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Abstract

Neutrons have been used in a wide field of applications by using various neutron sources. Material science is one
of the widest research fields. The activity is supported by nuclear research reactors and high-intensity spallation
neutron sources based on a high-intensity proton accelerator. However, it is desired to perform a measurement
when researchers want to do and to perform adventuresome experiments that have not yet confirmed its
importance. Furthermore, trial and error measurements are necessary to improve a measurement method. Compact
accelerator-driven neutron sources are suitable for such usage and in some cases can complement the
measurement at a large facility. The use of the compact neutron source has sometimes led to new methods. Other
than material science, a new application of soft error acceleration test has been performed at the compact
accelerator-driven neutron sources. Another neutron application is radiation therapy called as boron neutron
capture therapy. In this field, nuclear reactor neutron sources have been used but many of them shut down. It was
desired to construct the BNCT facility near a hospital. Therefore, BNCT facilities based on the compact accelerator
have been constructed in the world. Here, the neutron sources and new methods and applications developing at
compact accelerator-driven neutron sources are introduced.

Keywords: Compact accelerator-driven neutron source, Neutron production reaction, Neutron intermediate-angle
scattering, Pulsed neutron imaging, Soft error test, Boron neutron capture therapy

1 Background

Neutron sources are shifting from research nuclear reac-
tors to accelerator-driven neutron sources. Large neu-
tron sources based on a high-energy proton accelerator
have been constructed for neutron science applications.
On the other hand, compact accelerator-driven neutron
sources also have been constructed, under construction
and planning. The compact accelerator-driven neutron
sources are used for various applications. New methods
were developed in neutron scattering for material sci-
ence; soft error test of semiconductor device has been
executed and boron neutron capture therapy is being
promoted by using neutron sources based on compact
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accelerators. These recent activities are explained in this
review paper as well as neutron sources in the world.

2 Introduction

Neutrons have been used for neutron science, medical
treatment, and irradiation. Research nuclear reactors
have been used as neutron sources for a long time. How-
ever, many reactor neutron sources shut down and some
of the existing ones have a plan to shut down in the near
future [1, 2]. On the other hand, accelerator-driven neu-
tron sources based on a spallation reaction have been
constructed in the world to supply high-intensity neu-
tron beams [1, 3] to support and develop neutron activ-
ities. There are four spallation neutron sources under
operation in the world: SNS and LANSCE in the USA,
JSNS in Japan, ISIS in the UK, and CSNS in China. In
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addition to them, ESS is under construction in Sweden.
Furthermore, compact accelerator-driven neutron
sources (CANSs) have also been constructed for science
and radiation treatment [2, 3]. In material researches
and industrial applications, it is better for researchers to
have a chance to measure a sample before an experi-
ment at a large facility. The CANS has better character-
istics than high-intensity sources although the neutron
intensity is much lower than and the resolution is not
high as the high-intensity ones. Usually, there is no re-
view system for an experimental proposal, which allows
the researchers to perform a venturous measurement.
The experiment will be done on-demand like, namely,
the researcher can perform the experiment not waiting
for a long time as in the high-intensity sources. Not only
instrument-depending experiments like the diffractom-
eter but also a new type of experiment can be executed
easier. Such characteristics sometimes led to the devel-
opment of new methods [4-6].

On the other hand, neutrons have been also used for
medical treatment by using reactor neutron sources for
a long time. Boron neutron capture therapy (BNCT) has
been performed at reactor sources in the world and its
usefulness has been proved [7]. However, the reactor
sources were not convenient for treatment since they
could not be constructed near or in a hospital. There-
fore, it has been desired to construct accelerator-driven
neutron sources for BNCT. Recent accelerator develop-
ment to attain a power around few tens kW supported
this trend, and various BNCT facilities based on the ac-
celerator were constructed, are under construction and
planned in the world. In 2020, a system obtained med-
ical device approval for manufacturing and sales of
accelerator-based BNCT system and the dose calculation
program in Japan (https://www.shi.co.jp/english/info/201
9/6kgpsq0000002ji0.html). It is the world’s first medical
device of BNCT and two BNCT hospitals have started
treatment.

One of the other applications recently developed is a
soft error acceleration test that makes it possible to
check the effectiveness of methods to reduce the soft
error and estimate an acceleration rate [8]. The soft
error is becoming more or more important since IT
equipment prevails to various fields and increases its
total number in the world. The soft error is not a fatal
error of IC that is called as a hard error since it can be
recovered by resetting the system. This is a bit error
caused by the extra charge produced with radiations.
Neutron is a major contributor at Earth’s surface. So far,
the spallation neutron sources have been used since they
can well simulate the spectrum at Earth’s surface
(https://permalink.lanl.gov/object/tr?what=info:lanl-
repo/lareport/LA-UR-05-8767). However, the use of a
CANS to evaluate the error rate is useful and a new idea
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since it was thought that a neutron spectrum similar to
the natural terrestrial one was necessary for such a
measurement. There are several merits to perform the
experiment at compact neutron sources since it is easier
to access the facility and to manage experiments al-
though their neutron spectra are different from the nat-
ural terrestrial one.

Here, neutron intensity and energy range required for
neutron applications, accelerator-based neutron sources,
neutron applications recently developing at CANSs: small
and medium angle neutron scattering, neutron imaging,
soft error test, and BNCT application, are introduced.

3 Neutron intensity and feasible applications
There are various neutron applications. In Fig. 1, an en-
ergy and intensity range is roughly indicated for each
measurement or application although it is just for refer-
ence. Here, the intensity means the produced neutron
intensity at a neutron production area. The intensity
limits indicated are determined by not only statistic rea-
son of the measurements but also economical or phys-
ical condition of each application. At low neutron
intensity, moisture measuring [9], water level gauge, and
oil prospecting [10, 11] have been executed by using
high-energy neutrons emitted from a radioisotope neu-
tron source or a neutron tube. In these experiments, a
portable or easy to bring neutron source is used, and
due to this reason, the intensity necessarily becomes
low.

At higher intensity, various neutron scattering experi-
ments are performed. Neutron scattering experiments
are, as prime examples, imaging, diffraction, small-angle
scattering, reflectometer, and quasi and inelastic scatter-
ing [1]. Intensity ranges shown in Fig. 1 are required for
the accelerator-driven neutron source. Higher intensity
is better for all experiments since usually statistics and
resolution become better or the amount of the sample
required for measurement becomes small with increas-
ing the intensity. Many of the measurements can be
done from an intensity about 10'* n/s but quasi-elastic
and inelastic scattering experiments need much higher
intensity since they analyze the scattered neutron energy.
The energy range required for each experiment changes
largely. However, many of them are in a range of cold
(~0.1 meV to 5meV) and thermal neutrons (~5 meV to
~1 eV). Imaging can be performed in a very wide energy
range, since neutron interaction cross section depends
on energy and so we can obtain a different contrast
image with changing the energy. Prompt y-ray analysis
is a useful method for microanalysis and it uses cold to
thermal neutrons. Fundamental physics occupy two en-
ergy regions. One is very low energy from ultra-cold to
cold and the other is a high-energy region of sub MeV
to MeV.
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Fig. 1 Neutron intensity and energy range for various neutron applications and measurements
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Si doping is one of the important applications at re-
actor neutron sources. This is a method to create impur-
ity homogeneously in Si block using thermal neutron
penetrating power, in which *°Si(n,y)*'Si and 'Si — 3'P
reaction process occurs. For the neutron absorption re-
action, thermal neutrons are effective. Radioisotope pro-
duction is another useful application.

The soft error acceleration test is one of the irradiation
applications. The energy range used is mainly over few
MeV since major nuclear reactions occur in this energy
range for the Si nucleus, a major element in a IT device.
However, even in a much lower energy region, namely,
the thermal neutron region, the soft errors were ob-
served depended on devices.

For a BNCT neutron source, higher intensity is prefer-
able but higher intensity requires higher accelerator
power, namely, beam current times particle energy. It
means that construction cost becomes expensive since a
high intensity neutron source requires not only an ex-
pensive accelerator but also a thick shielding. Engineer-
ing restrictions existed to increase the power have been
solved recently. The neutron intensity produced at
BNCT sources is about 10'°~10'* n/sec order that cor-
responds to about few tens kW beam power.

Other applications such as neutron device develop-
ment can be done at a low-intensity facility. This kind of
development is useful for high-intensity neutron sources

to save their machine time and the result will contribute
to improve the instruments at the high-intensity neutron
sources.

The measurements that can be performed at CANSs
are the ones that the intensity limit is less than about
10" n/s. Anyway, it should be noted that the indicated
energy and intensity ranges are just for guide and not
rigorous.

4 Neutron sources based on accelerators

Neutron science and industrial applications are actively
performed at various neutron sources. Many of the re-
search reactor neutron sources were shut down and re-
cently, as examples, ORPHEE in France and BER-II in
Germany were closed in 2019. Instead of the reactor
source, accelerator-driven neutron sources have been
proposed in Europe [12, 13].

There are various neutron production nuclear reac-
tions. Radioisotope neutron sources like **>C;, Am-Be,
etc. are used as low-intensity and easy-to-handle neutron
sources. **Cy are sometimes used for neutron imaging.
One of the more intense neutron sources is neutron
tubes using d-d or d-t nuclear reactions [14]. The d-t re-
action is *H + *H — *He + n + 17.59 MeV, and d-d is
’H + H — >He + n + 3.27 MeV. The d-t neutron tube
produces about 100 times higher intensity than the d-d

source. However, trittum handling causes major
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difficulty to use in a laboratory due to its severe regula-
tion. Therefore, the d-d neutron tube is used and applied
to various applications, to cite a case, imaging. However,
the intensity is at most less than about 10" n/s and not
enough for many of the neutron applications mentioned
before.

To obtain much higher neutron intensity, we need to
use accelerators. The most effective reaction is spalla-
tion. As shown in Fig. 2a, the spallation reaction is
caused by a high-energy proton injection usually to high
atomic number materials since the number of neutrons
is larger in high atomic number materials. The high-
energy proton induces an intra-nuclear cascade in a nu-
cleus. The proton directly sputters particles of neutron,
proton, pion, etc. and then the nucleus is left at an
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Fig. 2 Conceptual diagram of neutron production reactions. a
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excited state. Neutrons are released from the nucleus
through an evaporation process of the excited nucleus.
About 90% neutrons are produced by this process. A
major part of the energy spectrum is similar to that of
fission and a peak energy appears around 1 MeV. How-
ever, the spectrum has a gradually decreasing tail up to
the energy of the incident proton. The number of neu-
trons is ~ 10" n/s at 1kW power. This is about 100
times higher efficiency than other reactions. However, to
induce the spallation reaction, high-energy protons are
necessary with an energy more than about 100 MeV and
this requires a big and expensive accelerator. Therefore,
only one neutron source has been constructed in each
country or a wider area. High-intensity neutron sources
are indispensable for the advanced application of neu-
tron science and industrial use but CANSs other than
spallation are necessary to make various neutron appli-
cations more popular. The nuclear reactions used at
compact accelerators are photo-neutron, p-Be, and p-Li.
As shown in Fig. 2b, the photo-neutron is a reaction
caused by electrons in which an electron first interacts
with an electric field in an electron shell and then emits
a high-energy photon through bremsstrahlung; succeed-
ingly, the photon injected into the nucleus excites the
nucleus; and finally, a neutron is released from the nu-
cleus through the evaporation process. Therefore, the
energy spectrum has a shape of evaporation neutrons
with a peak energy around 1 MeV like spallation. How-
ever, in this reaction, the energy spectrum does not have
a tail that the spallation spectrum has. The neutron yield
is about 10" n/s at 1 kW. Recently, compact proton ac-
celerators have been constructed for the neutron beam
experiment and the BNCT facility. The nuclear reactions
are as follows:

"Li + p—’Be + n-1.65MeV

°Be + p—’B + n-1.85MeV

The p-Be reaction is indicated in Fig. 2c and the
scheme of p-Li reaction is very similar to this. Their
threshold energies are 1.88 MeV for Li and 2.06 MeV for
Be. Many of the neutron sources use these reactions. For
the BNCT source, the p-Li reaction is becoming more
popular in the world since it produces high-intensity
neutrons at lower proton energy than Be, which leads to
low-energy neutrons. The low-energy neutron is effi-
ciently moderated to required energies in a moderator.
It should be noted that “Be is a radioactive nucleus with
a half-life of 53.12 days. The number is the same as the
neutron number but only 10.4% of “Be decay emitting
478keV y-ray. In the case of the p-Be reaction, a
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reaction channel producing “Be and tritium opens over
about 13 MeV.
Other candidates are d-Li and d-Be reactions.

"Li+ d—2*He + n + 15.12MeV

°Be + d—1°B + n + 4.36 MeV

They are all exothermic reactions. Therefore, a merit
of the reactions is that they allow to adopt a low-energy
accelerator. The d-Be reaction has smaller fraction of
high-energy neutron intensity of MeV order than the d-
Li one. It should be considered in the d-Be reaction that
trittum is produced by about half of the neutron
number.

Figure 3 shows the neutron yield depending on the
particle energy. The data about d-Be and d-Li are from
Ref. [15], and p-Li, p-Be, and photo-neutron from Ref.
[16]. The d-Li and the d-Be reactions can be used for
low-energy accelerators. The p-Li is next to these reac-
tions and used around 3 MeV. The p-Be reaction needs
higher energy accelerators than the p-Li one to obtain a
high-intensity neutron beam but the handling of a Be
target is easier than a Li target. The photo-neutron reac-
tion needs accelerators with an energy over around 20
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MeV since the neutron production reaction has a
threshold energy usually more than about 10 MeV. The
electron linear accelerator has a merit to produce a short
pulse beam less than about few psec, which enables us
to measure the resonance peak in the neutron cross
section.

5 Applications at compact accelerator-driven
neutron sources

The CANS is not based on the spallation reaction and
the intensity is less than about 10'*~10" n/s. There are
various neutron sources in this intensity range in the
world. Figure 4 shows CANSs as well as spallation neu-
tron sources in the world used for the neutron scattering
experiment. The spallation neutron sources are indicated
by a yellow background color. ESS is under construction
and others are operating. Figure 5 shows their intensity,
where two kinds of intensities are indicated at the X and
Y axes [17]. The X axis is a peak intensity that is defined
as (Neutron intensity in a pulse duration)/(Duration
time) and the Y axis is an average intensity that is aver-
aged over a long time range compared with each beam
pulse duration. Here, a line indicating two intensities are
equal (namely, steady source) is shown. Even among the
accelerator sources, SINQ and NUANS are steady neu-
tron source, not pulsed one. HUNS at Hokkaido
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Fig. 3 Neutron yield as a function of incident particle energy
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Fig. 4 Accelerator-driven neutron sources used for neutron beam experiments in the world

University has a long history as a CANS [18]. This port. RANS at RIKEN [19], KUANS at Kyoto University
source uses an electron linear accelerator and is applied in Japan, and CPHS at Tsinghua University in China
to imaging, intermediate-angle scattering. GELINA in  [20] are based on a proton accelerator with the use of Be
Belgium is also an electron accelerator based neutron target. RANS is used for imaging, diffraction, and SANS,
source (https://ec.europa.eu/jrc/en/research-facility/  and KUANS for imaging. CPHS was planned for imaging
linear-electron-accelerator-facility), which are mainly and SANS. PKUNIFTY at Peking University in China is
used for nuclear data measurements and also for reson-  based on a deuteron accelerator with a Be target and
ance imaging. LENS at Indiana University in the USA  used for imaging [21]. The neutron intensity of KUANS
was constructed using a proton accelerator with a Be is of the order of 10" n/s and others are 10"*~10"® n/s.
target (https://ceem.indiana.edu/lens/about-lens/index.  Recently, an electron linac-based neutron source (AIST
html), which is used for small-angle neutron scattering ANS) was constructed in Japan [22] mainly for Bragg
(SANS) and spin-echo scattering, and also used to obtain  edge transmission measurement [5].

data such as moderator development for SNS in the Various applications are being performed at CANSs
USA. A soft error test can be performed at an irradiation  and all the sources execute device development such as
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detector, mirror, focusing device, etc. Here, we introduce
new neutron measurements and applications developing
by using CANSs.

5.1 Intermediate-angle neutron scattering [6]

SANS is one of the most important tools to investigate
the nanostructure of materials. Polymer and biomaterials
are suitable research items for SANS. On the other
hand, it has been used to study metal materials. Intensity
difference between the high-intensity source and CANS
is more than 3 orders. Therefore, to perform the same
experiment at the high-intensity source cannot be exe-
cuted at CANS. However, CANS has various merits to
proceed with the material research. It is required to de-
termine a target research object and optimize the instru-
ment according to the requirement to use the CANS
effectively. Based on this consideration, an intermediate-
angle scattering instrument, iANS, was developed with
the use of the time-of-flight method at HUNS for char-
acterizing nanostructures embedded in a metallic matrix
[6].

Major SANS systems are designed for measurement at
low-Q region. Here, Q is the momentum transfer de-
fined as Q = 4msinf/A (20: scattering angle, A: neutron
wavelength). However, in metallurgy, there are many
tools for characterization from the micron scale to a few
ten nanometers. In contrast, the choice of
characterization methods is limited when the size of het-
erogeneities reaches a few nanometers. Therefore, iANS
was designed to observe the Q range from 0.2 to 10
nm ™, a region already indicated its usefulness by labora-
tory SAXS [23-25]. It is advantageous that instruments
at CANS can be optimized from the source to the de-
tector for this fixed purpose.

The most important key is to optimize the Q reso-
lution. If the Q resolution can be relaxed, it allows us to
use a larger divergence neutron beam than that of a
traditional SANS. The Q resolution is defined as AQ/Q,
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where AQ is the FWHM value in the case of a Gaussian
distribution. Because the measured detector count rate
Cp is roughly proportional to the fourth power of AQ,
the gained flux can be expressed as follows:

CD“AQ4.

Since some of the other effects are ignored for simpli-
fication, Cp will be overestimated when using this equa-
tion. If the Q resolution is set to AQ/Q = 30%, then AQ
= 0.06 nm ™ at Quin = 0.2nm ™! is required for iANS op-
tics, while AQ = 0.009nm™ at Qu, = 0.03nm™' is
needed for regular SANS instruments. Consequently, the
Cp of iANS is at most (0.06/0.009)* = 2000 times higher
than that of a regular SANS system. Under these consid-
erations, the optimum design was determined and the
layout is shown in Fig. 6 [6]. The design parameters are
Qmin = 025 nm ™, Quax = 6.5 nm ™}, available wavelength
= 0.07-1.3 nm, detector area = 600 mm x 200 mm, de-
tector element size = 5mm x 12.7 mm, L; (source to
sample length) =5500mm, L, (sample to detector
length) =500 mm, d; (1st pinhole diameter: moderator
size) =100 mm, and d, (sample size) = ¢10 or $13 mm.

The performance was compared with data obtained at
a high-intensity reactor source and showed good coinci-
dence in the targeted Q range. As one of the examples
of iANS measurements, SANS data are compared to
those obtained by small-angle X-ray scattering (SAXiS)
with respect to SAXS/SANS contrast variation to evalu-
ate precipitates [26]. This is a useful method provided by
in-house SANS and SAXS. The scattering intensity of
the small-angle scattering is written by the following
equation for neutron and X-ray.

Scattering intensity = (Ap)*> x (Number density) x
(VolumexGrain form factor)?.

The terms other than the first one are common for
both radiations and determines the shape of the Q-
dependent scattering spectrum. The first term is

m : Shielding material

Vacuum Chamber

Monitor
W: Al or Steel Collimator
e -’!: ¢ b v
Moderator Sample pinhole

Detector

Fig. 6 Layout of an intermediate-angle scattering instrument, iANS at HUNS [6]
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Fig. 7 Intermediate-angle scattering intensities for Ti-added steel (circles) and 700 series aluminum alloy (triangles) [6]

determined by the scattering amplitude of each radi-
ation. The amplitude changes from element to element
for the neutron but monotonically increases with the
atomic number for X-ray. Therefore, we will identify
precipitates by using the scattering intensity change be-
tween SANS and SAXS measurements. Figure 7 shows
TiC precipitates in the steel and MgZn, precipitates in
Al alloy [6]. The intensity ratios between SAXS and
SANS are 14 (£10%) and 225 (+10%), respectively. The

scattering length densities are obtained from mass dens-
ities and nominal compositions for matrices and from
lattice constants and stoichiometric compositions for
precipitates [27]. The expected intensity ratio yields 14.1
for TiC and 230 for MgZn,. These values coincide with
the observed values within the error.

Therefore, we can conclude that iANS can give suffi-
ciently high-quality profiles for quantitative analysis on
an absolute unit scale even using CANS and that
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evaluation of composition and phase only using in-
house SAS instruments is now feasible and ready for fur-
ther research in various alloy systems.

5.2 Pulsed neutron imaging

Neutron imaging has been used in various fields in the
world and proved to be very useful. The neutron sources
used are from radioisotope neutron sources to big neu-
tron sources. In traditional applications, it uses a white
neutron beam, namely a wide energy band beam, and
simply gives a transmission contrast image. We found
that we could obtain crystallographic information by
using an accelerator-driven pulsed neutron source since
it gave an energy-dependent transmission spectrum with
the use of the time-of-flight method and the spectrum
reflected the structure of the neutron cross section in-
cluding the crystallographic information [4, 5]. Even at a
reactor neutron source, the energy selective imaging has
become popular [28]. By using a pulsed source, we can
obtain an energy-dependent spectrum continuously,
which is a large merit compared with a reactor source.
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Figure 8 shows an example of the neutron cross section.
We can see a sawtooth-like structure at an energy region
less than about few 10 meV. Each sharp edge, called as
Bragg edge, corresponds to 2 x dj,y, where dj is the lat-
tice plane spacing of Miller index (hkl) of the crystal
structure. The lowest edge corresponds to 2d,,,, and
below this energy the diffraction cannot occur. The
peaks that appear at a higher energy region over 10 eV
are resonance peaks that energy differs from nucleus to
nucleus.

From the low-energy region, the crystallographic infor-
mation is deduced by using following equations [5]. The
neutron transmission 77(1) as a function of the neutron
wavelength A is written as

Tr(h) = exp(-ain(A)pt). (1)

Here, 0,,t(d) is the total cross section, p the atomic
number density, and ¢ the thickness of a sample mater-
ial. The total cross section consists of elastic coherent

scattering (o83

¢ elastic incoherent scattering (o ), in-
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inela

me® ), inelastic incoherent

elastic coherent scattering (o
scattering (ginel2
indicated below:
Ttor(d) = e (V) + oton (1) + o (A)
inel
+ Gincoh (A) + Tabs(A).

), and absorption cross section (g,ps), as

(2)

The elastic coherent scattering cross section relates
directly to Bragg edges. The cross section considering
distortion of the crystal structure is indicated by the fol-
lowing equation.

ela

2
Teoh() = W > it Enia*niaRisa A=21s0) Prsa (A, 2eia) Enet (A, 26y, ),
(3)

where Vj is the unit cell volume and Fjyy is the crystal
structure factor. The first factor Ry (A-2d)) is the edge
profile function, including the dj;; information. From
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the dj, crystal structure is deduced. Shift of the edge
position occurs as a result of the strain of the crystal
structure. The second factor Pj(1,2d;y) presents the
anisotropy effect due to the preferred orientation, which
changes the whole shape of the Bragg edge transmission
spectrum. Figure 9a shows cross-section change due to
the anisotropy effect. Here, R is a parameter indicating
the degree of the anisotropy and R = 1 corresponds to
the isotropic case. The anisotropy becomes stronger
when the R value departs from 1. In the figure, the effect
of different Miller indexes is shown. It is recognized that
the shape around the Bragg edge changes differently de-
pending on the plane and R. The third factor Ejy (A,
2dp, Fpr) indicates the effect of crystallite size. As
shown in Fig. 9b, the shape is similar to each other but
the absolute value of the cross section decreases with in-
creasing the crystallite size. This is due to the double re-
flection in the same crystallite, which is called as

(1) Thick blade body

(2) Thin cutting edge
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Fig. 10 Transmission spectra of (1) thick body and (2) thin cutting edge in upper figures, and a photo of the knife, (@) BCC and (b) FCC number
density mapping, (c) BCC and (d) FCC texture mapping, and (e) BCC and (f) FCC crystallite size mapping in lower figures [29]
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extinction, and the probability increases with the crystal-
lite size.

We applied this method to a kitchen knife “Seki-
no-magoroku” made in Japan [29]. The knife consists
of two crystalline phases of iron: a-Fe phase (BCC:
body-centered cubic crystal structure) and (a-Fe
phase) + (y-Fe phase) (FCC: face-centered cubic crys-
tal structure), which were confirmed by X-ray diffrac-
tion at both surfaces of the knife. We intended to
obtain information on texture (anisotropy), crystallite
size, and content of each phase through a thickness
direction. Figure 10 shows results of fitting to trans-
mission spectra in (1) and (2) in upper figures, and a
photo of the knife, (a, b) number density, (c, d) tex-
ture, and (e, f) crystallite size distributions in lower
figures. As shown in Fig. 10 (1) and (2), the FCC and
BCC double-phase assumption can give a better fit-
ting curve. Figure 10 (a) and (b) indicate the a-Fe
thickness becomes thinner around the cutting edge.
On the other hand, the y-Fe thickness is unchanged
over the whole region. At the blade body region, the
thickness of y-Fe is almost a half (0.8 x 1022cm™2) of
that of a-Fe (1.9 x 10> cm™?). At the cutting-edge re-
gion, the thicknesses of both phases are almost the
same (~0.9 x 10*2cm™2). It indicates that the knife
has a layered structure with the same thicknesses of
an o-Fe layer and a mixed a-Fe and y-Fe layer. At
the cutting-edge area, only the second layer appears.
This result is consistent with the diffraction data and
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is the unique result of neutrons since the X-ray gives
surface information only. Figure 10 (c) and (d) show
the texture information. The texture is uniform for
both phases and the difference is small between them.
Figure 10 (e) and (f) show the crystallite size informa-
tion and again they are uniform although the size in
a-Fe (BCC) is a little bit larger than y-Fe (FCC). This
suggests that this knife did not receive heat treatment
and strain hardening around the cutting-edge during
the making process.

As another type research, we would like to introduce a
study on a Li-ion battery (LIB) as an industrial applica-
tion [30]. The structure change of a graphite anode in a
LIB during the LIB charge-discharge cycle affects the
performance of the battery. While charging a LIB elec-
trically, the crystal lattice spacing of graphite {002} be-
comes larger than the discharged one, because the
lithium ions intercalate into the graphite layers. We con-
sidered the lattice spacing of graphite could be related to
the charge level of the LIB and a distribution of charge
level would be obtained by Bragg edge transmission. We
performed experiments after solving the difficulties due
to the large scattering effect of hydrogen and large ab-
sorption cross section of Li that reduces the transmis-
sion intensity very much. Figure 11 shows transmission
spectra at different charge currents from 0 to 3919 mAh.
{002} peak was clearly observed and the peak moves to a
longer wavelength and is blurred with increasing the
charge current. Figure 12 shows a photo of LIB and

Neutron transmission (arb. unit)

Graphite 002

3919 mAh
~2360 mAh
—1412 mAh
~—500 mAh

~—(0 mAh

<
o

04 0.6

Neutron wavelength 2 (nm)

Fig. 11 Transmission spectra at different charge currents from 0 to 3919 mA [30]
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Fig. 12 Photo of LIB and distribution of stages deduced by {002} lattice plane spacing [30]
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distribution of stages deduced by {002} lattice plane spa-
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the stage number, lithium content increases and then
the lattice becomes wider. From the results, the ratio of
each stage was deduced quantitatively. At the charge
level of 0 mAh, the negative electrode of graphite is al-
most in the state of the normal graphite. A little amount

of the stage-4 exists there, which will be due to the pro-
duction process of the LIB. With the increase in the
charge level, the stage-4 increases initially and then de-
creasing. The stage-3 shows a similar tendency. The
stage-2 continuously increases from the first of the
charge. On the other hand, the stage-1 rises at the end
of the charge. At the last stage of the LIB charge, the
charging voltage shows rapid increase and becomes diffi-
cult to charge. Even at this charge level, the stage-1 is
minor. This means the achievement of the ideal charge

-

Fig. 13 Example of the resonance imaging [31]
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level is difficult, and the stage-2 structure is considered
more stable in the high charge level.

Furthermore, we can deduce nucleus and temperature
information by analyzing the resonance peaks that ap-
peared at a higher energy region usually over few eV.
The energy of each peak reflects the nuclear structure of
each nucleus. Therefore, the nucleus can be identified by
analyzing the resonance peaks. Temperature can be
measured without contact by using the Doppler broad-
ening of the resonance peak. Figure 13 shows an ex-
ample of the resonance imaging [31]. The sample is
indicated at the left side and its structure is a double cy-
linder that included a mixture of Ta and In outside and
Ta inside with aluminum oxide. Upper figures are tomo-
graphic images of In and Ta nucleus distributions. In ex-
ists in an outside shell and Ta distributes both inside
and outside. The temperature was measured when heat-
ing the sample with a heater inserted at the center of the
sample. The temperature distribution was shown as a
tomographic image at the lower left and as one-
dimensional distribution at the lower right. The ob-
served temperature curve waves. This is due to insuffi-
cient reconstruction of computer tomography since the
number of the measuring points was not enough. How-
ever, it is indicated that the nucleus distribution and
temperature can be measured with this method.
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5.3 Acceleration experiment of soft error

Digital technologies are more and more becoming im-
portant and popular now [32, 33]. However, there are
random phenomena called bit errors in semiconductor
devices such as in large-scale integrated circuits (LSIs)
including memory chips. A soft error is a temporary bit
error in a semiconductor. Such errors are caused by a
single event upset (SEU) due to unexpected charged par-
ticles, which can be produced as secondary ionizing par-
ticles resulting from nuclear reactions mainly between a
silicon nucleus and a neutron [34, 35]. Neutrons are pro-
duced mainly by proton spallation reactions in the at-
mosphere. Therefore, neutron soft error mitigation is
crucial for ensuring reliability and safety, especially in
medical devices, automobiles, airplanes, trains, and core
information and communication network equipment for
telephones and the Internet.

However, because neutron-induced soft errors are
somewhat rare events, it has been difficult to experimen-
tally verify failure processing for these types of malfunc-
tions. To overcome this difficulty, acceleration tests
using artificial intense neutron sources have been so far
carried out at relatively high-energy particle accelerator
facilities producing neutrons with a spectrum similar to
the terrestrial neutron spectrum, e.g., TNF at TRIUMF
in Canada [36], LANSCE at LANL in the USA [37], ISIS

10%
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Neutron-induced SEU Cross section [cm®/Mbit)
=)

FPGA 28nm
—FPGA 40nm
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Fig. 14 Neutron-induced SEU cross sections [43]
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Fig. 16 Schematic view of the experimental setup [42]
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Number of soft errors
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Fig. 17 Time intervals between two soft errors [42]
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at RAL in the UK [38], ANITA at TSL in Sweden [39],
ISNP/GNEIS in Russia [40], and RCNP at Osaka Univer-
sity in Japan [41].

The major reactions are neutron-Si reactions. They
are indicated below with the threshold energy Es [42]. ()
is the content of each isotope.
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different design rules (minimum processing line width)
FPGAs as shown in Fig. 14 [43]. It is recognized from
the figure that the cross sections increase from around
few MeV and saturate around 20 MeV for all samples
with a design rule of 28, 40, and 55 nm. Therefore, soft
errors can be induced by the MeV-range neutrons pro-
duced by compact neutron sources and acceleration test
is possible. At CANS, trial and error experiments are
easily carried out to improve experimental conditions
due to its flexibility and low cost.

The acceleration tests were performed at HUNS [42],
which produced neutron intensity is about 10** n/s. Fig-
ure 15 shows the comparison of simulated spectral data
for the HUNS facility (solid line and symbols) and for
the natural terrestrial environment at Tokyo, Japan, at
sea level (dashed line). The terrestrial spectrum was
multiplied by the factor 1.9 x 10® to compare the flux
shapes. The intensity at HUNS was about 3.4 x 10°
times higher than the terrestrial spectrum over 5MeV.
Figure 16 shows a schematic view of the experimental
setup. Here, a whole equipment (Packet Transport
Multiplexer (PTM) link system [44]) built into a rack
was irradiated, which is called as equipment under test
(EUT). Figure 17 shows time intervals between two soft
errors, relating to the neutron intensity. The frequency
became maximum between 1 and 2 min and the distri-
bution suggested that the accelerator rate was about 10°
times compared with the natural terrestrial condition.
Furthermore, devices to decrease the soft error rate were
examined. Figure 18 shows the comparison of relative
error rates for three types of systems. The reduction of the
error rate was observed for all systems. One of the most
important points of the measurements is that this kind of
measurements can be performed at CANS within reason-
able time scale and trial and error experiments can be eas-
ily executed. In 2018, international standards providing
guidelines to protect telecommunication equipment from
soft errors caused by particle radiation produced by cos-
mic rays were adopted by ITU-T (International Telecom-
munication Union — Telecommunication Standardization
Sector), which consist of ITU K.124 (Overview of particle
radiation effects on telecommunication systems), ITU
K.130 (Neutron irradiation test methods for telecommuni-
cation equipment), ITU K.131 (Design methodologies for
telecommunication systems applying soft error measures),
ITU KSupplll (Soft error measures for field
programmable gate arrays), TU K.139 (Reliability require-
ments for telecommunication systems affected by particle
radiation), and ITU K.138 (Quality estimation methods
and application guidelines for mitigation measures based
on particle radiation tests) (https://news.itu.int/new-itu-
standards-to-prevent-soft-errors-caused-by-cosmic-rays/).
In ITU K.130, CANS is described as a neutron source for
the soft error test.
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5.4 Boron neutron capture therapy

Boron neutron capture therapy has been performed by
using nuclear reactors and their clinical results proved
the usefulness of BNCT. The treatment has been applied
to brain cancer, head and neck cancer, and skin cancer.
However, the number of operating reactors decreased
and it was desired to construct the BNCT facility in or
near a hospital. Therefore, BNCT facilities have been
constructed or under planning based on various acceler-
ators in the world.

Boron neutron capture therapy is a combined therapy
of radiation therapy and drug delivery of boron agent.
Boron has a high absorption cross section for thermal
neutrons and the absorption induces a reaction emitting
high-energy *He (a) and “Li nucleus. In the treatment,
before irradiating neutrons, a boron agent is delivered to
cancer cells and then neutrons are irradiated. The boron
agent is mainly accumulated in the cancer cells and a ra-
tio of concentration between the normal cells and cancer
cells is normally about 3.5 in the case of BPA (Borono-
phenylalanine: 4-'°B-borono-L-phenylalanin). BPA is
now the most used boron agent and officially approved
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as a BNCT agent in Japan. Figure 19 simply shows
BNCT principle: the boron-neutron reaction where two
particles are emitted and the reaction in cancer cells.

As shown in the figure (b), a has energy of 1.47 MeV
and “Li has 0.84 MeV and each range is about 9 um and
5pum. They have high linear energy transfer (LET): a
particle ~150 keV/um and “Li ~ 175 keV/um. These par-
ticles provide high energy along their brief pathway that
corresponds to an area of a single cell. Therefore, this
method in principle kills the cancer cells selectively and
the damage of the normal cell will be reduced. The neu-
trons injected into the human body are epithermal neu-
trons (0.5eV-10keV) to treat a deep positioned cancer
so as to obtain high-intensity flux of thermal neutrons
(Iess than 0.5 eV) around the cancer due to moderation
of epithermal neutrons in the body.

The energy spectrum variation scheme from the target
to the human body is shown in Fig. 20. High-energy
neutrons produced in a target (Fig. 20 (a)) are moder-
ated in a beam shaping assembly (BSA) to form an
epithermal neutron-rich spectrum (Fig. 20 (b)) and the
epithermal neutrons are injected into the body, where a
thermal neutron spectrum is formed (Fig. 20 (c)). Re-
quired characteristics of the BNCT neutron source are
different from those for the scattering experiment, since
it requires not only the intensity but also low contamin-
ation of components like fast and thermal neutrons and
photons. The effective neutrons are epithermal neutrons
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from 0.5eV to 10keV, which require moderator mate-
rials different from the scattering experiment. Fluoride
such as MgF,, CaF,, and AlF; are usually used as a mod-
erator and a lead reflector is popular [45].

The accelerator-based BNCT system is most inten-
sively developed in Japan. Other major countries are
Finland, Russia, Argentina, Israel, Italy, China, and the
Republic of Korea. In Japan, there are three most ad-
vanced facilities already treating patients: C-BENS at
Kyoto University [46], Southern Tohoku Hospital [47],
and Kansai BNCT Medical Center (https://www.omp.ac.
jp/en/kbmc.html), all of which use a 30 MeV-1 mA pro-
ton cyclotron and Be as a neutron producing target [2].
The first clinical trials in the world were performed [48].
The system obtained approval from the Japanese govern-
ment for manufacturing and selling as a medical device
in 2020. The fourth facility is at the National Cancer
Center in Tokyo [49], based on an RFQ linac and the p-
Li reaction.

The facilities using the Be(p,n)’B reaction at lower
proton energies exist in Japan and Korea. In Tsukuba in
Japan, a large interinstitutional project centered around
Tsukuba University is ongoing [50] and is based on a
linac with 8 MeV (3 MeV RFQ+ 5MeV DTL) and a de-
signed maximum current of 10 mA. A similar project
completed by Dawonsys. Inc. in Korea is in the commis-
sioning phase. It consists of an RFQ + DTL producing a
10-MeV, 8-mA proton beam on a thick Be target. There
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are several ongoing projects based on radiofrequency
machines. One is at the Laboratori Nazionali de Legnaro
(LNL) in Italy, which is based on a high-intensity RFQ +
DTL operating at 5 MeV proton energy and 30 mA with
the *Be(p,xn) reaction [51]. The other unique one is at
the Soreq research center in Israel and is based on a
superconducting RFQ + DTL combined with a liquid Li
target [52].

BNCT facilities based on electrostatic accelerators are
developed in various places in the world. The most ad-
vanced one is in Finland, which is just before the treat-
ment. It is based on a single-ended DC machine with a
Li target (http://www.hus.fi/hus-tietoa/uutishuone/Sivut/
BNCT-siddehoitolaite-HUSiin-ensimmaéisend-maailmassa.
aspxospital). Others are in Russia using vacuum insu-
lated tandem [53] and China Xiamen Humanity Hospital
using the same machine, Argentina using electrostatic
Quadrupole (ESQ) [54], and NUANS at Nagoya Univer-
sity in Japan using Dynamitron [55]. All projects other
than Argentina use p-Li reaction and the Argentina pro-
ject d-Be or d-2 C.

BNCT is becoming more and more popular in the
world and several countries, the UK, USA, etc., are con-
sidering new projects.

6 Conclusions
The neutrons are widely used in various fields and the
application area is expanding. Traditional neutron scat-
tering applications are still useful for new material and
science studies and also for new industrial applications
such as battery development. Not only the traditional in-
struments but also new methods appeared even in the
traditional field by using the compact accelerator-driven
neutron sources. Soft error acceleration test is an up-to-
date and important field for the compact neutron
sources to promote the development of new high resist-
ive devices and to ensure less trouble society about elec-
tric devices used in various fields. BNCT is one of the
hopeful fields to give a chance to treat cancers so far not
well cured.

To fulfill the requirements for the neutron source for
future applications, a more compact neutron source with
a required intensity is still desired.
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