (triangle) spin resonance in CeCoIn5 [8], (star) spin
resonance in Cr [9], (hatch) superconducting gap in La1.85Sr0.15CuO4 [10], (ellipsoid) hydrogen tunneling excitation in NbO0.0002H0.0002 [11], and (double circle) TA-phonon decay in
PbMg1/3Nb2/3O3 [12]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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sample holder, structure-supportingmaterials of a cryomagnet) are
substantially suppressed for TASs by collimators downstream from
the sample position: the pre-analyzer collimator C3 in the analyzer
shield and the pre-detector collimator C4 in the detector shield
[Fig. 1(a)]. In contrast, there are no or few neutron-absorber blades
between a sample and a detector bank for TOF spectrometers.
Third, taking advantage of the flexible instrument resolution of
TASs, we can closely investigate a focused (Q, u) space of interest
with a suitable resolution. Finally, the measurement principle is
simple so that we can easily understand the scan trajectory in (Q,u)
space. As a result, it is possible to understand the observed data
intuitively without preliminary data treatment. This is in contrast
to TOF spectroscopy, which requires a massive data deduction
system for analyzing a complicated scan trajectory in four-
dimensional (Q, u) space. Therefore, triple-axis spectroscopy is a
friendly tool for non-specialists and ideal for student education.

HANARO of the Korea Atomic Energy Research Institute (KAERI)
is the first 30 MW research reactor built for full-scale scientific
experiments in Korea. At HANARO, two TASs that use unpolarized
neutrons have been installed: “Cold TAS” in the cold-neutron
guided hall and “Thermal TAS” in the reactor hall. Because of the
long shutdown of HANARO from 2013 to 2017 and the unscheduled
shutdown in 2018e2019, both of the TASs are yet to be opened for
public use. At present, Cold TAS is in the final phase of commis-
sioning, while Thermal TAS is still in the initial phase of
commissioning.

One of the main missions of KAERI is to lead the sustainable
development of neutron science not only in Korea but also in Asia
and Oceania. Thus, the development of measurement techniques
and innovation of neutron instruments are also important objec-
tives for KAERI. Continuous efforts have been made toward
upgrading neutron instruments for more than ten years in KAERI,
such as the production of a neutron guide tube [4] and a large-area
curved two-dimensional detector [5]. Recently, by applying an in-
house film-coating technique, we fabricated mirror-type beam
collimators. An intensity increase of ~20% was predicted by Monte
Carlo simulations [6], and high performance was confirmed by
neutron transmission experiments [7].

This paper is composed of the following four sections: the status
of Cold TAS (Section 2) and Thermal TAS (Section 3), the develop-
ment of mirror-type collimators (Section 4), and a roadmap for
instrumentation (Section 5). Further, we attached energy resolu-
tions calculated for typically used conditions of Cold TAS (Appendix
1), a brief discussion about components involved in the beam flux
at the sample position of Cold TAS (Appendix 2), derivation of
phonon intensity and spin-wave intensity in absolute scale
(Appendix 3), and information about radiation attenuation at the
monochromator drum of Thermal TAS (Appendix 4). Therefore, this
manuscript is intended to extensively inform potential users of
triple-axis spectroscopy about not only the significant improve-
ments in TAS operation at HANARO, but also the advanced mirror-
type collimator techniques. These instrumentation activities are
directly relevant to promoting scientific investigations using
neutron beams in Korea.

2. Cold TAS

2.1. Specifications

2.1.1. Overview
The configuration of Cold TAS downstream from the mono-

chromator is schematically shown in Fig. 1(a), and the specifica-
tions are listed in Table 1. Pyrolytic graphite (PG) crystals with
mosaic spreads of h ~ 0.8� were used for the vertical focus mono-
chromator and horizontal focus analyzer. One of its characteristic
features is the installation of a neutron velocity selector (NVS) in
front of the monochromator [not shown in Fig. 1(a)]. The NVS
works as a band-pass filter and provides quasi-monochromatic
neutrons with (DE/Ei) ~ ±20%e40%, where Ei and DE are the inci-
dent neutron energy and energy distribution at full-width at half
maximum (FWHM), respectively. As a result, no higher harmonics
contaminate the incident beam. Further, we can expect suppression
of the radiation and background signals, which are caused by the
extraneous neutrons/g-rays at the monochromator stage. From the
transmission viewpoint, the transmittance of the NVS (~0.9) is
higher than that (~0.7) of a cooled Be filter and a highly oriented PG
filter.

The accessible ranges of the momentum transfer (divided by -),
Q, and energy transfer, Z u, are shown in Fig. 1(b). They were
calculated by Eqs. (1) and (2) or (3, 4) for typical Ei-fixed and Ef-
fixed modes. The boundaries were determined by the variable
ranges of 2qM, 2qS, and 2qA on Cold TAS. As shown by several marks



Table 1
Specifications of basic elements in Cold TAS (as of January 2020).

Item Specifications

Monochromator 175 mm high � 150 mm wide
11 rows � 3 columns, vertical focus
Monochromator crystal, PG(002):
15 mm high � 50 mm wide � 2 mm thick
Mosaic spread hM ~ 0.8� (ZYB grade)

Analyzer 150 mm high � 230 mm wide
3 rows � 11 columns, horizontal focus
Analyzer crystal, PG(002):
50 mm high � 20 mm wide � 2 mm thick
Mosaic spread hA ~ 0.8� (ZYB grade)

Detector 3He proportional counter, 25 mm in diameter,
150 mm in effective length, 3He partial pressure: 0.6 MPa

Neutron flux and beam-spot size at sample position ~1.0 � 107 cm�2 s�1, 30 mm high � 50 mm wide at Ei ¼ 5 meV (vertical focus) with no C2
Incident neutron energy Ei ¼ 2.2e15.0 meV for PG(002) reflection

Ei ¼ 10e20 meV for PG(004) reflection
Energy resolution DE/Ei ~ 3e10%
Pre-monochromator harmonic wave filter Neutron velocity selector

Energy bandwidth ± 20e40% of Ei
Transmission ~0.9

Pre-sample/pre-analyzer harmonic wave filter (option) Cooled Be, Polycrystalline, 10 cm thick, Transmittance: ~0.8 for Ei � 5.2 meV at 80 K;
PG(002), 2.0� � hPG < 3.0� , 5 cm thick, Transmittance: 0.6e0.8 for Ei � 15 meV

Collimator C2, pre-sample 0.33� , 0.67� , 1.33�

Collimator C3, pre-analyzer 0.33� , 0.67� , 1.33�; Radial ~1.3�

Collimator C4, pre-detector 0.33� , 0.67� , 1.33�

Pre-sample and pre-analyzer beam slits Motorized aperture �30 mm � (x, y) � 30 mm,
BN absorber

Scattering angles 40� � 2qM � 130� , �110� � 2qS � 50� , �70� � 2qA � 100�

TAS control program LabVIEW based SPICE
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in Fig. 1(b), INS experiments conducted inside the accessible range
identified the regions of S(Q, u) that are relevant to scientific issues
such as magnetism, superconductivity, ferroelectricity, and
hydrogen tunneling [8e12].

2.1.2. Energy resolution
Prior to the INS measurements, we inspected the instrument

energy resolution of Cold TAS, DE. Fig. 2(a) shows DE for three Ei
values determined by elastic incoherent scattering from a poly-
ethylene sample using a relatively tight beam collimation. DE is
sensitive to Ei so that it varies within a factor of ~10 over the Ei range
of Cold TAS. The high resolution of DE/Ei ~3% was attained at
Ei¼ 5.0meV [inset of Fig. 2(a)]. To verify the validity of the observed
DE, we calculated a resolution function, R(Q, u), using an analytic
expression developed by Cooper and Nathans [13], which uses the
Fig. 2. (a) Observed energy resolution, DE, when the horizontal collimation was set to (0
resolution (DEcal) [13] is shown by the solid curved line. The dashed linear lines show (DE/
variation of DEcal for three representative collimations: (0.33�)eaeaea with a ¼ 0.33� , 0.67�

and three collimators at C2. The Ei range of Cold TAS with the PG (002) monochromator is de
this figure legend, the reader is referred to the Web version of this article.)
instrument's specifications (e.g., monochromator, analyzer, colli-
mations), sample parameters (e.g., lattice parameters, mosaic
width), and scattering geometry (e.g., Ei, -u, Q); R was approxi-
mated by a rather anisotropic ellipsoid in four-dimensional (Q, u)
space [1,13]. Hereinafter, we regard the long-distance guide mirror
as a pre-monochromator collimator (C1) with an effective colli-
mator divergence of 0.33�. As shown in Fig. 2(a), a quantitative
agreement was obtained between the observations and calcula-
tions (DEcal). Therefore, the beam incident to the sample stage is
well monochromatized, as designed.

To understand the energy resolution further, we calculated DEcal
using all combinations of C2, C3, and C4 for typically used Ei at the
elastic position (Appendix 1). The Ei variation of DEcal is shown in
Fig. 2(b) for three representative collimations (0.33�)eaeaea,
covering from the tightest collimation of a ¼ 0.33� to the most
.33�)�0.33��0.33��1.33� . For reference, the Ei dependence of analytically calculated
Ei) ¼ 0.03 and 0.05. The inset exemplifies the energy spectrum at Ei ¼ 5.0 meV. (b) Ei
, and 1.33� . (c) Calculated neutron flux at the sample position for “open” (no collimator)
picted by the yellow boxes in (a) and (c). (For interpretation of the references to color in
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relaxed one of a ¼ 1.33�. As mentioned, DEcal changes over a factor
of ~10 in the accessible range of Ei. Further, we can finely tune DEcal
within a factor of ~3 by changing the collimation.

2.1.3. Neutron beam flux
The neutron beamflux available at the sample position (FS) is also

an important quantity for INS experiments: FS ~ 1� 107 cm�2 s�1 at
Ei ¼ 5 meV with vertical focusing and no pre-sample collimator C2
(Table 1). However, because of the limited operation time of the
HANARO reactor, we have not yet completed the evaluation ofFS for
various instrument conditions. In the following, we calculate FS as a
function of Ei for each pre-sample collimator.

Based on a brief discussion of items involved in FS (Appendix 2),
FS is mainly composed of two leading terms: a white-beam flux in
the cold-neutron guide tube (FCG) at Ei, and transmittance of the
pre-sample collimator (TC2) whose collimator divergence is a.
Namely,

FSðEi; Tm;a;bÞ¼ cFCGðEi; TmÞTC2ða; bÞ; (5)

where c, Tm, and b are the scale factor, effective moderator tem-
perature of the MaxwelleBoltzmann distribution (Tm ¼ 90 K), and
angular distribution width of the monochromatic incident beam
(b ¼ 0.31� at FWHM), respectively. Fig. 2(c) shows the calculated
FS(Ei) for “open” (no collimator) and three collimators at C2, in
which c was scaled to meet FS(5 meV; 90 K, open,
0.31�) ¼ 1 � 107 cm�2 s�1. After restarting HANARO, measured FS

will be compared with these calculated data.

2.2. Feasibility test of INS measurement

2.2.1. Experimental procedures and results
The feasibility studies for INS measurements were conducted by

measuring phonon excitations of a Ge single crystal (cubic lattice
constant a ¼ 5.675 Å, a* ¼ 2p/a ¼ 1.107 Å�1). The crystal with a
(133) cutting face was cut into a rectangle (8 cm wide � 1.5 cm
high � 0.6 cm thick) and was hot-pressed to increase neutron
reflectivity by introducing a mosaic spread of ~0.3� [17]. The [0 1
Fig. 3. (a) Scattering geometry in the (h k k) scattering plane of cubic Ge. Elastic (black: ki a
with Ei ¼ 14.0 meV for -u ¼ 0 and 5.0 meV, respectively. The resolution function projected in
The alignment of the (133)-face-cut Ge sample is shown for reference. (b) INS spectra of the
with resolution. The resolution-convoluted calculation at z ¼ 0.10 and at -u ¼ 2.5 meV using
z ¼ 0.20 corresponds to the reduced wave vector q (light blue) in the inset, which is parallel
parameters of the (c) phonon energy, -up, with the inverse phonon lifetime (times -), -G, (ver
represented by the tilted ellipsoid. Previous data of the TA-phonon dispersion relation [21]
legend, the reader is referred to the Web version of this article.)
�1] crystal axis was aligned vertically so that the (h k k) plane was
set in the horizontal scattering plane. Fig. 3(a) illustrates the scat-
tering plane in the reciprocal lattice space. The low-energy phonon
excitations were measured using the full-size beam (5 cm
wide � 3 cm high) near the G point in the (0 2 2) zone, where a
nuclear Bragg reflection occurred at the G point. The INS mea-
surement was conducted under the constant-Qmode by fixing Ei at
14.0 meV using an optional PG filter; at that time, the NVS was
under overhaul. The scattering light-blue triangle exemplifies the
scattering geometry of INS at Q ¼ (0 2 2) and Ef ¼ 9.0 meV, namely
-u ¼ 5.0 meV. In this configuration, the Ge crystal was irradiated
~6.5 cm wide, giving an effective volume of ~5.9 cm3.

The typical INS data obtained are shown in Fig. 3(b); transverse
acoustic (TA) phonons with the propagation vector, q ¼ (z 0 0), and
polarization vector, s || (0 1 1), were excited at room temperature.
Upon increasing |q|, the peak energy, -up, increased monotonically
whereas there was a decrease in the intensity, as expected. The -u-
integrated intensity measured with the relaxed collimation was
~30 counts min�1 for a phonon peaking at -up ¼ 5 meV, when
converted to a 1 cm3 Ge sample. The background level was ~6
counts min�1 for the large sample volume, or ~1 count min�1 for a
1 cm3 sample if the background was proportional to the sample
volume. This value is acceptable if we consider the relaxed colli-
mation and the use of the PG filter instead of the NVS. The electrical
noise counts were 0.05(2) counts min�1.

For reference, we estimate an intensity level from magnetic
excitations by putting on the cross section in the absolute scale. As
described in Appendix 3, magnetic cross sections of ferromagnetic
spinwaves in a-Fe (2.2 mB) and Ni (0.6 mB) were calculated using the
same energy and temperature with those in the phonon mea-
surements of Ge (-up ¼ 5meV at 300 K). The spin-wave intensity at
the nearest Brillouin zone reaches ~90% and ~60% of the phonon
intensity of Ge for a-Fe and Ni, respectively. It corresponds to ~20
counts min�1 for a 1 cm3 single crystal with 0.6 mB/(magnetic atom)
at 5 meV and 300 K. This counting rate easily decreases to 3e4
counts min�1 at low temperatures; however, because of the low
background level (~1 count min�1), we can still get high S/N data by
measuring over long time, e.g., ~10 min per point.
nd kf) and inelastic (light blue: ki’ and kf’) measurements at Q ¼ (0 2 2) are illustrated
the scattering plane is drawn for the elastic case by the ellipsoid (10 times magnified).

TA phonons of Ge in the (0 2 2) Brillouin zone. The curved lines are best-fits convoluted
G(z ¼ 0.10) / 0 in S(Q, u) [Eqs. (6)e(8)] is shown by the chained line. The Q position of
to [100] and perpendicular to the phonon polarization vector s. (c, d) Resultant fitting
tical bar) and (d) the scale factor, A. The resolution function projected in (Q, -u) space is
is depicted by a curved line. (For interpretation of the references to color in this figure



Fig. 4. (a) Schematic top view of the monochromator drum of Thermal TAS installed in the reactor hall of HANARO. This drum covers the monochromator (M) with the borated
epoxy-resin (B) shield, cylindrical (C) shield, rotating-disk (R) shield, and wedge (W) shield. See Table 2 for details of the shield components. (b) Replaced flat PG-crystal mono-
chromator with dimensions of 5 � 5 � 0.2 cm3 and mosaic spread of h ~ 0.8� . (c) Accessible ranges of momentum transfer (divided by -), Q, and energy transfer, -u, of Thermal TAS
for Ef ¼ 14.7 meV (blue), 30.5 meV (red), and Ei ¼ 80 meV (green), where the PG(002) Bragg reflection is used for the monochromator and analyzer. The marks show examples of (Q,
-u) positions where S(Q, u) was examined in detail: (hatch) spin excitation in Cr [25], (star) spin resonance in YBa2Cu3O6.92 [26], (dashed curve) longitudinal acoustic phonon along
[011] in Cr [27], (ellipsoid) hydrogen excitation in NbH0.82 [28], and (double ellipsoid) soft phonon anomaly in Pb(Zn1/3Nb2/3)0.92Ti0.08O3 [29]. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Shield components of themonochromator drum of Thermal TAS. The last two columns, mg and mN, represent the linear attenuation coefficients for g-rays of 1MeV (Appendix 4-
A) and neutrons of 30.5 meV (Appendix 4-B), respectively.
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2.2.2. Resolution-convoluted analysis
As stated in Section 2.1.2, R(Q, u) is a rather anisotropic ellipsoid

in (Q, -u) space and it is calculated by the Cooper-Nathans analytic
expression [13]. The measured intensity I(Q, u) was given by the
convolution of R with a scattering cross-section, s(Q, u) [13,20],

IðQ 0;u0Þ¼∬ sðQ0 þdQ ;u0 þduÞRðQ0 þdQ ;u0 þduÞdQdu:

(6)

To quantify the phonon spectra in Fig. 3(b), we used the
following s or scattering function S(Q, u),

sðQ ;uÞ¼ Zkf
m

d2s
dUdu

¼
Zk2f
mki

SðQ ;uÞ; (7)
S

 
Q ;u

!
¼ AðQ Þ
upðQ Þ2

(
1

GðQ Þ

ffiffiffiffiffiffiffi
ln2
p

r
exp

"
� ln2

�
u� up

�
Q
�

GðQ Þ
�2
#)

;

(8)

where A(Q), -up(Q), and G(Q) are the scale factor, phonon energy,
and inverse phonon lifetime, respectively. In this Gaussian form,
the u-integrated intensity is proportional to A(Q)/up(Q)2; here, the
1/up(Q)2 term corresponds to phonon excitations when (-up/kBT) «
1 [1].

The resolution-convoluted fittings reproduced the observations
satisfactorily, as shown by the curved lines in Fig. 3(b). For refer-
ence, we calculated a profile at z ¼ 0.10 and at -u ¼ 2 meV using
G(z ¼ 0.10) / 0. The observed profile is slightly wider than the
calculated profile with G / 0, likely because the lifetime of low-
energy phonons (-up z 2.5 meV) must be shortened at room
temperature (kBT z 25 meV).

The obtained fitting parameters, -up and A, are shown in



Fig. 5. (a) Observed g-ray dose rate (Dg) at representative positions. The incident white beamwas shaped into a 1 cm2 beam. The 2qM armwas fixed at 2qM,0 ¼ 28.3� (Ei ¼ 30.5 meV).
Possible routes of g-rays from the slit (orange), M (green), B (gray), and Pb (red) are shown by the colored radial areas. (bee) Calculated transmission intensity of g-rays emitted
from (b) the slit, (c) M, (d) B, and (e) Pb: filled circles and closed circles are calculations for the configuration shown in (a) and a configuration with added Pb frames (next Fig. 6),
respectively. The position of 2qM,0 is indicated by the dotted line. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 6. Two sets of combined Pb frames installed in front of and behind the mono-
chromator. The former set was set up in the C shield (yellow portion), so that the wide
aperture (22.5 cm � 30 cm) was reduced to a small one (6 cm � 2.5 cm). The latter set
(1.8e2.8 cm thick in width) was inserted inside a borated polyethylene frame
extending from the B shield to R shield (green portion), and the front was covered with
a B4C rubber. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 3(c) and (d), respectively, as a function of z (or Q), while the
fitting parameter, G, is indicated by vertical bars on the data points
of -up in Fig. 3(c). The data points of -up agree with the dispersion
relation of the TA-phonon branch D5, reported previously [21].
Further, the constant value of A against z is quite reasonable for the
phonon excitations under the current condition of (-up/kBT) < 0.2.
These results confirmed that Cold TAS operates optimally within
specified parameters, including the hardware, the instrument
control program, and data analysis software.

3. Thermal TAS

3.1. What was the problem?

Thermal TAS was designed more than 10 years ago as a versatile
spectrometer that uses a high-flux beam. Therefore, it was
designed to cover a wide energy range (Ei ¼ 4e400 meV) by using
the high-flux focused beam. Furthermore, a monochromator with a
cradle of dimensions 19 cm (height) � 35 cm (width) � 27 cm
(thickness) was installed inside the monochromator drum. The
cradle has two monochromator faces: a PG monochromator for the
lowemiddle energy range and a Cu monochromator for the
middleehigh energy range. Thus, the double-face monochromator
covers a wide energy range by switching between the mono-
chromator faces through a 180� rotation. Each face carries a
maximum load of 99 pieces of monochromator crystals (2 cm
high� 3 cmwide each) on the vertical/horizontal focusing devices.
However, during the test experiments using a 1 cm2 beam in 2010,
the monochromator drumwas found to be insufficient to shield the
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radiation: a high dose rate of more than 100 mSv h�1 for neutrons
and g-rays was observed outside the monochromator drum.

Hence, in order to decrease the dose rate, two urgent issues
were addressed in the commissioning period: (i) increase of the
shielding capacity of the monochromator drum, and (ii) reduction
of unwanted radiation sources.
3.2. Monochromator drum

Fig. 4(a) illustrates the inner structure of the current mono-
chromator drum sliced at the beam height; it comprises a borated
epoxy-resin (B) shield, cylindrical (C) shield, rotating-disk (R) shield
with a Pb layer inside, and wedge (W) shield from the inside to
outside. Using the long shutdown period up to 2017, we dis-
assembled the monochromator drum to modify the mechanical
rotating motion. At the same time, we increased the g-ray shielding
capacity of the C shield by increasing the density of heavy concrete
(5.0 / 7.91 g cm�3).

Table 2 summarizes the specification of each component,
including material composition and dimension, and linear attenu-
ation coefficients for 1-MeV g-rays (mg) and 30-meV thermal neu-
trons (mN), where the density level of the substances (except for the
casemate stainless steel) is shown in different colors: red for
d � 10 g cm�3, dark blue and light blue for 5 � d < 10 g cm�3, and
gray for d� 5 g cm�3. Table 2 clarifies that mg is almost proportional
to d, indicating a ~50% increase in the shielding capacity of the
renewed C shield. At present, the thicknesses of the heavy concrete
and Pb in the C and R shields are 8e12 times larger than the (1/e)-
attenuation lengths for the g-rays for the substances
(mg�1 ¼ 1e3 cm). As a result, a high g-ray shielding power is
Fig. 7. (a, b) Concept of beam transmission in real space (left) and in transmission
probability, P [16] (right): (a) conventional air-media Soller slit collimator (AG), (b)
film-coated Si-media collimator (SN and SB). 4, a, and qc are the beam divergence,
collimator divergence, and critical angle, respectively. In (a), the absorption of neutrons
at the Gd2O3-painted sheet is represented by the dashed lines. In (b), the reflected
neutron at the interface between the Si wafer and coated film is represented by the red
arrows. (c) Fabricated Si-wafer stacking collimators coated with NieB4C layers (SN)
and B4C layers (SB). (d) Rcal at the SieB4C interface of the SB calculated by Eq. (11) [30]
for Ei ¼ 3.0 meV (blue) and 14.7 meV (green). For reference, Rcal for Ei ¼ 3.0 meV with
bB
” ¼ 0 is also plotted (red dashed). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
expected for the Pb layer inside the R shield (colored purple), and a
medium shielding power is expected for the heavy concrete of the C
and R shields (colored dark blue and light blue, respectively). In
contrast, a weak g-ray shielding power is expected for the B and W
shields (colored gray). This color coding is also used for the inner
structure in Fig. 4(a) also (and later in Figs. 5 and 6 as well).

The W shield is made of polyethylene. From a neutron shielding
viewpoint, polyethylene materials contain a large number of
hydrogen atoms that can moderate or thermalize epithermal
neutrons (>100 meV). To absorb the moderated neutrons, the
polyethylenematerials are usually covered bymaterials with a high
capture cross-section for thermal neutrons, and thus emitted g-
rays from the absorber is shielded by an outermost heavy atomic-
weight material. However, presently, there is neither neutron ab-
sorbers outside the W shield nor g-ray shielding. We propose a
renewal plan for the W shield at the end of this section.

3.3. Energy range covered by thermal TAS

Recently, INSmeasurement techniques that use pulsed neutrons
have been significantly improved, particularly for the high-energy
region above 100 meV. Consequently, at present, there is almost
no advantage in using reactor neutrons for the high-energy INS
measurements. In contrast, Cold TAS is optimized for cold neutron
experiments, as stated in the previous section. Considering these
factors, we decided to confine the incident energy of Thermal TAS
to Ei ¼ 10e80 meV; this energy range can be easily covered using
only the PG monochromator and is sufficient for many INS studies
on condensed matter physics using TAS.

Therefore, we replaced the former double-face PG/Cu mono-
chromator (~600 cm2 in one face) with a single-face PG mono-
chromator. First, we installed a small flat PG crystal (25 cm2 in area)
[Fig. 4(b)] so that a possible source of the high dose caused by the
supporting structural materials was reduced substantially. (As
described later, we plan to upgrade the monochromator by making
thearea larger andproviding avertical focusing function.) In addition,
we inserted a sapphire filter preceding the monochromator to sup-
press unwanted epithermal neutrons of Ei > 100 meV [24].

Fig. 4(c) shows the renewed accessible ranges of (Q, -u) in
Thermal TAS for typically used Ef-fixed and Ei-fixed modes. The
accessible Q range is more than double that of Cold TAS and thus
Thermal TAS is advantageous for phonon measurements because
phonon intensities are proportional to Q2 [1]. Further, the accessible
-u range covers most portions of phonon dispersion relations
(�~50 meV) for many materials. The marked symbols inside the
accessible range in Fig. 4(c) represent the positions where INS
measurements were conducted to determine S(Q, u) for various
investigations of condensed matter physics [25e29].

Accordingly, Thermal TAS is envisioned to cater for the
lowemiddle energy range and to acquire INS data with high signal-
to-background (S/N) ratio under a reasonably low dose level.

3.4. Status of the shielding capacity of the monochromator drum

In 2018, we inspected the radiation level by using thermo-
luminescent dosimeters (TLDs), which can measure the dose
rate of g-rays (Dg). We placed the TLDs on the wall of the
monochromator drum and monitored the dose over 48 h by
radiating a beam, which was narrowed by the pre-
monochromator slit into an area of 1 cm � 1 cm. Selected
values of Dg are marked in Fig. 5(a), where the background dose
rate measured outside the Thermal TAS area was 0.2 mSv h�1. We
noticed the following: the direct beam at 2qM ¼ 0� and the
scattered beam at 2qM < 0� were shielded to some degree,
whereas the dose was substantially high near the



Table 3
Geometrical and optical information of the film-coated Si-wafer collimators manufactured in KAERI. Wx (y, z) is the collimator dimension along x (y, z). d and a indicate the
thickness of each Si wafer and collimator divergence angle, respectively. qc is calculated using Eqs. (9) and (10).

Collimator Wx [mm] Wy [mm] Wz [mm] d [mm] a [�] Coated film (both sides) qc [�]

3.0 meV 8.0 meV 14.7 meV 30.5 meV

SN 20 50 100 0.4 0.23 Ni (0.1 mm)eB4C (0.7 mm) 0.45 0.28 0.20 0.14
SB 9.2 50 100 0.4 0.23 B4C (0.7 mm) 0.39* 0.24* 0.18* 0.12*

bB ¼ bB’ was used in the calculation, where b’ is the real part of b.
SN, the collimator coated with a NieB4C layer; SB, the collimator coated with a B4C layer.

Fig. 8. (a) Schematic of the instrument configuration for 2q scan on SIKA [7]. Three types of sample collimators (SN, SB, and AG) were set at the rotation center of the sample stage.
(b) 2q-scan profiles for the three sample collimators at Ei ¼ 3.0 meV. For reference, a 2q-scan profile for the no sample-collimator case is plotted in green circles. The FWHM and 2q-
integrated intensity (I2q) were obtained by a Gaussian fitting; I2q indicated in the figures was normalized by the no sample-collimator case. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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monochromatic beam exit (2qM,0 ¼ 28.3�). This means that
overall, accessible shielding for g-rays was attained with the
present combination of the shielding materials at the present
thickness. However, weak shielding points may exist around the
beam exit.

Regarding the dose rate of Dg ~ 40 mSv h�1 observed for the
1 cm2 incident beam, this value roughly corresponds to
~400 mSv h�1 for the maximum beam aperture of the replaced PG
monochromator: 25 cm2 � sin(2qMmax/2) ¼ 10.7 cm2, where
2qMmax ¼ 50.5� at Ei ¼ 10.0 meV. Such a high dose rate outside the
monochromator drum should degrade the work environment not
only inside of the access area but also outside of Thermal TAS; it
may adversely affect experimenters of other instruments in the
reactor hall and the HANARO operation itself from a radiation safety
viewpoint.

It is difficult to clearly specify the cause of the high dose because
of the complicated multiple scattering of high-energy g-rays.
However, inspection of the observed Dg together with the colored
inner structure of the monochromator drum in Fig. 5(a) can give us
a clue to its origin. g-rays emitted from the slit (“slit route”, orange)
can reach the low-angle side (2qM < 2qM,0) without hitting the Pb
layer. Similarly, g-rays emitted from the monochromator (“M
route”, green) and the B shield (“B route”, gray) do not hit the Pb
layer and reach around 2qM,0 and the high-angle side (2qM > 2qM,0),
respectively. We calculated transmission intensity of g-rays for the
three routes by using mg (Table 2). As shown in Fig. 5(b)e5(d), the
transmission intensity peaks near 2qM,0, which is consistent with
observation. In contrast, the peak structure is less clear in the
transmission intensity from the Pb layer (“Pb route”, red) [Fig. 5(e)];
it is because emitted g-rays from there must pass through the in-
side of the Pb layer.

These routes are possible because of the wide open space in
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front of and behind the monochromator. Hence, we installed a set
of combined Pb frames in front of the monochromator, M, in the C
shield to reduce extraneous radiation sources from the slit route;
the wide aperture of 22.5 cm (height) � 30 cm (width) was nar-
rowed down to 6 cm (height) � 2.5 cm (width), as shown in the
right portion of Fig. 6. At the same time, we inserted another set of
Pb frames (1.8e2.8 cm thick inwidth) into a borated ethylene frame
behind the monochromator, mainly to block the secondary g-rays
from the M, B, and Pb routes, as shown in the left portion of Fig. 6.
We calculated effects of the added Pb frames and the results are
shown by the open circles in Fig. 5(b)e5(e). The enhanced shielding
capacity was confirmed but a high transmission rate still remains
for the M route and B route. After restarting HANARO, we will
measure Dg again with the TLDs to evaluate the effect of the added
Pb frames.
3.5. Future modification plan of the monochromator drum

(i) To attain a high S/N ratio in the observed spectra, the neutron
background level should be as low as possible. Hence, in-
formation about the dose rate caused by neutrons (DN) is
important. Upon restarting HANARO, we will utilize a
neutron survey monitor to determine the current shielding
level for neutrons. We plan to replace the current poly-
ethylene W shield with new blocks composed of Pb and
borated polyethylene; the volume ratio between the two
components depends on the values of Dg and DN.

(ii) A new polyethylene block (~10 cm thick) will be manufac-
tured and placed behind the monochromator to moderate
epithermal neutrons contained in the direct white beam.

(iii) Because of the narrowed energy window of Ei, the movable
range of the monochromator drum was limited to
17� � 2qM � 50�. Thus, we plan to place Pb (or stainless)
blocks combined with B4C rubber (or borated polyethylene
blocks) outside the movable range to enhance shielding.
4. Film-coated collimator

4.1. Principle of mirror-type collimator

A neutron beam with a divergence angle 4 can travel in the
medium inside a collimator when |4| � a, where a is the collimator
divergence angle. However, even for |4| � a, neutrons cannot pass
through the collimator when they hit the absorptionwall, as shown
by the dashed lines in the left panel of Fig. 7(a); this results in a loss
of collimated neutrons. The statistical transmission probability,
P(4), is expressed using a triangular function with the base, 2a, as
shown in the right panel of Fig. 7(a) [16].

The undesired absorption process is substantially suppressed by
using neutron total reflection at themirror walls. The beam flux can
be restored when |4| � qc, where qc is the critical angle at the
interface between the medium and reflection layers. This is shown
in Fig. 7(b) by the red arrows in the left panel and the red portion in
the right panel. When qc� a, P(4) eventually becomes a rectangular
function with the base, 2qc [16].

As neutrons propagate from medium M to medium M’, qc is
calculated by Eqs. (9) and (10) [30],

qc ¼ l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dðrbÞM/M0

p

r
; (9)

dðrbÞM/M0 ¼ rM0 bM0 � rMbM; (10)

where l is the incident neutron wavelength and rm and bm are the
number density and neutron coherent scattering length of the
scatterers in the medium m, respectively. Total reflection occurs
when d(rb)M/M’� 0. Note that qc changes as a function of Ei: qc ∝ 1/
√Ei owing to the linear l dependence.

As for the reflectivity at the interface, it can be calculated by Eq.
(11) [30],

Rcalð4Þ ¼

							
1�

h
1� ðqc=4Þ2

i1=2
1�

h
1þ ðqc=4Þ2

i1=2
							
2

; (11)

where qc is a complex number.

4.2. Film-coated Si-wafer collimators: SN and SB

Two Si-wafer collimators were fabricated at KAERI: one colli-
mator was coated with NieB4C layers (hereinafter SN) and the
other was coated with B4C layers (hereinafter SB), as shown in
Fig. 7(c). The collimator divergence angles were common between
the two: aSN ¼ aSB¼ 0.23�. Table 3 summarizes the specifications of
each collimator, including the dimensions, orientations, coated
films, and optical parameters, where the xyz orthogonal set is
defined as follows: z is the propagation direction of incident neu-
trons, and in the perpendicular plane, x and y are the horizontal and
vertical directions, respectively [Figs. 7(c) and 8(a)].

For the SN, d(rb)Si/Ni > 0, whereas dðrbÞNi/B4C <0 if we use
bB ¼ bB’ (b’: real part of b). The qc values of the SN in Table 3 were
calculated for the SieNi interface. Because dðrbÞSi/B4C >0, total
reflections can also occur in the SB and the qc values reach ~90% of
those of the SN (Table 3). However, as shown in Fig. 7(d), the
reflectivity of the SB at Ei ¼ 3.0 meV drops down to ~50% around qc
(0.39�, Table 3) because of the large absorption cross-section or the
imaginary part of the scattering length of B, b”B ¼ 3.63 � 10�16 m
[30].

In most INS configurations, air-media Soller slit collimators are
used, which have medium divergence angles, such as 0.5� � a � 1�,
to maintain a balance between the intensity and resolution. In the
case of mirror-type collimators of qc � a, the transmission function
becomes a rectangle with the base of 2qc, so that the angular width
of 2qc becomes a good approximation of the FWHM of the beam
divergence. Therefore, the Ei dependence of qc in Table 3 shows that
SN and SB can match well with the INS experiments for cold neu-
trons of Ei � 10 meV.

4.3. Neutron transmission experiments [7]

Because of the long shutdown of HANARO, neutron transmission
experiments were carried out on a cold neutron triple-axis spec-
trometer, SIKA, at ANSTO, Australia [31]. To characterize the differ-
ences from conventional air-media collimators, we measured the
transmission spectra of a Soller slit collimatorof SIKA (AG),whichhad
aAG ¼ 0.33� with Gd2O3-painted absorption blades. Hereinafter, we
refer to theSN, SB, andAGas “samplecollimators” todistinguish them
from the instrument configuration collimators. The experimental
configurations are schematically illustrated in Fig. 8(a). The incident
neutron energy was monochromatized by a flat PG monochromator
to Ei ¼ 3.0 meV. Higher harmonics from the monochromator were
removed by using a cooled Be filter. A combination of the in-pile first
collimator (C1) with a1st ¼ 0.33� and the second collimator (C2) with
a2nd ¼ 0.33� was selected for the horizontal collimation of the inci-
dent beam. Two beam slits (Slit-1 and Slit-2) were placed in front of
and behind the sample collimator to shape the incident beam and
scattered beam into a 2-mmwidth (x). The transmission spectrawere
monitored with a 3He single detector (25 mm in diameter) placed



C1 (‘) C2 (‘) C3 (‘) C4 (‘) DE (meV)

0.33 0.33 0.33 0.33 0.03
0.67 0.04
1.33 0.05

0.67 0.33 0.04
0.67 0.05
1.33 0.06

1.33 0.33 0.05
0.67 0.06
1.33 0.08

0.67 0.33 0.33 0.04
0.67 0.04
1.33 0.06

0.67 0.33 0.04
0.67 0.05
1.33 0.07

1.33 0.33 0.06
0.67 0.07
1.33 0.09

1.33 0.33 0.33 0.05
0.67 0.06
1.33 0.07

0.67 0.33 0.06
0.67 0.06
1.33 0.08

1.33 0.33 0.07
0.67 0.08
1.33 0.09

C1 (�) C2 (�) C3 (�) C4 (�) DE (meV)

0.33 0.33 0.33 0.33 0.08
0.67 0.10
1.33 0.14

0.67 0.33 0.10
0.67 0.12
1.33 0.17

1.33 0.33 0.14
0.67 0.17
1.33 0.22

0.67 0.33 0.33 0.10
0.67 0.12
1.33 0.16

0.67 0.33 0.12
0.67 0.14
1.33 0.18

1.33 0.33 0.16
0.67 0.18
1.33 0.23

1.33 0.33 0.33 0.14
0.67 0.16
1.33 0.19

0.67 0.33 0.16
0.67 0.17
1.33 0.21

1.33 0.33 0.19
0.67 0.21
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1.98 m downstream from the sample collimator. The measurements
were carried out by scanning the scattering angle 2q.

Fig. 8(b) shows the observed 2q profiles at Ei¼ 3.0 meVwith and
without the three sample collimators; in this case, qc >(aSN, aSB)
(Table 3). For the AG, the peak intensity decreased, as expected. In
contrast, the peak intensity in the presence of the SN (SB) was
higher than (almost equal to) that of the no sample-collimator case,
indicating the presence of total reflections for the SN and SB. The
angular distribution width of the beam from the SN and SB was
narrower than that from the AG, as expected from (aSN, aSB) <aAG.
To quantify these features, we fitted the observed data to a
Gaussian function by using the FWHM and 2q-integrated intensity
(I2q) as the fitting parameters. As a result, we confirmed that I2q of
the SN is greater than that of the AG despite aSN ~ 0.7aAG, which is a
promising feature for a collimator. Finally, I2q, SN > I2q, SB is consis-
tent with the drop in Rcal for the SB, as shown in Fig. 7(d).

5. Future plan for instrumentation

After commissioning of the basic properties such as the beam
flux, resolution, and the filtering efficiency of the NVS, Cold TAS will
be opened for public use. We plan to install the mirror-type colli-
mators, SN and SB, to the beam line of Cold TAS because of the
matching between 2qc and the FWHM of the INS peaks. Another
future project is the installation of experimental accessories for low
temperatures (down to ~0.3 K) and strong magnetic fields (up to
~10 T) to cater for more general experiments. In particular, the
combined use of the accessories is favorable for research subjects
such as quantum criticality, under extreme conditions of low
temperatures and high magnetic fields.

For Thermal TAS, we will upgrade the current small-size (5 cm
high � 5 cm wide ¼ 25 cm2) flat PG monochromator to a middle-
size (12 cm high � 15 cm wide ¼ 180 cm2) vertical-focus PG
monochromator so that a more than ten-fold increase (area ra-
tio ~ 7, focusing gain ~2) is expected in the beam flux at the sample
position. By combining the enhanced beam flux with the relatively
short wavelength of Thermal TAS (l ~ 1.0 Å at Ei ~ 80 meV), we can
provide polarized neutron capabilities to Thermal TAS by using a
3He spin-filter polarizer ahead of the sample position.

These improvements of Cold TAS and Thermal TAS at HANARO
will provide new opportunities for neutron science research in
Korea.
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Appendix 1. Energy resolution calculated analytically by
Cooper-Nathans method [13] for Cold TAS

The parameters used were as follows; Monochromator and
analyzer: PG(002) with |t| ¼ 1.87325 Å-1, mosaic widths:
hM ¼ hA ¼ 0.83�, hS ¼ 0.50�, vertical collimations:
aV ¼ 2�e2�e2�e2�, sample crystallography: a ¼ b ¼ c ¼ 6.28 Å,
a ¼ b ¼ g ¼ 90�, scattering plane: (1 0 0)e(0 1 0), measurement
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position: Q ¼ (2, 0, 0), -u ¼ 0 meV.
Ei ¼ 3 meV.
Ei ¼ 5 meV.
Ei ¼ 8 meV.
Ei ¼ 14.7 meV.
Appendix 2. Components of monochromatic neutron flux at
sample position of Cold TAS

FS(Ei) can be written as
C1 (�) C2 (�) C3 (�) C4 (�) DE (meV)

0.33 0.33 0.33 0.33 0.17
0.67 0.22
1.33 0.32

0.67 0.33 0.22
0.67 0.27
1.33 0.37

1.33 0.33 0.32
0.67 0.37
1.33 0.50

0.67 0.33 0.33 0.22
0.67 0.26
1.33 0.35

0.67 0.33 0.26
0.67 0.31
1.33 0.40

1.33 0.33 0.35
0.67 0.40
1.33 0.52

1.33 0.33 0.33 0.32
0.67 0.35
1.33 0.41

0.67 0.33 0.35
0.67 0.38
1.33 0.46

1.33 0.33 0.41
0.67 0.46
1.33 0.57

C1 (�) C2 (�) C3 (�) C4 (�) DE (meV)

0.33 0.33 0.33 0.33 0.46
0.67 0.59
1.33 0.84

0.67 0.33 0.59
0.67 0.72
1.33 0.99

1.33 0.33 0.84
0.67 0.99
1.33 1.33

0.67 0.33 0.33 0.59
0.67 0.70
1.33 0.92

0.67 0.33 0.70
0.67 0.81
1.33 1.06

1.33 0.33 0.92
0.67 1.06
1.33 1.38

1.33 0.33 0.33 0.84
0.67 0.92
1.33 1.10

0.67 0.33 0.92
0.67 1.01
1.33 1.21

1.33 0.33 1.10
0.67 1.21
1.33 1.50
FS

�
Ei; Tm; Lf ;a; b

�
¼FCGðEi; TmÞTNVSðEiÞRMðEiÞFM

�
Lf
�
TC2ða; bÞ;

(A2.1)

where.

FCG(Ei; Tm): beam flux in the cold-neutron guide tube, whose Ei
dependence follows a MaxwelleBoltzmann distributionwith an
effective moderator temperature Tm,
TNVS(Ei): transmittance of the NVS at Ei,
RM(Ei): reflectivity of the PG(002) monochromator at Ei,
FM(Lf): gain factor of the vertical focusing of the monochromator
with a focusing distance Lf, TC2(a, b): transmittance of the pre-
sample collimator (collimator divergence angle a) for the inci-
dent beam with an angular distribution width, b (FWHM).
(i) FCG(Ei; Tm) tends towards thermodynamic equilibrium and it

is written as [14].

FCGðEi; TmÞ∝
Ei

ðkBTmÞ3=2
exp
�
� Ei
kBTm

�
: (A2.2)

In this paper, we set Tm¼ 90 K for Cold TAS becauseFCG peaks at
Ei ~ 8 meV in the other cold-neutron beam line in HANARO.

(ii) According to the specification of the NVS, TNVS is expected to
be almost constant (~0.9) in the accessible Ei range of Cold
TAS.

(iii) RM is nearly constant (~0.75) in the accessible Ei range [15].
(iv) From the dimensional ratio of the monochromator height

(175 mm) to the focused-beam height (~30 mm) (Table 1),
FM ~ 5 at most is expected for the entire Ei range by tuning Lf.

(v) We can estimate TC2(a, b) by summing up the incident beam
that can transmit the collimator. That is, by using the angular
distribution function of the incident beam (f) and the
transmission probability function of the collimator (P), TC2(a,
b) is written as

TC2ða; bÞ ¼ ∬ f ð4; bÞPð4;aÞd4; (A2.3)

where 4 is the beam divergence angle.
f(4; b) is described as a normalized Gaussian distribution

function with the FWHM of b,

f ð4;bÞ ¼
ffiffiffiffiffiffiffiffi
ln2
p

r �
1

b=2

�
exp

"
� ln2

�
4

b=2

�2
#

(A2.4)

The b value used in Eq. (A2.4) is deduced by the convolution of
the angular distribution width of the white beam in the cold-
neutron guide tube (b0 ¼ 0.33�) with the mosaic width of the PG
monochromator crystal (hM ¼ 0.83�):

�
1

b=2

�2
¼
�

1
b0=2

�2
þ
�

1
hM=2

�2
: (A2.5)

Then, we obtained b ¼ 0.31�.
P(4; a) is expressed as a triangular function with the base of 2a

for conventional collimators [16],

Pð4;aÞ ¼ 1� j4j
a

for j4j � a; ¼ 0 for j4j > a: (A2.6)

Eventually, we numerically evaluated the transmittance of C2 by
Eq. (A2.3)e(A2.6): TC2(a, 0.31�) ¼ 0.68, 0.84, 0.92, and 1 for
a ¼ 0.33�, 0.67�, 1.33�, and ∞ (open), respectively.

Therefore, FS(Ei) in Eq. (A2.1) can be expressed by using two
leading terms as



Ingredient m/r [cm2 g-
1]

Mole
ratio

Weight fraction,
fW

(m/r) fW [cm2 g-
1]

(m/r) fW d
¼ mg [cm-

1]

Lead: d ¼ 11.34 g cm-3

Pb 0.0710 1 1.000 0.0710 0.805
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FSðEi;aÞ∝FCGðEi;90KÞTC2ða;0:31+Þ: (A2.7)

Appendix 3. Comparison of spin-wave intensity with phonon
intensity
Sample a (Å) j (u.c.-1) N, NM (u.c. Å-3) d (Å-3) G |G| (Å-1)

Ge 5.675 8 0.00547 0.0438 (0 2 2) 3.132
a-Fe 2.867 2 0.0424 0.0846 (1 1 0) 3.096
Ni 3.524 4 0.0229 0.0914 (1 1 1) 3.088

Table A3
Crystal and scattering parameters to calculate Iph(Q) and Isw(Q) using Eq. (A3.1) and
(A3.2). a: cubic lattice parameter, j: number of atoms/spins in unit cell (u. c.), N (NM):
number of chemical (magnetic) unit cells per volume, d: number density of atoms/
spins per volume, G: the nearest Brillouin zone, |G|: magnitude of G, b: neutron
coherent scattering length, S: quantum spin number, gr0S: maximum amplitude of
magnetic scattering, f(Q): magnetic form factor, |FN|2 (|FM|2): square of nuclear
(magnetic) structure factor.

Sample b (fm) S gr0S (fm) f(Q) |FN|2, |FM|2 (barn) I(Q)
(arb. u.)

I(Q) d
(arb. u.)

Ge 8.185 e e e 42.9 100 100
a-Fe e 1.1 5.93 0.571 0.459 46 89
Ni e 0.3 1.62 0.630 0.166 31 64

Polyethylene: d ¼ 0.93 g cm-3

C 0.0636 1 0.856 0.0545
H 0.1263 2 0.144 0.0182
C0.333H0.667 CPoly ED 1.000 0.0726 0.068

Stainless steel 304: d ¼ 7.93 g cm-3; For simplicity, the mole ratio of Fe 70%, Ni
10%, and Co 20% was assumed.

Fe 0.0600 0.7 0.706 0.0423
Ni 0.0616 0.1 0.106 0.0065
Cr 0.0593 0.2 0.188 0.0111
Fe0.7Ni0.1Cr0.2 CSUSD 1.000 0.0600 0.476

Boron carbide B4C: d ¼ 2.52 g cm-3

B 0.0589 4 0.783 0.0461
C 0.0636 1 0.217 0.0138
B0.8C0.2 CBoron CD 1.000 0.0599 0.151

Epoxy resin C15H16O2: d ¼ 1.1 g cm-3; Bisphenol A (CH3)2C(C6H4OH)2 was used
for calculations.

C 0.0636 15 0.789 0.0502
H 0.1263 16 0.071 0.0089
O 0.0637 2 0.140 0.0094
C0.455H0.485O0.061

CEpoxy RD
1.000 0.0686 0.0754

Water H2O: d ¼ 0.997 g cm-3

H 0.1263 2 0.112 0.0141
O 0.0637 1 0.888 0.0566
H0.667O0.333 CWaterD 1.000 0.0707 0.071

Cement: d ¼ 3.15 g cm-3; For simplicity, the mole ratio of SiO2 25% and CaO 75%
was assumed.

Si 0.0636 0.25 0.123 0.0078
Ca 0.0639 0.75 0.527 0.0337
O 0.0637 1.25 0.350 0.0223
Si0.111Ca0.333O0.556

CCementD
1.000 0.0638 0.201

Crushed stone: d ¼ 2.1 g cm-3; For simplicity, the mole ratio of SiO2 75%, Al2O3

18%, and CaO 7% was assumed.
Si 0.0636 0.75 0.313 0.0199
Al 0.0615 0.36 0.144 0.0089
Ca 0.0639 0.07 0.042 0.0027
O 0.0637 2.11 0.501 0.0319
Si0.228Al0.109Ca0.021O0.641

CCrushed SD
1.000 0.0634 0.133

Ingredient m/r [cm2 g-
1]

Weight fraction (obs),
fW

(m/r) fW [cm2 g-
1]

(m/r) fW d
¼ mg [cm-

1]

Borated epoxy-resin: d ¼ 1.5 g cm-3

CBoron CD 0.0599 0.500 0.0300
CEpoxy RD 0.0686 0.500 0.0343
Borated epoxy-resin 1.000 0.0642 0.096

Heavy conc. (C): d ¼ 7.91 g cm-3

CCementD 0.0638 0.059 0.0038
For small |q|, the integrated intensity of TA-phonon (creation)
scattering Iph(Q) for Ge is given by [18,19].

Iph

 
Q

!
¼ð2pÞ3

v
Z2N

			FN�Q�j2
2
P

imi

Q2cos2q
Zup

Cnþ1D; (A3.1)

and the integrated intensity of spin-wave (creation) scattering
Isw(Q) for cubic ferromagnets, a-Fe and Ni, is given by

Isw

 
Q

!
¼ð2pÞ3

vM

2
3
NM

			FM�Q�j2
S2

1
j
SCnþ1D; (A3.2)

where FN (FM): static nuclear (magnetic) structure factor, v (vM):
volume of the chemical (magnetic) unit cell, N (NM): number of the
chemical (magnetic) unit cells per unit volume,mi: mass of the i-th
atom in unit cell, -up: phonon energy, q: angle between Q and
polarization vector s, Cn þ 1D: Bose factor, j: number of scatterers in
unit cell, S: spin quantum number.

By using parameters in Table A3, Iph(Q) and Isw(Q) were calcu-
lated for -up ¼ 5 meV and 300 K. In the last column, I(Q)d corrects
the difference in the number density of scatterers between the
three samples.
CWaterD 0.0707 0.020 0.0014
CBoron CD 0.0599 0.021 0.0012
CPbD 0.0710 0.900 0.0639
Heavy conc.

(C)
1.000 0.0704 0.557

Heavy conc. (R): d ¼ 5.0 g cm-3

CCementD 0.0638 0.100 0.0063
CWaterD 0.0707 0.033 0.0023
CBoron CD 0.0599 0.046 0.0028

(continued on next page)
Appendix 4. . Calculation of radiation attenuation coefficients
for materials of monochromator drum of Thermal TAS

4-A. g-ray attenuation

The values of the x-ray mass attenuation coefficient, m/r, are at a
phonon energy of 1MeV, taken fromRef. [22]. The expression of C… D
corresponds to a reduced chemical formula, where the sum of the
mole ratio becomes unity.



Ingredient sS [b] sA [b] sT [b] Mole
ratio

Mole frac., fM sT fM [b] sT fM CnD
¼ mN [cm-1]

Lead: d ¼ 11.34 g cm-3, CnD ¼ 3.295 � 1022 cm-3

Pb 11.12 0.16 11.27 1 1.000 11.27 0.371

Polyethylene: d ¼ 0.93 g cm-3; C0.333H0.667, CnD ¼ 1.1974 � 1023 cm-3

C 5.551 0.003 5.554 1 0.333 1.851
H 82.02 0.303 82.32 2 0.667 54.88
C0.333H0.667 CPoly

ED
1.000 56.73 6.793

Stainless steel 304 (SUS): d¼ 7.93 g cm-3; Fe0.7Ni0.1Cr0.2, CnD¼ 8.623� 1023 cm-3

Fe 11.62 2.332 13.95 0.7 0.700 9.766
Ni 18.5 4.089 22.58 0.1 0.100 2.259
Cr 3.49 2.778 6.268 0.2 0.200 1.254
Fe0.7Ni0.1Cr0.2

CSUSD
1.000 13.28 1.145

Boron carbide B4C: d ¼ 2.52 g cm-3; B0.8C0.2, CnD ¼ 1.578 � 1023 cm-3

B 5.24 698.6 703.8 4 0.800 563.0
C 5.551 0.003 5.554 1 0.200 1.111
B0.8C0.2 CBoron

CD
1.000 564.1 89.04

Epoxy resin C15H16O2: d¼ 1.1 g cm-3; C0.455H0.485O0.061, CnD ¼ 9.572 � 1022 cm-3

C 5.551 0.003 5.554 15 0.455 2.525
H 82.02 0.303 82.32 16 0.485 39.91
O 4.232 0.00017 4.232 2 0.061 0.257
C0.455H0.485O0.061 CEpoxy

RD
1.000 42.70 4.089

Water H2O: d ¼ 0.997 g cm-3; H0.667O0.333, CnD ¼ 9.995 � 1022 cm-3

H 82.02 0.303 82.32 2 0.667 54.88
O 4.232 0.00017 4.232 1 0.333 1.411
H0.667O0.333

CWaterD
1.000 56.29 5.627

Cement 0.25SiO2 þ 0.75CaO: d ¼ 3.15 g cm-3; Si0.111 Ca0.333 O0.556,
CnD ¼ 7.474 � 1022 cm-3

Si 2.167 0.156 2.323 0.25 0.111 0.258
Ca 2.83 0.392 3.222 0.75 0.333 1.074
O 4.232 0.00017 4.232 1.25 0.556 2.351
Si0.111Ca0.333O0.556

CCementD
1.000 3.683 0.275

Crushed stone 0.75SiO2 þ 0.18Al2O3 þ 0.07CaO: d ¼ 2.1 g cm-3;
Si0.228Al0.109Ca0.021O0.641, CnD ¼ 6.1763 � 1022 cm-3

Si 2.167 0.156 2.323 0.75 0.228 0.530
Al 1.503 0.210 1.713 0.36 0.109 0.188
Ca 2.83 0.392 3.222 0.07 0.021 0.069
O 4.232 0.00017 4.232 2.11 0.641 2.714
Si0.228Al0.109Ca0.021O0.641

CCrushed SD
1.000 3.500 0.216

(continued )

Ingredient m/r [cm2 g-
1]

Weight fraction (obs),
fW

(m/r) fW [cm2 g-
1]

(m/r) fW d
¼ mg [cm-

1]

CPbD 0.0710 0.705 0.0501
CCrushed SD 0.0634 0.117 0.0074
Heavy conc.

(R)
1.000 0.0689 0.344
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4-B. Neutron attenuation

The scattering cross-section (sS), absorption cross-section (sA),
and total cross-section (sT) are at a neutron energy of 30.5 meV,
taken from Ref. [23]. CnD is the number density of the reduced
chemical formula.
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