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Abstract. In this paper, present status, scientific strategy, recent decade
achievements and future perspectives of HUNS with cold, thermal,
epithermal, fast neutrons and high-energy electrons/X-rays are presented.
Time-of-flight small-angle cold neutron scattering with SAXS is useful for
extended-duration materials and foods analysis. Irradiations using fast
neutrons, thermal neutrons, 32 MeV electrons and MeV-class X-rays are
used for not only soft error test of system-level semiconductor devices but
also astrophysics and medical biology. Time-of-flight neutron imaging can
accept big sample, system-level sample and many samples for crystalline
microstructure and temperature analyses in steel, car and cultural heritage
research fields. The reasons of such great activities are discussed.

1 Introduction

Hokkaido University Neutron Source, HUNS, is a neutron beam facility including short-
pulsed neutron sources driven by a compact electron linear accelerator, Hokkaido LINAC
[1]. The facility construction was started in 1971, and the construction was completed in 1973.
Around this early time, the highest intensity accelerator-driven cold neutron source system
using a solid methane moderator was discovered by Profs. K. Inoue and Y. Kiyanagi [2].
After the facility construction, various neutron engineering studies were conducted by Profs.
K. Inoue, Y. Kiyanagi and M. Furusaka. For example, there are developments of accelerator-
driven cold neutron source system including coupled para-H> moderator with pre-moderators
for J-PARC MLF etc. [3-5]; quasi-elastic cold neutron scattering spectrometer using large
analyser mirror (LAM) [6]; mini focusing small-angle neutron scattering (mfSANS)
instrument using ellipsoidal neutron focusing mirrors [7]; magnetic neutron focusing lens
using sextuple magnets [8]; neutron focusing device composed of multi-capillary fibres [9];
neutron time-of-flight (TOF) imaging detectors using wavelength shifting cross fibres [10],
multi-anode photomultiplier tube [11, 12], gas electron multiplier (GEM) [13] and neutron
colour image intensifier [14]; Bragg-edge neutron transmission imaging [15]; neutron
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resonance absorption spectroscopy (N-RAS) [16]; neutron resonance transmission imaging
[17]; polarized pulsed neutron imaging [18]; neutron and X-ray combination imaging [19].

In 2018, Hokkaido LINAC was upgraded to Hokkaido LINAC-II as well as the
construction of AISTANS [20] owing to Innovative Structural Materials Association (ISMA)
projects. In 2020, electron beam transport system was replaced by a new one, owing to
recovery budgets on 2018 Hokkaido Eastern Iburi Earthquake. In 2023, HUNS celebrated its
50th anniversary. In 2024, the facility building will be renewed by the facility maintenance
budget of National University Corporation Hokkaido University. Despite all the efforts to
upgrade all the components of the accelerator, several equipment, such as Q magnets, steering
coils and a bending magnet, are still in these original forms.

In this review paper, present status and recent decade achievements of HUNS are
summarized. In addition, the strategy for sciences using neutron beams at HUNS is explained.

2 Specifications of HUNS-I and HUNS-II

2.1 Hokkaido LINAC

Table 1 shows specifications of Hokkaido LINAC and Hokkaido LINAC-II. Both LINACs
are electron LINACs driven by S-band RF. Around 30 MeV electrons at full beam loading
are used for efficient neutron production. The most improved characteristic of Hokkaido
LINAC-II is that the maximum power and total neutron yield become 3 times higher than the
original one, while the electron beam peak current has gone up by 19%.

2.2 HUNS short-pulsed neutron sources with electrons and X-rays

Table 2 shows specifications of short-pulsed neutron sources at HUNS. Tungsten plate of
several millimetres is used as a bremsstrahlung source. Lead block of 50 mm thick or more
is used for neutron production. The most important feature of HUNS is that there are three
types of neutron sources; cold, thermal and fast neutron sources. In addition, 32 MeV
electrons and high-energy bremsstrahlung X-rays above 1 MeV [21] also can be used.
Therefore, various research activities can be performed as mentioned in Sections 3, 4 and 5.

2.3 Strategy for sciences using HUNS

HUNS is a compact accelerator-driven neutron source (CANS) facility. Therefore, “extended
duration” (we call “slow operand” in our group) experiments which observe time-developing
nanostructures from several days to several weeks are performed in the small-angle scattering
group. This is owing to a capability of very flexible/on-demand facility operation, which is
quite difficult for large scale user facilities.

The low intensity is usually considered as a weak point of CANS. In addition, the large
beam angular divergence necessary to gain in intensity is also considered as another weak
point of CANS. However, because of very flexible beamline geometry and environment, big
sample, system-level sample and many samples can be accepted in the case of imaging and
irradiation experiments. For studying nanoprecipitations in steel samples by small-angle
neutron scattering, SANS, suitable medium g-range is achieved. These are owing to the large
beam angular divergence. On the other hand, system-level irradiation using large beam
angular divergence can be kept avoiding whole systems down owing to relatively weak beam
intensity.

Thus, based on the scientific strategy of HUNS as explained above, we achieved various
researches and developments in not only pulsed neutron sources, neutron optical devices,
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neutron TOF-imaging detectors, TOF neutron scattering/imaging instruments and
methodologies but also scientific and industrial applications. As a result, industrial
collaborations with companies of steel, car, building and food, international collaborations
and publications in high impact factor journals gradually increase in the recent decade.
Hereafter, such recent activities are summarized.

Table 1. Specifications of Hokkaido LINAC and Hokkaido LINAC-II.

Hokkaido LINAC Hokkaido LINAC-II
Maximum ¢ beam power 1.2 kW 3.2kW
Electron energy 34 MeV @ 1.2 kW (Max.: 45 MeV) 32 MeV
Maximum mean current 35 nA @ 50 pps 100 pA @ 100 pps
Peak current 210 mA 250 mA
Electron pulse width 0.01 -3 us 0.1-4us
Pulse repetition rate Single / 10 - 50 pps 1 -100 pps
Accelerator cavity 2mx3 3mx2
Number of klystrons 3 2
Peak power of klystron SMW x 3 7.5 MW x 2
Maximum neutron yield 1.6x10"2 n/s 5x10'2 n/s
Table 2. Specifications of HUNS.
Pulsed cold Pulsed thermal Pulsed fast
neutron source neutron source neutron source
Neutron production target W/Pb W/Pb W/Pb
Neutron moderator 20K 300K )
solid methane polyethylene
Peak neutron energy 5 meV 25 meV 1 MeV
Moderator system Coupled Coupled/Decoupled -
Neutron reflector Graphite Graphite Pb
Main purpose SANS/Imaging Imaging Iradiation/Imaging

3 Small-angle scattering using cold neutrons and X-rays

iANS, the TOF-type intermediate-angle neutron scattering instrument at HUNS, is a
powerful nanostructure analysis tool which was developed by Prof. M. Furusaka and his
colleagues [22]. iANS is a very compact instrument, installed very close to the coupled cold
neutron moderator, and uses relaxed collimators; the first one is the moderator surface that is
100 mm % 100 mm, and the second one is 10 mm to 15 mm in diameter pinhole just in front
of sample, and L, is 5.5 m. Several additional collimators exist in between them. As sample
environment accessories, there are 0.6 T permanent magnet, vacuum environment and
temperature adjuster from -10°C to +120°C. The vacuum scattering chamber contains 16 of
half-inch diameter, 607 mm in length *He PSDs. L; is extremely short, i.e., 0.5 m. The short
length instrument enables us the reasonable neutron flux, the large solid angle coverage and
the high efficiency detectors provide a reasonable neutron counting rate, and the use of the
TOF method provides the efficient utilization of white neutrons. The typical measurement
time is about 3 hours. The covered g-range of iANS is 0.25-6.5 nm™!, and it can measure as
large as about 50 nm™' by using very short wavelength.

One of advantage of the usage of iANS is a type of “extended duration” measurement.
Because HUNS is a compact and flexible facility dedicated to the faculty laboratory members,
extended-duration measurements from several days to several weeks can be easily performed,
which are quite difficult at large scale user facility. In addition, the chemical composition
analysis using the ratio of scattering length densities between neutrons and X-rays [23] is the
advantage because SAXS, USAXS and also X-ray diffractometer exist at the adjacent
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building to HUNS. As the result, various materials sciences are conducted; steels, Al/Ti/Cu
alloys, amorphous, magnetic materials, construction building materials, and foods such as
cheese.

4 Irradiations using high-energy neutrons, electrons and X-rays

4.1 Simulation experiments of cosmic-ray neutron induced soft error

Radiation effects on semiconductors consist ~ 1.0E+06 HUNST (70%)

of total ionizing dose effect (TID), 2 10E+05 | 0

displacement damage dose effect (DDD) 27 £~

and single event effect (SEE). Cosmic-ray 51.0E+04 Tokyo level x 108
neutron induced soft error is categorized in :?1 OE+03 i ~e_ (EXPACS)

SEE. In particular, Hokkaido University and 2™ T~

NTT are focused on single event upset §1.0E+02 AN
(SEU) in soft error so far [24]. Cosmic-ray §1 ool ; e \\
fast neutrons are secondary cosmic rays : 1 10 100 1000

induced by spallation reactions of primary
cosmic-ray protons. They can easily
penetrate the building at the earth ground,  Fig. 1. Calculated fast neutron energy spectrum
and can cause charged particle emission ~ ©f HUNS-II (6 m) with the LINAC power of
reactions in semiconductor devices. Figure 70%.
1 shows fast neutron energy spectrum at the fast neutron irradiation place, 6 m from the
source at HUNS, with 100 mm thick Pb shield. Incidentally, the photon dose is approximately
20-25 mSv/h. This neutron spectrum indicates that fast neutrons of HUNS can cause
threshold nuclear (n,a) and (n,p) reactions which are reasons of soft error. The acceleration
factor toward the natural environment is approximately from 5 to 17 million times, while the
acceleration factors depend on neutron energy dependent soft error cross-sections [25, 26] of
each semiconductor device under the different spectrum profile from the natural environment.
The advantage of our fast neutron irradiation facility is system level irradiation, but not
chip and circuit level irradiation. The beam size is very large, 25 cm in diameter. There are 3
neutron beamlines which have 25 cm in diameter viewing directly at the neutron production
target. The facility has a large neutron experimental hall of 19 m X 13 m X 7 m in height, and
easy accessibility to neutron irradiation places because the hall is separated from the
accelerator and neutron production rooms. The relatively weak neutron flux and large area
beam is suitable for the system level irradiation because of avoiding the radiation damage
over whole semiconductor system. Therefore, network electronics systems are irradiated and
tested at HUNS by several large electronic companies for more than a decade. It is
noteworthy that even with the limited high energy neutron flux, it is proved to be very useful
to develop such kind of devices that requires radiation hardness in real environments.

Neutron energy (MeV)

4.2 Other activities: astrophysics and medical biology and so on

Recently, fast neutron irradiation experiments relating to the earth science were conducted.
In this experiment, the neutron irradiation position is extremely close to the fast neutron
source, approximately 100 mm. Therefore, the irradiated neutron fluence of 10'* n/cm? or
more can be achieved. In addition, the neutron irradiation for medicine test of boron neutron
capture therapy (BNCT) has been started by using the coupled moderator in the thermal
neutron source. Furthermore, electron irradiation was performed for cosmic-ray simulation
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experiment of planets outside the earth. MeV-class photon irradiation toward a compact
artificial satellite system is planned in the future.

5 Imaging using cold-fast neutrons and X-rays

5.1 Bragg-edge neutron transmission TOF imaging

Bragg-edge imaging can quantitatively visualize bulk crystalline microstructural information
of a sample. Figure 2 shows a schematic layout of Bragg-edge imaging instrument at HUNS,
its neutron TOF spectra and a-Fe {110} Bragg-edge profile. The instrument uses a decoupled
thin moderator for high wavelength resolution (0.5-1%) as shown in Figure 2 (c), and
supermirror guide-tube for increasing neutron flux, about 3.0-3.5 times higher [27]. In
addition, the neutron grid collimator is often installed between samples and the GEM-type
detector for reduction of background neutrons scattered from samples [28] although the
neutron intensity becomes approximately 60%. Furthermore, a new neutron production target
was installed for high efficient water cooling toward higher electron beam power of
Hokkaido LINAC-II. Recently, the target geometry and the moderator arrangement/thickness
were further improved. As a result, the advanced source achives 2.3 times higher intensity
than the normal one as shown by dashed line in Figure 2 (b). The neutron counting rate when
the grid collimator is omitted is only 1 order lower than that of J-PARC MLF BL22 RADEN.

(a) ) 300 K polyethylene moderator BBT THIN-GEM type
Graphite reflector (t3cm, 9.5cmx9.5cm) TOF-imaging neutron detector
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uide-tube (8 cmX8 cm
Neutrons 9 (_: )

] \)
S >2lcm Neutron grid collimator

8.6 mm thickness, 10 cm X 10 cm area,
2 pym Gd, 0O, layers, 150 pm Al spacers

32 MeV electrons ~ 0-67m 3.83m ~15m
(b) (c)
10 - N 1.2 —Coupled cold
» S 9 |Accelerator power: g l;ll\l(svlllﬁjd!gg ced s 110} Bragg-edge H{’J”N"se(e"rﬂ)
© 78 t70% _HUNS-Il Normal | £ $10 Fe —Decoupled thermal
o L s S5 HUNS (6 m)
2 g Zs O 2.3 kW L/D<60 2408 39 |—J-PARC MLF BL10
52 T g NOBORU (14 m)
533 ° 3 0.6 —J-PARC MLF BL22
cd 4 B2 0.4 RADEN (24 m)
§2 3 Té £0. 0.35% —J-PARC MLF BL19
%3, E 2 S 802 0.20% TAKUMI (40 nr‘])
£l =" AW
0 0.0 el :
00 01 02 03 04 05 06 039 040 041 042 043 044
Neutron wavelength (nm) Neutron wavelength (nm)

Fig. 2. (a) Bragg-edge imaging instrument at HUNS. Two parts surrounded by dahsed lines indicate
to skip actual distances. (b) Neutron TOF spectra without the neutron grid collimator. The data are
normalized by unit area (1 ¢cm?) although the data have been obtained over the whole area of the
detector. (c) Comparison of Bragg-edge profiles among various TOF neutron instruments.
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Fig. 3. (a) Crystalline phase imaging of induction hardened steel rods with ferrite and martensite
phases. Two phases can be identified because superimposed {110} and {101} Bragg-edge of a’-
martensite phase is broader than {110} Bragg-edge of a-ferrite phase. (b) Crystalline phase imaging
of low transformation temperature (LTT) weld steel with ferrite and austenite phases. Bragg-edges
are observed broadening in the region where y-austenite phase exists because Bragg-edge of y-
austenite phase appaering near {110} Bragg-edge of a-ferrite phase appears slightly long
wavelength.

0.000

Big sample and many samples can be simultaneously accepted in the neutron imaging.
Figure 3 shows examples of crystalline phase imaging. Various sciences were conducted at
HUNS, e.g., steel [29], cultural heritage such as Damascus steel knife [30], litium-ion battery
as a system-level multi-material [31] and so on. Machine learning technologies such as the
principal component analysis (PCA) sometimes assist the data analysis [32].

5.2 Other activities: resonance absorption, X-ray combination and so on

Pinpoint temperature analysis in a rotating mechanical machine using neutron resonance
absorption/transmission spectroscopy assisted by neutron transport simulation calculations
[33], imaging of magnetic field vector using polarized pulsed neutrons with spin rotators [34],
imaging of corrosion product thickness on reinforcing steel bars using a combination analysis
of Bragg-edge and incoherent scattering [35], temperature imaging using inelastic scattering
[36], characterization of quite many neuron shielding materials [37], magnified neutron
imaging using modulating permanent magnet sextuple lens [38], and neutron and X-ray
synergy imaging [39] have been conducted at HUNS. Furthermore, investigations of
polyethylene moderator temperature stability [40], developments of high spatial/time
resolution, large field-of-view, high counting rate new neutron imaging detectors using the
neutron colour image intensifier [41, 42] and the centre-of-gravity [43] have been also
conducted at HUNS.

6 Conclusion

In this paper, recent decade achievements and scientific strategy of HUNS with cold, thermal,
epithermal and fast neutrons, 32 MeV electrons and high-energy X-rays are summarized. By
using low intensity and large beam angular divergence which are advantages for HUNS,
extended-duration small-angle scattering experiments with suitable q-range, irradiation
experiments of system-level semiconductor device, and imaging-mode materials
characterization experiments of big sample, system-level sample and many samples are
achieved. As a result, materials science, nuclear engineering, industrial applications, cultural
heritage, astrophysics, food science, medical biology are developing. The HUNS group is
considering that CANS is also a useful neutron science facility but not just test facility.
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