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The 2021 Symposium on Nuclear Data was held as an online connection conference on November
18-19, 2021. The symposium was organized by the Nuclear Data Division of the Atomic Energy Society
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held: "J-PARC and JAEA Facilities", "Current Status and Future Prospects of Nuclear Data Research",
and "Medical, Isotope Production, and Analysis". In addition, recent research progress on experiments,
nuclear theory, evaluation, benchmark, and applications were presented in the poster session. The total
number of participants was 132 participants. Each oral and poster presentation was followed by an active
question and answer session. This report consists of a total of 36 papers including 14 oral and 22 poster

presentations.
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1 2021 Symposium on Nuclear Data - Programme
Nov. 18-19, 2021.
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Dr. Shin-ichiro Meigo (Japan Atomic Energy Agency)

Studies at J-PARC and JAEA (10:00-12:00)
Chair: Dr. Osamu Iwamoto (Japan Atomic Energy Agency)

10:00 A Plan of Proton Irradiation Facility at J-PARC and Possibilities of Application to Nuclear
Data Research

Dr. Fujio Maekawa (Japan Atomic Energy Agency)

10:30 Status and Prospects on Light Sterile Neutrino Searches
Dr. Takasumi Maruyama (High Energy Accelerator Research Organization)

11:00 Research Reactor JRR-3 Restart !! — Invitation to the Various Neutron Utilization —
Dr. Hideaki Matsue (Japan Atomic Energy Agency)

11:30 Recent Activities for Nuclear Data Measurements in ANNRI
Dr. Atsushi Kimura (Japan Atomic Energy Agency)

Current Status and Prospects of Nuclear Data Study 1 (13:00-14:30)
Chair: Dr. Naoki Yamano (Tokyo Institute of Technology)

13:00 Outline of JENDL-5
Dr. Osamu Iwamoto (Japan Atomic Energy Agency)

13:30 Integral Tests of Preliminary JENDL-5 for Critical and Shielding Experiments
Dr. Yasunobu Nagaya et al. (Japan Atomic Energy Agency)

Tutorial 1 (15:00-15:40)
Chair: Prof. Satoshi Chiba (Tokyo Institute of Technology)

15:00 New Developments in TALYS and TENDL-2021
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Friday, November 19
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Chair: Prof. Tatsuya Katabuchi (Tokyo Institute of Technology)
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Medium-heavy Targets

Ms. Kim Tuyet Tran (High Energy Accelerator Research Organization)
11:00 Study of Thick Target Neutron Yields from Deuteron- and Triton-induced Reactions at 6.7
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Mr. Hayato Takeshita (Kyushu University)
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Beamline of MLF/J-PARC

Dr. Gerard Rovira Leveroni (Japan Atomic Energy Agency)
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Chair: Dr. Katsuhisa Nishio (Japan Atomic Energy Agency)
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Tutorial 2 (14:20-15:00)
Chair: Dr. Fujio Maekawa (Japan Atomic Energy Agency)

14:20 Role of ADS and its Development Issues
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Medical, Isotope Production, and Analysis (15:00-17:00)
Chair: Dr. Hiroki Iwamoto (Japan Atomic Energy Agency)

15:00 Production of At-211 Using a Cyclotron and an Import Plan of Ac-225
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Dr. Hironao Sakaki (National Institutes for Quantum Science and Technology)

16:30 Challenging Studies by Accelerator Mass Spectrometry for the Development of
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2 Yosuke Iwamoto Calculation of displacement damage dose of semiconductors using PHITS
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(Tokyo Tech) microscopic mean-field potentials

4 Shoto Watanabe The Optical Potential for Neutron-nucleus Scattering Derived by Bayesian
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7 Chikara Konno Problem on Gammas Emitted in Capture Reaction of TENDL-2019 and
(JAEA) JEFF-3.3

8 Hiroki Iwamoto Measurement of 107-MeV Proton-induced Double-differential Neutron
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9 Yaoki Sato TOF Measurement of Neutron Capture Cross Section of Re-185 in keV
(Tokyo Tech) Region
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11 | Kazuya Shimada Energy Dependence of Total Kinetic Energy of Fission Fragments for the
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16 | Akira Ichihara Theoretical Evaluation of Neutron Thermal Scattering Laws of Heavy Water
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TCA Critical Experiments
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2 A Plan of Proton Irradiation Facility at J-PARC and Possibilities

of Application to Nuclear Data Research

Fujio MAEKAWA!
1J-PARC Center, Japan Atomic Energy Agency
2-4 Shirakata, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan

*Email: maekawa.fujio@jaea.go.jp

The partitioning and transmutation (P-T) technology has promising potential for volume reduction
and mitigation of degree of harmfulness of high-level radioactive waste. JAEA is developing the P-T
technology combined with accelerator driven systems (ADSs). One of critical issues affecting the
feasibility of ADS is the proton beam window (PBW) which functions as a boundary between the
accelerator and the sub-critical reactor core. The PBW is damaged by a high-intensity proton beam and
spallation neutrons produced in the target, and also by flowing high-temperature liquid lead bismuth
eutectic alloy which is corrosive to steel materials. To study the materials damage under the ADS
environment, J-PARC is proposing a plan of proton irradiation facility which equips with a liquid lead -
bismuth spallation target bombarded by a 400 MeV—-250 kW proton beam. The facility is also open for
versatile purposes such as soft error testing of semi-conductor devises, RI production, materials
irradiation for fission and fusion reactors, and so on. Application to nuclear data research with using the
proton beam and spallation neutrons is also one of such versatile purposes, and we welcome unique ideas

from the nuclear data community.

1. Introduction

The partitioning and transmutation (P-T) technology has promising potential for volume reduction
and mitigation of degree of harmfulness of high-level radioactive waste. Japan Atomic Energy Agency
(JAEA) is developing the P-T technology combined with accelerator-driven systems (ADSs). A proton
beam of 30 MW and 1.5 GeV is introduced into a subcritical core of the ADS, and thermal power of 800
MW is generated by fission reactions of minor actinides (MA) and other fissile fuel [1, 2]. In the ADS,
2.5 tons of MA are loaded, and 10 % of the MA, which corresponds to the amount of MA generated in
10 units of light water reactors per year, can be transmuted per year.

To facilitate the development, JAEA has proposed Transmutation Experimental Facility (TEF) [3]
since 2000 as one of experimental facilities of Japan Proton Accelerator Research Complex (J-PARC).
The TEF consists of two individual facilities: ADS Target Test Facility (TEF-T) [4, 5] and Transmutation
Physics Experimental Facility (TEF-P) [6]. The TEF-T equips with a spallation target in which liquid
lead-bismuth eutectic (LBE) alloy flows. The LBE target is bombarded by a 400 MeV-250 kW proton

beam in which ADS’s candidate proton beam window (PBW) materials are irradiated to establish a
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materials irradiation database. The TEF-P equips with a critical/subcritical assembly to investigate
physical and dynamic properties of ADS’s sub-critical cores by using a low power proton beam of 10 W
at maximum. Nuclear fuel pins containing MA are loaded to the assembly. A technical design report for
TEF-T [5] and a safety design report for TEF-P [6] have been published in 2017 and 2018, respectively.

In 2018, JAEA has started reorienting the concept of the experimental facility to make it more
attractive and effective by introducing leading edge knowledge to its purposes and specifications [7]. The
facility’s primary mission stays in challenging one of the most important engineering issues in the ADS
development, that is, revealing irradiation and corrosion behavior of PBW materials by proton irradiation
under high-temperature LBE flowing. In this sense, the facility is a proton irradiation facility similar to
TEF-T. In addition to the primary mission, the facility is also open for versatile purposes such as soft
error testing of semi-conductor devises, RI production, materials irradiation for fission and fusion reactors
and high-energy accelerator facilities, and so on. Application to nuclear data research with using the
proton beam and spallation neutrons is also one of such versatile purposes, and we welcome unique ideas

from the nuclear data community.

2. Outline of TEF-T

Since the baseline design of the proton irradiation facility takes over the design of TEF-T, this
section briefly explains about TEF-T. As shown in the upper part of Figure 1, a vacuum duct is inserted
vertically into an ADS’s sub-critical core immersed in LBE to introduce a proton beam provided by an
accelerator. The PBW is the end plate of the duct located at the bottom, and is a boundary between high
vacuum in the accelerator side and LBE in the reactor core side. The PBW is exposed under very severe
environment such as radiation damage due to the proton beam and spallation neutrons, high temperature
around 500°C, corrosion and erosion of materials due to LBE, thermal stress and pressure difference
between the high vacuum and LBE. Since engineering feasibility of the PBW is one of critical issues for
the ADS development, TEF-T is proposed as a materials irradiation facility where the severe ADS

environment can be simulated.

Reactor Core of ADS
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Figure 1 ADS’s PBW and proton beam irradiation of the PBW materials at TEF-T
A high-power proton beam of 400 MeV-250 kW is impinged to the LBE target of TEF-T to irradiate



JAEA-Conf 2022-001

sample materials in the LBE target by the primary protons and spallation neutrons as shown in the lower
part of Figure 1. After the irradiation, the sample materials are taken out from the target. Sample
specimens are cut out from the irradiated sample materials, and transported to JAEA’s PIE facilities, i.e.,
Reactor Fuel Examination Facility (RFEF) and/or Waste Safety Testing Facility (WASTEF). The sample
specimens are then served for post-irradiation examination such as tensile tests and metallographic
observation. The TEF-T equips with a hot-cell to yearly exchange the target vessel and to prepare the
sample specimens.

TEF-T is a unique facility in the world because three important ADS conditions needed for the
material testing can be realized; (1) irradiation dose as high as 10 dpa/y by protons and high energy
neutrons, (2) maximum LBE temperature of about 550°C, (3) liquid LBE flowing with controlling oxygen

concentration in LBE in a range between 10°~10"7 wt% to suppress materials corrosion.

3. Concept of the proton irradiation facility

Figure 2 shows an outline of the proton irradiation facility. The proton irradiation facility takes over
the main purpose of the TEF-T that is to obtain materials irradiation data in the ADS environment. Hence
the baseline design of the proton irradiation facility is the design of TEF-T. Major revision points of the
facility are enhancement of the idea of the multi-purpose use to meet the versatile purposes such as soft-
error testing of semi-conductor devises, RI production, materials irradiation for fission and fusion reactors

and accelerator facilities, and so on, and the attachment of a full-scale hot-labo.

adiation samples (fusion & fission)

TEF-T is the baseline design.

H- beam from Linac
400 MeV, 250 kW

Hold the concept of TEF-T's

multi-purpose use

1. Neutron irradiation

2. High-energy neutron beam
port

3. Use of a small fraction of the

proton beam (ex. ISOL) \ PIE specimens
Hot-labo.

Figure 2 Outline of the proton irradiation facility

3.1. Materials irradiation for various applications

Development of “high-power targets™ as well as “high-power accelerators” is of importance for high-
power accelerator facilities such as J-PARC. In recent years, along with increasing accelerators’ power,
their targets including PBW are sometimes rate-controlling steps to increase the beam power. Radiation
damage of such target materials is the most crucial factor. Hence the position in front of the LBE target
is served for high-power target materials irradiation by the primary protons and spallation neutrons
generated in the LBE target.

Needs for irradiation of fusion and fission reactor materials are very high whereas the number of
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research reactors dedicated for materials irradiation are decreasing. Actually, it has been decided to shut
down the JAEA’s Japan Material Testing Reactor (JMTR) [8]. The International Fusion Materials
Irradiation Facility (IFMIF) [9] is under development while it takes time to realize it. To satisfy these
strong needs for materials irradiation, spaces around the LBE target where neutron flux is very high can
be served. The most important parameter to characterize irradiation fields in terms of particles’ energy is
the ratio of He production to displacement damage (He/dpa ratio). Figure 3 illustrates a map of required
irradiation parameters of the He production and displacement damage. Figure 4 shows distributions of
the He/dpa ratio around the LBE target. The interior of the LBE target is suitable for high-energy
accelerator materials irradiation because the He/dpa ratio is around 100. A question is how to realize the
irradiation fields for fusion and fission reactors for which the He/dpa ratios of 10~15 and around 1,
respectively, are required. The answer can be found in Figure 4. The He/dpa ratios outside the LBE target
vary from over 10 to around 1 with changing angles with respect to the direction of the proton beam. The
positions for the forward and backward angles outside the target are suitable for irradiation of fusion and
fission reactor materials, respectively. Accordingly, the new facility is capable of irradiating materials

for fusion and fission applications in addition to high-energy accelerator facilities including ADS.

AR
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Figure 3 Map of irradiation parameters

He/dpa =10

appm Heldpa

400-MeV proton beam z[em] LBE target

He/DPA = ~100

Figure 4 He/dpa ratio around the LBE target

3.2. Soft-error testing of semi-conductor devises

Semiconductor devices are key components to realize the Society 5.0 such as self-driving and IoT
while cosmic-ray neutrons can induce soft-errors on semiconductor devices resulting in malfunction of
the systems. It is expected that the number of semiconductor devises will increase by 60 times in 20 years.

High integration of semiconductor devices enhances effects of soft-errors. However, lack of neutron

_10_
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irradiation field for testing soft-errors of semiconductor devices is one of serious issues in the world.
Under this situation, a neutron irradiation field suitable for the soft-error testing can be realized by using
high-energy neutrons produced in the LBE target. As shown in Figure 5, the neutron flux intensity
expected in the proton irradiation facility is as at least 10 times high as the existing facilities. Owing to
the high flux intensity, testing time can be shortened to less than 1/10. Thus the facility can contribute to
realize the Society 5.0, and strengthen the international competitiveness of semiconductor devices

produced in Japan.

3.3. RI production

Many kinds of radioactive isotopes (RIs) can be produced by spallation reactions induced by high-
energy protons. Needs for medical Rls, especially a-emitters such as >*>Ac for prostate cancer, are
increasing in recent years. Production of 22Ac (T12 = 9.92 d) by high-energy proton reactions has been
demonstrated at the TRIUMF facility in Canada [10]. They utilized the 2*?Th(p, x)?*°Ra reactions induced
by the 438 MeV protons, and chemically extracted 2?°Ac which was the decay product of >*’Ra (T =
14.9 d). By referring the TRIUMEF’s result, how much ??°Ac can be produced in the proton irradiation
facility was estimated with the following assumptions: a 10 mm thick 232Th target, use of 10 % of full
beam (400 MeV, 25 kW), 2 weeks irradiation for one cycle, and 12 cycles per year. As a result, it was
found that about 80 GBq of ?**Ac could be produced per year. This amount is almost equivalent to the

annual amount of >>’Ac currently in circulation in the world.
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Figure 5 Comparison of neutron flux intensities
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Figure 6 Neutron spectra at TEF-T and other facilities

3.4. RI beam by ISOL

The Rls are also crucial for fundamental physics research. As one of multi-purpose uses of TEF-T,
a plan of heavy-ion science which would be realized by producing a radioactive beam created in the
proton-induced reactions was proposed. The central framework for the RI production was based on the
Isotope Separation On-Line (ISOL). The TEF-T ISOL is described in detail in the report [5].

3.5. Hot-labo

The idea of TEF-T is to irradiate sample materials with the proton beam, and once they are irradiated,
the materials are transported to the JAEA’s hot-labo facilities for post-irradiation examination (PIE).
Although this method utilizes the existing hot-labo facilities efficiently, it is not always suitable because
of the following two reasons: the transportation of irradiated samples is inefficient in time and cost, and
the JAEA’s hot-labo facilities are rather old as they are built more than 40 years ago. Furthermore,
although there are many high-intensity accelerator facilities in the world, facilities in which PIE is
possible are scarce. Hence, it is desirable to furnish the new facility with a hot-labo. The hot-labo can be
used for PIE of the sample materials irradiated in the facility, and also it can accept irradiated materials
from the existing J-PARC’s experimental facilities, and so on. Accordingly, the new facility can
contribute not only to the ADS development but also to upgrading and enhancing safety and efficient
operation of the J-PARC’s existing facilities.

4. Specification of the facility for the versatile needs
This section summarizes specifications of the facility for the versatile needs.

Proton beam

e  Energy: 400 MeV

e  Peak current: 50 mA (would be upgraded to 60 mA)

e  Pulse width: 500 us (would be upgraded to 600 us)
Short width pulses, several ns for example, can be separated from the 500-us long width pulses by
using the laser charge exchange method [11] but with the peak current unchanged.

e  Beam power: 250 kW (would be upgraded to 360 kW)

e  Repetition rate: 25 Hz

_12_
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Neutron field
e High-energy neutron beam port at 8 m from the LBE target, ¢: 2x107 [n/cm?/s] (Figure 5)
e Irradiation position at 30 cm from the LBE target, ¢ps: 7%10'2 [n/cm?/s], ¢>20 mev: 3x101° [n/cm?/s],

spectrum shown in Figure 6

5. Summary

To study the materials damage under the ADS environment, J-PARC is proposing a plan of the
proton irradiation facility which equips with the LBE spallation target bombarded by the 400 MeV-250
kW proton beam. The facility is also open for versatile needs such as soft-error testing of semi-conductor
devises, RI production, materials irradiation for fission and fusion reactors and high-energy accelerator
facilities, and so on. Application to nuclear data research with using the proton beam and spallation
neutrons is also one of such versatile needs, and we welcome unique ideas from the nuclear data

community.
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Abstract

The search for sterile neutrinos is one of the hottest topics in neutrino physics in this
decade.

JSNS? (J-PARC Sterile Neutrino Search at the J-PARC Spallation Neutron Source) and
the second phase of the experiment JSNS2-II aim to search for neutrino oscillations with
Am? near 1 eV? at the J-PARC Materials and Life Science Experimental Facility (MLF).
With the 1 MW of 3 GeV proton beam created by Rapid Cycling Synchrotron (RCS) and
spallation neutron target, an intense neutrino beam from muon decay at rest is available.
Neutrinos come predominantly from gt decay: p* — e + 7, + ve. The oscillation searched
for is 7, to 7., which is detected via the inverse beta decay interaction v, +p — et + n,
followed by gammas from neutron capture of Gd. The JSNS? detector (and the near detector
in the JSNS2-1I) with a fiducial volume of 17 tonnes is located 24 m away from the mercury
target. The new far detector of the JSNS2-II that is being newly constructed is located
outside the MLF building with the baseline of 48 m. This far detector has a 32 tonnes of
the fiducial volume. These experiments directly test the LSND anomaly.

Additional physics programs include the cross section measurements with neutrinos with
order 10 MeV from muon decay at rest and with monochromatic 236 MeV from kaon decay
at rest. These are important for the potential observation of a supernova explosion using
neutrinos and nuclear physics.

JSNS? started data taking in 2020 and the accumulated Proton-On-Target (POT) is
1.45%10?2. The far detector of JSNS2-II is under the construction. This article describes
the status of these experiments.

1 Introduction

The Nobel Prize in 2015 was awarded for the discovery of neutrino oscillations in 1998 [1].
However, there are still a lot of things to be investigated in oscillation phenomena and the one
of the hottest topics is to decisively confirm or refute of the existence of the sterile neutrinos
with neutrino oscillations.

The existence of the sterile neutrinos was indicated by the Liquid Scintillator Neutrino
Detector (LSND) experiment originally in 1998 [2]. They have no weak interaction, thus they
are only sensitive to the gravity.

However, there have been no final conclusions from experiments so far, especially some other
indications are shown to be in contradiction with LSND [3, 4, 5]. Many ongoing experiments
have continued the search recently. For these other experiments, please refer to other references,
for example [6].

JSNS?  [7] (J-PARC Sterile Neutrino Search using J-PARC Spallation Neutron Source)
will make a direct test of the LSND result. Also the new detector of the next phase of the
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experiment, JSNS2-IT [8], using two detectors with different baselines, is under construction.
This article briefly explains the current status of both JSNS? and JSNS2-I1.

2 Setup and principle of the experiments

Figure 1 shows the setup and sensitivities of the experiments. 3 GeV protons hit the mercury
target and the collisions create the pure v, via p* decay-at-rest. The neutrino oscillation
(7, — V) is studied using two liquid scintillator detectors at two short baselines: 24 m and
48 m.

The current JSNS? experiment has 50 tonnes of liquid scintillator detector and is located on
the third floor of the MLF. This includes 17 tonnes of Gd loaded liquid scintillator (Gd-LS) inside
an inner acrylic tank. JSNS? is taking data and it will accumulate POT, which corresponds to
1 MW (beam power) x 3 years. This detector will also be used as the near detector of JSNS2-IT
after the designed JSNS2 POT has been reached. The JSNS2-II experiment adds 163 tonnes of
liquid scintillator detector outside of the MLF building. This includes 32 tonnes of the Gd-LS
inside an inner acrylic tank. JSNS2-II aims to start data taking from 2023. Using two different

MLF building (bird’s view)

Hg target = Neutron
and Neutrino source

\

(JSNSZ, ISNS?-Il near detector)
17t GdLS fiducial (target)
detector (4.6m dia. x

4.0m height, 120 10” PMTs)

3GeV pulsed
proton beam

Detector @
outside of MLF

(4B trom targei) o ‘_‘,}l Searching for neutrino oscillation :v—ué V. with

baseline of 24m (near), and 48m (far)

TSR

(JSNS2-1I: Current JSNS*

‘:‘ E
far detector) %
32t GdLSflduaaI—

(6.2mdia. x ; ‘Covers the ‘
='| 6.9m (h) w'-fitindicated re; » fglobalflt indicat:

~23010” PMTS) M. Dentler,etal., JHEP 12018} [regmn nicely.

I sl i | i
e L1 REPUPUPIVY NEPENPUPI EENEFPII RO ry v
= o 10 w* 10? 10 1

) 3 5 0
0 0 o o il w2

Figure 1: The setup and the sensitivities of the JSNS? and JSNS2-II experiments.

baselines, the neutrino oscillation and therefore the LSND anomaly will be investigated directly.
JSNS2-1I provides a better sensitivity in the low Am? region than that of the current JSNS?,
as shown in the bottom two plots in Fig. 1. The new far detector therefore is essential in the
investigation of the LSND anomaly.

If the v, — P, oscillation or conversion occurs, this will be observed via the Inverse-Bata-
Decay (IBD) reaction in the Gd-LS: 7, +p — et +n. The resulting neutron is thermalized and
captured by Gd, and the coincidence with the signals between IBD prompt (et) and delayed
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(n-Gd) can be detected. Using this coincidence eliminates most of the accidental background.

MLF has an excellent short-pulsed beam profile: two bunches with 100 ns width and sepa-
rated by 600 ns. The frequency of the repetition of these two bunches is 25 Hz. To reduce the
cosmic ray-induced and beam-related backgrounds, this timing structure is ideal.

Compared to the LSND experiment, the low duty factor beam and Gd-LS are strong advan-
tages (LSND used a Linac beam with a poor duty factor and pure liquid scintillator). JSNS?
and JSNS?-II will have a smaller accidental background rate and therefore JSNS?(-II) will be a
direct and ultimate test for the LSND anomaly.

3 Current status

3.1 JSNS?

JSNS? started data taking from 2020. The accumulated POT is 1.45x10?2 POT, which corre-
sponds to approximately 13% of the designed POT.

The analysis of the accumulated date is on-going. As shown in the recent paper [9], the
neutron background induced by cosmic rays is the dominant background for the JSNS2. To
address this, JSNS? dissolved 10% Di-Isopropyl-Naphthalene (DIN) by weight into the Gd-LS
in 2020-2021. DIN will improve the Pulse-Shape-Discrimination (PSD) power between neutrons
and positrons and thus help to reduce any accidental coincidences due to the cosmic ray induced
background.

As a result of the DIN dissolution, the neutron rejection power is 97.440.5%, while the
positron efficiency is 94.24+2.6% in the detector central region (Fig. 2). The goal of the neutron
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Figure 2: The Pulse Shape Discrimination (PSD) capability of the JSNS2. The black graphs
shows Michel electrons (ME) and the red shows fast neutrons (FN). The events with scores
above zero correspond to “electron-like” and those below zero correspond to “neutron-like”.

rejection factor is ~100 and therefore we are achieving the good PSD capability which is near to
the goal. Note that the rejection factor and the efficiency are estimated by the Michel electron
made by stopped muons inside the detector and the fast neutrons control sample. Currently,
the impurity inside the control samples is being estimated.

In addition to the sterile neutrino search, the events created by the monochromatic 236 MeV
from kaon decay-at-rest (KDAR) are being studied. KDAR neutrinos provide quasi-elastic
interactions inside the Gd-LS, resulting in a sequence of scintillation light events from the muon
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and proton (the prompt signal) to the Michel electron created from the prompt muon (the
delayed signal). A detailed analysis is on-going.

The next physics run will start in February 2022. The JSNS? collaboration is currently
preparing for the data taking.

3.2 JSNS?-II

The construction of the new far detector was started in September 2021, and being performed
smoothly. Figure 3 shows the status of the construction of the stainless steel (s.s.) tank. The

Figure 3: The status of s.s. tank construction of the JSNS?-II as of 17 December 2021. The
inner s.s. tank can be seen in the back, while the base of the detector and the support structure
of the outer s.s. tank can be seen in the front.

base, the support structure and the inner s.s. tank have already been produced and the outer
s.s. tank for the veto region is being built at present. The construction of the s.s. tank will be
completed by March 2022.

The acrylic tank will be produced in 2022. The liquid scintillator and Gd-LS were already do-
nated by the Daya-Bay experiment [10]. Thirty Photo-Multiplier-Tubes (PMTs) will be donated
from the Double-Chooz experiment [11]. The remaining ~180 PMTs will be purchased from
Hamamatsu company or donated from Double-Chooz further. The installation of the PMTs will
be completed in 2022.

Most of the construction schedule follows the original schedule in the reference [8]. The data
taking will start in 2023.

4 Summary

JSNS? is directly testing the LSND anomaly using the same neutrino source, the neutrino target
and the detection principle (IBD). The JSNS2II will continue this test with higher precision.
JSNS? has accumulated data corresponding to 1.45%x10%?2 POT. The data is extensively being
analyzed. The new far detector of JSNS2-II is being built at present. The construction is
progressing smoothly and the data taking will start in 2023.
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The latest version of Japanese Evaluated Nuclear Data Library, JENDL-5, was released in December
2021. JENDL-5 was developed to meet the needs of various fields including nuclear energy and
accelerator application. The neuron reaction data of JENDL-5 were largely improved and increased from
the previous version JENDL-4.0. In addition to the neutron data, the various data in the JENDL special
purpose files were integrated into JENDL-5. In this paper, the outline of JENDL-5 is described.

1. Introduction

The first version of Japanese Evaluated Nuclear Data Library (JENDL-1)" aiming at fast reactor
development was released in 1977. Since then, the neutron induced reaction data were continuously
updated in the general-purpose files? to improve accuracies of neutronics calculation for nuclear reactors
including thermal and fast reactors and also fusion reactors. For other applications, various kinds of data
files were developed and released as special-purpose files since 1991. The release history of the JENDL
general and special purpose files is shown in Fig. 1. Before 2000, the special-purpose files focused on
neutron induced reaction cross sections for dosimetry and activation that were not provided by the
general-purpose files. In contrast, after 2000 the files were extended to charged-particles and photon
induced reactions. Those energy range including for neutron increased up to around 200 MeV for high
energy accelerators. So far, may special-purpose files have been released but they sometimes arise
problems in the consistencies between the general and special purpose files.

More than 10 years had already passed since the release of JENDL-4.0% in 2010 and large amounts
of experimental data have been accumulated. The JENDL-5 project was launched to develop a new
general-purpose file that covered over not only nuclear reactors but also accelerator applications by
merging the special purpose files; it also targeted to update the data with reflecting current experimental
and theoretical knowledge of nuclear data. In addition to the reaction data, fission yields and decay data
were also newly evaluated using available experimental data with theoretical models. For the first time
in the JENDL development, thermal scattering law data were originally evaluated for many materials
including light and heavy water. For charged particles such as proton, deuteron, alpha-particle, and photon,
the data of the special purpose files were integrated into JENDL-5 with improving the data. Since the
alpha-particle induced reaction data in JENDL/AN-2005% contain only neutron-emission related data, the
data needed for radiation transportation calculations were complemented. Regarding neutron induced
reaction, in addition of the incident energy extension, the neutron cross sections were also integrated with
the activation data of JENDL/AD-2017%.
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by light-blue letters and the boxed ones are integrated into JENDL-5.

JENDL-5 was released in December 2021; it consists of sublibraries of neutron reaction, proton
reaction, deuteron reaction, alpha-particle reaction, photo-nuclear reaction, fission product yield, decay
data, thermal scattering law, photo-atomic, electro-atomic, and atomic relaxation. In this article, outline
of JENDL-5 and some of the evaluated data are described.

2. Neutron reaction sublibrary

The neutron reaction sublibrary provides the data of various reactions, the secondary particle
emission, and residual nucleus production for neutron induced reactions on 795 nuclides from H to Fm
isotopes. The number of the nuclides became almost double of 406 as of JENDL-4.0. They include all of
stable isotopes and a large number of unstable isotopes that are considered as much enough for various
kinds of radiation simulations. The upper energy limit of incident energy was extended to 200 MeV
(partially 20 MeV) by merge of JENDL-4.0/HE® and JENDL/ImPACT-2018" and by new evaluations.
The activation related data such as isomer productions, which were provided in special purpose files so
far, were also merged into JENDL-5.

The revisions of cross sections in JENDL-4.0 were carried out across from light to heavy nuclei
including important data for nuclear reactors. Main points in the revision of major actinide data are listed
below:

- theresolved resonance parameters of ENDF-B/VIIL.0 (CIELO-1) for 233 233U and #3°Pu were adopted
with modifications
- fission cross sections for fast neutrons were fully updated for 233235 238U, and 23% 240. 241py with the

new SOK evaluation taking into accounts recent experimental data with extending the energy upper
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Fig. 2. Relative change of group-wise cross sections from JENDL-4.0 for fission and neutron capture

limit to 200 MeV
- the fission neutron spectra below 5 MeV for 2>U were evaluated by fitting with the Los Alamos
model to the experimental data
- the fission neutron multiplicities were revised taking into accounts both differential experimental
data and integral benchmark testing
- the minor adjustments of fission and capture cross sections were made with the results of integral
benchmark tests of fast reactors
The cross-section variations from JENDL-4.0 in group averages for 23U fission and capture reactions are
shown in Fig. 2. JENDL-5 adopted the resonance parameters of ENDF/B-VIIL.0 which was based on the
new experimental data of neutron capture cross sections. The fission cross section above 10 keV is the
new evaluation by SOK. While thermal values are almost the same values as JENDL-4.0, the fission cross
sections are changed by several % over wide energy region and capture cross section in resonance region
also shows larger variation. After the release of JENDL-4.0, neutron capture cross sections for minor
actinides were actively measured with ANNRI at J-PARC. The resonance parameters of 22’Np, 24123 Am
and 2#246Cm were updated with the results of those data.
Revisions of the data for structure materials and light nuclei were one of the main targets of JENDL-
5. Many nuclides including isotopes of C, N, O, F, Na, Ne, Ti, Cr, Mn, Fe, Co, Ni, Zn, Zr, Nb, Sn, Ho,
Lu, Re, Ir, Pt, Tl, Po, Rn, Pb etc. were revised or newly evaluated. The newly developed R-matrix
resonance analysis code AMUR was applied to the evaluation for the light nuclei such as C, N, O, F, and
Na isotopes. Above the resonance region, the nuclear reaction model code CCONE were widely used for
evaluation of the various reaction cross sections and the spectrum of secondary particle emissions.
JENDL-5 provides isomer production cross sections that is needed for evaluations of neutron activation

of materials. Figure 3 shows the results of **Ni(n,p) reaction that were evaluated consistently for total
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Fig. 3. Cross sections of **Ni(n,p) reaction for total reaction and isomer productions. Evaluated

results of JENDL-5 are shown by red solid and dashed lines for total and isomer production,

respectively.

reaction and isomer productions, showing good agreement with available experimental data.

3. Other sublibraries

Neutron thermal scattering law data are important for thermal nuclear reactors. However, original
evaluations were not performed in Japan so far. For the first time in JENDL, JENDL-5 included new
original evaluated data of H,O, D,O, methane, mesitylene, benzene, etc. that were obtained using
molecular dynamics simulations®?). In addition, by adopting evaluated data of ENDF/B-VIIIL.0 and JEFF-

Decay heat(p+y) Delayed neutron
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Fig. 4. Calculated results with fission yield and decay data for the decay heat for 23U (left panel) and
for the delayed neutron (right panel). The results are shown as ratios to the experimental data
measured at YAYOI reactor for the decay heat and to the fitted value by Keepin et al. for the delayed

neutron. Doted lines indicate experimental uncertainties.
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Fig. 5. Results of PHITS calculation for neutron yields form a UO; thick target for 5.5 MeV alpha-
particle irradiation with JENDL-5 and JENDL/AN-2005.

3.3, JENDL-5 provides the data for 62 elements (37 materials) in total in the thermal scattering law
sublibrary.

The fission product yield sublibary is based on the evaluation by Tsubakihara et al. They are
evaluated with large amounts of the available experimental data and theoretical aspects on nuclear
structure using statistical estimation with physical consistency'?. Their covariance data were also
provided as a part of JENDL-5.

The decay data sublibrary consists of 4,071 nuclides including neutron and nuclei from H-1 (Z=1)
to Og (Z=118). The data were created by adopting the data of Evaluated Nuclear Structure Data File
(ENSDF)') with complementing the total absorption gamma-ray spectroscopy (TAGS)'? data, the
theoretical model calculations, etc. Figure 4 shows the results of summation calculation of decay heat and
delayed neutron with fission product yield and decay data sublibraies. While the results of delayed
neutron data with JENDL/DDF-2011 and JENDL/FPY-2011 largely overestimates the data of Keepin et
al.', which was obtained by fitting to the experimental, the result of JENDL-5 agree with it in the whole-
time region with showing also good agreement for the decay heat.

JENDL-5 integrated charged particle (proton, deuteron and alpha-particle) and photon induced
reaction data that were released as the special purpose files so far. The revision and addition of stored
data were also made. Among the charged particle data, the alpha-particle induced reaction data, which
were released as JENDL/AN-2005%, were largely improved by adding the necessary data for particle
transportation calculation and by updating emission spectrum taking into accounts new theoretical
calculation with CCONE. Figure 5 shows neutron yields from a UO, thick target for 5.5 MeV alpha-
particle irradiation. The calculated result with JENDL-5 was largely improved from JENDL/AN-2005.

4. Summary

The developed JENDL-5 has the next features: (1) increase of the number of nuclei (795) for neutron
reaction data with complete isotopes in natural abundance, (2) revision of large amount of nuclear data
taking into accounts up-to-date knowledge from light to heavy nuclei, (3) adoption of the first original

evaluation of neutron thermal scattering law in Japan, (4) integration of special purpose files of neutron-
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induced activation and high energy reactions, (5) addition of recoil spectra with newly developed method,

(6) integration of the data for the proton, deuteron, alpha-particle, photon induced reactions. JENDL-5

was released in December in 2021 and the data are available at the web site of JAEA:

https://wwwndc.jaea.go.jp/jendl/j5/j5.html.
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The latest version of Japanese Evaluated Nuclear Data Library, JENDL-5, is planned to be released
in 2021. To this end, we have performed integral tests of JENDL-5B3 update 1 for critical and shielding
experiments. We have confirmed that JENDL-5B3 update 1 gives better than or the same prediction
accuracy as JENDL-4.0 in many test cases for the critical and shielding experiments.

1. Introduction

The latest version of Japanese Evaluated Nuclear Data Library, JENDL-5, is planned to be released
in 2021. To this end, we have performed integral tests of preliminary versions (4 alpha versions and 3
beta versions) of JENDL-5 since 2018. In this presentation, we show the integral test results of JENDL-
5B3 update 1 (J5b3ul) for critical and shielding experiments. The test results for critical experiments
include three parts: 1) small-sized fast systems and intermediate-spectrum systems, 2) middle- and large-
sized fast systems, and 3) thermal-spectrum systems. The test calculations for the first and third parts
were done for experiments mainly in the International Criticality Safety Benchmark Evaluation Project
(ICSBEP) handbook!" and conducted at JAEA. The test calculations for the second part were done for
integral experiments used for generation of the unified cross section data set of ADJ2017.% The shielding
benchmark tests were done mainly for FNS experiments at JAEA and OKTAVIAN experiments. We have
confirmed that J5b3ul gives better than or the same prediction accuracy as JENDL-4.0% (J40) in many

test cases for the critical and shielding experiments.

2. Integral Tests for Critical Experiments
2.1. Small-sized Fast Systems and Intermediate-spectrum Systems

At first, we performed integral tests for small-sized fast systems and intermediate-spectrum systems
to investigate the impact of major heavy nuclides of U-233, U-235, U-238, and Pu-239. Monte Carlo
calculations with the MVP code® were performed; the total number of histories is 2.1 million, the number
of histories per batch is 10,000, and the number of skipped batches is 100. Figure 1 shows the C/E values
of criticality for heavy-metal loaded systems. Reflectors are natural or depleted uranium for the reflected
systems except for MMF1-1 and THOR; their reflectors are high-enriched uranium and Th-232,
respectively. Obviously, J5b3ul gives the better results than J40.
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and ZPPR-10A); criticality and SVR of U-
enriched core (BFS-62-3A); and criticalities of core with blanket (JOYO MK-I) and core with reflector

(JOYO MK-II). The sensitivity analysis was also utilized to evaluate nuclide- and reaction-wise

*Error bars show the experimental uncertainty.

contributions to the C/E value changes. The test results for the selected experiments were obtained by the
sensitivity analysis and the reference results by MVP® with J40. In addition, we performed test
calculations for the other experiments in the database by using the sensitivity analysis and the calculation
results by a deterministic method using MARBLE® with UFLIB.J40.9

Figures 2 — 4 show the C/E values of the selected experiments. In principle, the C/E values of J5b3ul
are almost equal to those of J40. The sensitivity analysis, however, reveals that there are significant
cancellations between many nuclides and reactions for criticality and SVR. For example, in the criticality
of ZPPR-9, there are cancellations between the Pu-239 fission and capture, U-238 fission, and O-16

elastic scattering cross sections. In SVR, there are cancellations between the Pu-239 capture and U-238
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Fig. 2 C/E values of criticality for ZPPR-9, Fig. 3 C/E values of SVR and CRW for

BFS-62-3A,JOYO MK-I and -II. ZPPRs (MOX core).
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Fig. 5 C/E values of Pu fission rate ratio.  Fig. 6 C/E values of Am and Cm fission rate ratio.

inelastic scattering cross sections for ZPPR-9; and between the U-235 fission and capture for criticality,
U-235 fission and capture cross sections for BFS-62-3A. Table 1 shows the chi-squared values of the
selected experiments. It is seen that the chi-square values of criticality and CRW are improved. Figures 5
and 6 show the C/E values of the fission reaction rate ratio obtained by the deterministic method and the
sensitivity analysis. It is seen that the C/E values of fission rate ratio related to Pu-242 and Cm-244 are
significantly improved. The sensitivity analysis reveals that the improvements related to Pu-242 and Cm-

244 are due to fission cross section changes of Pu-242 and Cm-244, respectively.

2.3. Thermal-spectrum Systems

The new MVP input files for the ICSBEP benchmarks are prepared to validate JENDL-5 for
intermediate and thermal spectrum systems.
The numbers of ICSBEP benchmark cases

. Table 2 The number of ICSBEP benchmark cases
are shown in Table 2.

for intermediate and thermal spectrum

Table 3 shows the comparison of the

COMP METAL SOL Total

average of C/E-1 and the chi-squared values o
f the ICSBEP benchmark calculati 'Y 0 0 159 159
0 e enchmark calculations HEU - 2 0 111
listed in Table 2 among J40, ENDF/B-VIII.O0 IEU 6 0 0 6
(B80),” ENDF/B-VIIL.1 (B71) and J5b3ul. LEU 249 10 8 267
The chi-squared values of J5b3ul are similar MOX 63 0 0 63
to those of B8O and these are smaller than U233 9 10 147 166
Total 334 82 356 772

those of J40 in many cases.
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Table 3 Comparison of average of C/E-1 and chi-squared values of the ICSBEP benchmark

Cross Section [barn]

calculations.
Average of C/E-1 Chi-squared values
J40 B71 B80 J5b3ul J40 B71 B80 J5b3ul
All |-0.012% | 0.053% | -0.055% | -0.017% | 5.35 4.90 3.87 3.95
HEU | 0.046% | 0.025% | 0.075% | 0.171% | 4.72 4.88 4.20 4.24
IEU |-0.375% | -0.201% | 0.038% | 0.057% | 3.89 1.81 0.85 1.00
LEU | -0.058% | -0.020% | 0.054% | 0.071% | 4.31 3.19 3.00 3.71
MOX | -0.010% | -0.089% | -0.053% | -0.044% | 0.58 0.45 0.90 0.97
Pu | 0.610% | 0.578% | 0.090% | 0.007% | 11.10 11.13 6.24 5.80
U233 | -0.550% | -0.242% | -0.457% | -0.295% | 4.02 3.69 4.13 3.71
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Fig. 7 Comparison of radiation cross sections (MT=102) of Gd-155 and -157.
The cross sections of Gd-155 and -157 for
J5b3ul are largely revised as shown in Fig. 7. To 0.30%
investigate the impact of the revisions on = 020% A - "
neutronics calculations, reactivity contributions of % 010% |8 A A
Gd-155 and -157 were calculated for benchmark ;é Aa 4
cases including Gd. Figure8 shows the g e x§ x o
contributions as a function of Gd concentration;  z 10% % : X
they were obtained from the criticality difference 2 -0.20% m
between J40 calculations and those where only Gd- 030% S
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155 or -157 cross section data was replaced with
J5b3ul. The reactivity contributions of Gd-155
and -157 are almost canceled out. As a result, the
revisions of the Gd cross sections have no large

impact on the criticality calculations. The

Gd concentration [g Gd/liter]

Fig. 8 Reactivity contributions of Gd-155 and
-157 for benchmark cases including Gd.

additional investigations indicate that the contributions of Gd-155 and -157 cancel each other.

3. Integral Tests for Shielding Experiments

We performed the benchmark tests for J5b3ul with the following shielding experiments: 1) TIARA
iron experiment® with 40 and 65 MeV neutrons, 2) FNS iron and copper experiments® with DT neutrons,
and 3) JASPER sodium experiment!'®!'D with fission neutrons. We used the MCNP6.2'% or PHITS 3.24'%
codes and J5b3ul, J40 (or JENDL-4.0/HE'¥), B80, and JEFF-3.3.15
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3.1. TIARA Iron Experiment
Figure 9 shows the measured and calculation results for the experiment with 65 MeV neutrons. This

figure demonstrates that the calculation result with J5b3ul agrees with the measured one the best.
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Fig. 9 Results for TIARA iron experiment with 65 MeV neutrons.

3.2. FNS Iron and Copper Experiments
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Fig. 10 Results for FNS copper experiment.

3.3. JASPER Sodium Experiment

Figure 11 shows the measured
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and calculated transmission neutron

spectra in JASPER IHX-IB/Pb
(231.5 cm sodium). The calculation
result with J5b3ul is slightly higher
than that with J40, but it is almost the
same as that with JEFF-3.3.
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4. Conclusion

The integral tests of JENDL-5B3 update 1 have been performed for critical and shielding

experiments. It has been confirmed that JENDL-5B3 update 1 gives better than or the same prediction

accuracy as JENDL-4.0 in many test cases for the critical and shielding experiments.
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Abstract

A newly developed fission fragment decay model in TALYS that adopts the Hauser-
Feshbach statistical decay theory for the deexcitation by evaporating neutron and -~ is ex-
plained. The fission fragment database, which consists of the list of yield Y, charge Z, mass
A, excitation energy E,, spin J, and parity II, i.e. Yg(Z, A, E,, J,1I), is prepared for TALYS’
input of the fission fragment deexcitation calculation. We examine the fission fragment data
for 23°U(n, f) at thermal to 5 MeV incident neutron energy range produced by the GEF
code. The calculated independent fission product yield Yi(A), average prompt fission neu-
tron emission 7, neutron multiplicity distribution P(v), and prompt fission neutron spectra
are compared with experimental and evaluated data. The database can be produced by
any kind of theoretical or phenomenological model and TALYS calculates the prompt fission
observables that are comparable to the experimental data.

1 Introduction

Nuclear fission is a very complex process that involves the collective motion of hundreds of
nucleons in a single nucleus toward separation into two nuclei. There has been much recent
interest in nuclear fission, due in part not only to engineering and applications but also to the
formation of elements in the rapid neutron capture process (r-process) of nucleosynthesis in
stellar environments.

The probabilities of producing fission fragments (yield) and characteristics of the emitted par-
ticles such as multiplicity and energy distribution (spectrum) of neutron and ~ contain valuable
information to understand pre- and post-scission physics. Many experimental and theoretical
works have been made toward describing nuclear fission [1-3], while the experimental inves-
tigation in fission time scales is not generally accessible directly. In consequence, only scarce
experimental data exist, limited to a few important isotopes and incident neutron energies, es-
pecially for primary fission fragments right after scission. On the theoretical side, the theoretical
calculation often provides quantitative fission fragment yields in given mass and/or charge with
their total kinetic energies. However, the feasibility of such theoretical calculation remains in
question since it cannot be directly compared with experimental data.

In order to compare the theoretical fission calculation with experimental fission observables,
the prompt neutron and v evaporation process need to be taken into account, which is a different

*Present address: Laboratory for Advanced Nuclear Energy, Tokyo Institute of Technology, 2-12-1 Ookayama,
Meguro-ku, Tokyo, 152-8550, Japan
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process in terms of physics. The evaporation process is handled by nuclear reaction codes that
are traditionally established on the basis of the Hauser-Feshbach statistical decay theory [4-8].
The increased interest in more unrestrictive fission observable calculations has demanded more
detailed models. Various models have been developed using Monte Carlo [9-11] or determinis-
tic [12-14] approaches associated with the Hauser-Feshbach statistical decay.

The Nuclear Data Section in the TAEA initiated the Coordination Research Project on
“Updating fission product yield data for applications” [15]. The project requires enormous
evaluation efforts on fission product yields in a wide incident energy range, where the past
evaluations have employed phenomenological models [16, 17], and more comprehensive models
are desired. In order to support its activities, we extended TALYS [6] by implementing fission
fragment deexcitation by the Hauser-Feshbach statistical decay theory to calculate desired fission
observables. In this report, we describe the fission fragment distribution data in TALY'S and show
sample cases of calculated results so that the users can produce and use their own theoretical
data.

2 Methodology

The deexcitation of the fission fragments by the Hauser-Feshbach statistical decay theory is
implemented in TALYS (later than version 1.96). The methodology used here is to apply
the deterministic technique for primary fission fragment decay calculation similar to the HF3D
model [13]. In order to calculate the deexcitation of the fission fragment, input of the initial
conditions is needed. Generally, the fission fragment is characterized by the yield Yg, charge 7,
mass A, excitation energy FE,, spin J, and parity 11, i.e. Yg(Z, A, E,, J,1I).

Recently, Nordstrom et al. [18] produced such fission fragment distributions for more than 700
fissionable nuclides and 0-25 MeV incident neutron energies by the GEF code [19]. Including the
GEF produced database mentioned above, TALYS incorporates three fission fragment databases
produced by GEF [18, 19], HF3D [13], and Scission Point Yield (SPY) [3] models, so far. The
user can specify the fission fragment model in the TALYS input with ffmodel keyword (See
TALYS manual for details).

The fission fragment distribution parameters generated by such models are stored in a tab-
ulated format file, which is inspired by the format used in the HF®D model [13] and is shown
below for 23°U+4npermal Teaction from the GEF model as an example.

# Z = 92

# A = 236

# Ex (MeV) = 6.55e+00

# Ntotal = 868

# Z1 Al Zh Ah Yield TKE [MeV] TXE [MeV] El[MeV] W1 [MeV] Eh [MeV] Wh [MeV]
46 118 46 118 3.9358e-03 1.6387e+02 3.5404e+01 1.7702e+01 2.7264e+00 1.7702e+01 2.7264e+00
45 117 47 119 4.4534e-03 1.6379e+02 3.4714e+01 1.5507e+01 2.2652e+00 1.9207e+01 4.0430e+00
44 116 48 120 6.9902e-03 1.6453e+02 3.5142e+01 1.4014e+01 1.9368e+00 2.1128e+01 5.5635e+00
43 115 49 121 1.9397e-03 1.6661e+02 3.2898e+01 1.3628e+01 2.0851e+00 1.9270e+01 6.3823e+00
42 114 50 122 9.2456e-04 1.7326e+02 2.8813e+01 1.4316e+01 2.8689e+00 1.4496e+01 7.0989e+00

In this format, Z; 5, A;p, and Yield are the charge, mass, and yield of the complemental
fission fragment pair that are supposed to be symmetric with respect to Acn/2. Therefore,

Ya(Zi, A1) = Ya(Zen — Zy, Aex — A)) = Ya(Zn, Ap)

(1)

where CN, [, and h denote the compound nucleus, light, and heavy fragment. TKE and TXE are
the mean value of total kinetic energy and total excitation energy. In the GEF code, the TXE
partitioning is determined according to a probability distribution that is given by the product of
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Figure 1: Primary fission fragment yield as Figure 2: Calculated independent fission prod-
a function of fragment mass Yg(A) at in- uct yield as a function of product mass Yi(A)
cident neutron energies from thermal to 5 wusing the fission fragment yields shown in
MeV generated by GEF and stored in TALYS Fig. 1.

database[18].

the level densities of the individual fragments [20]. Ej; and W, are Gaussian mean and width
of the partitioned TXE into two fragments. Such initial conditions of fission fragments are
obtained from the MonteCarlo sampling by GEF and are reformatted by Nordstrém et al. [18].

TALYS reads these conditions from the file and reconstructs the excitation energy distribu-
tion Gy (E,) assuming to be a Gaussian form expressed as

1 (By — Epp)?
Gin(By) = ————expy —— 5 ¢ - (2)
2w,

The spin distribution R(J, II), which is the probability of having the state of J and II, is assumed
to be proportional to the available spin states in the level density formula

(J +1/2)?
2f2‘712,h(U) 7

J+1/2

R(J,1I) = W exp {—

3)
where UZZ, ,(U) is the spin cutoff parameter that can be altered by a keyword Rspincut and set
to 1 by default, f? is the global adjustable constant for the spin cutoff parameter for fission
fragments that can be altered by a keyword Rspincutff set to 9 by default following Ref. [13],
and U is the excitation energy corrected by the pairing energy. After creating an initial popu-
lation P(E,, J,1I) = R(J,11)G};(E,) for the individual fission fragment, the Hauser-Feshbach
statistical decay calculation is performed for each fission fragment.

The center-of-mass system neutron spectra ¢;; from light and heavy fission fragments are
calculated and normalized to the neutron multiplicity v} as

/ 1B,y / deR(J,TDG(E)éun (1L, Eayé) = vip - )
JII

The ¢ is transformed into the LAB frame using Feather ' s formula and the spectrum is
weighted by the fission fragment yield Yg(Z;, 4;). Other representative neutron quantities in
TALYS outputs are listed in Table 1.
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Figure 3: Neutron multiplicity distribution for Figure 4: Neutron energy spectra for 2*U(n, f)
25U(n, f) at thermal, 3, and 5 MeV incident reactions at thermal, 3, and 5 MeV incident neu-
neutron energies. tron energies in the laboratory frame.

Table 1: Representative prompt neutron quantities in TALYS.

Description
Yi(A), Yi(Z, A, M) Independent fission product yield
v, U(A) Average number of neutrons per fission
(En), (En)(A) Average prompt neutron energy
P(v) Neutron multiplicity distribution
x(v) Prompt fission neutron energy spectrum (PFNS)

3 Calculated prompt neutron observables

We run calculations using the input attached in Appendix A by changing incident energy. Fig-
ure 1 shows Y (A) of 25U(n, f) reactions at incident neutron energies from thermal to 5 MeV
produced by Nordstrom et al.[18] using GEF code. Figure 2 shows independent fission product
yields Y1(A) calculated based on the fission fragments shown in Fig. 1. The calculated Yi(A) at
the thermal energy well reproduced the experimental trend of fission product mass distribution.

The prompt neutron multiplicity distribution P(v) can be deduced from the evaporation
calculations, whereas the most important value, the average value v = 2.414 (ENDF /BVIII),
which is 2.30876 at thermal energy, is slightly smaller than the evaluated value. The calculated
P(v) are compared with the experimental data in Fig. 3. The calculated P(v) reproduce the
experimental trend although the dispersion is around 15%.

The prompt fission neutron spectra (PFNS) at thermal, 3, 5 MeV incident neutron energies
are shown in Fig. 4 together with the Los Alamos model [16] for comparison. The PFNS from
the fission fragment deexcitation seems to be in fairly good agreement with that of the Los
Alamos model in a log scale. However, the TALYS calculation gives a too soft shape compared
to that of the Los Alamos model at high outgoing neutron energy also quite a large deviation
in the Maxwellian ratio at low outgoing neutron energy.

Note that we examined the incident energy range from thermal to 5 MeV only. We will work
on further implementation including multi-chance fission.
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4 Conclusion

The fission fragment deexcitation process by adopting the Hauser-Feshbach statistical decay
theory to the evaporation of neutrons and s from the excited fission fragment is implemented in
TALYS (later than version 1.96). The initial conditions of the fission fragment, Y (Z, A, E,, J,11),
are prepared in the tabulated format file using GEF, HF?D, and SPY models.

The calculated results of 23°U(n, f) reactions at thermal to 5 MeV neutron energies using
the fission fragments database produced by the GEF model reproduce trends in experimental
or other model data for Y1(A), P(v), and PFNS.

This implementation allows users to calculate prompt fission observables with TALY'S using
the fission fragment distribution defined by Y¢(Z, A, E,, J,II) from any kinds of phenomenolog-
ical or microscopic model. The calculated prompt observables can be compared with available
experimental data. This would be helpful for users who do theoretical fission studies that are
not directly comparable to the experimental observables.
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A

Example of TALYS input

projectile n
element U

mass

235

energy 2.53E-8
ejectiles g n
massdis y
fymodel 4
ffmodel 1

elow 1.e-6
Rfiseps 1.E-09
outspectra y
bins 60
channels y
maxchannel 8
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Many capabilities, e.g., the generation of the multi-group neutron cross-section files, the
modification of evaluated nuclear data files, are implemented after we released FRENDY version 1.
FRENDY version 2 is developed including these new capabilities. This paper describes the overview of
FRENDY version 2.

1. Introduction

FRENDY (FRom Evaluated Nuclear Data librarY to any application) [1] is a nuclear data processing
code for the evaluated nuclear data libraries JENDL [2], ENDF/B [3], JEFF [4], TENDL [5], and so on.
FRENDY can treat two input formats. One is the FRENDY original input format and the other is the
NJOY compatible format [6]. FRENDY original input format is very simple, and it requires only the
processing mode and the evaluated nuclear data file name at the minimum. Users can generate the cross-
section file even if they do not have expert knowledge of the nuclear data processing method.

The first version of FRENDY was released in 2019 as an open-source software under the 2-clause
BSD license. FRENDY Version 1 generates the ACE files [7] which are used for the continuous energy
Monte Carlo codes such as PHITS [8], Solomon [9], Serpent [10], and MCNP [11]. Though a lot of
functions are required to process the nuclear data file, the coverage of FRENDY version 1 is not yet
satisfactory. New functions have been developed after the release of FRENDY version 1. The major

developed capabilities are as follows:

®  Multi-group neutron cross-section file generation function [12],

® Perturbation of the ACE file for the uncertainty quantification using a continuous energy Monte
Carlo code [13],

® Modification of the evaluated nuclear data file.
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FRENDY version 2 will be released in 2022 including these capabilities. This paper describes an
overview of FRENDY and the new capabilities implemented in FRENDY version 2.

2. System Structure
The system structure of FRENDY is shown in Fig. 1. The modules with solid-lined shapes have been

already implemented while the ones with dashed-lined shapes have not been developed yet. FRENDY is
designed to treat not only the ENDF-6 format [14] but also other nuclear data formats, e.g., GNDS format
[15]. FRENDY converts the nuclear data from each nuclear data format to NuclearDataObject. FRENDY
can treat the other nuclear data formats if parser, writer, and converter modules are implemented. Each
module can be easily improved, extended, and modified to satisfy future needs since each module is
encapsulated and is not affected by other modules. FRENDY keeps all data on NuclearDataObject and
uses NuclearDataObject for the data transfer between different processing modules, e.g., the resonance

reconstruction and Doppler broadening, to reduce the effect of rounding errors and overhead by file access.

ENDF-6 GNDS
format format

)
_____ -

Endf6Parser s Endf6 I Gnds | GndsParser |

/Writer Converter I Converter L /Writer [

A ——_——o A T

Resonance NuclearData Nuclea.rData
Reconstructor Obiect Modifier
y \‘

__________ 1
DopplerBroader F AceDataGenerator *I HeatingCross 1
I SectionGenerator |

CrossSection

/i v
GasProduction AceDataObject X

Calculator $ AceFilePerturbator
AceDataParser/Writer
UnresolvedResonance
DataProcessor
ACE
format
ThermalScattering
DataProcessor
Multi-Group XS Generator
] D Implemented
v v L
GendfParser/Writer MatxsParser/Writer 1 Not implemented
$ - |

C GENDF format C C MATXS C
format

Fig. 1 The system structure of FRENDY Version 2

FRENDY has the parser and writer modules to handle the ACE file. These modules are useful for
the generation and modification of the ACE file. There are some cases where users want to modify a
cross-section data library by themselves to estimate the impact of the modification of the cross-section
data library on the nuclear calculation results. The ACE file uses random access with pointers to the
various parts of the data. If the number of energy grid points is modified, modification of the pointer data

is also required. To modify the pointer data is difficult for the nuclear calculation code users who do not
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know well about the ACE format. FRENDY automatically adjusts the pointer data by the ACE data writer
module. Users can modify the ACE file when they write a main (control) program with the ACE data
parser and writer modules in FRENDY. The ACE file perturbation tool [13] is also using these modules
to handle the ACE file.

3. Input Format

As described in Sec. 1, FRENDY accepts two types of input formats, i.e., FRENDY original input
format and NJOY compatible input format. The original input format requires only the processing mode
name and evaluated nuclear data file name at the minimum. FRENDY has the default values in the source
code for the processing. Users can give the parameters in the input file if they want to change the
parameters. The original input format is simple and does not require expert knowledge of nuclear data
processing.

The sample input format to generate the neutron induced (fast) ACE file is as follows:

ace_file_generation_fast mode // Processing mode name

nucl_file_ name U235.dat /I Nuclear data file name

The above sample input data generates the ACE file at a temperature of 293.6 K from the evaluated
nuclear data file named “U235.dat”. Note that after “//” means the comment line. FRENDY original input
format accepts the C++ style comments, i.e., “//” for a single line comment and “/* ... */” for multi-line
comments.

The sample input format to generate the multi-group neutron cross-section file is as follows:

mg_neutron_mode //Process mode name
nucl file name U235.dat /Nuclear data file name
temp 300.0 //Temperature [K]
mg_structure ( xmas_nea-lanl _172) // 1dentical to ign=18 in GROUPR/NJOY
mg_weighting spectrum ( 1/e) // 1dentical to iwt=3 in GROUPR/NJOY

The above sample input data generates the multi-group neutron cross-section file at a temperature of
300.0 K from the evaluated nuclear file named “U235.dat”. The energy group structure and the weighting
spectrum to generate the multi-group neutron cross-section file are XMAS 172 group structure and 1/E,
respectively.

FRENDY can also accept input files for NJOY. NJOY is widely used in many laboratories and
companies to generate the cross-section data library for their nuclear calculation codes. The NJOY users
can easily use FRENDY without modification of their processing environment, e.g., running shell scripts,
input files, and post-processing programs. FRENDY has the compatible capabilities for the MODER,
RECONR, BROADR, PURR, UNRESR, THERMR, ACER, GROUPR, and MATXSR modules in NJOY.
Note that the UNRESR module is not prepared in FRENDY. FRENDY calculates the effective self-
shielded cross-sections in the unresolved resonance region using the probability table method even if the
user selects the UNRESR module. Users can easily use FRENDY without changing the input files for
NJOY. They can therefore replace NJOY modules with FRENDY ones as they need. In addition, the

modules of FRENDY and NJOY can be used in combination. For example, users can generate the multi-
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group cross-section data library using the GROUPR module of NJOY with the PENDF file generated by
FRENDY.

The input format of NJOY99 [16] is slightly different from that of NJOY2016 [6]. The “iform”
option in the THERMR module and the “ismooth” option in the GROUPR module in NJOY2016 are
ignored to treat both NJOY99 and NJOY2016 formats.

4. Overview of New Capabilities Implemented in FRENDY Version 2
4.1. Multi-Group Neutron Cross-Section Generation
FRENDY incorporates the multi-group neutron cross-section generation module FRENDY/MG [12]
to generate the multi-group neutron cross-section file. FRENDY can generate GENDF and MATXS
formatted multi-group neutron cross-section files from the ACE file. FRENDY can also create the multi-
group neutron cross-section file based on the existing ACE file created by other nuclear data processing
codes beforehand. The impact of the difference of the nuclear data processing on the neutronics
calculation can be ignored if users use these ACE files as the cross-section files of the Monte Carlo codes.
FRENDY prepares new functions, e.g., the automatic background cross-section setting with the
minimum number of background cross-sections [17] and the explicit consideration of the resonance
interference effect among the compound of different isotopes. These new functions are only available for
the FRENDY original input format.

4.2. ACE File Perturbation

The perturbation of the cross-section, the number of neutrons per fission, fission spectrum, and so
on are required for sensitivity analysis. The perturbation of these data is also used for uncertainty
quantification of the nuclear characteristics due to the covariance of the nuclear data. FRENDY prepares
the ACE file perturbation tool to easily perturb the cross-section, the number of neutrons per fission, and
fission spectrum [13]. As shown in Fig. 2, the perturbation tool multiplies the perturbation factor f by
cross-section, the number of neutrons per fission, and the fission spectrum at the arbitrary energy region.
Note that this tool does not consider the continuity of the distribution. The energy boundary of the
perturbation becomes discontinuous.

The ACE file contains many reaction-type data, e.g., total, elastic, fission, and radiative capture
reactions. The perturbation tool not only perturbs the target reaction data but also modifies the total
reaction data. The energy integral of the fission spectrum must be 1.0. The perturbation tool normalizes
the fission spectrum after the fission spectrum is perturbed. The perturbation tool modifies the other
energy range so that the energy integral of the fission spectrum is 1.0 if users want to perturb the fission
spectrum at the specified energy range.

FRENDY also prepares the ACE file editing tool. This editing tool outputs the one-dimensional data,
i.e., cross-section, the number of neutrons per fission, and fission spectrum. Users can plot the one-
dimensional data using plotting tools such as Excel, GNUPLOT, and Matplotlib. Users can easily
compare the original ACE file and the perturbed ACE file using this editing tool.

This perturbation tool was implemented in FRENDY version 1.01 and is widely used in the world
[18].
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Fig. 2 Overview of ACE perturbation tool

4.3. Modification of Evaluated Nuclear Data File

Users may need the modification of the ENDF-6 formatted file when they want to add or replace the
other data in the evaluated nuclear data file; e.g., the covariance data is not found in the original nuclear
data file or users want to investigate the impact of the neutronics calculation on the difference of evaluated
nuclear data file in each reaction type. However, the modification of the ENDF-6 formatted file is difficult
for beginners. FRENDY prepares the modification tool to easily modify the ENDF-6 formatted file.

As shown in Fig. 3, the ENDF modification tool removes the specified MF/MT data in the original
evaluated nuclear data file and adds and replaces the specified MF/MT data from the other evaluated
nuclear data file. Note that the modified evaluated nuclear data file must be checked carefully since this
tool does not check the consistency of the new file.

MF=1
MF=2, MT=151
MF=3, MT=1
MF=3, MT=2
MF=6

remove ' ‘ add ‘ replace

MF=1
MF=1 MF=2, MT=151
MF=2, MT=151 MF=3, MT=1

MF=1
MF=2, MT=151
MF=3, MT=1
MF=3, MT=2
MF=6

MF=3, MT=1 MF=3, MT=2
MF=6 MF=3, MT=102
MF=6

Fig. 3 Example of ENDF modification tool

5. Conclusions

Many capabilities, e.g., the generation of the multi-group neutron cross-section files, the
perturbation of the ACE file for the uncertainty quantification using a continuous energy Monte Carlo
code, and the modification of evaluated nuclear data files, are implemented after we released FRENDY

version 1. FRENDY version 2 will be released including these new capabilities in 2022.
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Although significant efforts have been devoted to evaluation and application of covariance
data of nuclear data so far, there remain several issues which should be addressed. In Japanese
nuclear data community, a new working group was established under the JENDL committee to
tackle this and has ended three-year activity with the publication of a final report. This paper
describes some personal comments on the covariance data utilization and promotion from one

member of this working group.

1. Background

A lot of works on uncertainty quantification (UQ) of various parameters of nuclear systems
have been actively carried out in recent years, and importance of covariance data of nuclear data
has been recognized in the nuclear engineering community. In order to promote covariance data
application to actual problems such as design studies and safety assessments of nuclear systems,
the covariance data use promotion working group was established under the JENDL committee in
FY2018. Information exchanges, discussions, and identification of required future works had
been done among domestic experts on the nuclear data measurement/evaluation/application fields
through the activities of this working group. A final report summarizing the three-year works of
this working group has been published in 2021 as an official JAEA report [1]. The following are

the contents of this final report.

Reviews of fundamental information

Evaluation of uncertainties in nuclear data measurement and current issues

Current status and issues of uncertainty evaluation in nuclear data evaluation

Current status and issues of uncertainty evaluation in reactor physics experiments
Summary of theory about uncertainty quantification and data assimilation using
covariance data

How the reliability of covariance data should be assured

How covariance data should be positioned in evaluated nuclear data file
In the present manuscript, some personal comments on the covariance data utilization and

promotion will be presented by the author who joined and worked under this working group with

review of the previous works related to sensitivity analysis (SA), UQ, and data assimilation (DA).
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2. Isnuclear data a random variable?

Nuclear data itself is a physical constant and is not a random variable. On the other hand,
evaluated nuclear data depend on some measurable quantities which are random variables.
Even if most part of the evaluation is conducted with the theoretical model, used parameters in
the model would be determined from measurable quantities which are random variables. Thus,
evaluated nuclear data should be considered as a random variable and are represented by a
specific probability density function.

Figure 1 shows an example of C/E values of the neutron multiplication factor of the several
critical assemblies. The error bars represent the uncertainties in C values induced by the nuclear
data and are calculated from the covariance data. When this figure is provided, do we have to say
that these C/E values and their nuclear data-induced uncertainties are inconsistent with each
other from the statistical point of view? If it is not assured that the covariance data of this
nuclear data have been evaluated with knowledge on these reactor data, someone can say that
what we should do is to update the covariance data with this “new” information. However, if
nuclear data are random variables, this result cannot be practically obtained from the viewpoint of
the statistics, and we have to say something like that the uncertainty of nuclear data would be

“overestimated”.

1.02

1.01
5 1.00 .

0.99

0.98
Jezebel Jezebel-240 Godiva Flattop-Pu Flattop-U

Fig.1 C/E values and nuclear data-induced uncertainties of fast critical assembly neutron

multiplication factors

We must keep in mind that nuclear data evaluation is not a simple statistical and
mathematical process, and it should implicitly include various professional knowledge of
evaluators. If we say that covariance data of the nuclear data imply just the “degree of
uncertainty” for the evaluator, evaluated nuclear data would not be random variables. If
evaluated nuclear data are not random variables, further discussions and manipulations based on
the statistics would be impossible. If nuclear data evaluation can be conducted with the “rigorous”
statistical and mathematical process, reasonable covariance data would be obtained. The
problem is how to develop evaluation method/procedure including the various professional

knowledge of evaluators, which should be explicitly explained and documented.
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3. Problems in very uncertain nuclear data

In uncertainty propagation calculations from nuclear data to reactor parameters, the random
sampling method is generally used now. Since no detailed information on the probability
distribution of nuclear data is provided in evaluated nuclear data files, the normal distributions
are often assumed to nuclear data. Importance of the sensitivity of the assumed probability
density function of the input nuclear data to the UQ results was recognized in the past, and
several practical techniques to see that were proposed[2]. Nowadays, direct evaluation of this
sensitivity becomes possible.

Sometimes relative standard deviation of over 50% is given to nuclear data. If we assume the
normal distribution to this nuclear data, this means that this nuclear data can take negative
values with non-negligible probability. For such nuclear data, we can insist to use other probability
density functions in which positivity is assured. If the positivity should be assured, the truncated
normal distribution is chosen from the maximum entropy principle[3]. Practical sampling
method for the multi-variate truncated normal, however, has not yet been developed as far as the
author knows. Positivity is assured also in the log-normal distribution, but possible range of the
correlation coefficients between two random variables following the log-normal is limited[4].

We have to assume the probability density function for nuclear data in random sampling
calculations, but it would not be meaningful to do this for very uncertain nuclear data since “very

uncertain” means that there are almost no information including the probability distribution.

4. Review of sensitivity analysis, uncertainty quantification, and data assimilation

In order to identify important nuclear data for accurate predictions of reactor parameters,
sensitivities of reactor parameters with respect to nuclear data are very useful quantities. Since
the number of nuclear data is huge, direct numerical differentiation to calculate sensitivities is
impractical. Several techniques to reduce the number of input variables had been developed in the
past[2]. The perturbation theory has been developed and advanced in the field of reactor physics,
and i1t has become possible to calculate sensitivity of various kinds of reactor parameters.

If covariance data of nuclear data are available, it becomes possible to quantify the uncertainty
in reactor parameters caused by input nuclear data uncertainty with sensitivities. Uncertainty
quantification calculations with covariance data and sensitivities have been conducted so far. As
far as the author knows, comprehensive uncertainty quantification calculations using the
evaluated nuclear data files have been initially carried out in Japan for fast reactor analyses using
JENDL-3.3 since JENDL-3.3 would be the first evaluated library which contains the covariance
data for a wide variety of nuclides and reactions. Nowadays, most nuclear data files contain the
covariance data, and UQ calculations have been conducted everywhere.

By virtue of the rapid increase of the computer ability, sampling procedure has become
practical, and for every reactor parameter which can be numerically calculated, UQ calculations
become possible. The possibility of the uncertainty propagation calculations from the basic nuclear
parameters to the reactor parameters was discussed before[5], and it has been realized as the
well-known total Monte Carlo[6].

Use of the information on measured reactor parameters (integral data) to improve the

prediction accuracy of nuclear data has been attempted. The approach can be categorized into
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the following: the bias factor method, the bias operator method, and the data adjustment
method[7]. The data adjustment is known as the data assimilation at present. The history of the
nuclear data adjustment is very old[8]. Japanese experts also contributed to this field, and they
pointed out that undetected uncertainty can result in not chi-squared distribution but non-central
chi-squared distribution, and this can be utilized to identify the undetected uncertainty[9]. In
recent years, the adjusted library applicable to fast reactor analyses has been developed by Japan
Atomic Energy Agency known as a series of the “ADJ” libraries.

Consistency check for the original nuclear data and added integral data can be carried out by
observing the chi-square/DOF of the adjusted data. Also, changes in cross section data through
the adjustment can be compared with the standard deviations of the original data[7]. If the
existence of undetected uncertainty is suspicious, chi-square values can be useful indicators: the
integral data causing large chi-square value can be identified. Observation of the changes in
cross section data is also important to identify undetected uncertainty in evaluated nuclear
data[5].

The fundamental theory for radiation shielding calculations is essentially same as that for
reactor calculations from a viewpoint of the particle transport, and it is possible to find works
relevant to SA and UQ in the field of radiation shielding in the old literature[10]. A code dedicated
for the shielding problems has been developed and advanced[11-12]. Several papers about SA and
UQ have been published based on the perturbation theory[13-14], and the sampling method has
been also adopted[15]. The data assimilation simultaneously using the shielding, critical and

kinetics benchmark experiments has been also reported[16].

5. Summary

The final report has been published from the covariance data use promotion working group
established under the JENDL committee after the three-year activity. In this manuscript, two
relevant topics have been described by one of the members of this working group. In addition,
reviews for SA, UA, and DA have been provided.
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Abstract
The size of an atomic nucleus is one of the most fundamental quantities to characterize
atomic nuclei. Electron scattering is known to be the best method to study their size and
shape. In this report, our ongoing research activities for exploring the size of the proton and
exotic nuclei by electron scattering are presented.

1 Introduction

One of the most fundamental properties of atomic nuclei is their size. The exact size provides
the cornerstone in our understanding of nuclei, and is an essential input to test nuclear structure
models.

The size is defined by the second moment of the nucleon density distributions, p(r), namely

<r?>= /rgp(r) d3r. (1)

FElectromagnetic probes have played an essential role in determining the size, thanks to
the fully understood nature of the electromagnetic interaction. The probes, such as electron
scattering, p X-ray, and isotope-shift, make it possible to determine the radius in the least
model-dependent way. These electromagnetic probes are primarily sensitive to the proton only,
as the neutron is a net-charge zero particle. The size precisely determined by the electromagnetic
probes refers to the charge radius.

Among various electromagnetic probes, electron scattering has consistently played a leading
role in determining the size (and shape) of the atomic nuclei. The best known historical example
is the charge density distributions measured by high-energy electron scattering pioneered by the
Nobel Laureate Prof. R. Hofstadter and his colleagues in the 1950s[1].

The measured charge density distributions of many stable nuclei by elastic electron scattering
visualized how the charge densities and radii change as a function of mass number A[2]. Under
an independent-particle picture, the charge density distribution, p.(r), is an incoherent sum of
the wave function squared of all protons, |¢;(7)|? as,

Z
pel(®) = Y 1o (2)
i=1

where Z is the proton number. Thus it provides a direct and stringent testing ground of nuclear
structure theories.

In this report, I will briefly introduce our ongoing research activities on the size of proton
and nuclei including exotic ones using electron scattering.
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2 Proton charge radius

After Hofstadter’s work [3] which revealed that the proton is not a point particle but has a
finite size, the size, especially the charge radius, has been long studied by electron scattering in
addition to the intensive studies, using the higher-energy electron, of its internal structure by
deep inelastic scattering followed by a discovery of the quarks.

In the 1990s, hydrogen spectroscopy started to provide the proton size as well, utilizing the
fact that the orbital energy of the s-wave electron is sensitive to the finite size of the proton.
Since their results were consistent with the radius determined by electron scattering, the proton
charge radius has been considered to be ~ 0.88 fm[4]. In 2010, however, a new result on the
proton charge radius determined by the p-hydrogen spectroscopy appeared [5] with surprise.
The radius was reported as 0.844 fm, which is not consistent with that determined by electrons.

This problem, later called the “Proton radius puzzle” [6] had a significant impact on nuclear
physics as the fundamental physical quantity of the building block of atomic nuclei and on atomic
physics as well. This is because the Rydberg constant being the fundamental physical constant
determined so far with the greatest precision depends strongly on the proton radius. Further-
more, speculation linking this disagreement to an unknown difference in physical properties of
electron and p [7], which is beyond the Standard Model, called public attention.

Since then, experiments with state-of-art technologies have been planned and conducted
worldwide, from some of which new results have been published recently [8, 9, 10, 11, 12].
Some of the recent results by electron scattering and hydrogen spectroscopy experiments were
reported to be consistent with that by p-hydrogen spectroscopy. The situation thus becomes
further confused since we do not know the reason for the disagreement with the previous results.

As for the proton radius by electron scattering, possible non-negligible model dependence to
extract the radius from the measured data has been pointed out[13]. It is, thus, highly desired
to perform electron scattering which allows determining the radius in the least model-dependent
as possible.

a newly constructed ULQ2 setup

High-Power m—=—==5 at

Ristation £ ELPH, Tohoku University

Figure 1: A newly installed ULQ2 setup at ELPH, Tohoku University aiming at determining
the proton radius by low-energy electron scattering.

_52_



JAEA-Conf 2022-001

The proton charge radius, < r, >, is defined as[14]

dG 2
(=6 2D gy Q

here G(Q?) is the proton charge form factor. 2 is the four-momentum transfer ,
Q*=¢ —w?=4E, E sin*/2). (4)

w. ¢ are the energy and three-momentum transfer, E., E. are electron energies before and after
scattering, and 0 electron scattering angle, respectively.

Considering the fact that elastic cross section goes infinity at Q? = 0, it is evident from
Equation 3 that the measurement of G'5(Q?) under extremely small Q? region as possible with
great accuracy is essential.

This is why we decided to start the ULQ2 (Ultra-Low Q2) project at Tohoku, where a
low-energy electron linac is still in operation. The ULQ2 project aims to measure the elastic
cross section under the lowest-ever momentum transfer using the low energy electron beam,
E. = 20 — 60 MeV, available at the Research Center for Electron-Photon Science, Tohoku
University. Using experimentally separated Gz(Q?) from the measured cross section with the
Rosenbluth-separation technique, the proton charge radius will be determined in the least model-
dependent way. To our knowledge, no electron-accelerator facility for nuclear physics exists today
to perform such low-energy electron scattering.

The ULQ2 setup consisting of a new electron beamline and twin spectrometers, shown in
Fig. 1, was completed in Dec. 2021, and their commissioning is underway. The physics run is
expected to start in FY 2022.

3 Short-lived exotic nuclei

The charge radii of many exotic nuclei are available today, which were determined by isotope-
shift measurements[15]. The transition-frequency difference between isotopes, measurable with
super-precise technique, is directly related to their charge-radius difference. Using the charge
radius of stable isotopes determined by electron scattering, one can bridge to unstable isotopes
using isotope-shift measurements.

The charge radius, however, is an integrated quantity of the charge density distribution as
Equation (1); thus it is not possible to discriminate different p(r) providing the same radius. To
study the internal structure in further detail, the importance of electron scattering to determine
p(r) is unquestionable.

As for the charge radius, electron scattering is also important for unstable nuclei, because
it provides an absolute value of the charge radius. Note that the isotope shift provides only a
relative charge radius difference between isotopes where their errors may be piled up further for
those far from the stability line.

Nuclei ever studied by electron scattering strictly remained within and in the vicinity of
the “valley of stability” [16]. This is simply because no thick-enough targets needed for electron
scattering have been available so far for the production-hard short-lived exotic nuclei.

To apply electron scattering, the most powerful tool for structure study, to unstable exotic
nuclei[17], we have constructed the world’s first electron-scattering facility at the RIKEN RI
Beam Factory in Japan (Fig. 2). This facility employs a novel target forming technique[18],
which we invented and named as SCRIT (Self-Confining RI ion Target), to achieve the required
luminosity for elastic scattering, L ~ 102" /em? /s using a pretty small number of target nuclei,
N ~ 10778,
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Figure 2: SCRIT electron scattering facility in RIKEN RI Beam Factory.

The performance study of the SCRIT facility using N ~ 108/s of a stable 32Xe[19] success-
fully demonstrated that electron scattering for unstable nuclei is feasible.

The first unstable-nuclear targets for electron scattering at this facility will be '37Cs and
138X e as they are relatively easy to produce and extract enough number of ions from the ISOL,
ERIS (Electron-beam-driven RI separator for SCRIT), which uses the photo-fission reaction of
uranium to deliver neutron-rich unstable nuclei.

4 Neutron-distribution radius of exotic nuclei

Electron scattering has revealed how the charges distribute spatially in stable nuclei. Since
the proton charge mostly dominates the charge density distribution, less knowledge has been
obtained so far about the neutron by electron scattering. In addition to magnetic electron
scattering[20], a recent parity-violating electron scattering off 2°Pb at JLAB|[21, 22] aiming to
measure the radius of the neutron distribution is an exceptional example. Since both experiments
require extremely high luminosities due to small magnetic-scattering cross section and extremely
small weak-interaction effects, it is hard to imagine their application to exotic nuclei, where high-
luminosity is not realistic.

Recently, one new way to access the neutron distributions by electron scattering has been
proposed. Kurasawa and Suzuki have shown in their relativistic nuclear-structure models, for
the first time, that the fourth moment of the nuclear charge density distribution includes the
radius of the neutron distribution explicitly[23].

Here, let us start discussion about the second moment, < 7“2 >, is expressed as,

N
<r?>=< R2(pomt) +r + ?rn + rel. corr., (5)

where < R,point) >, Tp,7n are the radius of the point proton distribution, the proton charge
radius and the neutron charge radius, respectively. The relativistic correction includes the
contributions from the spin-orbit interaction. < r2 > is measured experimentally by electron
scattering, p-X ray, and isotope shifts, and R ,0ins) calculated theoretically.
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Since the second moment corresponds to the exact (charge) size of atomic nuclei providing
a strict testing ground for our understanding of the nuclear structure, they have been measured
extensively, including unstable nuclei.

The fourth moment, < 74 > is shown to include the neutron-distribution radius[23] as,

point) > +? < Rp(point) >< T‘p >

10 (6)

N
+ 3 < Ri( )y >< r2 > -+ (rel.corr.).

<re>=<Ry

point

One finds that the neutron-distribution radius, < R,,(,0ins) >, appears explicitly. Assuming
one measures < ri > experimentally and knowing < Rf)(p oint) > < 7“12, > and < r2 >, one may

determine < Ry, (point) > from < r4 > determined by elastic electron scattering.

We apply this theory to doubly-magic stable nucleus 2°®Pb using the charge density dis-
tribution, p.(r), known precisely by elastic electron scattering, the neutron-distribution radius,
< Ry (point) >, is determined as 5.736 4+-0.013fm|[24]. Extracting the (point)proton-distribution
radius, 5.455+0.012 fm from the charge radius, 5.5034+0.002 fm, the neutron skin thickness,
defined as the difference between the proton and neutron distribution radii, is determined as
0.282+0.024 fm. This looks surprisingly consistent with the skin thickness recently determined
by the parity-violating electron scattering experiment at JLAB, 0.283+0.071 fm.

The neutron skin thickness of “8Ca is also estimated in the same manner as 0.21940.013
fm[24], which will be measured at JLAB by the parity-violating electron scattering experiment.

As previously discussed, electron scattering for neutron-rich exotic nuclei will be soon started
at the SCRIT electron scattering facility. Then one may ask whether it is possible to access the
neutron-distribution radius of unstable nuclei also through < r# > at the SCRIT facility.

There are two ways to determine < 7% > of the charge density distributions. They are 1)
based on Equation (1) with p.(r) determined by elastic electron scattering measured covering a
wide range of ¢, and 2) using the Taylor expansion of the charge form factor, F.(q), measured
by elastic electron scattering at the low ¢ region,

<r:>, <ri>,
R 5!

F.(q) = 1 + . (7)

Since elastic cross section has 1/¢* dependence and knowing < Rg(pomt) > for exotic nuclei
by isotope shift measurements, the method 2) may allow one to study the neutron-distribution

radius through < r# > obtained using Equation(7) at the low-luminosity electron scattering

facility for exotic nuclei. A feasibility study of this exciting opportunity at the SCRIT electron
scattering facility is underway
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10 A nuclear periodic table: from elementouch to nucletouch

Kouichi HAGINO and Yoshiteru MAENO
Department of physics, Kyoto University, Kyoto 606-8502, Japan

The magic numbers due to closures of the nucleonic shells, that correspond to noble gases in
elements, have played a fundamental role in nuclear physics. We here discuss our recent invention of a
periodic table for atomic nuclei, called "Nucletuch". This is in a sense an extension of the 3D periodic
table for elements, "Elementouch", invented by one of the authors (Y.M.) in 2001. While the Elementouch
recovers features of Mendeleev's periodic law, the "Nucletouch" provides a nice visualization of nuclear
deformation. By comparing the two 3D periodic tables, we show that there is an unexpected coincidence

between atoms and nuclei concerning the alignments of elements.

1. Introduction

A periodic table of chemical elements is undoubtedly one of the most important achievements in
modern science. It concisely demonstrates the periodic properties of the building blocks of nature in a
form of a simple table. The Mendeleev's periodic table, invented in 1869, is based on the “periodic law”
in which the chemical and physical properties of elements and their compounds are periodic functions of
the atomic weight [1,2]. It is in a short form consisting of eight groups, while the periodic table widely
used today is in a long form consisting of 18 columns. The long form of the periodic table was first
invented by Alfred Werner in 1905 [3] and then extended by Von Paul Pfeiffer in 1920 [4]. See Ref. [5]
for a history of the modern periodic table.

The periodicity of the atomic properties of elements originates from the shell structure of the electron
orbitals around a nucleus. In particular, the energy gap between the fully occupied shell configuration
and the first unoccupied level leads to the chemically inert noble-gas elements, He, Ne, Ar, Kr, Xe (, and
Og) with the atomic magic numbers 2, 10, 18, 36, 54, 86 (, and 118). We note that protons and neutrons
in a nucleus also exhibit orbital shell structures similar to those of the electrons in an atom. When orbital
shells are completely filled up with protons or neutrons, stable nuclei analogous to noble gas atoms are
formed. The magic numbers known for stable nuclei are 2, 8, 20, 28, 50, 82, and 126. The success of the
nuclear shell model was rewarded as the Nobel prize in physics in 1963 to Maria Goeppert Mayer and J.
Hans D. Jensen, along with Eugene Wigner.

Since both atoms and nuclei show similar shell structures, we ask ourselves whether one can construct
a periodic table of atomic nuclei, similar to the well known periodic table of elements, by arranging
elements according to the nuclear shell structure. Before we address this question, however, let us first

discuss in the next section a possible extension of the periodic table of elements.
2. 3D periodic table: Elementouch

Mendeleev’s periodic law is embodied in his short-form periodic table [2]. In the 1871 version of

periodic table, the groups forming columns represent the valence properties in forming oxides and
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hydrides, as clearly indicated in his table as “R>O” and “RO” for the groups I and II, “RH and R,07” for
the group VII (halogens), etc. Such valence tendencies of forming chemical compounds are no longer
very explicit in the long-form table based on the electron shell structure. For instance, Ca and Cd are in
the same column in the Mendeleev’s table, but they are put in different columns in the long-form table.

The same thing happens for Ti and Sn.

(@) (b)

Fig. 1. The three-dimensional (3D) helical periodic table “Elementouch”. (a) The three tubes
represent s-p blocks, d block and f block. (b) Divalent, trivalent and tetravalent elements align in the

respective columns. (c¢) The top view of Elementouch.

To resolve this problem, one of us (Y.M.) invented the 3D periodic table “Elementouch” [5,6,7], which
is constructed by continuously winding a ribbon of element symbols in three-tube helix as shown in Fig.
1. In this way, all divalent, trivalent and tetravalent elements line up in the respective columns. It is thus
possible to express the “periodic law” in the Mendeleev’s short-form periodic table, while keeping the
shell structure expressed in the modern long-form table. Mendeleev noted “Cu, Ag, and Au occupy two
places — one in the first group (I) and the other in the eighth (VIII)”, considering their compounds Ag>O,
CuCl and AgCl [2,8]. They were placed in the group I with parentheses. The divalent state of Cu is well
known as the basis of high-temperature superconductivity of cuprates. To express such valence
tendensicies, in the Elementouch, the group 11 (IB) elements are placed not exactly on the same tube as
the group 1 (IA) elements as shown in Fig. 1 (a).

The Elementouch resolves other possible drawbacks of the long-form of periodic table. We here
summarize the characteristic features of the Elementouch as compared with the 2D periodic table of the
long-form: (1) elements with similar valence properties are arranged in the same columns, reproducing
basic features of the Mendeleev’s periodic law, (2) element symbols are lined up in a seamless way,
without unnatural gaps between Be - B and Mg — Al, (3) the f-block elements are incorporated
continuously and treated equally to the d-block elements, rather than being separated as in the long-form
periodic table, and (4) from the top, an atomic model with s/p, d, and f orbitals can be clearly depicted as
shown in Fig. 1 (c).
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3. Nuclear periodic table: Nucletouch

Let us now discuss a periodic table of atomic nuclei. To this end, it should firstly be pointed out that
atomic nuclei consist of two different kinds of nucleons, and thus their properties cannot be determined
solely by the number of protons (or neutrons) as in the periodic table of elements. As a matter of fact, a
two-dimensional map of atomic nuclei, that is, a nuclear chart [9,10], would be more useful than a one-
dimensional periodic table in order to classify detailed properties of atomic nuclei. Nevertheless, it might
still be useful and pedagogical to construct a nuclear periodic table e.g., in order to visualize the difference
in magic numbers between nuclear systems and electronic systems. The 3D nuclear periodic table was
invented with such motivation [11,12].

To construct a nuclear periodic table, we considered the shell structure of protons. Even though a
similar periodic table for neutrons could be constructed, we found it much easier to consider a nuclear
periodic table based on protons, as each proton magic number can be characterized by the name of a
particular element. We thus first arranged the elements with the proton magic numbers in the same column.
Those are: He (Z=2), O (Z=8), Ca (Z=20), Ni (Z=28), Sn (Z=50), and Pb (Z=82). Zr (Z=40) often shows
behaviors similar to the magic nuclei due to the sub-shell closure at Z=40 [13], and we also included it in
the same column. Though the heaviest element discovered so far is Oganessson (Z=118), the proton magic
number after Z=82 is currently unknown. In our nuclear periodic table, we chose the traditional proton
magic number, Z=114, for superheavy elements and arranged FI underneath Pb.

After we set up the column for the magic and semi-magic nuclei, we next arranged other nuclei
according to the known nuclear shell structure. The ordering of each single-particle level within shells
depends on the number of neutrons. Moreover, for open shell nuclei, those single-particle levels are
occupied only partially due to the pairing correlation. In mid-shell nuclei, nuclei may even be deformed,
yielding a deformed mean-field potential. For these reasons, we considered a group of single-particle

levels within each shell, instead of treating each single-particle level individually.

H | He s
TGEIE e NS
ili Li1BelBYCYyN|O
Shape and stability 3 a5 6|7|8a|_ fel
[ o [
Stable  Unstable FNelNa|Mg! Al SiY P S1CI A K | Calg |,
9 |10 [11 /12 13|14 [ 15|16 [17 |18 [19]20]3
Spherical Sc| Ti| V | Cr|mnY| Fe|Co| Ni g fon
61 |21122)23|24|25|26|27) 28|
Deformed D Cu1Zn“GaTGe As|Se|Br{KriRb/Sr| Y [Zr|Zf
42 2013031 32|33 |34|35|36|37|38|39] 40 g
Nb | Mo Ru| Rh| Pd| AgjCd| In | Sn glg
41| 42 44|45 46| 47 | 48| 40| 50| 5 | 7%2

hoptfzptigan

Patsatp e

Fig. 2. A nuclear periodic table based on the proton magic numbers [11]. The rightmost column

shows the elements with the proton magic and semi-magic numbers. The other elements are arranged
according to the nuclear shell structure, for which the single-particle levels for the valence protons are
denoted with different colors. The elements shown in round-corner boxes are those whose nucleus is
substantially deformed in the ground state. Elements with black symbols have stable nuclei, while those

with white symbols represent those with all the isotopes unstable.
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Figure 2 shows a nuclear periodic table so constructed. We here also distinguish (nearly) spherical
and deformed nuclei using different types of a box: the nuclei for the elements shown in round-corner
boxes have the quadrupole deformation parameter, f, is larger than 0.15. To this end, we chose the
most abundant nucleus for each element and estimated the deformation parameter using the
theoretical calculations by Moller et al. [14]. For the elements lighter than N, we regarded the
elements Li, Be, B, and C as deformed due to the well-known alpha-particle structure. In addition, we
also distinguished between stable and unstable elements using different types of symbols: the elements
with the white symbols are unstable elements, that is, elements where all the isotopes are unstable.

In the figure, one can clearly see that the elements in the vicinity of the shell closures are all spherical,
while the deformation is developed in the mid-shell regions, as has been known well in nuclear physics.
The former elements can be interpreted in terms of one or two protons holes outside the shell closures,
and it would be meaningful to arrange them in the same columns.

The 3D version of the nuclear periodic table, Nucletouch, is shown in Fig. 3, in which the magic and
the semi-magic nuclei are put in the center of the periodic table. Its paper pattern is available at a

Supplemental Material page on the web site of the Japan Physics Society [15].

Fig. 3. The 3D nuclear periodic table, Nucletouch [11,15].
Figure 4 shows the usual periodic table of elements. It is quite amusing to notice that the magic nuclei

Sn-Pb-FI are aligned in the same column also in the ordinary "atomic" periodic table. This is merely a

coincidence, but this is caused by the fact that the increment of electron numbers 32 of the noble-gas
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elements from Xe (54) to Rn (86) and to Og (118) is identical to the increment of proton numbers among
the magic nuclei Sn (50), Pb (82) and F1 (114). Because of this magic coincidence, the alignments of the
elements in both periodic tables are very similar after Nb (41). For instance, Ag (47) is just above Au
(79) and La (57) is just above Ac (89). This would not have been noticed unless the nuclear periodic table

was invented.

Atomic Periodic Table of the Elements
Werner (1905) - Pfeiffer (1920)

1]2]3]4]5]s]|7]8]0]10[11]12]13]14]15[16]17]18
1 I;l Orhitals H2e 1s
Li | Be BIC|N|O|F|Ne
213 s|pldm 5|6 7|89l [Z%
Na|Mg AllSi|P|S|Cl|Ar
314y |2 13|14 )15 | 16| 17| 18] 3 3t 3p
4 K |Ca|Sc|Ti|V |[Cr|Mn|Fe|Co| Ni|Cu|Zn|Ga|Ge|As|Se|Br|Kr|a "
@ |4s+3d+ 4p
19|20 [ 21| 22| 23| 24| 25| 26 | 27| 28| 20| 30| 31 | 32 | 33| 34| 35| 36| 2
173
5 Rb|Sr| Y | Zr [NbMo[Tc |Ru|Rh|Pd|Ag|Cd| In|Sn|Sb|Te| | |Xe|o 55+ 4d + 5p
37|38 |30| a0 | 41|42 | 43| 44 | 45| 46 | 47 | 48| 49| 50 | 51| 52| 53| 54
s |Cs|BafiLu| Hf | Ta| W [Re|Os| Ir | Pt |Au|Hg| T Pb| Bi |Po| At|Rn G5+ 4F+ 50+ 6p
55|56 | 71| 72 | 73 | 74 | 75 | 76 | 77| 78 | 79| 80 | 8¢ | 62 | 83 | 84| 85| 86
7 Fr|Raj Lr| Rf |Db|Sg|Bh|Hs|Mt|Ds|Rg|Cn|Nh| Fl |Mc|Lv|Ts|Og 7+ 5F+6d+ 7p
g7 | 88 1103 104| 105|106 107| 108] 108 | 110] 111 | 112] 113] 14| 115] 116] 117|118

La|Ce| Pr|Nd|Pm|Sm|Eu|Gd| Tb|Dy|Ho| Er [Tm|Yb
57 |58 159|60)|61|62|63|64|65([66(67[68]|69]|70
Ac| Th|{Pa| U [Np|Pu|Am|Cm|Bk| Cf | Es |Fm|Md|No
8919091 [92]93|94)95)96|97[98]99[100]101{102

af

5f

Fig. 4. The periodic table of elements, with a highlight on the proton magic nuclei, Sn, Pb, and FI.

4. Summary

Motivated by the 3D periodic table, Elementouch, we have constructed a similar periodic table for
atomic nuclei and named it Nucletouch. This table was based on the shell structure of protons in atomic
nuclei close to the stability line, in which the elements were arranged according to the known proton
magic numbers. The nuclear periodic table provides a clear visualization of the well known fact that the
nuclei in the vicinity of the shell closures are spherical in the ground state, while nuclei tend to be
deformed as the distance from the shell closures increases. We have also pointed out a magic coincidence,
for which the same sequence of elements, such as Sn-Pb-Fl, can be found both in the nuclear and in the
atomic periodic tables.

The nuclear periodic table we invented has several pedagogical significances. For instance, it may
provide a useful means to visualize the difference in magic numbers between nuclear and electronic
systems. [t may also be helpful in understanding why Ca, Pb and Bi, with which evaporation residue cross
sections are enhanced for several reasons, have been used to synthesize superheavy elements up to Og.

Finally, we mention that a variety of patterns to make models of Elementouch and Nucletouch can be

downloaded from: http://www.ss.scphys.kyoto-u.ac.jp/elementouch/en/index.html
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11 Role of ADS and its development issues
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This tutorial contains a role of accelerator-driven system (ADS) in the nuclear fuel cycle and
necessity of nuclear data to realize the ADS. After an overview of the Japanese nuclear fuel cycle and
government direction, the geological disposal concept of high-level waste (HLW) will be described. By
partitioning problematic elements from the HLW and transmuting, utilizing or storing them, geological
disposal can be changed. ADS plays a role of transmuting minor actinide (MA) separated from HLW to
fission product (FP), which are less radio-toxic than MA. The principle of ADS will be introduced with

technological issues, and finally utilization of nuclear data for R&D on ADS will be introduced.

1. Role of ADS and Partitioning & Transmutation (P&T) technology in the nuclear fuel
cycle
1.1. Background

The tutorial begins with our nation's current and near-future nuclear fuel cycle. In 2020, nuclear
power plants and nuclear fuel cycle restarts after shock of Fukushima Daiichi Nuclear Power Plant
accident. Nuclear power plants gradually restart after meeting new regulatory standards. Rokkasho
Reprocessing Plant will soon start operation. A literature survey on geological disposal of radioactive
waste begins.

Prime Minister Kan declared aiming for a carbon-neutral, decarbonized society by 2050 in Oct.,
2020. Then, the sixth Basic Energy Plan was approved by the Cabinet in Oct., 2021. In the plan, Nuclear
Power Plant (NPP) will supply 20-22% of electricity in 2030, and 30-40% in 2050 including thermal
power with CO; capture as a reference value for further discussion. Toward 2050, utilization of NPP is
very ambiguous, so nuclear fuel cycle as well. However, nuclear spent fuel accumulated past and near-
future must be managed in any future scenario. Partitioning and transmutation technology is being

developed for this purpose.

1.2. Origin of radioactive waste

Radioactive materials occur in two passes in NPP. One is the fission process of uranium-235, which
is a heat source in the core of NPP. When nucleus of uranium-235 is hit by a neutron, it fissions in certain
probability, then divided into two FPs. Because this process is stochastic, various kind of FPs is produced
and some of them are radioactive. Another origin is the capture process of uranium-235 and uranium-238.

When the nucleus of uranium is hit by a neutron again, it can capture neutron instead of fission and

_63_



JAEA-Conf 2022-001

becomes another isotope with increased mass. The capture process is repeated sometimes and the isotope
becomes heavier in nuclear fuel. Finally, the fuel contains plutonium and minor actinide (MA: neptunium,
americium, and curium) in addition to uranium. Plutonium is used as fuel after reprocessing, but MA is
regarded as radioactive wastes.

After two kinds of the process several hundreds of isotopes are produced in the fuel, but only 7 FPs
and 4 MAs are categorized as long-lived isotopes, as listed in Fig.1. Americium-241 and curium-244
decay rather early, but daughters (neptunium-237 and plutonium-240, respectively) possess a long half-
life. Half-life of these 11 isotopes is in order of 1 million years. Four MAs and iodine-129 must be paid
attention, because they affect human when they are ingested as represented by dose coefficients in Fig.1.
MAs emit alpha particle in decay process, which damages organs and iodine-129 deposits in the thyroid.
Strontium-90 and cesium-137 decay fast in around 30 years but are listed because of their importance in
handling waste and designing the repository.

. Dose Dose
Nucide | &I | coeffcient | Amount Nuclide | Half-life | coeffiient | Amount
(Year) | (usv/kBq) (uSv/kBa)
U235 | 0.7B 47 10 kg @ [['se79 [0295M [ 2.9 69 L
U-238 | 4.5B 45 930 kg — || zr-93 | 1.61M 1.1 1kg 2 %
) (%2}
= -~ S _ 4=
5 SRR E 30 T 03ke E Tc-99 | 0.211M | 064 | 1kg 5=
.| = pu230 (241 T 250 6 kg © |[pd07] 65w | 0037 Joskg| m2 8
] g Pu240 | 65.61M | 250 3 kg 575126 0.23M 4.7 3049 23
S) €| = [Pu2a1| 1420 | 48 | 1kg @ || k129 ] 15/M | 110 | 02kg || 3 =
<8< = b || Cs-135] 2.3Mm 20 [05kg|]  _
2| g | [Ne237) 2144M | 110 | 06kg 590 | 2879 | 28 |06kg| L €2
© O -
S| 2J (Am241] 4326 | 200 | 04kg U'cs-137] 30.08 3 |15k &3
o 5 Am-243| 7.370K 200 0.2 kg >
s | S | [om2#e] 1811 120 60 g
= = 2 Dose coefficient= dose(Sv)/radioactivity(Bq).
S

An indicator of the dose by ingestion

Fig. 1 List of long-lived FP and MA

1.3. Underground disposal

Radioactive and stable isotopes produced in the nuclear fuel are vitrified in glass waste in the current
technology adopted in the Rokkasho reprocessing plant. The glass waste is packed in the iron overpack
with the thickness of 200 mm that can stand for corrosion for 1,000 years. In the underground repository
deeper than 300 m, the overpack is placed in buffer material (compacted cray) that delays transport of
radioactive isotope to groundwater. Glass, iron overpack, and cray are called “engineering barriers.”
Another “natural barrier” is the bedrock that delays the migration of ground water to the underground
waterway.

The current repository design is affected by the strength of radioactivity in many aspects. Long-lived
radioactivity from MA and FP determines the function of engineering and natural barriers, such as the
necessity of buffer material and distance from the ground surface. Heat from strontium, cesium and
americium dictates layout, i.e., the density of glass wastes in the repository. Gamma ray from glass waste
affects the thickness of overpack as to protect workers during the handling of wastes. Partitioning and

transmutation is a technology with a purpose to decrease the radioactivity and ease the difficulty of
underground disposal.
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1.4. Impact of partitioning and transmutation on underground disposal

Figure 2 depicts the radioactive dose contained in glass wastes originating from the spent fuel of 1
ton. After 1,000 years, when the overpack loses function, MA, uranium, plutonium and long-lived FPs
remain. To reduce the long-term dose, the transmutation of these isotopes is effective. Note that the dose
is “potential,” that is, normally confined in the four barriers and does not contact to our life zone. From
Fig.2, MA looks dominant and prior transmutation target, but it actually depends on the degree of
migration to the environment in normal and unexpected conditions. Such deeper investigation is an
unresolved issue.

Figure 3 shows a radioactive heat source in glass waste. Strontium and cesium are dominant in the
first 150 years, then americium-241 takes place for several hundreds of years. Both heat source is
important for layout design of repository. Partitioning and “storage” strategy is effective for strontium
and cesium because half-life of 30 years is rather short. If they are stocked at the surface facility for 300
years, heat becomes 1/1000 and very compact repository can be realized. As to americium-241, the same
strategy cannot be adopted because half-life is as long as 432 years. By partitioning and transmutation of
americium to FP, the heat of americium becomes negligibly small.

Figure 4 illustrates “full-spec.” partitioning and transmutation containing transmutation of MAs and
long-lived FPs, storage of strontium and cesium and recycling of platinum group metals. If this scheme
is realized, the long-term dose can be reduced by one or two orders of magnitudes and the repository
scale can be minimized by two orders of magnitudes.

1E+9 —a—U, Pu(99.5%removal) 1B+ —a— U, Pu(99.5%removal)

1E+8 ey —a— MA —a—MA
- R e/ LLFPs = —e— 5190, Cs137
= 1E+7 8-~ Sr90, Cs137 S 1E+3
= \ N — =Other FPs P ---#m--TLLFPs
S e i ~ = — - Other FPs

A—h—AA | 93

> 1E+5 \ﬂHX‘\L ™A 3 e Tt
S \ \ { MA 0 E+2
x \ L\A ©
S 1E+4 \ - = £
3 \ \\‘ S
2 1E+3 ¢-0—0-00-0b 00000 pe —
© H © \§ .
5 1E+2 AW A T IEM \
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Fig. 2 Radioactive dose in glass waste Fig. 3 Radioactive heat in glass waste

normalized to spent fuel of 1 ton
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Fig.4 Full-spec partitioning and transmutation

2. Principle of ADS for MA transmutation

Accelerator-driven system (ADS) is devoted to transmutation of MA using fission reaction.
Neptunium-237 and americium-241 that are main component of MA are not fissile isotope, so that fission
probability is much less than capture probability when a slow neutron is absorbed to the nucleus. However,
all actinide has a larger chance to fission for fast neutron with energy around 1 MeV. In ADS, fast
neutrons are utilized by eliminating water from the core and using lead-bismuth eutectics as coolant.

After the fission reaction of actinides, a very small fraction of FPs releases delayed neutrons that
play an important role in controlling the critical nuclear plant. However, the fraction of delayed neutron
from MA fission reaction is smaller than that of uranium and the control becomes difficult. This is why
ADS is considered. As illustrated in Fig. 5, the number of neutrons is kept in the critical as a result of a
balance between fission versus capture and escape. On the contrary, neutron supplied by proton
accelerator and fission neutron is balanced to capture and escape in the subcritical core. When accelerator
operation is terminated in the accidental situation, the number of neutrons decreases very rapidly and the
chain reaction stops.

R&D issues for ADS is summarized in Fig. 6. There are 5 issues: accelerator, structure, fuel,
spallation target and material in lead-bismuth eutectics, and reactor physics. Nuclear data is especially

relating to spallation target and reactor physics.
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3. Nuclear data in ADS design

Many kinds of nuclear data are used in ADS

design as shown in Fig. 7, where the proton beam is Beam window

./_ Proton beam

accelerated and induced into lead-bismuth liquid
target through the beam window, then, makes ® Radiktion I@ Radioactivd
spallation neutrons. damage M“ isptope
[}
At first, the number and energy of spallation .
. . @ Spallation™®
neutron per proton is essential nuclear data that o 0 meutien A ~
eat r
determines necessary proton beam current o ° .
. Fissi :
according to predefined total core power. n@iutlrs()srl]on th Blt
arge

Currently, the uncertainty of nuclear data is
estimated as 10% in the number of spallation Pb Bi flow
neutrons. Because this uncertainty is directly Fig. 7 Nuclear reactions in ADS
affecting the accelerator and target design, and

current accuracy is not enough.

The second important value deduced from the nuclear data and nuclear model is heat generation in
the target that is removed by the flow of liquid metal, as shown in Fig.7. For reliable designs of flow path
and shape of the beam window, accurate estimation of heat distribution is important.

The third one is radiation damage on the beam window made of stainless steel. When protons or
neutrons pass the steel, they bounce atoms in the lattice. Most of the atoms return to each original position,
but the flaw remains. The DPA, displacement per atom, is an index of this damage. Recently,
measurement of DPA in J-PARC revealed that the DPA model should be modified. High energy proton
also produces hydrogen and helium nucleus in the steel and they induce embrittlement. Measurement and
evaluation of production cross section are also of importance.

The forth one is production of radioactive isotopes in lead-bismuth generated by spallation reaction
that causes dose on the operator and becomes waste. Estimation of isotopes with a mass far from targe
nucleus possesses high uncertainty, so measurement and modification of nuclear model are desirable.

The last nuclear data is nuclear data of novel materials for neutron in the range of fission neutron
energy. MA, lead-bismuth and nitrogen-15 have not been used in conventional reactors and uncertainty
caused by nuclear data is large. One of the most important core parameters for ADS is multiplication
factor as well as the critical reactor. The uncertainty of the factor is desired to be less than 1%, but a
difference of estimator or version of evaluated nuclear library brings discrepancy of around 3%. More

effort to measure and verify the uncertain nuclear data is necessary.

4. Summary

Management of spent fuel and radioactive waste from light water reactors is an important issue for
Japanese nuclear power utilization. Partitioning and technology is being developed to reduce long-term
radiotoxicity and heat in the underground repository. For transmutation of MA, ADS operated in sub-
critical condition is considered because critical reactor with MA fuel is difficult to control. To develop
the ADS, many kinds of nuclear data for a wide range of energy are necessary, especially data relating to

spallation reaction and reactions of low energy neutron to unfamiliar isotopes (MA, lead, bismuth...).
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12 Production of At-211 using a cyclotron and an import plan of Ac-225
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Tetsuhiko YORITA!, Yuusuke YASUDA!, Takashi NAKANO' and Paul SCHAFFER?
'Research Center for Nuclear Physics(RCNP), Osaka University
10-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan
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2-4 Yamadaoka, Suita, Osaka 565-0871, Japan
STRIUMF
4004 Wesbrook Mall, Vancouver BC V6T 2A3, Canada
*Email: mhfukuda@rcnp.osaka-u.ac.jp

Targeted alpha-particle therapy (TAT), using short-lived alpha emitters such as At-211, Ac-225 and
Ra-223, is one of remarkable cancer treatment methods especially for refractory cancer. At-211 with a
half-life of 7.2 hours is produced by the nuclear reaction of 2°°Bi(*He,2n)?!! At. At-211 of several hundred
MBq can be obtained by irradiation of a few pA 29 MeV “He?" ion beam. Small amounts of At-211 are
now available only for academic studies, provided from “Supply Platform for Short-lived RI” called RI-
PF. Ac-225 with a half-life of 10 days is also one of the most powerful alpha emitters for TAT, commonly
obtained from the parent nucleus Ra-225 by a milking method. In recent years, an accelerator-based Ac-
225 production technique using an around 500 MeV proton beam has been developed at TRIUMF in
Canada. A Th-232 target placed at the beam dump was used for production of RIs such as Ac-225 and
Ra-225 by the spallation reaction of 2*Th(p,x). We have a plan to import the generator Th-229 or Ra-
225 for milking Ac-225 in near future.

1. Introduction

Targeted particle therapy using beta-ray or alpha-ray emitters is expected to be one of the most
effective treatments of refractory cancer such as metastatic cancer and invasive cancer. Especially
targeted alpha-particle therapy (TAT) has a great advantage of dose concentration in a cancer cell,
resulting from the large energy loss and short range of the alpha particles[1]. The energy and range of the
alpha-emitting radionuclides such as At-211, Ac-225 and Ra-223 are around 7 MeV and 50 um,
respectively. Target medicine labeled with alpha emitting RIs is intravenously injected, selectively
delivered to tumor tissues, and spontaneously accumulated in cancer cells. The cancer cell intaking the
target medicine is severely damaged due to DNA double strand break caused by the energy loss of the
emitted alpha particle or chemical reaction with free radicals generated by alpha induced ionization.

In recent years, demand for supply of the alpha emitting RIs is growing[2]. Property of At-211, Ra-
223 and Ac-225 are listed in Table 1. Astatine is a radioactive halogenic element without any stable

natural nuclei. At-211 with a short half-life of 7.2 hours emits two alpha particles with a mean energy of
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6.8 MeV in a sequential decay. At-211 is easily produced by the nuclear reaction of 2*°Bi(*He,2n)?!' At
using a “He?" ion beam accelerated by a cyclotron. The energy of *He?" ions should be tuned to 29 MeV
or less to avoid production of At-210 which decays to a toxic element of Po-210. A chemical compound
of At-211 can be produced by replacing a halogenic element of chlorine and iodine, for example NaCl-
like NaAt and MIBG-like MABG. Ac-225 with a half-life of 10 days provides five alpha particles with a
mean energy of 6.9 MeV in a sequential decay. Ac-225 can be obtained by milking from the decay of the
parent nucleus Ra-225. Accelerator-based Ac-225 production methods are now being developed by using
nuclear reactions of >°Ra(p,2n)??3Ac and 2*°Ra(y,n)?*’Ra. A new project of Ac-225 mass production using
a high energy proton beam was started at TRIUMF cyclotron facility in Canada. They proposed an
alternative production method using a proton-induced spallation reaction 2*2Th(p,x)**>Ac. RCNP
collaborates with TRIUMF for importing the proper amount of Ac-225 from Canada. We have a plan of
the first Ac-225 import from TRIUMF in 2022.

Table 1 Properties of alpha-particle emitters for TAT.

Number of Mean energy of
. Daughter ) . .
RI Half life emitted alpha | alpha particles Production method
nucleus :
particles (MeV)
2At | 7.21 hours 2l1po 2 6.8 209Bi(*He,2n)*! At
223Ra 11.4 days 2Rn 5 6.7 226Ra(n,y)**'Ra
215p — 227Th
211R; — 223Ra
2111)0
25Ac 10.0 days 2IFr 5 6.9 [Reactor]
217At 229Th — 225Ra — 225AC
213B{ [Accelerator]
213P0 226Ra(p,2n)225AC
226Ra(y,n)**’Ra
22Th(p,x)225Ac

2. Supply of short-lived RIs

A short-lived radioisotope (RI) is widely utilized as a highly sensitive probe for investigating
properties of materials and imaging invisible conditions. In recent years, there is a growing need for
supplying short-lived RIs for academic use, especially for the research on diagnosis and therapy in nuclear
medicine. In Japan, the short-lived RI supply platform (RI-PF)[3] was organized in 2016 in cooperation
among the following accelerator facilities; 1) Research Center for Nuclear Physics (RCNP), Osaka
University, 2) Radioactive Isotope Beam Factory (RIBF), RIKEN, 3) Cyclotron and Radioisotope Center
(CYRIC), Tohoku University, 4) Research Center for Electron Photon Science (ELPH), Tohoku
University, 5) National Institute of Radiological Sciences (NIRS), National Institutes for Quantum and
Radiological Science and Technology (QST), 6) Takasaki Advanced radiation Research Institute, QST.
The RI-PF is supported by MEXT/JSPS KAKENHI for supplying short-lived Rls to basic and applied
research in a variety of academic fields regularly and stably. Technical assistance is also given to research
beginners for safe RI treatment. One of the most popular short-lived Rls supplied from the platform is

At-211 mainly used for basic research of TAT, investigator-initiated clinical trials, development of At-
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211 labeled medicine and an imaging system for At-211 accumulation.

3. Production of At-211 at RCNP cyclotron facility

RCNP was founded in 1971 at Osaka University to promote nuclear physics research using a
variable-energy, multi-particle AVF cyclotron with a K-value of 140 MeV. Construction of the AVF
cyclotron facility was finished in 1973 and nuclear physics experiments started from 1976[4]. A ring
cyclotron with a K-value of 400 MeV was completed in 1991 mainly for pioneering precision nuclear
physics experiment by increasing the maximum energy of proton and heavy ion beams up to 420 MeV
and 100 MeV/nucleon, respectively. The AVF cyclotron in a standalone operation mode is mainly used
for RI production using proton and helium ion beams with energies from 10 to 30 MeV. The bird eye
view of the RCNP cyclotron facility is shown in Fig. 1. The upgrade program of the AVF cyclotron was
started in 2019 to provide not only an intense light ion beam for RI mass production but also a high-
quality intense beam for nuclear physics precision experiments. Most of equipment besides the AVF
cyclotron main magnet was replaced by new one. A new coaxial-type resonator was designed to cover a
frequency range from 16 to 36 MHz for acceleration of various kinds of particles using acceleration
harmonic mode of h=2 to maximize the energy gain per turn. The commissioning of the AVF cyclotron

has started and we will have a new beam in 2022.
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Fig. 1 Bird eye view of the RCNP cyclotron facility
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The beam line K-course placed in S Experimental Room is used for production of any kinds of RIs
except for At-211, especially for supply short-lived RIs through the RI-PF program. Semiautomatic
irradiation equipment was installed at the end of the beamline. The irradiated target is transferred directly
to a hot cell in the RI Building by pneumatic tube equipment. The target chamber for At-211 production
is located at the end of F-course in M Experimental Room. A thin bismuth target is formed on the surface
of an aluminum backing plate with cooling water behind the plate and a helium gas is additionally blown
on the surface of the bismuth target to cool down the heated target. A 29 MeV, 2 or 3 pA “He?" ion beam
was focused on the target with a beam spot size of 10 mm in diameter. At-211 with several hundred MBq
was produced by several hour irradiation. The At-211 production beam time was scheduled once or twice
a month. The annual beam time for RI production at the RCNP cyclotron facility increased year by year
and reached more than 600 hours a year. The beam current will be increased to 30 pA after upgrading the
AVF cyclotron to increase the At-211 activity to more than 1 GBq, required for investigator-initiated
clinical trials at Osaka University Hospital. The target system will be also upgraded to improve the
performance for higher beam power irradiation. A beam scanning system will be installed to avoid

localization of heat on the target. The target cooling performance will be reinforced as well.

4. Import of Ac-225 from TRIUMF

The TRIUMF cyclotron facility is equipped with a large-scale ring cyclotron to accelerate a H™ ion
beam up to 500 MeV and several compact H™ cyclotrons for RI production. Th-229 of a few GBq, the
parent nucleus of Ac-225 and Ra-225, was produced by irradiating a Th-232 target, placed at the beam
dump of the IPF beam line, with 70 pA, 480 MeV proton beam[5]. The beam current will be increased to
more than 350 pA within several years. The decay scheme of the neptunium series is shown in Fig. 2.
The spallation reaction of 2*>Th(p,x) produces two different Ac-225 products, i.e. generator-produced Ac-
225 and directly-produced Ac-227,225. The Ra-225 generator with a half-life of 14.9 days may contain
small amounts of Ra-228 with a half-life of 5.8 years. Ac-227 with a half-life of 22 years may be contained
as a by-product in the directly produced Ac-225. The separation of the by-product isotopes will be key
issue to be resolved for purification of Ac-255. We have negotiated with TRIUMF about the import of
the Ra-225 generator. Small amounts of Ra-225 generator will be imported to Japan in 2022.

U-233

T,,, = 1.592 X 10° years T, =49 min
E, = 4.8 MeV E, =62 MeV
| Th-229 | At-217 |
T,/» = 7340 years Ty, = 32 msec
Ey = 4.5 MeV E, =71 MeV
Ra-225 Bi-213 | === po-213 |
T,,; = 14.9 days T,/; = 46 min Ty, =42 Hsec
E, = 0.33 MeV E, =59 MeV E, = 8.4 MeV
Ac-225 | | T1-209 |====| Pb-209
| 4 Ty, =10 days !
E, =5.830 MeV Ty/, = 2.2 min T,,, = 3.3 hours
Eg = 1.8 MeV Ep = 0.6 MeV
Neptunium series | Bi-209 |

Fig. 2 Decay scheme of the neptunium series including the Th-229 and Ra-225 generators.
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Experimental studies concerning the production of a medical a-emitting radionuclide 2" At have
been conducted at the JAEA tandem accelerator under a research project of the development of a 2!'Rn—
2IIAt generator system since 2011. Some results of the research project as well as related research
subjects are reported.

1. Introduction

In general, the 2''At nuclide, a prospective candidate for targeted alpha radiotherapy (TAT), has
been produced through the 2°Bi(a,2n)?!! At reaction [1]. In contrast, our project focused on the production
of the 2°°Bi(’Li,5n)?>!'At reaction using the Japan Atomic Energy Agency (JAEA) tandem accelerator
[2,3]. This enables us to supply >!'At in a 2!"Rn-?!'At generator system. The daughter 2!'At of 7.2 h in
half-life (7},,) is generated through EC decay of the parent 2''Rn of T1,=14.7 h, expanding time-frame
for transportation and use of >!'At. In this project, chemical procedures based on dry- and wet-chemistry
have been studied to develop the 2!'"Rn-?'"At generator system. In addition, research subjects related to
the development of the ?''Rn-2''At generator system, namely, production of astatine and iodine
radioisotopes [4, 5], astatine chemistry [6, 7, 8] as well as the analytical method of ?''At using an -
scintillation camera and thin-layer chromatography (TLC) [9] have been studied using the JAEA tandem
accelerator.

Some experimental results of the project and related research subjects, e.g., production of astatine
and iodine radioisotopes [3, 4, 5], the chemical procedure based on dry-chemistry for the >''Rn—2!"At
generator system, astatine chemistry [6, 7], and the analytical method of ?!'At using an a-scintillation
camera and TLC [9] are presented.

2. Production of astatine, iodine and radon radioisotopes

Production cross sections are fundamental physical quantities to produce radioisotopes in nuclear
reactions using ion beams. Therefore, we measured the excitation functions of radon and astatine isotopes
in the "Li-induced reactions with 2*Bi for the development of a 2!'Rn-?!'At generator [3]. In addition,

the production cross sections of astatine and iodine radioisotopes were measured in "Li-induced reactions
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with "'Pb [4] and "Sn [5], respectively, for fundamental chemical studies of non-carrier-added astatine
and iodine.

Production cross sections were determined with the so-called activation method. The thin targets of
bismuth, lead or tin of 1.2-1.5 mg/cm? in thickness were prepared by vacuum evaporation of bismuth,
lead or tin metal on a 10 or 20-um foil backing of aluminum. As a typical case, five targets were thus
prepared, covered with a 10 or 20-um aluminum foil, arranged in a stack, and irradiated with 60 MeV "Li
ions of 80-200 nA current at the beam course of the JAEA tandem accelerator. After the irradiation, the
radioactivity of products was determined using a Ge detector via y-ray spectrometry [3—5]. The a-
radioactivity of 2! At was determined by a chemical procedure based on the dry-distillation method and
o -ray spectrometry [4]. The production cross section was calculated from the relation of the numbers of
target and product atoms, and the beam flux with corrections of the change of the beam flux and the decay
of the product [3-5].

The excitation functions of products in the "Li + 2%°Bi [3], 'Li + "3Pb [4] and "Li + "4Sn [5] reactions
are shown in Figs. 1(a)—(c), respectively. Experimental data are plotted with solid lines calculated by the
HIVAP code [10,11]. The calculations rather well reproduced experimental data. However, the
considerably small experimental cross section of >'"Rn and 2%%2!°At compared with the statistical
calculations were clearly observed in 7Li + 2%°Bi and 7Li + "Pb, respectively. This indicates that the
effects of breakup reaction of weakly bound nuclei of "Li play a crucial role in the reactions with 2“Bi
and "Pb [3,4]. Incomplete fusion including breakup reaction is not taken into consideration in the HIVAP
code. Generally, the statistical model calculations predict only complete fusion cross sections. Thus, the
missing complete fusion cross sections observed as suppression are found in yields of incomplete fusion

including breakup reaction.
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Fig. 1 Excitation functions of 2°°Bi("Li, xn)?'%2!'Rn (a), "Pb("Li, xn)>**"219At (b) and "*Sn(’Li, xn)'?!~
1261 ().

3. Chemical procedure based on dry chemistry for 2'"Rn-21'At generator system

The concept of the 2''"Rn—2''At generator was proposed by Lambrecht and Mizadeh 37 years ago
[12]. Several projects for the development of the 2''Rn—?'"At generator have recently been independently
conducted in Japan [2], the United States of America [13] and Canada [14,15]. In Japan, our research
project has been studying a chemical procedure based on dry-chemistry as well as that based on wet-
chemistry [2] to develop the 2!'"Rn-2''At generator system using the JAEA tandem accelerator.
Preliminary results of the chemical procedure based on dry-chemistry are presented.

Radon-211 was produced in the irradiation of a thin bismuth target of approximately 1 mg/cm? on
an aluminum backing sheet with 60 MeV "Li** beams from the JAEA tandem accelerator via the 2*Bi(’Li,

5n)>!"Rn reaction. After the irradiation, the 2''Rn was separated from the target and purified in a chemical
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procedure based on dry-chemistry using an apparatus for the 2!'Rn-2!' At generator system. The bismuth
target placed in a test tube which is a part of the apparatus was heated up to a temperature 520 °C by an
electric furnace to melt the bismuth target. Radon-211 escaped from the melted bismuth target was
transported to a steel tube, cooled to the temperature of liquid nitrogen, by helium gas stream which
circulates through the apparatus. The 2''Rn trapped in the steel tube was allowed to stand for over half a
day to generate 2! At. After removing the helium gas including 2!'Rn from the steel tube, no-carrier-added
2I1At deposited on the wall of the steel tube was recovered by rinsing the tube with flowing ethanol.
Eluted ethanol was successively collected in three glass vials of 2 mL. Radioactivity of 2!'At was
measured by o-ray spectrometry to determine recovery yields. The no-carrier-added 2''At solution
included some amounts of 2°’Po (712=5.8 h), produced by a-decay of 2''Rn with 27% decay branch, as a
by-product.

The dry-chemical process, namely, the separation and collection of 2''Rn in the apparatus for the
2IIRn-2TAt generator system was accomplished within 15 min. The overall recovery yields of 2!'At
generated from 2''Rn (n=3) were approximately 35% in the first fraction of the eluted ethanol of 2mL,
8 % in the second and 1 % in the third. Ethanol easily removes a large portion of astatine generated
through EC decay of 2!'Rn from the steel tube. The results demonstrate that the chemical procedure based
on dry-chemistry as well as that based on wet-chemistry [2] would provide the unique ability of the 2!'Rn—

2l1At generator.

4. Astatine chemistry

Astatine belongs to halogen, therefore, knowledge and experience of proven radiopharmaceuticals
labeled with its homologue iodine are expected to be adaptable for utilization of astatine in TAT. However,
astatine shows some different chemical behaviors in comparison with homologue iodine. This becomes
problematic in the repeatability of yields in the chemical and radiolabeling reactions. The understanding
basic chemical properties of astatine has been required to develop 2! At-labeled radiopharmaceuticals in
TAT [16]. Although a large number of analytical methods have been applied to study astatine chemistry
but the speciation of astatine and its basic chemical properties are still unknown. The difficulty in astatine
chemistry comes from the lack of stable or long-lived isotopes as well as the low amounts of astatine
produced by using an accelerator.

In our studies, the speciation of dissolved astatine chemical species of astatide (At"), astatate (AtO3")
and perastatate (AtO47) was confirmed by thin layer chromatography (TLC) on silica gel with an
ethanol/water solution [6]. Additionally, the chemical properties of dissolved and volatile astatine species
were studied [7].

Astatine and iodine radionuclides were produced in the "Li+"*Pb [4] and "Li+"*Sn [5] reactions at
the JAEA tandem accelerator, respectively, as described in Sec. 2. No-carrier-added astatine
208,209.210.211 At or jodine '2%-121:123] were separated by a dry distillation method and recovered in ethanol or
distilled water as a solvent [8]. Astatine in the aqueous solution was reacted with an oxidizing (KIO4) or
areducing reagent (Na>SOs, NoHy). The speciation of astatine and iodine was conducted by TLC on silica
gel with an ethanol/water solution (1:1, v/v). The distributions of radioactivity on the TLC plates were
measured by imaging plates (IPs) and visualized by Bioimaging Analyzer System (BAS) [6,7].

The results of TLC for radioactive astatine and iodine, as shown in Fig. 2, reveals that astatine is
successfully separated and identified as At", AtOs~, AtO4, while iodine is I". The identification was

carried out by comparing retardation factor (Ry) with those of standard iodine species, 17, 1037, IO4~ [6].
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Besides dependence of relative amounts of the astatine anions on the solution, as shown in Fig. 2b-f,
strongly supports that the three oxidation states of astatine are assigned to At~ (-I), AtO3 (V) and AtO4~
(VII). The oxidizing and reducing reagents reasonably control the relative yields of At (-I), AtO37(V)
and AtO4 (VII).

il Rf=1
I - | 0%NH.H.0
=8 AtO5
e AtO4- € Rf_o
a b e f
$ Ir A0, 0% NoHaHo0 ALO, At 7
. . : : > 2L 17% NzH, H;0 i
Fig. 2 Results of TLC experiments visualized by % 20% NH, H.0
BAS: a iodine ethanol solution, b astatine ethanol £
S ) | ] KO R .-, AL S W .
solution, ¢ astatine aqueous solution, d astatine e e 7 s P T
aqueous solution + KIO4, e astatine aqueous Ri

solution + Na,SOs, f astatine aqueous solution +
N2Hs.

Fig. 3 Typical TLC images and
chromatograms for N>H4 aqueous solution
of astatine.

Figure 3 shows typical TLC images and chromatograms for NoHs aqueous solution of astatine. An
increase in the concentration of hydrazine hydrate NoH4 -H>O enhances the relative amounts of At~ and
AtO3~ compared with that of AtO4-, however, intensities of At~ and AtOs;~ decrease. This behavior is
reasonably taken into account as follows. The reduction of AtO4 (VII) enhances the amounts of At (-I)
and AtO3;7(V). This facilitates the formation of the volatile species At°(0) through the oxidation-reduction
reactions between At (—I) and AtO37 (V) in dynamical equilibria due to both effects of the oxidation on
silica gels and the reduction with N>Hy, leading to the volatilization of At°(0) from TLC plates. The
volatilization of At° (0) subsequently leads to a decrease in the amounts of At (-I) and AtO37(V) on the
TLC plates.

In these studies [6,7], some basic chemical characteristics of astatine are elucidated: these astatine
anions, At", AtOs~ and AtO4, are stable but readily oxidized and/or reduced between them in dynamical
equilibria owing to the more electropositive character of astatine than iodine. In addition, the volatile

astatine At° is formed via the oxidation-reduction reaction between At and AtOs~.

5. Analytical method of 2!'At using an o-scintillation camera and thin-layer
chromatography

A rapid method analyzing both the radioactivity and all chemical forms of medical radioisotopes
2ILAt (T12=7.2 h) was required for related fundamental researches. We provided a new analytical method
of 2''At in a short time with constructing an a-scintillation-camera system capable of imaging o-rays

using TLC as samples (Fig. 4). The experiments were conducted to evaluate the performance of the
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developed system for the radioactivity and chemical forms utilizing 2''At produced by 2!''Rn-?!'At
generator [9].

211At and 2°7Po, used as a- and X-ray emitters, were obtained by >''Rn—2!! At generator, as described
in Sec. 3. The radioactivity of 56-672 Bq for ?''At was measured in a short time of 100 s and was
successfully quantitatively determined within an uncertainly of 5%. The sensitivities of the developed
system were estimated to be ~200 times higher than those of the conventional IPs method. As shown in
Fig. 5, the separation performance of the chemical forms was verified by visualizing the TLC images for
2ITAt and comparing the results for the developed system to those for the IPs. The developed system
enabled the visualization of 2! AtO4, which could not be quantitated with IPs because of the large number
of background X-rays emitted from 2°’Po, without chemical separation and purification. These results
revealed that the use of the developed system provided the rapid method to analyze both of the
radioactivity and all chemical forms of 2!'At.

The proposed method would be a useful tool for the labeling yield analysis of radiopharmaceutical

at the administrated place and related researches of TAT in the future.

To control computer L 2po+?At0, *!'AtOy
= ) r e
E 30000 .
High-sensitive = : .
8 At
CCD camera ,2000 Vo
Black-box A
0]
8
= 1000 _
o-ray =1
- =
aal
ok | -
4 6

Distance [cm]

Fig. 4 Schematic of the developed system. Fig. 5 Chromatograms measured with IPs (gray
dashed line) and the developed system (solid

line).
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14 Development of the injector for heavy-ion therapy

using laser-driven ion acceleration

Hironao SAKAKI
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Heavy-ion therapy is widely used at domestic and foreign due to provide a high therapeutic effect
with the least invasiveness. However, there are one of issues that the treatment cost becomes high,
because of the high construction and operation cost of the therapy system. In National Institutes for
Quantum Science and Technology (QST), for the treatment cost down, the development of a compact
hadron therapy system, that's called "Quantum scalpel (using laser-driven ion acceleration as an injector
to the superconducting synchrotron)" using the laser-driven ion acceleration method is underway. We are
shown the features of the laser acceleration method and the challenges for the performance required as
injector for Quantum scalpel.

1. Introduction

Heavy-ion therapy, the accelerated carbon beam to a maximum energy of 400 MeV/nucleon with a
synchrotron is irradiated to cancer, provides a high therapeutic effect without surgical operation. Since
this treatment has few side effects, it can be used in combination with other treatments such as molecular
targeted drug therapy and immunoregulatory therapy, and we can expect further therapeutic effects. But,
heavy-ion therapy is the huge facility size, high operating cost are reflected in the personal treatment cost.
So, only 11 facilities (6 facilities in Japan) are widespread worldwide. Therefore, it is essential to
overcome each of the issues that contribute to the cost of treatment and to develop an ultra-miniaturized
next-generation heavy-ion therapy system. We call the next-generation treatment system "Quantum
scalpel"!?, since heavy-ion therapy has the potential to replace surgical operation depending on the
affected area. Quantum scalpel plans to be composed of the superconducting magnet technology and
laser-driven ion acceleration technology of QST to reduce the size of the current synchrotron (diameter
about 20 meters) and injector (length about 15 meters with acceleration and beam transport system) to
about half size. Figure 1 shows a schematic drawing of Quantum scalpel. The footprint of the system is
designed to be 20meters x 10meters in area size. The laser-driven ion injector will be placed at a size that
can be installed inside the synchrotron. Quantum scalpels also include super conductivity synchrotron
and an advanced treatment technology called "Irradiation of multiple nuclides", but in this paper, we
describe only the features of laser-driven ion acceleration technology that contributes to the

miniaturization of the ion injector.
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| Irradiation of multiple nuclides | Laser driven acceleration
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Figure 1: A schematic drawing of QST Quantum scalpel

2. Miniaturization of ion injector
2.1. Limits of ion-accelerated field gradient

In a general RF-type particle injector, high power electric-field generator (a resonance cavity) that
changes periodically positive and negative electric-field polarities, is used for particle acceleration. It is
known that the resonance cavity has a discharge limit determined by the operation frequency according
to Kilpatrick's law?, and the discharge limit decreases as the operation frequency of the resonance cavity
decreases. The beam quality is improved when the beam is extracted high energy from the ion source,
generally. Therefore, we design to extract the beam with a strong electric field using an electrode or a
resonant cavity, but the electric field of the ion source is limited by Kilpatrick's law, and only an
acceleration gradient of several MeV/m or less can be obtained to avoid discharge. For this reason, with
the current RF-type injector, the length of the injector is 15 meters to ion acceleration and transport carbon
with the energy of 4 MeV/nucleon, and it is difficult to compose it smaller than this length. Quantum
scalpel uses superconducting technology to reduce the diameter of the synchrotron from the current size
20 meters to 8 meters. Therefore, the significant progress in miniaturization of the injector is required,
and it is necessary to break through the limit of miniaturization of the injector by the acceleration

technology different from the RF-type injector.

2.2. Laser-driven ion acceleration

Around 2000, with the progress of high-intensity lasers, a novel ion acceleration phenomenon was
discovered, this ion acceleration is used an accelerated field gradient that reaches ~ TV/m created by
high-intensity lasers*>. Basic research using the phenomenon as a downsizing technology for RF-type
accelerators have started in many countries around the world®. This acceleration is carried out by the laser
light that is emitted by a laser material doped with titanium in sapphire. The laser light is narrowed down
spatially and temporally to reach the level of 102° W/cm? and irradiates a tape target. It is a method of

accelerating carbon ions to the energy of MeV region by converting laser-energy into an ion-accelerated
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electric field. Table 1 is a characteristic table that compares laser-driven injector to the RF-type injector.
While laser acceleration has an advantage of being compact size, it also has disadvantages of having large
energy dispersion and simultaneous acceleration of many ion nuclides. These will be solved by the

development of the tape target materials and the beam energy selection devices at beam transport system.

Table 1: Characteristic table that compares laser-driven injector to the RF-type injector

lon source, Acceleration parts Characteristics of lon beam
Field gradient ~ MeV/m
Length (for 50MeV p+) ~ 30m

Particles (1 blingh) Depend on lon source value

DC~nano sec

Bunch length 3
(with beam choppor)

RF-type injector

—1— —
. D -~ Energy width Monochromatic
Acceleration cavity lon
(Field gradient © *-Me\/m; Beam Beam dTVErgEnCE % i degrEE
transverse ~1 [@ mm - mrad]
Emittance longitudinal ~5 [eV - s]
(exp. J-PARC)
About 30m length (Energy of proton S0MeV)
“' > Charge Low charge at ion sources
Field gradient ~ TeV/m
Tape target Length (for 50MeV p+) < um

~1013

Particles (1 bunch)

N proton and other nuclide
i X-ray Electron -
Laser-driven q_-—~ : . Bunch length < pico sec at targat
ion In'|ect0r Laser [ R Energy width Broad
201 v.
1o 4 lons Beam divergence ~ 10 degrees
i transverse ~10° [ - pveard
50mm Field gradient : ~Te\W/m ERince nsnrey L ray e
High charge ion
Charge (o g 1)

3. Summary

Around 2016, Quantum scalpel was proposed in QST, the laser-driven ion acceleration was at the
level of a basic study. So, we will proceed with the demonstration of stable acceleration of high-purity
carbon ions by a high-intensity laser at the short schedule. When research and development for practical
use proceed as planned, it is expected that an injector prototype using laser-driven ion acceleration
technology will be made around 2030.
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15 Challenging studies by accelerator mass spectrometry for the

development of environmental radiology

-Status report on the analysis of °°Sr and 35Cs by AMS-
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Inventive techniques for the determination of *°Sr and '33Cs by accelerator mass spectrometry (AMS)
were developed to promote environmental radiology. For this study *°Sr and '*3Cs have been measured
in environmental samples using the ILIAMS system at the VERA Laboratory (University of Vienna).
This novel method removes isobaric anions via selective laser photodetachment much more efficiently
than any conventional AMS technique. The limit of detection for *°Sr at VERA is <0.08 mBq, which is
lower than that for B-ray spectrometry. The new *°Sr analytical technique will be applied to field studies
on a trial basis. Although there are still several significant issues in '>*Cs AMS, such as Ba separation in
chemical processing and cross-contamination in the negative ion source, AMS also achieved a suitable

135Cs measurement performance for environmental samples.

1. Introduction

The fission products *°Sr (t12 = 28.79 years) and '3°Cs (12 = 2.6x10° years) have been released into
the environment by past atmospheric nuclear tests and nuclear power plant accidents and are still released
from nuclear fuel reprocessing plants [1, 2]. Strontium-90 is one of the most concerning nuclides in the
assessment of internal exposure of residents because it can accumulate in bones and teeth and cause health
problems [1]. Cesium-135 is a long-lived radionuclide that is assessed as an influential contributor to the
long-term radiological risk associated with deep geological disposal of radioactive waste [2]. As both
radionuclides are pure beta emitters, other beta emitters such as Ra isotopes, >'°Pb, *°Y and '¥’Cs in

environmental samples must be removed entirely. While this is obviously impossible for conventional 8-

3 Present address: Nuclear Safety Research Center, Japan Atomic Energy Agency, 2-4 Shirakata,
Tokai, Ibaraki 319-1195, Japan

b Present address: Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrae 400, Dresden
01328, Germany
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ray spectrometry of 13°Cs, it does work for *°Sr but requires a large volume of the sample due to the low
concentrations of °°Sr in general environmental samples. Therefore, the chemical separation of the target
nuclides is time-consuming. This study addresses the limitations by applying accelerator mass
spectrometry (AMS) to the highly-sensitive analysis of *°Sr and '33Cs in environmental samples. The
isobaric interferences of *°Zr and '3°Ba, respectively, are the most significant concern in AMS of *°Sr and
135Cs. With conventional AMS, the separation from isobars becomes more difficult as the atomic number
Z of the analyte increases because AZ/Zisobar becomes low (AZ = |Zisobar — Zanalyte|). In our case, the AZ/Z
of 33Sr and 40Zr is 5% and the AZ/Z of 55Cs and s¢Ba is a mere 1.8%. The atomic electron affinities of
these elements are Sr 0.0521, Zr 0.427, Cs 0.472, and Ba 0.1459 ¢V [3], and thus both isobars have non-
negligible ionization yields in the ion source with Zr even being favored over Sr [4, 5]. Therefore,
preceding studies all used molecular ion beams such as StFn—, ZrFn~, CsFn—, BaFn~ (n > 1) for beam
extraction from the ion source [5-8]. Specific molecular ions like StF3; and CsF,™ are especially suited
as the formation of their isobaric counterparts (ZrF;~ for SrF3;~, BaF,~ for CsF,) is suppressed by
several orders of magnitude [4-6,8].

Pioneering work demonstrated the feasibility of °°Sr detection with conventional AMS and reached
a limit of detection (LOD) of 3 mBq, which is comparable to that of B-ray spectrometry, but with a more
straightforward chemical separation [8, 9]. Sasa et al. even reported the successful detection of *°Sr in
tap water (IAEA-TEL-2015-03) by AMS [8]. However, in these pioneering studies the LOD depended
critically on the intensity of the Zr-interference. The 3 MV AMS system at the Vienna Environmental
Research Accelerator (VERA), the University of Vienna, is coupled with a novel, powerful isobaric
removal system (ILIAMS: Ion Laser InterAction MasSpectrometry) [6, 7]. The ILIAMS system removes
isobaric anions via selective laser photodetachment much more efficiently than any conventional AMS
technique and thus should achieve better detection limits. This paper reports the results of *°Sr and '3°Cs

analyses in environmental samples towards the practical application of ILIAMS.

2. Experiment
2.1. Sample Preparation

One gram of environmental samples with known °Sr concentrations was analyzed by ILIAMS to
assess the validity of the chemical treatment and the AMS measurement in this study. The analyzed
environmental samples were moss soil (IAEA-447, 5.0+0.3 Bg/kg, 15 November 2009), animal bone
(IAEA-A-12, 54.8%%% Bq/kg, 15 December 1981) and Syrian soil (IAEA-TEL-2015-03 sample 5,
36.2+2.7 Bg/kg, 1 January 2015). These dry environmental samples were ashed in a muffle oven at 450°C
for 4 hours. Strontium in the ashen samples was purified according to Figure 1(A). The Sr resin® column
was a pre-packed column (50-100 pm, 2 mL) from Eichrom Technologies. The Anion exchange column
was prepared by filling 2 mL of MCI Gel CAO8P (120 um, Mitsubishi Chemicals) into a polypropylene
column (¢6.5-8.5 mm, Muromach Chemicals). The chemical treatment took ~2 days. The naturally dried
precipitate (strontium fluoride) was mixed with PbF, powder in a weight ratio of 1: 8 (SrF2: PbF,). The
mixture was pressed into a copper cathode, and measured by AMS. The AMS results of the environmental
samples were normalized to an inhouse standard material (°°Sr/Sr = (4.93+0.10) x 10-'2, 5 March 2019)
prepared from a *°Sr radioactivity standard solution (1.99+0.4 kBq/mL, 4 December 2018).

For the analysis of '3°Cs, one dry gram of grass (IAEA-372, 11320+360 Bg/kg, 1 July 2006) was
ashed in the same manner as for *°Sr. Cesium in the grass sample was purified according to Figure 1(B)

procedure. The column was AG 1 x 8 (100-200 mm mesh, Bio-Rad) filled with 2 mL in a polypropylene
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column (¢ 6.5-8.5 mm, Muromachi Chemicals). The cation exchange column was prepared by packing
10 mL of Dowex 50W x 8 (100-200 mm mesh, Alfa Aesar) in a PTFE column (9.5 mm, Bohlender
GmbH). The chemical treatment took ~2 days as with Sr. The dry material was mixed with PbF> and
copper powders (Cs: F: Cu atomic ratio = 1: 4: 1), pressed into copper cathodes, and subjected to AMS
for measurement of *3Cs/!*’Cs.

Regarding stable elements of Sr, Zr, Cs, and Ba, the concentrations in the environmental samples
and the recoveries in the chemical treatment were determined by ICP-MS (Agilent 7700, single
quadrupole, Agilent 8800, MS/MS mode, He collision) and the standard solution of XSTC-622 (35
elements, 10 mg/L each, SPEX).

(A)l Ashen environmental sample | (B)l Ashen environmental sample |
1 mg Sr carrier 1 mg Cs carrier
20 mL conc. HNO, 20 mL conc. HNOj;
acid leaching (4 hours at 230°C) acid leaching (4 hours at 230°C)
filtration (0.45 um PTFE filter) filtration (0.45 pm PTFE filter)
dry up at 230 °C dry up at 230 °C
2 mL 8M HNO; and dry up X 3 times 5-10 mL 3M HNO,
10 mL 8M HNO, 35mg Al\}iIP
Sr resin® column 10 mL 8M HNO stir for 1 hour
bed volume: 2 mL 40 mL 0.01M HIiIO3 @@l
@'@ filtration (0.45 um PTFE filter)
10 mL 4M NH,OH
dry up at 230 °C 10 mL water
2 mL conc. HCI and dry up X 3 times -
10 mL conc. HCI Anion exchange column 10 mL 1.5M NH,OH

- bed volume: 2 mL
Anion exchange column T

10 mL conc. HCI 20 mL 1.5M NH,OH

bed volume: 2 mL Cation exchange column
bed volume: 10 mL 20 mL water
Solution : 110 mL 1 M HNO;
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centrifugation (5 min. at 3500 rpm)
1 mL ethanol and centrifugation X 3 times
dry naturally

Precipitation

Figure. 1 Schematic chart of chemical separation for *°Sr AMS (A) and '3°Cs AMS (B). Each of
these procedures takes ~2 days.

2.2. AMS measurement at VERA

In the AMS measurements of °°Sr, various molecular ions such as StFn~ and ZrFn~ (n > 1) were
extracted from the ion source and accelerated to 30 keV. The typical current of StF3~ from the ion source
was ~300 nA. The molecular ions with specific mass-to-charge ratios m/q (e.g., °°SrF3~, *°ZrF;~ for m/q
147) were selected by a 90°bending magnet and injected into the RFQ ion guide in the ILAMS system.
The molecular ions are electrostatically decelerated to ~30 eV on a high voltage platform before being
injected into the RFQ [6]. Inside the RFQ (ion cooler), collisions with a buffer gas mixture of He and O»

gas further reduce the ion energy to <I eV. In addition, the O, gas produces oxide ions such as O-ZrF;
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and separates Zr (exothermic reaction between O, gas and Zr, endothermic reaction between O» gas and
Sr) [4, 9]. Here, a 12 W laser (VERDI, Coherent Inc., 532 nm (2.33 eV)) overlaps collinearly with the
ion beam. ZrF; , which has a lower electron affinity than the laser's photon energy of 2.33 eV, is
neutralized by photodetachment [6], while SrF3™ has an electron affinity above 2.33 eV and is therefore
not affected by the laser light. After passing through the ion cooler, *°SrF3~ was re-accelerated to 30 keV
and injected into the terminal of the accelerator, where it was subjected to charge conversion and
molecular ion destruction (terminal voltage 3.00 MV, charge state 3+, total ion energy 10.85 MeV), and
finally detected in a split-anode gas-ionization (AE-E) detector. Trace amounts of *°Zr** that still reach
the AE-E detector were separated from °°Sr3* by the difference in energy loss characteristics in the gas.
The overall St detection efficiency in this system is evaluated to be 0.4%o, and the Zr is suppressed by
>10'? with respect to Sr [6].

For 13°Cs-AMS, the molecular ions ('*CsF,~ and '**BaF, ) with m/q = 173 were injected into the
ion cooler filled with He buffer gas. The BaF, ™~ is separated by photodetachment with the 532 nm laser
in the ion cooler [6]. After passing through the ion cooler, CsF> ™~ was guided to the accelerator, accelerated
at a terminal voltage of 2.65 MV and finally injected into the AE-E detector (total ion energy 10.04 MeV).
The CsF, current extracted from the negative ion source was ~50-100 nA and Ba is suppressed by >107
with respect to Cs [6]. With ILIAMS, presently 10% of negative ions are detected in the ionization

chamber, however the ionization efficiency in the ion source has not yet been assessed.

3. Results and Discussion

The Sr recoveries (amount of Sr in the solution passing through the anion exchange column against
1 mg Sr carrier added) were 96% (moss soil), 83% (animal bone), and 80% (Syrian soil). The atomic ratio
of Zr/Sr in the target was estimated to be 2x1077 based on the recoveries of Zr and Sr, and the *°Zr/*8Sr
atomic ratio was calculated to be (0.9-1.0) x 10”7, This is more than sufficient since VERA provides a
suppression of Zr with the ILIAMS system of >10'? reducing the isobaric contribution to background to
907r/%Sr ~1071°. The chemical treatment will be improved to achieve better Sr recovery. The limit of
detection (LOD), which is determined by the °°Sr purity of the chemicals and cross contamination in the
lab and the ion source was <0.08 mBq (°St/Sr atomic ratio <1x10-'#) based on the results of a blank
sample (Sr carrier treated as in Figure 1(A)). This LOD is about 30 times lower than that of 3 mBq [8, 9],
which is the LOD for conventional AMS measurements as well as for B-ray spectrometry. The
concentrations of *Sr in the environmental samples (Figure 2) were calculated from the AMS results
(°°Sr/Sr atomic ratio) and Sr concentration in the environmental samples. The °°Sr concentrations
obtained by AMS are in good agreement with the nominal values of the IAEA reference materials within
the uncertainties, indicating that the chemical treatment and the AMS measurement are reliable. Therefore,
AMS can apply a new sensitive °°Sr analysis method to environmental samples.

The recoveries of Cs (amount of Cs in the solution passing through the cation exchange column
against 1 mg Cs carrier) and Ba were 84% and <0.01% (10'2 atoms), respectively. The Ba/Cs atomic ratio
and '3°Ba/!33Cs atomic ratio in the target were estimated to be <3x1077 and 2x10°8, respectively, based on
the recoveries of Cs and Ba carriers. Since the total suppression factor of Ba at VERA is >107 [6], further
Ba reduction by both chemical separation and possibly Ba suppression in the ILIAMS system is not
crucial but still desirable to minimize possible interference of '3*Ba in AMS. Chemically, this might be
achieved by changing the separation conditions (column capacity and elution conditions) of Cs and Ba

by cation exchange. With ILIAMS, blank values on samples containing 1 mg of stable Cs carrier of
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135Cs/133Cs=6x10712 and '37Cs/'33Cs=3x10"1? have been reported [6]. This corresponds to a LOD (=Blank
+ 3-ABlank) of ~0.4 pBq for '33Cs and ~18 mBq for '37Cs. With this, the abundance sensitivity ('3*Cs/Cs
atomic ratio) of AMS is the highest among mass spectrometry methods: TIMS 10-1°, SF-ICP-MS 10¢,
ICP-MS/MS <1078 [2, 11]. The LOD of '*’Cs with ILIAMS is about one order of magnitude higher than
the 2.5 mBq (20 L seawater, 661 keV) reported for ultra-low background Ge-detectors [12]. Further
development of our method with respect to cross contamination in the ion source will hopefully allow us
to improve these values in the near future and achieve a detection limit comparable to that of y-ray
spectrometry also for '37Cs.

The analysis of '*3Cs in IAEA-372 (soil) by AMS was complicated by low ion source output of < 1
nA on this sample. We collected 218 counts of '3°Cs on this sample in total. The obtained result of
135Cs/137Cs = 0.69 + 0.11 is in reasonable agreement with a previous reported value of '3°Cs/!37Cs atomic
ratio = 0.612 £ 0.008 using TIMS (the decay correction date for both values is 1 January 2018) [13].
However, it has to be noted that the VERA results are normalized only to an in-house reference material
that is not yet cross-calibrated, due to the lack of a certified '3*Cs/!3’Cs reference material. Therefore,
producing a '3°Cs reference material is an urgent issue for us. Furthermore, developments towards an
efficient negative ionization and producing intense, stable ion currents from the source are also important

issues.

0.040
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Syrian soil (IAEA-TEL-2015-03),1
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Figure 2 Summary of *°Sr analysis results by AMS. Stated uncertainties
are 1 sigma. Reference dates are 11 Dec. 2019 (IAEA-447), 15 Nov. 2019
(IAEA-A-12) and 2 Sep. 2020 (IAEA-TEL-2015-03).

4. Conclusion

First AMS measurements of °°Sr in environmental reference samples with ILIAMS have confirmed
the excellent performance of this novel technique. The good agreement between the *°Sr AMS results and
the nominal value of the TAEA reference materials within the margin of error indicates that the new
sensitive *°Sr analysis is accurate. The new *°Sr analysis will be conducted to research the distribution of
%Sr in a selected area. '3°Cs AMS still has several issues, such as Ba separation in chemical treatment,
cross-contamination between samples in AMS measurement, low ion source output and the lack of a
proper '33Cs reference material. However, first AMS-results on IAEA-372 soil match the value reported
by TIMS within 1 sigma. This study demonstrated that '*3Cs AMS has the potential to be adapted for

environmental radiology.
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Abstract

Neutron capture cross section measurements for ' Am have been conducted using the
Nal(T1) spectrometer of the Accurate Neutron Nucleus Reaction Measurement Instrument
(ANNRI) at the Materials and Life Science Facility (MLF) of the Japan Proton Acceler-
ator Research Complex (J-PARC). Neutron time-of-flight experiments were performed to
determine the cross section from 10 meV to 100 eV. Moreover, neutron filter experiments
involving the use of a 20-cm-thick "**Fe filter were also carried out to measure the capture
cross section at the energy of 23.5 keV. Together with the cross section measurement, the
preliminary results of a resonance analysis using the REFIT program are also presented.

1 Introduction

Accurate nuclear data for minor actinides (MAs) is of utmost importance for the design of
advanced nuclear systems since MAs are set to be included as fuel material in many of the
upcoming generation of nuclear facilities [1]. One of such facilities is Accelerator-Driven Systems
(ADS), a proposed sub-critical nuclear facility aimed at diminishing the environmental burden
of the accumulated amount of MAs by means of nuclear transmutation. Recent studies have
pinpointed the effects of the current nuclear data in the criticality designs of ADS, setting
accuracy targets not only for the fission cross section, which is how the nuclear transmutation
of MAs is achieved, but also for the neutron capture cross section as it is the main reaction
channel open in most of the keV region [2]. ' Am (t, /2 = 432.2 yr) is one of the most abundant
MAs in spent nuclear fuel. A preliminary ADS nuclear transmutation study has been performed
assuming the MA isotope concentration of 20.72% for ' Am in the core, the second highest
after 23"Np [3]. The present JENDL-4.0 uncertainties for the neutron capture cross section of
241 Am that range from 3% to as high as 40%, much larger than the requirements of below 5% in
the energy range from 0.454 keV to 1.35 MeV [4]. Thus, a precise determination of the neutron
capture cross section is essential for the design of advanced nuclear systems.

Neutron capture cross section measurements for ' Am were performed in the Accurate
Neutron Nucleus Reaction Measurement Instrument (ANNRI) at the Materials and Life Science
Facility (MLF) of the Japan Proton Accelerator Research Complex (J-PARC). The time-of-
flight (TOF) method was applied in a non-filter condition experiment to determine the neutron
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capture cross section from thermal to about 100 eV. In addition, neutron filter experiments were
performed using a 20-cm-thick "*Fe neutron filter to obtain the neutron capture cross section
at the energy of 23.5 keV [5].

A sample of 2! Am with a mass of 7.5 mg was used for the measurements with an activity of
950 MBq. In the non-filter condition experiment, the energy dependence of the incident neutron
spectrum was derived using the 478 keV gamma-rays from the 1°B(n, ay)"Li reaction with a
boron sample containing enriched '°B up to 90%.

In this study, preliminary results of the ?*! Am neutron capture cross section from 10 meV
to about 100 eV determined in TOF experiments and at 23.5 keV from Fe filter experiments are
presented. Moreover, early-stage results of a resonance analysis of the 24! Am capture resonances
are also presented.

2 Experimental Setup

The experiments were performed at the ANNRI beamline of the MLF facility in J-PARC. Pulsed
neutrons were generated by the Japanese Spallation Neutron Source (JSNS) in the MLF using
the 3 GeV proton beam of the J-PARC facility. The proton pulses were shot in double-bunch
mode at the Hg spallation target every 40 ms, with a beam power of about 600 kW. Time-of-flight
and neuton filter experiments were conducted to determine the neutron capture cross section
of 2! Am from 10 meV to around 100 eV; and at 23.5 keV, respectively. In both experiments,
prompt capture y-rays were detected using a Nal(T1) detector installed in the experimental area
2 of the ANNRI beamline. The Nal(T1) detector was situated at a 90° angle with respect to the
neutron beam axis and a neutron flight path of 27.9 m from the spallation chamber.

A 7.5 mg (950 MBq) ?*! Am sample with a diameter of 10 mm diameter and 0.5 mm thick-
ness was employed in this experiment. The sample was encapsulated in an Al casing in order
to comply with the MLF regulations. A replica of the Al container was used to derive the
sample-dependent background induced by the Al case. At the same time, the sample-dependent
backgrounds due to scattered neutrons for both the boron and ?*' Am samples were determined
by using a carbon sample.

2.1 Time-of-flight Experiments

The neutron capture cross section of ! Am was determined from 10 meV to 100 eV in time-
of-flight experiments by applying the pulse-height weighting technique [6, 7]. This technique
allows for the determination of the ' Am neutron capture yield using a weighting function that
takes into account the sample characteristics and detector efficiencies. In the present analysis,
the weighting function for the 24! Am sample was obtained with Monte-Carlo simulations with
the SG code [8]. The energy-dependence of the incident neutron spectrum was derived by a
boron sample enriched with 1B up to 90% with a diameter of 10 mm and a thickness of 0.5
mm. The 1“B(n, a)"Li reaction emits only one y-ray with the energy of 478 keV. Hence, events
from this reaction are easy to isolate. Further information about the ANNRI Nal(T1) detector
time-of-flight experimental setup can be found here [9].

2.2 Neutron Filter Experiments

The neutron filtering technique has been recently proven to be a successful approach in order to
bypass the double-bunch structure of the incident neutron flux of ANNRI [5, 10]. In the present
experiments, 20 cm of " Fe were introduced into the rotary collimator of the ANNRI beamline
to mold the incident neutron flux into a quasi mono-chromatic peak with an average neutron
energy of 23.5 keV. Alongside the measurements of the ! Am, Al dummy and carbon samples;
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a Au sample was also measured to determine the 2’ Am neutron capture cross section relative
to the 7Au neutron capture yield.

3 Data Analysis

3.1 Neutron flux

The time distribution of the incident neutron flux was obtained by measuring the emitted
478 keV ~-rays from the B(n,a)Li reaction in the measurement of the boron sample. The
net TOF spectrum was attained by subtracting the sample-dependent and sample-independent
backgrounds derived from a carbon sample measurement and a measurement with no sample,
respectively. Finally, the incident neutron flux was determined by dividing the net TOF spec-
trum by the reaction rate calculated from Monte-Carlo simulations with the PHITS code [11].
This reaction rate takes account for the self-shielding and multiple scattering effects within the
sample can be formulated as:
0108 4

R(E,) = (1 —e 7ttt (1)

Ttot

with oi0p , as the cross-section for the 0B (n,ay)7Li reaction obtained from the PHITS simu-
lation, ¢ as the boron sample area density in ”at/b” and oy, as the sample total cross-section
which was calculated in terms of the sample enrichment using the oy, values from JENDL-4.0.

3.2 Cross section Calculation

The energy dependence of the neutron capture cross section of 24! Am was determined from 10
meV to 100 eV by dividing the neutron capture yield, which was corrected by self-shielding and
multiple scattering effects using PHITS, by the time distribution of the incident neutron flux
derived from the boron sample measurement. The data were normalized using the saturated
resonance method. This technique hinges on the use of a sample thick enough for a resonance,
where I'y, > I, to be completely saturated, meaning that, all incident neutrons are expected
to interact with the sample. This process is explained in more detail in the following reference
[12]. This process can be summarized as:

Yam(Ey,)C(Ey)
¢n(En)SAm

where 0 4, (FE,) means the neutron capture cross section of 2'Am. Ya,,(E,), C(E,), ¢n(Ey),
Sam and Ny stand for the 2 Am neutron capture yield, the correction factor for self-shielding
and multiple scattering, the incident neutron flux, the area density of the ?'Am sample, and
the normalization factor, respectively.

In the neutron filter experiments, the absolute value for the neutron capture cross section of
241 Am was obtained relative to the T Au capture yield and the JENDL-4.0 T Au(n, ) cross
section at the energy of 23.5 keV as follows:

UAm(En) - Nsat (2)

YAm ) SAu . PAu )
YAu SAm PAm
being 0., Y., S; and P,, the neutron capture cross section at 23.5 keV, the neutron capture
yield, the area density of the sample in at/b and the proton shots during the experiment for
both 24'Am and 7Au. More information about the cross section calculation in the keV region
using the neutron filtering system is provided here [13].

OAm = T Auy ( 3 )
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4 Resonance Analysis

The REFIT fitting program [14] was used to analyze the 2! Am resonances below 20 eV. This
process is still on-going and only preliminary results are presented in this paper. The present
preliminary results provide better agreement with the evaluated data from JEFF-3.3 [15] rather
than JENDL-4.0 as can be seen in Fig. 1

Experimental
! - JENDL-4.0 - -
A ) . JEFF-3.3
=) 1000 /A REFIT
c
RS
g 100
73
o
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0 1 2 3 4 5
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= 1000 (REFIT =
c E ]
9 i
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1 i TSI SRR | |
5 6 7 8 9 10

Neutron energy [eV]
(b) 5 to 10 eV

Figure 1: Preliminary 24! Am resonance fitting results using REFIT compared to the evaluated
data from JENDL-4.0 and JEFF-3.3

5 Cross section Results

The neutron capture cross section of 2! Am was determined from 10 meV to 100 eV in time-
of-flight experiments and at 23.5 keV by means of the neutron filtering technique involving the
use of a 20-cm-thick "*Fe neutron filter using the formulations explained in Sec. 3.2. The
present preliminary results for the 24! Am neutron capture cross section are shown in Figs. 2
and 3 together with the evaluated nuclear data from JENDL-4.0 and JEFF-3.3. In the thermal
region, JENDL-4.0 seems to better reproduce the present preliminary results as JEFF-3.3 slightly
overestimates the present experimental data. In the resonance region, as was discussed in the
resonance analysis (see Sec. 4), the present results offer better agreement with the evaluation
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from JEFF-3.3 in terms of both resonance area and resonance energy. JENDL-4.0 displays on
average lower values for the cross section areas in the resonance region as well as higher values
for the resonance energies. In the keV region, the preliminary result with the neutron filtering

technique for the 24! Am(n,7) cross section provides agreement within uncertainties with both
JENDL-4.0 and JEFF-3.3.
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Figure 2: Preliminary results for the 2! Am(n,7) cross section compared to the evaluated data
from JENDL-4.0 and JEFF-3.3
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Figure 3: Preliminary results for the 2! Am(n,7) cross section compared to the evaluated data
from JENDL-4.0 and JEFF-3.3

6 Conclusions

The neutron capture cross-section of 24! Am was measured from 10 meV to 100 eV in TOF ex-
periments and at 23.5 keV using neutron filter experiments at the ANNRI beamline at J-PARC.
Preliminary cross section results offer better agreement in the thermal region with the evalu-
ated data from JENDL-4.0 rather than the recommended values from JEFF-3.3. A resonance
analysis with the REFIT code was performed below 20 eV and the present experimental data
provides similar values for the resonance cross section areas and energy to those from JEFF-3.3.
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In the keV region, the results obtained using a 20-cm-thick "*Fe filter yield agreement within
the statistical uncertainty with both JENDL-4.0 and JEFF-3.3.
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In the space environment, radiations irradiate the semiconductors of the devices, and the atomic
displacement caused by these radiations degrades the electrical performance of the devices. The atomic
displacement of the semiconductor is proportional to the displacement damage dose (DDD), which is
expressed by the non-ionizing energy loss (NIEL). In order to calculate the DDD of semiconductors for
various radiation in space, we have developed a method for calculating the DDD in the PHITS code.
When silicon was irradiated with protons, neutrons, and electrons, the results of the NIEL calculations
by PHITS agreed with the numerical data obtained by the NIEL web calculator for semiconductors. The
defect production efficiencies obtained from the recent molecular dynamic simulations for SiC, InAs,
GaAs, and GaN were also implemented in PHITS. The results show that InAs and GaAs are the most
sensitive to displacement damage and SiC is the most resistant to damage when irradiated with 10 MeV

protons.

1. Introduction

As humans advance into space, the use of general-purpose devices in space will increase.
Semiconductors such as GaAs, InAs, and GaN are used in general-purpose devices, and there is a concern
about the degradation of these semiconductors due to atomic displacement by space radiation. The
displacement damage dose (DDD), which is the integration of the non-ionizing energy loss (NIEL) and
particle fluence, is used as an index to determine the replacement frequency of equipment in space
radiation environment. Monte Carlo particle transport codes such as GEANT4[1], and FLUKAJ2] can
calculate DDD using NIEL and particle fluence in space. The NIEL data can be obtained from the
Screened Relativistic (SR) Nuclear and Electronic Stopping Power Calculator on the web site[3]. This
SR-NIEL web calculator can produce the NIEL data of semiconductors for neutrons, electrons, protons,
heavy-ions with Coulomb interaction for charged particles and hadronic cascade contributions.

On the other hand, Gao et al. reported the defect production efficiency of compound semiconductors
such as SiC[4], GaAs[5], GaN[6], and InAs[7] calculated by molecular dynamics (MD) simulations.
According to the papers[4-7], defect production efficiencies change with damage energy in
semiconductors. Therefore, it is important to calculate the effective NIEL of semiconductors with
considering these defect production efficiencies. We had developed the calculation method of

displacement per atoms (dpa) cross sections of metals for all particles in the particle and heavy-ion
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transport code (PHITS) [8-10] based on the NRT model[11] and the athermal corrected (arc) model[12].
The defect production efficiencies obtained by MD simulation were implemented in PHITS to calculate
the arc-dpa cross sections. Based on this dpa calculation method, it is possible to calculate the effective
NIEL and DDD of semiconductors for all particles.

In this work, the calculation method of NIEL and DDD for semiconductors were developed based
on the dpa calculation method in PHITS. The defect production efficiencies of SiC, GaAs, InAs, and GaN
were implemented in PHITS to calculate the effective NIEL. The original NIEL were compared with the

effective NIEL of these semiconductors for neutrons and protons.

2. Methods

The calculation model of DDD with Monte Carlo method has been developed in PHITS, which
simulates particle transport in three-dimensional space. The calculation method of DDD is similar with
the dpa calculation of hadron, electron and gamma irradiation implemented in PHITS. The present study
for DDD of semiconductors is based on them.

2.1. DDD calculation method
The DDD in each region mesh is expressed with NIEL related to the displacement damage of

materials as:
DDD = NIEL® = NIEL-~ (1)

where ¢ is a fluence in a mesh, / is a track length of the particle, and v is the volume of a mesh. Based on
the Kinchin-Peace (KP) model[11], NIEL of the particle related to the displacement damage of materials
is written as:

T,

NIEL =p |, ;"‘“‘T%G(T) dT )

E

where p is the atomic density, 7 is the kinetic energy of recoils, do /dT is the differential interaction cross
section, G(7) is the energy-partition function related to the energy transferred to the lattice atoms along
with the KP model, and Ejq is the displacement threshold energy. For DDD calculations in a region, the
average value of 7' in a region is used. Tmax is the maximum energy that can be transferred to a recoil
nucleus by an incident particle.

Thax = % 3)
where M| and M, are the mass of incident particles and target material, respectively.

The differential scattering cross section do/ds of charged particles is described with classical
scattering theory using the screening functions f{(¢/?). A universal one-parameter differential scattering
cross section equation in reduced notation is expressed by Lindhard et al. [13] as:

do  ma? f(tY?)
a2 32 @)
where ¢ =¢2T/Tiax is a dimensionless collision parameter related to recoil energy T. The screening function,
f(t"?), can be generalized to provide a one parameter universal differential scattering cross section
equation for interatomic potentials such as screened and unscreened Coulomb potentials. The general
form is:
f(EY2) = MV2m[1 4 (22t -m)9] 714 (5)
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where A, m, and ¢ are fitting parameters. In this study, 4 =5.01, m=0.203, and ¢=0.413 related to Ziegler-
Briersack-Littmark (ZBL) screen potential[14] are adopted. For the Coulomb scattering cross section of
electrons, the relativistic and quantum mechanical cross section derived by McKinley and Feshbach[15]
is used. For the PHITS calculation, NIEL is calculated in each region event-by-event using the analytic
formula. Therefore, PHITS can calculate DDDs for all incident particles and target materials not only
silicon but also other materials without NIEL data.

Figure 1 shows NIELs for proton, neutron and electron irradiation on silicon calculated by PHITS
and comparison with numerical data obtained from the SR Nuclear and Electronic Stopping Power
Calculator [3]. Since NIELs calculated by PHITS agree well with the data obtained from SR-calculator,
DDD calculation in three-dimensional materials is also reliable using PHITS.
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Figure 1: NIELs for proton, neutron and electron irradiation on silicon calculated by PHITS and numerical
data obtained from the SR Nuclear and Electronic Stopping Power Calculator (version 7.7.3)[3].

2.2. Implementation of defect production efficiencies

The model in Equation (2) can be estimated by the Kinchin-Pease model. The number of defects
produced by a PKA is linearly proportional to the recoil energy, which means that the NIEL becomes to
the number of defects produced by the irradiation. However, it has been recognized that the NIEL is not
proportional to the number of defects, due to non-linear processes that take place in semiconductors,
related with the formation of multiple disordered regions or amorphous pockets[4-7]. A MD method was
applied to study defect production in semiconductors. The defect production efficiency is expressed by
the ratio of the number of defects calculated by MD simulation, N, and the number of defects by the
NRT model, NxrT, as follows:

Nrp _ Emp

= (6)

NNRT Tq

K=

where Emp is the damage energy in MD simulation and 74 is the damage energy which is equal to
TG(T) in Equation (2).

Figure 2 shows defect production efficiencies calculated by MD simulations as a function of
cascade damage energy for SiC[4], GaAs[5], GaN[6], and InAs[7], respectively. In this study, these
data were fitted by the following formula based on the arc model[12].

__ (amp=cmD) byp
= (2.5Eg)PmMD Ty™" +cmp (7)
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where Eq is the threshold displacement energy and amp, bmp, and cmp are the fitting parameters listed in
Table 1. The effective NIELs for SiC, InAs, GaAs, and GaN were calculated by the integral of NIEL in
Equation (2) and the defect production efficiency in Equation (7). It is evident that GaAs and InAs share
the same trend, but GaN and SiC exhibit opposite one. The surviving probabilities for GaAs and InAs
increase with damage energy. For damage energy range from 1 keV to 20 keV, they increase with
nonlinear. According to the MD results[4-7], nonlinear behavior can be explained by the direct-impact
amorphization because the formation of these disordered regions will be exaggerated at higher energies
for both InAs and GaAs. However, defect production efficiency decreases with damage energy for GaN
and SiC once recombination becomes significant.

3 :

25

05

0 5 10 15 20
Damage energy (keV)

Figure 2: Defect production efficiencies as a function of cascade damage energy for SiC[4], GaAs[5] and
GaN[6], InAs[7], respectively. The numerical data were fitted by the function in Equation (7).

Table 1: Material constants for damage production. Eq for SiC[4], GaAs[5], GaN[6], and InAs[7] was
obtained from the literature, respectively.

SiC InAs GaAs GaN
Eq(eV) 25 15 14 50
avp 1.0 1.5 1.0 1.5
bmp -0.023 -0.023 -0.011 -0.067
CMD -3.46 10.7 25.5 -0.35

3. Results

Calculated NIELs of SiC, InAs, GaAs and GaN for proton and neutron irradiation are plotted in
Figure 3. The energy range of neutron is from 10~!'! MeV to 10 GeV and that of proton is from 107* MeV
to 10 GeV, respectively. For the comparison of neutron NIELs among materials the energy range below
1074, NIEL of GaN is larger than NIELs of GaAs and InAs by a factor of 10 and NIEL of SiC by a factor
of 103. In this energy range, secondary particles produced by the neutron capture reaction are dominant
for GaAs, InAs and SiC. On the other hand, 30 keV '*C and 0.58 MeV proton produced by the '“N(n,p)!*C
nuclear reaction are dominant for GaN. With the consideration of particle transport in 0.1pm thick GaN,
99.8 % DDD in total is obtained by 30 keV C. From this result, semiconductors with nitrogen are not

recommended to be set under low-energy neutron irradiation due to high displacement damage.
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Figure 3: NEILcr and NEILcony for the proton and neutron irradiation of GaN, GaAs, SiC, and InAs
calculated by the PHITS code.

For neuron irradiation with energies over 107 MeV, charged particles produced by neutron elastic
and inelastic reactions contribute to NIELs. For proton irradiation, Coulomb scattering between incident
proton and target is dominant to the radiation damage below 10 MeV and secondary particles produced
by nuclear reactions are dominant in high-energy range above 10 MeV.

Figure 3 also shows the effective NIELs (NEIL.tr) under proton and neutron irradiation. Except for
SiC, the ratio of effective NIEL to conventional NIEL (NEILcony) is higher than 1 in the whole energy
range of proton and neutron because the defect production efficiencies to the damage energy is higher
than 1 as shown in Figure 2. For SiC and GaN under proton irradiation, this ratio decreases with proton
energy. On the other hand, for InAs and GaAs, this ratio increases with proton energy up to 100 MeV and
it reaches constant value because the defect production efficiency over 20 keV of damage energy is set
to be same with that at 20 keV. When irradiated with 10 MeV protons, the results show that InAs and

GaAs are the most sensitive to displacement damage and SiC is the most resistant to damage.

4. Summary

In order to calculate the DDD of semiconductors for various radiation, we have developed a method
for calculating the NIEL and DDD in the PHITS code. When silicon was irradiated with protons, neutrons,
and electrons, the results of the NIEL calculated by PHITS agreed with the numerical data obtained by
the NIEL computer for semiconductors. The defect production efficiencies obtained from the recent
molecular dynamic simulations for SiC, InAs, GaAs, and GaN semiconductors were also implemented in
PHITS. The results show that InAs and GaAs are the most sensitive to displacement damage and SiC is

the most resistant to damage when irradiated with 10 MeV protons.
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Abstract

To produce the nuclear data efficiently, we considered a new method that combines the
nuclear reaction models with the Gaussian process regression. Within this framework, we
first optimized the parameters of the optical potential using experimental data of neutron
elastic scattering. We then calculated angular distributions at various neutron energies with
the optimized parameters, and found that the calculated results reasonably reproduced the
experimental data.

1 Introduction

The nuclear data are used in various fields such as design of nuclear reactors, nucleosynthesis
in stellar objects, and production of radioisotopes. In general, the production of nuclear data
requires a large amount of human and time resources. In this respect, we pay attention to the
data science and machine learning, which are recently developed with increasing computational
resources and provide a lot of benefits to many social fields.

The use of machine learning has already been attempted to produce nuclear data. Gaussian
process regression was applied to predicting the nuclear data, based on available experimental
data [1]. Their methodology is helpful to estimate cross sections in the region where many
experimental data are present. In contrast, the predictive power becomes weak if experimental
data are sparse or not present. This is because their methodology is not built on a physical
background.

To efficiently and effectively produce the nuclear data, we come up with the idea that com-
bines nuclear reaction models with the machine learning technique. As a first attempt, we
developed a system that consists of the Gaussian process regression and the nuclear reaction
model code CCONE [2]. Using the system, we optimized nuclear reaction model parameters
that are used for the nuclear data evaluation, and calculated nucleon-nucleus scattering cross
sections. We present in this paper our results that were calculated at various incident energies
and were compared with existing experimental data.
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2 Framework

2.1 Nuclear reaction model

We used the CCONE code [2], which is based on the optical model and the Hauser-Feshbach
statistical model, to calculate the cross sections and angular distributions for neutron-nucleus
scattering. In this work, the following functional form of the optical model potential V' was
adopted [3]:

V() =K [~Vialin(r) +1 (Wpan-Un(r) = Wit (1) )]

dr
(A 2(V +iWso) L Uso(r) L 1)
e SO t+tWso rdr solr o,
Us(r) = 1 1=R,D,V, SO (2)
S Ttexp{(r—Ri)/ai} T
RZ‘ZTz‘Al/g 1+ Z BiYw(?) |, i=R,D,V,S0, (3)

1=2,4,

where R;, r;, and a; are the potential radius, radius and diffuseness parameters, respectively.
The symbols R, D, V, SO stands for the real volume, imaginary surface, imaginary volume, and
spin-orbit terms, respectively. The mass and deformation parameter are denoted by A and [,
respectively, and Yy stands for the spherical harmonics with the multipolarity . The forms of
real volume and imaginary surface terms are as follows:
1 N-—-Z
Coi (4)

0 DISP -~ viso )

Ve + Vg A
2

N —-Z o ADE E 7

A E? + WID7,

Vr(E) = (V9 + VISP e rEY [1 -

Wp (E) = ngsp — Cliso

where F' is the neutron energy relative to the Fermi energy, and N and Z are the neutron and
atomic numbers of the target, respectively. The parameters V}%v VRDISP , TR, GR, WEISP and
Ap were optimized in this work. The other parameters were fixed to the same values as Table 4
of Ref. [3].

2.2 Evaluation function

In order to obtain optimum parameters, we defined an evaluation function that quantifies the
difference between the cross sections calculated within the CCONE and the experimental data.
In this work, we used the following evaluation function:

Np [ (i) )\
_ ! Oeap T4, (2)
f(CC) - Np Z ( i) 10g10 (i) ’ (7)

(
i Aoeg Oexp

where oy, and o¢.p are the calculated and experimental cross sections, respectively, Np is the
number of experimental data, and x represents the parameters introduced in Section 2.1. Ex-
perimental uncertainty is denoted by Aoeyp,. The superscript ¢ corresponds to data point of the
experiments.
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We considered that the parameter set that minimizes the evaluation function of Equation (7)
is the likelihood one. Since we did not know the exact form of f(z) at the beginning, we needed
to calculate the cross sections by various parameter sets, and to obtain f(z) as a function of the
parameter set. However, this approach usually requires a number of human resource and time.
For this reason, we applied the Bayesian optimization based on the Gaussian process regression
in this work to finding the minimum of f(x) effectively.

2.3 Gaussian process regression and Bayesian optimization

The Gaussian process regression is one of the algorithms for solving regression problems. Sup-
posed that we have several data points, e.g. input « and output y. There exists a function given
by y = f(z) that transform input x to output y, however, we do not know f(x) for many cases.
The Gaussian process predicts the function y = f(z) that represents the relation between input
and output from existing data points, including the uncertainty.

Given output y = f(z) for an input x, the Gaussian process assumes that the conditional
probability distribution of the output at an arbitrary input z* besides x is expressed as follows:

p(y'ly) = N(KIK 'y, K. - K] K 'K.) = N(M(z"), "), (8)

where N denotes the multivariate Gaussian distribution, and K, K., K, are the kernel func-
tions for the set of inputs (z,x), («*,x), and (z*,z*), respectively. We defined the mean and
covariance matrix as M (z*) = K*TK_ly and X* = K, — KIK‘IK*, respectively.

In this work, we use the RBF kernel function for K, K,, and K., which is given by

K (aiay) = exp { ~lle =]} )

From Equation (8), we can predict f(z) for an arbitrary input z*, however we cannot usually
determine the minimum of f(x) only with the limited number of input and output data point
of (z,y). In the case, we need to increase the data point by appropriately choosing a new input
denoted as X, in addition to . The selection of @, is carried out within the so-called lower
confidence bound (LCB) acquisition function:

Tnew = argmink:n+1,...,n+m(M(:U;;) - 20-7;:)’ (10)

where o} is the value of the estimation uncertainty, which is calculated by o} = 1/1/(3")k.
This LCB acquisition function chooses Xy, where y = f(x) is small including the uncertainty.
New output y is, then, calculated from .y, increasing the number of data point by 1. The
conditional probability distribution of Equation (8) is updated, using the new data points. We
repeat this operation until we obtain f(z) that is enough to determine the minimum. When
optimizing six parameters, this operation was repeated until the minimum value was not updated
more than 200 times in a row.

3 Results

3.1 Optimization process of parameters

In this section we will explain the search process for optimal parameters. We selected the angular
distributions of elastic scattering on °*Fe at neutron energy of 7 MeV. The calculated result is
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Figure 1: Example of the optimization process. (a) Angular distributions of elastic scattering on
4Fe calculated by CCONE, using the initial and new samplings of VRQ (black solid, long-dashed,
long-dashed and red solid lines). (b) Evaluation function of the initial samplings (open circles)
and predicted value (solid line) computed by the Gaussian process regression. (c¢) Same as (b),
but the result after adding the new sampling point (red filled circle). The prior predicted result
shown in (b) is shown with the light blue color.

shown in Figure 1. Firstly, we took three V]g randomly and calculated the angular distributions,
which are drawn with the black solid, dashed, and long-dashed lines in Figure 1(a). Then,
we computed the evaluation functions at each initial sampling point of VRQ as illustrated with
the open circles in Figure 1(b). Next, the sampling points were used as the training data
of the Gaussian process regression, and the evaluation function at points other than the initial
samples is predicted, which is shown by the solid line in Figure 1(b) together with the prediction
uncertainty. With the condition of Equation (10), the new input e, was determined and
the differential cross section and the evaluation function were calculated again. The angular
distribution calculated by the new input is shown by the red solid line in Figure 1(a) and the
evaluation function is shown by the red filled circle in Figure 1(c). Now we had four data points
to be used as the training data of the Gaussian process regression. The evaluation function was
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again predicted with the newly sampled results, and the result is shown in Figure 1(c). We can
find that the prediction uncertainty becomes small, especially in —40 < VR9 < —30 MeV after
adding the new data point. By updating sampling points iteratively, we can obtain V,% that
made the evaluation function the smallest.

3.2 Prediction of angular distributions at arbitrary energies

We present in this section how our method predicts the angular distributions at arbitrary energies
from the known experimental data. Table 1 lists the experimental data of **Fe (neutron total
section oy, elastic scattering cross sections o.j,, angular distributions of the neutron elastic
scattering dog,/dS2, and angular distributions of the neutron inelastic scatterings to the first
excited state dojne/d€2). The upper five rows list the data used for the optimization of the
potential parameters V3, V}?ISP , EISP , AD, 'r and apr, whereas the lower two rows are the
data used to check the predicted angular distributions. Here, we note that the parameters Vé) 5P
and \p are related to the energy dependent terms of the optical potential given by Equation. 1

Table 1: Experimental data of 54Fe used for optimization of parameters (upper five rows) and
for check of predicted angular distributions (lower two rows). We used experimental data,
Carton et al. [4], Korzh et al. [5], El-Kadi et al. [6], Cornelis et al. [7], Mellema et al. [§],
Kinney et al. [9].

’ Energy (MGV) ‘ Otot ‘ Oela ‘ dgela/dQ ‘ dainel/dQ ‘

7 [4] | [5] [5] [5]
7.96 [4] | [6] 6] 6]
9.94 [7] | [6] [6] [6]

11 7] — 8] 8]
11.93 [7] [6] [6] [6]
8.5 — | = [9] [9]

24 — B 8

Figure 2 shows that the angular distributions at 7 and 12 MeV calculated with the optimized
parameters (blue lines) are compared with the experimental data. We can see that the calculated
results reproduce the experimental data reasonably. This indicates that the optimization of
parameters successfully works within our framework.

Using the optical potential derived with the obtained parameters, we predicted the angular
distributions at 8.5 and 24 MeV which are shown by the red lines in Figure 2. We can see that
the experimental data at 8.5 and 24 MeV are well reproduced. This fact clarifies that we were
able to obtain the optimal optical potential from a set of experimental data.

4 Summary

In the present study, we combined the nuclear reaction model with the Gaussian process re-
gression, and optimized the parameters representing the optical potential. We showed that the
angular distributions calculated by our framework were predicted with sufficient reproducibil-
ity. In the future, we plan to lead our research to the goal of directly predicting the optimal
parameters at arbitrary energies.
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Figure 2: Angular distributions of neutron elastic scattering on ®*Fe predicted using optical
potentials optimized so as to reproduce experimental data at energies of 7 and 11.93 MeV (blue
lines) plus 7.96, 9.94 and 11 MeV and using the optical potential derived with the obtained
parameters at 8.5 and 24 MeV (red lines).
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An in-situ SAXS measurement for a cement paste sample was demonstrated using a laboratory-
based SAXS instrument in Hokkaido University. The time-evolution of nanostructure under the cement
hydration process was obtained at 20°C in the age from 4 h to 14 d. The SAXS for a hardened cement
paste sample was also measured at the age of 1 y. As a complementary approach, in addition, a SANS

experiment has been prepared at an accelerator-driven neutron source facility in Hokkaido University.

1. Introduction

Small-angle scattering (SAS) technique with X-rays or neutrons is a good method to characterize a
nanoscale structure of material. In the previous work, the SAS technique had been applied to investigate
the nanostructure of cement paste such as size, shape, and surface area [1-5].

We have conducted small-angle X-ray scattering (SAXS) measurements for cement paste samples
to obtain the time-evolution of nanostructure under the cement hydration process [6]. Our purpose is to
research an effect of initial curing temperature on cement paste nanostructure and their relationship
between compressive strength and nanostructure. For the measurements, it is important to avoid drying
the cement paste sample. By combining a sample cell, a laboratory-based SAXS instrument in Hokkaido
University allowed us to do an in-situ SAXS measurement of cement paste in the curing time from initial -
to long-term. Though some in-situ SAXS measurements, we have attended on a fine structure in a size
order of about 1 nm that has emerged in the SAXS profiles for the cement paste sample.

On the other hand, we have prepared a small-angle neutron scattering (SANS) measurement with a
heavy-water cement paste sample [7] at an accelerator-driven neutron source facility in Hokkaido
University [8]. As a complementary approach, we are planning to estimate the composition of
nanostructure of cement paste by utilizing the difference between the electron and neutron scattering
length.

In this paper, a part of SAXS data and the experimental procedures using X-rays are reported to
introduce our ongoing activities in Hokkaido University. In addition, the plan of SANS experiment is
described briefly.

2. Experimental procedure

- 109 -



JAEA-Conf 2022-001

2.1. In-situ SAXS measurement for a cement paste sample under the hydration process

Ordinary Portland cement paste was prepared with water-to-cement ratio (w/c) of 0.4 and sealed into
a sample cell. As shown in Fig. 1, the sample cell which was composed of O-rings and cover glasses was
fixed to acrylic plate holders by screws. To obtain the time evolution of SAXS profiles, the SAXS
measurements were successively performed using the cement paste sample in the age from 4 to 24 h. In
addition, the SAXS measurements were performed at the age of 1, 3, 7, and 14 d. The measurement time
was 0.5 h for each datum. The laboratory-based SAXS instrument which was composed of a NANO-
viewer SAXS system (Rigaku Corporation, Japan) with a Mo-Ka X-ray source and a PILUTUS 100K
detector (Dectris Ltd, Switzerland) was used, where the wavelength of X-ray beam A was 0.071 nm.
During the measurements, the cement paste sample which was set on the X-ray beam line in a vacuum
scattering chamber was cured at 20°C. Between the measurements, the cement paste sample was stored

in a thermostatic chamber at the curing temperature of 20°C.

2.2. SAXS measurement for a hardened cement paste sample at the long age

Ordinary Portland cement paste was prepared with w/c of 0.4 and sealed into a plastic bottle. The
cement paste was cured in a thermostatic chamber at 20°C until the age of 1 y. To check the drying effect
on a SAXS profile, the measurements for a hardened cement paste sample were performed with three step
procedures: (1) The hardened cement paste was demolded from the plastic bottle and sliced to a thin piece
(1 mm in thickness). And then the thin piece of hardened cement paste was sealed into a sample cell as
shown in Fig. 2. The SAXS for the hardened cement paste sample was measured as the first step. (2) Next,
the change of the SAXS profile for the hardened cement paste sample was successively measured by 0.5
h under the vacuum drying condition. Here, the O-ring of the sample cell was intendedly cut as shown in
the inset of Fig. 2. The hardened cement paste sample was gradually dried in the vacuum scattering
chamber since the broken O-ring could not seal. In the measurements, the pressure of beam course was
approximately 102 Pa. (3) After drying, the hardened cement paste sample was soaked in water for 10
hours. The hardened cement paste was sealed into the sample cell again while the broken O-ring was
replaced to a new one. The SAXS for the rewet sample was measured finally. The measurement time was
0.5 h for each datum.

. Hole for X-ray beam
. Hole for X-ray beam Acrylic plate 4 mm
Acrylic plate 4 mmd holders

holders itﬁ c |
o <——= Cover glasses
ﬁ%y Cover glasses - ]
= |
Hardened
cement paste
paste 20

e -ri :
Inner O-ring mm ™ O-ring

™ Outer O-ring <
«— >

20
mm

Screw X 4
15 mm \Screw><4 15f""“
- Cutline
Figure 1: Sample cell holder for the cement
paste sample. The line diameter of O-rings is 1 \ Broken O-ring

mm. The cement paste sample was sandwiched Figure 2: Sample cell holder for the hardened

within the O-rings between two cover glasses. cement paste sample. The line diameter of O-

ring is 1.9 mm.
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3. Results and discussion
3.1. SAXS profiles measured with the cement paste sample

The measured SAXS profiles for the cement paste sample under the cement hydration process are
shown in Fig. 3, where ¢ (= 47 sin €/1) is a magnitude of scattering vector and @ is the scattering angle.
The SAXS profiles are plotted by the solid and dashed lines at representative ages. The value in legend
stands for the average age of cement paste sample over the interval of measurement time. As shown in
Fig. 3, the intensity is increased as a function of the age of cement paste sample. A shoulder, which
corresponds to a fine structure, is subsequently observed at around ¢ = 3 nm™'.
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Figure 3: Measured SAXS profiles with the cement paste sample

3.2. Time-evolution of nanostructure in the cement paste sample

The least-square fitting analysis were performed to the SAXS profiles in order to find the time-
evolution of nanostructure in the cement paste sample. The following equation was applied to the fitting
function.

I(q) = 1,(q) + I,(@) +aq™* + b, (1)
where 71(¢g) and Ix(g) are scattering intensity terms for fine and medium nanoparticles, respectively, ag™
+ b is a background term. For convenience of classification, the components of nanostructure were
roughly divided into two ¢ ranges as the fine and medium nanoparticles. Each of the function of scattering
intensity /i(¢g) is defined by
I;(q) = Nipp? [ f;(R)VZ(R) F*(q,R)dR, )

where A is the number of nanoparticles, Ap; is the difference in scattering length densities between matrix
and nanoparticle, f; (R) is the size distribution of nanoparticles, V; (R) is the particle volume, F (¢, R) =3
(sin(gR)-gR cos(qR))/(gR)? is the particle shape factor. The shape of all nanoparticles is assumed as
spherical. The R corresponds to the radius of particle. The log-normal distribution function is used for
the size distribution. For example, the fitting results in the ¢ range of 0.3—6 nm™! are shown by the solid
lines in Fig. 4(a). The measured SAXS profiles are also shown by the open circles in Fig. 4(a).

The time-evolution of nanostructure in the cement paste sample were deduced from the parameters

of fitting results. Figures 4(b) and 4(c) correspond to the integrated volume of nanoparticles having the
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size distribution and the representative particle size (weighed average diameter), respectively. The fine

and medium particles are involved in the integrated volume and the representative particle size. The

integrated volume increased with the age while the representative particle size remained approximately

1 nm.
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Figure 4: Fitting analysis of SAXS profiles (a) and the time-evolution of nanostructure (b)(c)

3.3. SAXS profiles measured with the hardened cement paste sample

The measured SAXS profiles for the hardened cement paste sample are shown in Fig. 5. The number

in legend is labeled in order of increasing the elapsed time. The solid line stands for the original SAXS

profile (1). Due to the vacuum drying process from (2) to (7), a significant increase in intensity of SAXS

profile is observed at ¢ <3 nm"! as shown by the dashed lines in the figure. By contrast, the SAXS profile

for the rewet sample (8) (dot-dashed line) is almost same to the original (1) (solid line). In particular, the

shoulder at around ¢ = 3 nm"! agrees with each other.

Additionally, the SAXS profile for the cell without sample is shown by the dotted line as a baseline.
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Figure 5: Measured SAXS profiles with the hardened cement paste sample

- 112 -



JAEA-Conf 2022-001

3.4. Discussion

It is important to avoid drying the cement paste sample especially at the initial age because the drying
leads to an inhibition of the cement hydration. In addition, the SAXS profiles of the hardened cement
sample drastically changed due to drying as presented in Sec. 3.3. Owing to the sample cell (Fig. 1), the
SAXS profiles of cement paste sample was successfully measured under the hydration process in the age
from 4 h to 14 d (Fig. 3). In the deduced time-evolution of nanostructure (Fig. 4), the nanostructure
formed in the size order of about 1 nm on the cement paste sample and the integrated volume increased
with the age of cement paste sample. From the results, we expected that the amount of the integrated
volume corresponded to the degree of cement hydration. To gain further information of the nanostructure,
currently, three in-situ SAXS measurements for cement paste samples have been conducted in the age

from initial- and long-term at the initial curing temperature of 5°C, 20°C, and 50°C [6].

4. Preparation of a SANS measurement

As a complementary approach, a SANS measurement has been prepared a with a heavy-water cement
paste sample at the accelerator-driven neutron source facility in Hokkaido University. For the sample
preparation, two in-situ SAXS measurements with light-water (H.O) and heavy-water (D,O) cement paste
samples was conducted at the age before 3 d [7]. The same nanostructures in a size order of about 1 nm
were formed on the H,O and D,O cement paste samples although the formation speed of the nanostructure
in D,0O cement paste was slow. Based on the results, we expected that the nanostructure in the D,O cement
paste becomes gradually close to the one in the H>O cement paste at the age of 1 month. Accordingly, we

have considered a SANS measurement with a D,O cement paste sample in a middle-term age.

5. Conclusion

The in-situ SAXS measurement for the cement paste sample was demonstrated using the sample cell
and the laboratory-based SAXS instrument in Hokkaido University. The cement paste was prepared with
w/c = 0.4. By the fitting analysis to the SAXS profiles, the time-evolution of nanostructure in the cement
paste sample under the hydration process was obtained at 20°C in the age of 4 h—14 d. The integrated
volume of nanoparticles increased with the age while the representative particle size remained
approximately 1 nm. To check the dying effect on the SAXS profile, in addition, the SAXS for the
hardened cement paste sample was measured at the age of 1 y. The hardened cement paste was prepared
with w/c = 0.4. In consequence of the low vacuum drying, the significant increase in the intensity of
SAXS profile was observed at ¢ < 3 nm-'. On the other hand, as a complementary approach, a SANS

experiment has been planned with the D,O cement paste sample in Hokkaido University.
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When the energy of incident neutrons is high, the elastic scattering reaction cross section data is generally
smaller at the backward angle than that of the forward angle. Neutron benchmark experiments using a DT neutron
source focusing on backscattering phenomena such as gap streaming experiments have reported differences
between experimental and calculated values. To solve this problem, the author's group developed a benchmark
method for large-angle scattering cross sections using two types of shadow bars with different thicknesses, and
has been performing experiments on iron samples for the past few years.

When we conducted the experiments, we used to irradiate with D beam locally to a disk-shaped tritium target
to ensure necessary intensity of DT neutrons, however we found that we could not obtain correct results if the
position of the plane source was random in each experimental system out of four required for the present
benchmark experiments. Therefore, it was decided to irradiate the D* beam uniformly on the tritium target instead
of locally, however it was found that using the current thin shadow bar would allow neutrons to enter directly into
the Nb activation detector due to a small installation error during the preparation of the experiment, resulting in an
overestimation of the reaction rate.

In order to solve this problem, we have designed a new thin shadow bar that prevents neutrons from direct
incidence on the Nb foil under a uniform neutron source condition on the disk-shaped tritium target.

As a result of the calculation design, the bottom of the thin shadow bar was changed from 3 cm to 4 cm. In the

future, we will carry out other experiments for fusion structural materials using the newly designed shadow bar.

1. Introduction

Since the large-angle elastic scattering reaction cross section is much smaller than the forward scattering
reaction cross section, especially when the incident neutron energy is as high as that of fusion neutrons, the
backscattering reaction cross section data is usually not regarded as important in fusion reactor design. However,
in a high neutron flux field such as a fusion reactor, the backscattering reaction cross section will have a non-
negligible effect on the calculation results. In the past, neutron benchmark experiments using a DT neutron source
focusing on backscattering phenomena were reported showing differences observed between experimental and
calculated values [1]. The FNS experiment by Ohnishi et al. reported possibility of a problem in the backscattering

cross section of iron from the gap streaming experiment. In fact, as shown in Figure 1, the reaction cross section
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of elastic scattering of *°Fe, the most important fusion material, at 14 MeV is different among nuclear data libraries,
especially in large angle elastic scattering [2 - 4]. Experimentally, Takahashi et al. measured double-differential
neutron emission reaction cross sections (DDX) at 14 MeV [5 - 8]. From the result, the angle-differential cross
section (ADX) can be obtained. However, this measurement is technically difficult and very time-consuming. In
addition, as shown in Figure 1, the large-angle elastic scattering reaction cross section is very small, resulting in
large errors, making it difficult to evaluate cross sections in backward angles. In fact, few experimental approaches
have been reported directly measuring or benchmarking the large-angle neutron scattering cross sections. To solve
this problem, the author's group developed a method to benchmark the large-angle elastic scattering cross section

using shadow bars [9].

10

——IJENDL-4.0

-

- - —ENDF/B-VI

=
=

......... JEFF-3.3

=
o
=

Elastic scattering cross section [barn/sr]

0.001

0 20 40 60 80 100 120 140 160 180

Scattering angle [degree]

Figure 1 Angle-differential elastic scattering cross section of °Fe at 14 MeV.

First we briefly explain the present benchmark method, which is detailed in Hayashi's paper [9]. Four kinds of
experiments (Sitc, Sarc, Sic, Sac) are performed using a thin shadow bar S1 with a bottom diameter of 3 cm and
a thick shadow bar S2 with a bottom diameter of 15 cm, and for TC with the target and C without it as shown in
Figure 2(b). In the benchmark experiment, there are three possible elements for neutrons to pass through, i.e., the
shadow bar, the wall and the target. So seven paths in total (=3C,+3C2+3C3) are possible for neutrons to pass through
during the transport, as shown in Figure 2(a). Out of the seven paths, path (3 is the one we want to measure, which
is the path of neutrons correctly scattered by the target at a large angle. The contribution of path (3) only appears
in the experimental system of Sitc. However, Sitc contains other contributions, which need to be removed. The
basic principle of the present benchmark method is to perform the four types of experiments shown in Figure 2(b)
to estimate and eliminate the contribution of neutron paths other than path (3. Specifically, by substituting the
reaction rates of the four experiments into Equation (1), the contributions of neutrons other than path 3 will be
canceled out. Reaction rates of paths D, @ and ® do not change irrespective of existence of the sample, hence
Sitc=Sic and Syrc=Szc hold and are canceled out with each other as shown in Figure 2(b). Similarly, & can be
canceled out considering the presence of the shadow bar. Finally, although the term ((2)s e T s e @SZTC -

s et @Szc) remains as an error, only the contribution of path (3 can be extracted. Fortunately, it is known
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that the contributions of path @) and (D are very small compared to @), so that @ + (D is regarded as the evaluation
error [9]. In the last few years, we have conducted experiments with an iron sample. Consequently, the benchmark
method was successfully established on the basis of the Nb foil activation, which has a large activation cross

section around 14 MeV.

Sitc — Sarc — (S1c — S20) = @ + (@sm + (@sﬂc - @SZTC - @slc + @szc) (@)
(a) (b)
Bottom diameter of shadow bar = thin:3 cm and thick:15 cm -
Activation foil (Nb) V—f |0, ®,_0 ® |6, ‘@Sm @,
1 | I I
r——-——.‘, F—r " G)snc @slc (5)51: ‘®3u Sic
N Srr(:‘r I @ 2) @7 6 @
14 MeV neutron source " —_— ' p|SI“"" |S|m S | Sme S
e | ©, °.®,)6, o,

Path 3 is the path we want to see.

Figure 2 Overview of the benchmark experimental method

(a) path diagram (b) four systems and path pairs

Table 1 shows the summary of the results for iron. The experimental results are compared with the calculations
using the nuclear data libraries for the total reaction rates (summing up all the 7 paths) and their subtracted values
by Equation (1) [9]. The nuclear data used were JENDL-4.0, ENDF/B-VII, and JEFF-3.3. From the results four
reaction rates show a similar trend, i.e., Sitc> Sic> Sac> Sarc for all calculated and experimental values. However,
when comparing each of four experimental systems, we can recognize that all the calculated and experimental
values are very different. This tendency is similarly seen for targets other than the iron targets, and the reason for
this was not yet known. Therefore, in this study, we investigate the experimental system and calculation conditions
especially concentrating on the shadow bars in order to solve the abovementioned problem.

Table 1 Simulation and experimental results using three nuclear data libraries for iron.

[10” reaction rate/cm3/source neutron] [9]

Sire Sarc Sic Sac S11c-Sore-(S1c-Sac)

JENDL-4.0 | 420 *0.10| 1.18 *£0.08| 287 *0.11| 232 +0.09 2.47 +0.19
ENDF/B-VII| 558 +0.10| 121  +£0.08 | 2.87 *0.11| 232 +0.09 3.82 +0.19
JEFF-3.3 408 £0.10| 120 *0.08| 287 *£011| 232 *0.09 2.34 +0.19
Experiment| 831  £0.06 | 1.68 *+0.06| 501 *0.14| 3.83 £0.03 5.45 +0.17

2. Problems and Objectives

First of all, we have investigated the calculation model to solve the problem described in chapter 1. As a result,
it was found that the modeling of the DT neutron source was different between the experiment and calculation.
Specifically, in the simulation, the DT neutron source was treated as a point source. This is because in the previous
operation of the accelerator, the beam was narrowed down to hit the center of the trittum target as much as possible.
However, due to the difficulty in obtaining the target, the D* beam was irradiated in a locally small region (not a

point) on the disk-shaped tritium target in order to keep an enough strong DT neutron intensity for as long as
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possible. This means that the neutron source is actually a surface source, and the position of the surface source is
varying in each of Sitc - Sac. Therefore, we simulated the local plane source with MCNPS. The results are shown
in Table 2. The table shows source position for each case simulating that the position of the source is random. As
a result, the subtraction of the total reaction rates does not agree to the reaction rate of path (3), showing that the
subtraction is not correctly carried out. Of course, we confirm that if the source position is fixed for all the four
systems, the above two values (3 and the subtracted value) are found to be almost identical. Therefore, it was
decided to irradiate the tritium target with the D* beam after totally blurring the beam so as to irradiate uniformly
on the tritium target.

This is the current status. However, if the current thin shadow bar is continuously used, indicating that the
diameter of the bottom of the shadow bar of 3 cm is quite close to 2.5 cm of the tritium target diameter, a small
installation error in the experimental preparation may allow neutrons to directly enter the Nb foil and overestimate
the reaction rate. To solve this problem, we design a new thin shadow bar to prevent neutrons from direct incidence
on the Nb foil for a disk-shaped surface source. We expect that this countermeasure may eventually solve the
discrepancy between experiment and calculation.

Table 2 Reaction rates and subtraction results for each pathway of each system at locally positioned

sources using JENDL-4.0. [10'9 reaction rate/cm>/source neutron|

source .
place

PATH Sire Sore S11c-Szre~(S1c-Szc)

@ 0.72 0.09 0.70 0.09 0.02

@ 0.06 0.00 0 0 0.06

©) 2.49 0 0 0 2.49

@ 0.66 0.54 0.64 0.47 -0.05

® 0.78 0.60 1.96 1.94 0.16

® 0.52 0.13 0.49 0.15 0.06

@ 0.00 0.01 0.01 0.03 0.01
TOTAL [5.23+£0.11|1.36+0.09| 3.81+0.12| 2.68%0.11 2.75+0.22

3. Examination Method
For the design of the shadow bar, we utilize the evaluation index R based on the previous studies [9]. R is
expressed as in Equation (2).
Ra(= ®)
Re(=D+®@)’

where R,, is the reaction rate due to neutrons entering the Nb foil without passing through the shadow bar, and

R = (2)

Ry is the reaction rate due to neutrons entering the Nb foil through the shadow bar. In other words, R,, is the path
@, and Ry is the neutron contribution from paths (D and @ in Figure 2(a). Since the neutron path we want to see
is (3, the larger R is, the more dominant the activation of the Nb foil is by neutrons scattered at large angles by
the sample, and the more optimal the shadow bar is.

This time, since we only change the source from a point source to a disk-shaped source, we decided to examine
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only the diameter of the thin shadow bar. Using MCNP5, we determine the diameter at which the Nb detection foil
is sufficiently activated and the evaluated value R shows the maximum value, even if the diameter of the thin

shadow bar is increased.

4. Result

The relationship between the amount of Nb foil activation and the respective R value, which were calculated
by MCNPS5, is shown in Figure 3 as a function of the diameter of the bottom of the thin shadow bar. It can be seen
that the radioactivity decreases linearly with increase of the diameter from the current value of 3.0 cm. This is
because the thicker the shadow bar is, the more neutrons are shielded by the shadow bar, and as the result the
amount of neutrons incident on the Nb foil decreases. The R value increases rapidly as the diameter increases from
3.0 cm, and saturates around 16 after 4.0 cm. This means that the existing 3.0 cm shadow bars could not shield
neutrons sufficiently and thus the Ry becomes large. Consequently, the diameter of the thin shadow bar was
decided to be 4.0 cm, which has a sufficiently small Ry showing the maximum R value of 16, and at the same

time can secure an enough radioactivity.
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Figure 3 Amount of Nb foil activation and R value for the diameter of the bottom of the thin shadow bar.

Finally, we confirm whether the benchmark could be performed correctly for the newly determined thin shadow
bar of 4.0 cm with a disk-shaped neutron source. Four different experimental systems were modeled with MCNPS5,
under the condition that the same thick shadow bar was used as before. The calculated results are shown in Table
3. It can be seen from the table that the total reaction rate obtained by subtraction with Equation (1), 2.124+0.23 x
10 reaction rate/cm’/source neutron, and the reaction rate by path (3, 2.07, are almost identical. These results
show that our benchmark method can work properly with the newly designed shadow bar. In addition, from the
present design the upper bottom of the narrow shadow bar becomes 2.7 cm in diameter. Since the disk-shaped
neutron source is 2.5 cm in diameter, the direct incidence can be completely eliminated if the installation error is

suppressed within about 1 mm.
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Table 3 Reaction rates and subtraction results for each path of the system in the thin shadow bar with a
bottom diameter of 4.0 cm and a disk-shaped neutron source

(JENDL-4.0) [10”° reaction rate/cm>/source neutron]|

PATH SITC S2TC SlC SZC SlTC'SZTC'(Slc'SZC)

@® 0.06 0.09 0.06 0.09 0.00

@ 0.06 0.00 0 0 0.06

® 2.07 0 0 0 2.07

@ 0.76 0.46 0.76 0.46 0.00

® 0.67 0.66 1.89 1.86 -0.03

® 0.43 0.20 0.43 0.20 0.00

@ 0.01 0.01 0.01 0.03 0.01
TOTAL | 4.06+0.11 | 1.43+0.10 | 3.16+0.13 | 2.64+0.12 2.12+0.23

5. Conclusion

In this study, we investigated the design of a new thin shadow bar to prevent neutrons from directly entering
the Nb foil using MCNPS5. As a result, the diameter of the bottom of the thin shadow bar was determined to be 4.0
cm. This can ensure sufficient radioactivity for y-ray measurement and a large R value so as to improve the
accuracy of the benchmark experiment. In the future, we will manufacture the designed shadow bar and test it by
comparing the experimental and calculated results. We will also conduct benchmark experiments using samples

of medium and heavy nuclides such as iron and tungsten, and light nuclides such as lithium and oxygen.
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21 Problem on Gammas Emitted in Capture Reaction

of TENDL-2019 and JEFF-3.3

Chikara KONNO!* and Saerom KWON?
Japan Atomic Energy Agency
2-4 Shirakata, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan
*National Institutes for Quantum Science and Technology
2-166 Oaza-Obuchi-Aza-Omotedate, Rokkasho-mura, Kamikita-gun, Aomori-ken 039-3212, Japan
*Email: konno.chikara@jaea.go.jp

Previously we had pointed that energy distribution data for secondary gammas from the capture
reaction of a lot of nuclei in TENDL-2017 had no high-energy gamma peaks. Here we examined
whether secondary gamma energy distribution data of the capture reaction in the latest nuclear data
libraries had high-energy gamma peaks or not. As a result, we found that a lot of nuclei in TENDL-
2019 still did not have high-energy gamma peaks in secondary gamma spectra from the capture
reaction and several nuclei in JEFF-3.3 also did not, while other nuclear data libraries such as JENDL-
4.0 and ENDF/B-VIIIL.0 had those peaks. This problem causes not only drastically small damage
energy production cross sections for radiation damage calculations at incident neutron energies below
a few keV but also smaller gamma productions in shielding calculations. The problematic energy
distribution data for secondary gammas in TENDL-2019 and JEFF-3.3 should be revised.

1. Introduction

We reported that energy distribution data for secondary gammas from the capture reaction of a lot
of nuclei in TENDL-2017 [1] had no high-energy gamma peaks, which other nuclear libraries had, at the
IAEA FENDL meeting in 2018 [2, 3]. Figure 1 shows secondary gamma spectra of the capture reaction
of '34W at incident neutron energy of 103 ¢V in JENDL-4.0 [4], ENDF/B-VII.1 [5], JEFF-3.2 [6] and
TENDL-2017. TENDL-2017 has no high-energy gamma peaks above 5 MeV which the other nuclear
data libraries have.

In the process of JENDL development we examined whether the latest TENDL, TENDL-2019 [7],
and the major nuclear data libraries (JENDL-4.0, JEFF-3.3 [8] and ENDF/B-VIII.O [9]) had this issue or
not. We also investigated effects of no high-energy gamma peaks in the capture reaction in detail. Here
we describe the results.
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Fig. 1 Secondary gamma spectra of capture reaction of '®*W at incident neutron energy of 10 V.

2. Method

It is not so easy to obtain secondary gamma energy distribution data directly from ENDF-6 files.
Thus we extracted secondary gamma energy distribution data of the capture reaction for all the nuclei
from the official ACE files of JENDL-4.0 [10], JEFF-3.3 [11], ENDF/B-VIIL.0 [12] and TENDL-2019

[7] with a simple program and automatically checked whether they had high-energy gamma peaks or not.

3. Results

It was found that most of the nuclei in TENDL-2019 and several nuclei in JEFF-3.3 had no high-
energy gamma peaks above 5 MeV in secondary gamma spectra from the capture reaction (see Figs. 2
and 3), while JENDL-4.0 and ENDF/B-VIII.0 had those ones. Note that JEFF-3.3 has only discrete
gammas in Fig. 2 and TENDL-2019 and JEFF-3.3 are the same in Fig. 3.

0 |——JENDL-40 |
| ——ENDF/B-VIILO 3
PC TN - S et 2 SN I S
. ——TENDL-2019

Gamma prod. [barns/MeV/Sr]

0 2 3 5 6 8
Gamma energy [MeV]

Fig. 2 Secondary gamma spectra of capture reaction of *°Fe in neutron energy of 107 eV.

- 124 -



JAEA-Conf 2022-001

—— JENDL-4.0 | | ,
| ——ENDF/BVILO| - DE——
—— JEFF-3.3 %
| ——TENDL-2019 [~ . o

Gamma prod. [barns/MeV/Sr]

6 1 2 4 5 6
Gamma energy [MeV]

Fig. 3 Secondary gamma spectra of capture reaction of '**W in neutron energy of 10 V.

4. Effects of No High-energy Gamma Peaks
4.1. DPA cross section

The problem of no high-energy gamma peaks in the capture reaction may cause much smaller
displacement per atom (DPA) cross sections below ~ a few keV for nuclei with a larger displacement
energy such as tungsten (displacement energy: 90 eV) than those of other nuclear data libraries. This is
explained as follows. Only the capture reaction contributes the DPA cross section below a few keV. The
energy Er of nucleus recoiled by the capture reaction is described as
_E B

A+1 2(A+ 1)mce?’

where E is the incident neutron energy, A is the mass of the target nucleus, mc? is the neutron mass

Eg (1)

energy and E, is the gamma energy. When E is negligibly small, e.g. 107 eV,
EZ
E. = 12
R - .
2(A+ 1)mc?

If Eg is more than the displacement energy E,, the neutron contributes DPA. Conversely only gammas

2

above the following threshold gamma energy E, ipresn contribute DPA,

Ey.thresh =24+ 1)mC2Ed . 3)

E, thresn is 5.59 MeV for '8¥W. Thus only gamma above 5.59 MeV contribute DPA.

Figure 4 shows the DPA cross sections of '3#W extracted from the official ACE files of JENDL-4.0,
JEFF-3.3, ENDF/B-VIII.0 and TENDL-2019 with a simple program. It is noted that the DPA cross
sections of TENDL-2019 and JEFF-3.3 are by four orders smaller than those of JENDL-4.0 and ENDF/B-
VIILO.

On the other hand, the DPA cross sections of nuclei with smaller displacement energy do not have
such a serious effect by the problem of no high-energy gamma peaks in the capture reaction. Figure 5
shows the DPA cross sections of *°Fe, the displacement energy of which is 40 eV. In this case E, ¢presn
is 2.07 MeV. The DPA cross section of TENDL-2019 is not so different from those of the other nuclear

data libraries.
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Fig. 4 DPA cross-sections of '**W in official ACE files.
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Fig. 5 DPA cross-sections of *°Fe in official ACE files.

4.2. Gamma spectra in shielding calculations

This issue causes smaller gamma fluxes in coupled neutron-gamma calculations. In order to
demonstrate this effect, gamma spectra inside a tungsten sphere of 1 m in radius with an isotropic neutron
source of 20 MeV at the sphere center were calculated with the MCNP6.2 [13] code by using JENDL-
4.0, ENDF/B-VIIL.0, JEFF-3.3 and TENDL-2019. Figures 6 and 7 show the calculated neutron and
gamma spectra at 60 cm from the tungsten sphere center, respectively. Though the neutron spectra are
different below 100 keV among the nuclear data libraries, the calculated gamma spectra with TENDL-
2019 and JEFF-3.3 are much smaller than those with the other libraries and are shifted to lower gamma

energy.
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Fig. 6 Neutron spectra at 60 cm from tungsten sphere center.
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Fig. 7 Gamma spectra at 60 cm from tungsten sphere center.

5. Conclusion
We found that secondary gamma spectra from the capture reaction of a lot of nuclei in TENDL-2019

and several nuclei in JEFF-3.3 had no high-energy gamma peaks. This problem causes much smaller DPA
cross-section data below a few keV for nuclei with a larger displacement energy such as tungsten
(displacement energy: 90 eV) than those of other nuclear data libraries. It also causes smaller gamma
fluxes in coupled neutron-gamma calculations than those with other nuclear data libraries. The
problematic energy distribution data for secondary gammas in TENDL-2019 and JEFF-3.3 should be

revised.
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Abstract

The 107-MeV proton-induced double-differential thick-target neutron-yields (TTNYs)
and cross-sections (DDXs) were measured for iron using the fixed field alternating gradient
accelerator at Kyoto university by the time-of-flight method. So far, the experimental TTNY
data for the detector angle of 5° have been determined via the data analysis process. Future
work will focus on detailed analyses of the rest of the measured TTNY and DDX data for
iron, and the next step measurement of the experimental program, i.e. TTNY and DDX
measurements for lead and bismuth targets, will be conducted.

1 Introduction

For accurate prediction of neutronic characteristics for accelerator-driven systems (ADS) [1, 2],
we have launched an experimental program to measure nuclear data on ADS using the Fixed
Field Alternating Gradient (FFAG) accelerator at Kyoto University. As part of this program,
the proton-induced double-differential thick-target neutron-yields (TTNYs) and cross-sections
(DDXs) for iron have been measured. These data will also be useful for source term calculation
of spallation neutrons for reactor physics experiments for the ADS at Kyoto University Critical
Assembly (KUCA) [3, 4, 5, 6, 7].

2 Experiment

Figures 1 and 2 show shematic drawings of experimental setup for the TTNY and DDX mea-
surements, respectively. In this experiment, 30-mm-thick and 2-mm-thick iron targets were used
for the TTNY and DDX measurement, respectively; they were installed in vacuum chambers
indicated in Figs 1 and 2. The proton beams were accelerated to 107 MeV with 30-Hz repetition
by the FFAG accelerator, and the iron target installed in each measurement was bombarded
with the 107-MeV proton beam. In each measurement, spallation neutrons produced from the
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Figure 1: Schematic of horizontal plane view of the experimental setup for the TTNY measure-
ment.
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Figure 2: Schematic of horizontal plane view of the experimental setup for the DDX measure-
ment.
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iron target were detected with a neutron detector system positioned at about 3-6 m distance
from the target, and the time-of-flight (TOF) of neutrons between the target and the neutron
detector system was measured, where a high-frequency signal of the 30-Hz was used as the
start signal. The neutron detector system is composed of eight neutron detectors consisted of a
small-sized NE213 liquid organic scintillator (8 mm in diameter and 20 mm in thickness) and
a photomultiplier tube. The proton beam current was monitored by a beam-profile monitor
located upstream from the target during the measurements, and the values were calibrated to
the number of incident protons using the data taken by a Faraday cup.

The background neutrons were measured using a shadow bar made of stainless steel (1
m in length) and subtracted from measurement results without the shadow bar. Hereafter,
the measurements with and without the shadow bar are referred to as background (BG) and
foreground (FG) measurements, respectively. The measurements were conducted at angles of 5°,
60°, and 120° from the incident beam direction for TTNY and 120° for DDX. The measurement
conditions are summarized in Table 1.

Table 1: Measurement conditions for the TTNY and DDX measurements.

Detector angle Beam current Measurement time (s)

(°) (pA) FG BG
TTNY 5 50 6334 7252
TTNY 60 50 7929 3617
TTNY 120 20 9041 4838
DDX 120 40 3317 1602

3 Data analysis

The neutron detectors were connected to a data acquisition (DAQ) system via signal cables.
For the DAQ system, a 16-channel digitizer mounted with a field-programmable gate array was
used. The neutron and gamma-ray events were discriminated based on their pulse shapes. The
neutron TOF spectrum was obtained by summing for each TOF bin, and the neutron energy
spectrum was obtained from the TOF spectrum using the following formula:

_77’LC2 71 -
B, =my <W 1>, (1)

where m,, is the neutron rest mass, c¢ is the speed of light, and [ is the ratio of velocity to c,
which is written as

L
p= L+ cAt

Here, L is the flight path and At is time difference between neutrons and gamma rays.
The TTNYs and DDXs were obtained by the following equations:

(2)

d>Y  N,(E,,0) 1
_ ; for TTNY
dEAQ ~ AE,AQ N,e(E,)n(E,) (for * o
and 9 N.(E. 8
d?s  Nu(En,0) 1 (for DDXs), (4)

dEAQ ~ AE,AQ N,N;e(En)n(En)
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where F, is the neutron energy, 0 is the emission angle, () is the solid angle, N, is the number
of detected neutrons, N, is the number of incident protons, N; is the target area density, ¢ is
the neutron detection efficiency, and 7 is the neutron attenuation. In these equations, € and 7
were obtained by the neutron efficiency calculation code SCINFUL-R [8] and the Monte Carlo
particle transport simulation code PHITS [9], respectively.

4 Results

As an example, Figure 3 shows the obtained TTNY at 5° compared with the PHITS simu-
lation result with the nuclear reaction model of the Liege intranuclear cascade model version
4.6, INCL4.6 [10] coupled to the generalized evaporation model, GEM [11], (INCL4.6/GEM)
and the PHITS simulation result with the evaluated high-energy nuclear data library, JENDL-
4.0/HE [12]. Here, experimental data measured by Meier et al. [13] are also plotted as a reference,
while incident proton energy and detector angle is slightly different (incident proton energy: 113
MeV, detector angle: 7.5°). From this figure, we obtained the following findings:

e The obtained spectral shape and quasi-free peak position (60-70 MeV) are similar to
Meier’s data, but a peak observed at energies around 3 MeV for Meier’s data was not
observed.

e Both JENDL-4.0/HE and INCL4.6/GEM do not agree with the experimental data at
energies above 30 MeV; INCL4.6/GEM does not reproduce the spectral shape; JENDL-
4.0/HE agrees with the quasi-free peak position (60-70 MeV) but underestimates the
energy spectrum around it.

¢ Meier+(1989) 7.5 deg. 113 MeV
<+ This work, 5 deg. 107 MeV

1071 4 —— PHITS (INCL4.6/GEM)

-4- PHITS (JENDL-4.0/HE)

TTNY [n/lethargy/sr/p]

1074 +—— . _— .
100 101! 102

Energy [MeV]

Figure 3: Measured TTNY energy spectrum at 5° compared with the PHITS simulation results
with INCL4.6/GEM and JENDL-4.0/HE.
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Summary and future work

We have measured the 107-MeV proton-induced double-differential TTNYs and DDXs for iron
using the FFAG accelerator at Kyoto University, and so far the experimental TTNY data for
the detector angle of 5° have been determined via the data analysis process. Future work will
focus on detailed analyses of the rest of the measured TTNY and DDX data for iron, and the
next step measurement of the experimental program, i.e. TTNY and DDX measurements for
lead and bismuth targets, will be conducted.
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Abstract

The neutron capture cross section of 18 Re in the keV region is important in the various fields such as
astrophysics and nuclear data. There are limited number of experimental data currently available, most of which
are with large uncertainties. In this work, time-of-flight measurement of neutron capture cross sections of '85Re
was carried out by using a 3MV Pelletron accelerator at the Laboratory for Advanced Nuclear Energy of the
Tokyo institute of technology. Using the pulse height weighting technique, the cross sections in the keV neutron
energy region were measured.

I. INTRODUCTION

Rhenium has been utilized in various sectors of nuclear science and engineering. For example, alloys
containing Re are one of the attractive candidates for reactor uses such as space reactors [1] and fusion
reactors [2]. For isotope usage, 1%Re and %8Re are utilized as a component of radiopharmaceutical [3].
Also, 187Re-1870s pair is considered to be one of the candidates of cosmo-chronometers [4].

Although there are various usages, limited number of neutron capture cross section measurements
of 8Re in the keV region have been performed. Most of them were conducted using the activation
method and there is only one time-of-flight (TOF) measurement. The consistency of the experimental
data is questionable since there are large discrepancy in trend of capture cross section, which up to
19% in the keV region.

Since an accurate cross section data in the keV region is needed, especially in the field of astro-
physics [5], precise measurements are required.

II. EXPERIMENT AND ANALYSIS

Experiments and analysis are described briefly. Details of the experimental method and analysis can
be found elsewhere [6].

The experiment was conducted by using a 3 MV Pelletron accelerator at the Tokyo institute of
technology. “Li(p,n)’Be reaction was used as a neutron source. The prompt gamma rays from the
neutron capture reaction were detected with an anti-Compton Nal(Tl) detector, placed at 125 degree
with respect to the neutron beam axis. Neutron energy spectrum were obtained by a Li glass detector.

Three types of target were used, sample of rhenium, sample of gold and blank. The samples were
irradiated in cyclic manner. The capture cross section data of % Au in ENDF/B-VII was used as a
standard. The cross section of ®°Re was determined relative to the standard cross section.

The TOF spectra of neutron was measured with the Li glass detector. From TOF data, neutron
energy spectra was determined, as shown in Fig.1. In this work, energy range from 15 keV to 90 keV
was analyzed. The energy range was divided into four region called "Gate". The average neutron cross
sections of each gates were determined. Details of each gates were listed in Table 1.

The capture cross section is obtained by pulse height weighting method. The net pulse height
spectra after background subtraction is shown in Fig.2.
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Table 1: Gate information

Gate No. Energy range(keV) Average energy(keV)

Gatel 15.0-25.0 20.1
Gate2 25.0-35.0 29.9
Gate3 35.0-55.0 440
Gate4 55.0-90.0 66.9
Total 15.0-90.0 454
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Figure 1: Neutron energy spectra obtained from TOF spectra Figure 2: Net pulse height spectra of capture reaction

III. RESULTS AND DISCUSSION

The result of neutron capture cross sections measurement of ®Re is shown in Fig.3, compared with
past measurements. The uncertainties range from 4.6% to 5.4%, which are smaller than those of the past
measurements. The cross sections of ENDF/B-VIL.0 and the Joint Evaluated Fission and Fusion
(JEFF-3.3) are also shown. The major components of uncertainties are the cross section data of
7Au, and statistical errors. The results of Bergman ef al. [7] agree with the present results,
however the uncertainties are not provided for all energy points of their data. The results of
Friesenhahn et al. [8] also agree with the present results. However other experimental data disagree
with the present data. ENDF/B-VILO follows the trend of the present data while JEFF-3.3 disagree.

IV. SumMARY

Neutron capture cross sections of '%Re in keV region were measured by using the TOF method. The
cross sections were obtained relative to the standard cross section, neutron capture cross section of
197Au. The uncertainties range from 4.6% to 5.4% which are smaller than past measurements in keV
region. Since the accuracy of Re-Os cosmochronometers [5] can be improved together with the cross
section of 18Re 1, 18" Re, further experimental study is anticipated.
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Cross sections of large angle scattering reaction in nuclear data are commonly smaller than those of
forward scattering reaction when energy of an incident neutron is high. However, in a high intensity neutron
field, such as fusion reactor, contribution of cross sections of large angle scattering reaction is not negligible
on calculation results. Actually, in the past difference between experimental and calculated values in
benchmark experiments for large angle scattering reaction cross sections was reported for iron. In the
previous research, the author's group thus developed a benchmark method for large angle scattering reaction
cross sections and carried out experiments with an iron target.

In this study, we carried out benchmark experiments for large angle scattering reaction cross section for
tungsten and compared with neutron transport calculation results with Monte Carlo code, MCNPS5. By
comparing the experimental values with calculated results, we discussed accuracy of large angle scattering
reaction cross sections of ENDF/B-VIII, JEFF-3.3 and JENDL-4.0. As a result, we found that all the three
cross section data underestimated large angle scattering reaction cross section of tungsten largely. However,

JENDL-4.0 and JEFF-3.3 most agreed with the experimental values.

1. Introduction

Large angle scattering reaction cross section is commonly smaller than forward scattering reaction cross
section by 2 or 3 order magnitude when incident neutron energy is high. However, in high energy and high
intensity neutron field like fusion reactor, large angle scattering reaction has non-negligible effects on neutron
transport calculation through gap streaming phenomenon. It was pointed out that large angle scattering
reaction in such as gap streaming phenomenon causes low prediction accuracy of neutron transport
calculation in fusion reactor[1]. Figure 1 shows angular distribution of elastic scattering reaction cross section
of 13W, which is the most abundant nuclide of tungsten [2-4]. Tungsten is an important fusion reactor
constituent element to be planned to use in the divertor, the first wall and so on in fusion reactor. As shown
in Fig.1, elastic scattering reaction cross section data vary among nuclear data libraries especially in large
angles. To improve the accuracy of design calculation in such a gap streaming phenomenon in fusion reactor,
experimental approaches to get rid of this uncertainty of large angle scattering reaction cross section are
required. Elastic scattering reaction cross section can be benchmarked directly by measuring double-
differential cross section. However, in large angle range, this method is quite difficult and time-consuming,

in addition it may have large experimental uncertainties because large angle scattering cross section is very
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small. To solve this problem, our group developed a benchmark experiment method for large angle scattering
cross section[5,6]. In this study, we performed benchmark experiments for large angle scattering cross section

of tungsten with the developed benchmark method.
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Fig.1 14 MeV neutron elastic scattering cross section angular distribution of '34W.

2. Method

Figure 2 shows outline of the benchmark experimental system. The benchmark experimental system
consists of a DT neutron source, niobium activation foil, iron shadow bar, tungsten sample and wall of
irradiation room. The shadow bar is an iron trapezoidal conical bar and set up to shield direct incident
neutrons. In the experiments, we use two types of shadow bar, thin and thick ones. The tungsten sample is a
cylinder with a thickness of 6 cm, which is twice the mean free path of tungsten. By using a sample with a
thickness equal to twice the mean free path, an effect of multiple scattering neutron can be reduced. In this
study, in addition to the two experimental systems shown in Fig.2, we performed two experiments with

systems in which the tungsten sample is removed from each experimental system. In total, four experiments

55 cm 50 cm

B s 6cm
H A
2.66 cmo [} 4 emd 15 em®
| thin shadow bar (S1) | N
Tungsten sample
55 cm 50 cm C 6em g

8.36 cm® 15 cm®

[ thick shadow bar (s2) |

Fig.2 Two types of experimental system for benchmark.
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are carried out in one sample. The four experimental systems are named as follows: SIT and S1 are
experimental systems using thin shadow bar with and without sample, respectively. S2T and S2 are
experimental systems using thick shadow bar with and without tungsten sample, respectively.

The whole experimental system including a wall in the irradiation room has three elements: shadow bar,
tungsten sample and wall, in addition to DT neutron source and activation foil. Therefore, there are seven
combination of elements ( = 3C; + 3Cz + 3C3 ) that are assigned as paths which an incident neutron passes
through before entering the activation foil. In this study, we distinguished these seven types of neutron
transport paths contributing to the activation of niobium foil. Figure 3 shows each path. Neutrons which pass
though path (3) are scattered only with the sample, so the nuclear data of tungsten can be benchmarked by
comparing the contribution of neutrons through this path in calculations and experiments [5]. Each
experimental system does not contain all the seven paths, that is, possible paths in each experimental system

are limited and different with each other. Figure 4 shows possible paths in each experimental system.

D (Shadow Bar)
5 |A::tivationFoil (Nb) | @ (Shadow Bar, Sample)
| shadow Bar ¥ 3 (Sample)
@ (Shadow Bar, Wall)
14Me (® (Sample, Wall)

oy ® ® (wal)
@ (Shadow Bar, Sample, Wall)

3
4

Fig.3 Possible paths in the benchmark experimental system. List on the right shows the

elements which neutron passes through on each path.

S-1l—. = @ +® +@ +@ +@ +@ +®

+@®+® +® +@

+@ +® +® +@

+@®+B® +® +@

Fig.4 Possible paths in each experimental system.
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Since neutrons entering the niobium foil can be assumed to pass through one of the paths shown in Fig.4,
the contribution of path 3 can be estimated from reaction rates of the four activation foils by the following

equation.

(Rsit — Rg1) — (Rs2t — Rsz) = NafE o{(PsiT — Ps1) — (Psz1 — Ps2) JAE

= NaL o{(p1+ s + P35+ Py + Ps + P + P7)siT — (1 + Py + P6)s1
—(P1+ P2+ Ps+ Ps + Pg + P7)sar + (P11 + Pa + Pels2} E

= Naf o3 s17dE, 1D
E

where N, is number of niobium atoms, ¢ is activation cross section of niobium, ¢;(i = 1,2---7) is neutron
flux passing through path i.
In Equation (1), we assume a relation expressed in Equation (2).

(Psit — Ps1) — (Psar — Ps2) = $3s1T (2)
This is because, we found from physical consideration that contributions of neutrons through paths (D, @),
(® and (© can be canceled out, and those of paths 2) and (7 remain, however, they are small and
regarded as the estimation error of the present benchmark method. To verify this hypothesis, we calculated
both physical quantities of Equation 2 by Monte Carlo code, MCNP5 [6]. Table 1 shows the calculated
reaction rate by each path and (psi7 — Ps1) — (Psat — @s2). As shown in Table 1, reaction rate of Pz gy
is expressed well by reaction rate of (¢pg;1 — ¢s1) — (Psat — Ps2). We performed experiments using the

benchmark method descried above, and the results are presented in section 3.

Table 1 Neutron flux of path 3 calculated by MCNP5 [s1].

S1TC S2TC Ss1c s2C S1TC-S2TC-(S1C-S2C)
@ 1.5E-11 1.2E-10 1.5E-11 1.2E-10 -1.0E-14
@ 6.1E-11 1.6E-12 0 0 6.0E-11
©) 2.5E-09 0 0 a 2.5E-09
@ 1.0E-09 5.6E-10 1.0E-09 5.6E-10 1.0E-14
® 1.2E-09 1.2E-09 3.0E-09 3.0E-09 -2.0E-11
® 7.5E-10 2.3E-10 7.5E-10 2.3E-10 -1.0E-14
@ 2.0E-11 2.7E-11 24E-11 5.4E-11 24E-11
Total 5.6E-09 2.1E-09 4.8E-09 3.9E-09 2.6E-09
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3. Result

We performed benchmark experiments for tungsten sample and measured four reaction rates of niobium
foils. We also calculated the reaction rates in JENDL-4.0 [2], ENDF/B-VIII [3], JEFF-3.3 [4] using MCNP5
code with the calculation model shown in Fig. 3. The experimental results were compared with calculated

values. The results are shown in Table 2.

Table 2 Result of experiment and calculation [s].

S1TC S2TC Ss1c S2C S1TC-S1C-(S2TC-S2C) C/E

Experimental Result 8.37+0.18 2.07=0.04 5.01+0.14 3.83%0.03 5.12+0.16
JENDL-4.0 4.69 1.29 2.87 2.32 2.85 0.56
ENDF-B/VIII 3.36 1.25 2.87 2.32 1.55 0.30
JEFF-3.3 4.75 1.25 2.87 2.32 2.95 0.58

In Table 2, calculated reaction rates in the four experimental systems are largely different from their
experimental results. This is thought to be due to omission of some elements such as the accelerator itself,
structural materials and surrounding other massive objects in the irradiation room in the calculation. However
as shown in section 2, we can cancel out contributions of neutrons passing through other paths than path (3).
As shown in the table, the C/E values are 0.3-0.5 for all the three nuclear data. Practically, all the calculated
values are smaller than the experimental values. This is caused by underestimation of the amount of large
angle scattering neutrons through path (3), and it may indicate underestimation of large angle elastic
scattering cross sections in all the nuclear data libraries. It can also be concluded that JEFF-3.3 and JENDL-

4.0 reproduced experimental values better among the three nuclear data in this study.

4. Conclusion
In this study, we performed benchmark experiments for large angle elastic scattering cross sections for
tungsten by the benchmark experimental method developed by the authors’ group previously. As a result, it
was found that all three nuclear data, JENDL-4.0, ENDF/B-VIII, and JEFF-3.3, underestimated the large
angle scattering cross sections. Among them, JEFF-3.3 and JENDL-4.0 were found to reproduce the
experimental results better.
In the future, we will perform benchmark experiments for light nuclides such as lithium and oxygen. We
will also develop a method to feed back the results of the present integral experiments to the angular

distribution of the evaluated nuclear data.
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Our previous study has shown that the decrease of average total kinetic energy (TKE) with
increasing excitation energy is due to change of the deformation of the heavy fission fragments from
spherical to ellipsoidal shape. However, decrease of the average TKE has been understand in the fission
community as an increase of the fraction of symmetric (superlong) mode, which has smaller average TKE
compared to the asymmetric (standard) mode. In this study, the average TKE for the asymmetric and
symmetric fission modes were deduced separately in neutron-induced fission of 23U based on 4-
dimensional Langevin calculation. It was found that the energy dependence of the overall TKE was

primarily governed by the decrease of TKE of the standard mode.

1. Introduction

TKE is the sum of kinetic energies of 2 fission fragments, which account for most of the energy
released by nuclear fission. Therefore, accurate and quantitative evaluation of TKE is desired from the
viewpoint of nuclear energy utilization and basic research. Figure 1 shows the average TKE of fission
fragments when neutrons are incident on 23°U. Both experimental data [1-4] and our calculation (blue and
orange lines) show decrease of TKE as the incident neutron energy increases. In addition, good
reproducibility was obtained as a result of considering multichance fission (orange line). The multichance
fission is a phenomenon in which nuclear fission takes place after emitting a couple of neutrons. The
calculation of the multichance fission is basically a superposition of TKE of first chance fission for a
series of nuclei having different number of neutrons. Therefore, reason of the energy dependence of the
first chance fission is investigated in this work.

Our previous study has made it clear that the decrease of average TKE with increasing incident
neutron energy is due to change of deformation of the heavy fragments [5]. Figure 2 shows the average
quadrupole deformation parameter Qo of fission fragments as a function of the fragment mass number
and excitation energy. At the excitation energy of 7 MeV (red line), the Q2o shows a prominent saw-tooth
structure. As the excitation energy increases, on the contrary, Q2o of the heavy fragments increases, and

the saw-tooth structure is washed out. This result shows the following picture about the change of the
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fragments' shape; At low excitation energies, the complex nucleus splits into a deformed light fragment
and a heavy spherical fragment. On the other hand, as the excitation energy increases, the heavy fragments
change to elongated shapes. Then, the distance d., between the centers of mass of the 2 fragments
increases. Therefore, the Coulomb repulsion of the nascent fragments, which is the main source of TKE,
decreases.

However, the discussion of TKE decrease has been understood in the fission community as the
increase of the superlong mode as the excitation energy increases. Left panel of Fig. 3 shows the fragment
mass-TKE correlation for 23°U at the excitation energy of 10 MeV. The horizontal axis represents the
mass number of the fragments, and the vertical axis represents the TKE. The distribution is concentrated
in areas surrounded by three ellipses. The red ellipses indicate the location for the standard mode that
causes asymmetric mass splitting, and the green ellipse indicates the superlong mode that causes
symmetric mass division. In the standard mode of asymmetric splitting, the TKE is large because the d.n
is small due to spherical magicity of the heavy fragment, and in the superlong mode (symmetric splitting),
the TKE is smaller because the d.. is larger. This situation is schematically shown in the right panel of
Fig. 3. As the excitation energy increases, the fraction of superlong mode increases, which causes the
TKE to decrease. This is an intuitively reasonable picture to account for the decrease of the TKE of fission
fragments discussed so far. In this study, we calculated the incident neutron energy dependence of the
average TKE in standard and superlong modes separately and investigated the reason of decrease of TKE

as excitation energy increases in more details.

2. Computational method
The Langevin calculation was carried out based on reference [6]. The shape of the complex nucleus
during the scission process was expressed by four parameters using the two-center model (TCM) [7].

That is, elongation zy, deformation of the outer tips of the nuclei d;, J> and mass asymmetry a =
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Fig3. Left panel shows mass number-TKE correlation of the fragments when the excitation energy
is 10 MeV for 23°U. The red ellipses indicate locations of the standard mode, while the green ellipse
indicates that of the superlong mode. The right panel shows a qualitative picture of the shapes

of the light and heavy fragments for the both modes.

(A; — A,)/ (A, + A,). Elongation zy corresponds to the distance between the centers of the two oscillators
normalized by Ry, =1.2-(4; + Az)l/ . The Langevin calculation was performed to obtain time
evolution of these four parameters, while the neck parameter £ was fixed to 0.275 from our previous
studies.

The 4D Langevin equations are expressed as follows. By Eq. (1), parameters of TCM are indicated
by using a general coordinates q;(i = 1...4), and p; denote their conjugate momenta. The F in Eq. (2)
denotes the free energy F =V — TS, where V indicates the nuclear potential, 7 and S stands for the
temperature and entropy of the heat bath consisting of nucleons which interact with the 4 collective
coordinates. Shell and pairing corrections to the free energy were applied in terms of the Strutinski and
BCS methods [8]. The inertia tensor m;; (i,j = 1...4) and the friction tensor y;; represent the transport
coefficients. The symbol g;;R; represents the random force, where R; denotes the white noise:

dg; _ -1

% = Mij'Pj M)
dp; oF 10 - -
O o o s D P — Vi + VT g Ry () @

Here, summation on the repeated indices is implicitly assumed.

3. Result and Discussion

The fragment-mass TKE correlations are shown in Fig. 4. Please notice that we did not consider
multichance fission as explained above. As the excitation energy increases, the overall gradation becomes
darker, indicating that the total number of fissions has increased. We can also see that the number of the
symmetric, superlong, mode region increases rapidly, and it seems to move to the higher TKE side. The
latter tendency, however, may be caused due to increasing area of the standard mode, which cannot be
eliminated completely. Since the distribution moves for each excitation energy, regions of the standard
and superlong modes were visually determined by adjusting ellipses at each excitation energy. Then,

average TKE in both modes were obtained separately as well as the average TKE of the whole events,
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+ n system. As the excitation energy increases, the 0 10 g (i?e\/) 30 40

overall average TKE (blue line, shown as Total

TKE) and that of the standard mode (red line) ~Fig 5. Neutron-energy dependence of TKE of
standard (ST, red line), superlong (SL, green

line) and both (ST+SL, blue line) modes for 2*°U

+ n. The gray symbols show the experimental

decreases, while that of the superlong mode (green
line) increases. The decrease of the overall TKE is
larger than that of the standard mode. This is

because of increasing contribution by the data [1-4]. Notice that we did not take account of

superlong mode which pulls down the overall the multichance fission.
TKE. Let us consider in detail how this behavior
of the overall average TKE is understood.

As shown in Eq (3), the overall average TKE is calculated as a sum of contributions from the
standard (ST) and superlong (SL) modes. Here, wsr and wg;, denotes the fraction of the standard and
superlong modes, respectively, in the scission events, while wgr + ws, = 1. When the equation is
modified as Eq. (4), we notice that the overall average TKE is obtained as a sum of the average TKE for

the pure standard mode ({(TKEgy), red line in Fig. 6) minus the second term which shows the correction
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by the superlong mode:
(TKE) = wsr{TKEsr) + w5 (TKEs,) (3)
= (TKEsr) — ws {{TKEgr) — (TKEs,)} 4)
When the entire average TKE decreases, that of the standard mode also decreases. However, decrease of
the TKE of the standard mode alone is insufficient to account for that of the total average TKE. The
additional amount corresponds to the decrease caused by the second term of Eq. (4), the correction by the
superlong mode. The decrease caused by the presence of superlong mode is about a half of that of the
first term, namely, standard mode alone. Therefore, we can conclude that decrease of the average TKE
of fission fragments in this system as a function of the excitation energy is primarily accounted for by the
decrease of the TKE of the standard mode (change of the shape of the heavy fragment from spherical to
ellipsoidal form as shown in Fig. 2), and the increase of the fraction of the superlong mode accounts for
about a half of the decrease of the entire TKE. Furthermore, it must be pointed out that we do not
understand if the increase of the TKE of the superlong mode (green line) is correct or not, since the region
assigned as the superlong mode, the green ellipses in Fig. 4, contain inevitably contribution from the
(overwhelming) standard mode as explained above.

4. Summary

Reason of the decrease of the average total kinetic energy (TKE) of fission fragments for U + n
system was investigated in term of the 4-dimensional Langevin model. We have calculated the fragment
mass-TKE correlation as a function of the excitation energy, and obtained average TKEs for the standard
(ST) and superlong (SL) modes separately as well as that of the entire events including both modes. We
noticed that about 2/3 of the decrease of the entire average TKE was accounted for by the decrease of
average TKE of the standard mode, and correction by existence of the superlong mode is about a half.
We know, as shown in Ref. [5], decrease of the TKE of the standard mode arises as a result of the change
of the shape of the heavy fragments which is nearly spherical at low excitation energy, due to magicity
of the A=132 shell, to a well deformed ellipses at higher excitation energy where the shell effects are
washed out gradually. Therefore, the conclusions obtained in Ref. [5] did not change basically, rather it
was strengthened by the present work.

In this work, we assigned the regions of the ST and SL modes by ellipses. However, we cannot assign
all the events by this treatment. We should find a better way to assign regions corresponding to these 2

modes, and it will be an issue of the near-future work.

References

1) Duke, Dana Lynn, ‘Fission Fragment Mass Distributions and Total Kinetic Energy Release of
235-Uranium and 238-Uranium in Neutron-Induced Fission at Intermediate and Fast Neutron
Energies’, LA-UR-15-28829, Los Alamos, USA (2015).

2) P.P.D‘yachenko, ‘Energy and mass distributions of fragments from fission of 23U by
monoenergetic neutrons from 0-MeV to 15.5-MeV’, J, SNP, 8, 165 (1969).

3) S.Zeynalov et al., ‘Investigation of mass-TKE distributions of fission fragments from the U-
235(n, f)-reaction in resonances’, S,ISINN-13,351 (2006).

4) V.E.Viola, et al., ‘Systematics of fission fragment total kinetic energy release’, Phys. Rev. C
31, 4, 1550 (1985).

5) Kazuya Shimada, Chikako Ishizuka, Fedir A. Ivanyuk, and Satoshi Chiba, ‘Dependence of total

- 149 -



JAEA-Conf 2022-001

kinetic energy of fission fragments on the excitation energy of fissioning system’, Phys. Rev.
C 104, 054609 (2021).

6) C.Ishizuka, M.D.Usang, F.A.Ivanyuk, J.A.Maruhn, K.Nishio, and S.Chiba, ‘Four-dimensional
Langevin approach to low-energy nuclear fission of 23U, Phys. Rev. C 96, 064616 (2017).

7) J. Maruhn and W. Greiner, ‘The Asymmetric Two Center Shell Model’, Z. Phys. 251, 431
(1972).

8) F.A.lvanyuk, C.Ishizuka, M.D.Usang and S.Chiba, ‘Temperature dependence of shell
corrections’, Phys. Rev. C 97, 054331(2018).

Acknowledgements

This study is supported by Japan Society for the Promotion of Science (JSPS) KAKENHI Grants No.
18K03642 and No. 21H01856.

- 150 -



JAEA-Conf 2022-001

26 Development of activation detector
for ultra-long term DT neutron irradiation

Yoshihide IWANAKA'!", Ryota EGUCHI', Shingo TAMAKI', Sachie KUSAKA'
Fuminobu SATO!, and Isao MURATA!
! Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

*Email: iwanaka22(@qr.see.eng.osaka-u.ac.jp

Commonly, **Nb(n, 2n) reaction is used for neutron flux measurement in the material integrity test
irradiation for a fusion reactor. However, the Nb foil is sometimes not appropriate for recording a long
irradiation period of about 1 year, because the half-life of the produced radionuclide is about 10 days. In this
study, we developed an activation detector to determine the neutron fluence, even if the irradiation period is
extremely long, using nuclides producing very long half-lives. First, we selected nuclides which have
reactions with neutron and produce radioisotopes which emit y-rays, and 33 nuclides were selected as
possible y-ray emitters. Additionally, in order to increase the number of candidate nuclides for various
irradiation conditions of neutron source intensity and irradiation time, -ray emitters were also examined. As
aresult, 15 nuclides producing B-ray emitters were selected. In the candidates, '*Rh and '*°Tb were selected
as the nuclides producing y-ray emitters and **Cu and '>*Tb were found for nuclides producing B-ray emitters
for 1 month and 1 year irradiation, respectively.

At present, we are measuring the accurate cross sections of '®*Rh(n,2n) and '**Tb(n,2n) reactions at 14
MeV by a short-term irradiation, and long-term irradiation of several months is being carried out with these
foils to prove the applicability of these foils as activation detectors in an ultra-long-term DT neutron

irradiation.

1. Introduction

In order to develop materials with high radiation resistance, it is necessary to obtain data of activation
and irradiation damage of materials and to evaluate their integrity. Currently, the foil activation method using
Nb foil is generally used to obtain the fluence of DT neutron irradiation. However, the half-life of **™Nb is
as short as about 10 days, and the fluence may be underestimated due to decrease in radioactivity after a long-
term irradiation. When a Nb foil activation detector is used in a long term irradiation test, it is commonly
necessary to change the foil every day and calculate the accumulated neutron fluence. This is really inefficient
and complicated.

Therefore, we aim to develop an activation detector that can measure the DT neutron fluence in a long-

term irradiation. In order to achieve this goal, we examine suitable nuclides as the activation foil that can
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keep the information of neutron fluence within an acceptable error range after 1 month and 1 year DT neutron

irradiation. We also carry out test irradiations and the detection system to measure the decay y-rays.

2. Methods

In order to select suitable nuclides for a long term DT neutron irradiation, nuclides producing pB-ray
emitters were taken into account, in addition to commonly used nuclides producing y-ray emitters. This
addition would increase the number of candidate nuclides and would also utilize an advantage that -rays
have a shorter range and as a result it can have 100% measurement efficiency.

After selecting the candidate nuclides based on characteristics of the nuclear data, the number of
radionuclides produced by DT neutron irradiation and the number of the measured y-rays from the selected
RIs are calculated by MCNPX[1]. Thereafter the most suitable nuclides as the activation foil for a long-term

irradiation is determined.

2.1. Nuclides selection criteria
Assuming 1-month and 1-year DT neutron irradiation experiments, nuclides producing y-ray or B-ray
emitters are selected as candidates that satisfy the following criteria.
® The nuclide is solid and stable at room temperature
® The nuclide has a reaction cross section with 14 MeV neutrons
® The half-life of produced radionuclide is between 1 and 1000 years
[ J

Measurable y and B rays are emitted from produced radionuclides.

2.2. Irradiation and measurement simulation

In this section, procedure of irradiation and measurement simulations is described for the selected
candidate nuclides. For the selection, we evaluate fluence estimation errors, i.e., statistical and systematic
errors. The statistical errors are calculated using the estimated y-ray counts predicted by the simulation. The
systematic error caused by the decay of radionuclides is evaluated as follows. When the irradiation history is
unknown, there is an infinite number of irradiation patterns. Assuming a continuous irradiation with a
constant flux, the previous irradiation that the foil remembers (the number of surviving radionuclides) is
estimated by theoretical calculations. The relative difference between the total number of produced
radionuclides and the number of surviving radionuclides is defined as the systematic error. The sum of these

two errors was used as an index for performance evaluation.

2.2.1 Irradiation simulation
The number of produced radionuclides is theoretically estimated by assuming simulation when regular
irradiation and cooling are performed in the prescribed irradiation periods of 1 month and 1 year. The

calculation process is shown below.

First, the neutron flux ¢ycnp incident on the foil in the system is calculated by MCNPX. Irradiation
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is carried out at OKTAVIAN facility of Osaka University with the following condition:
® The neutron intensity is 5.0 X 10° [n/sec].
® An activation foil is placed in the 0° direction of the beamline at a point 10 cm from the irradiation port.
® The size of the foil is 20x20x1 [mm?3].
® [rradiation for 8 hours and cooling for 16 hours on weekdays, and cooling for 24 hours on weekends are
repeated for 1 month or 1 year.

The number of radionuclides produced by neutron irradiation for ¢;[s], N; [1/s], is determined by
using the decay constant A[s 1] [2], the number of target nuclide N, the activation cross section 6[cm?] [3]
for a given neutron energy, and the neutron flux ¢ucyp [1/cm?/s ] as described in Eq. (2-1).

_ No J a(E)pycnp(E) dE
| =
A

(1—e™?t) 2-1)

N, decays with time and becomes N;[1/s]. The number of radionuclides after t; [s] from irradiation
is obtained by Eq. (2-2).
N = Nje=t1 (2-2)
In the case of repeated irradiations and coolings, the numbers of radioisotope production N,, and N,
obtained after the n-th irradiation and cooling are obtained from Eqgs. (2-3) and (2-4), respectively, by setting
n-th irradiation time and cooling time as t,,[s] and t;[s], respectively.

Nyo
= — MNP djl’”c”” (1—e ) + N)_je Hn (2-3)

N}, = Ne~n 2-4)
The number of produced radionuclides after the entire irradiation period is calculated by repeating Eqgs.

(2-3) and (2-4).

2.2.2 Measurement simulation

The estimated number of counts is calculated by numerical simulation assuming the radiation
measurement is carried out for 24 hours after the irradiation. As a radiation measurement system, a Ge
semiconductor detector is used to measure y-rays and two CsI(Tl) scintillation detectors are used to measure
B-rays as shown in Fig. 1. By sandwiching the activation foil between two Csl crystals (I.S.C. Lab.) and
making the crystal thickness thicker than the maximum range of emitted B-rays, it can be assumed that all -
rays are detected and the detection efficiency is 100%. In this study, the maximum range R[cm] of -rays is

evaluated for the maximum energy of B-rays, Ep,qy. and density, p[g/cm3] by Egs. (2-5) or (2-6).
R = (0.542 X Eppgy — 0.133) X p (0.15MeV < E,0x < 0.8MeV) (2 —-5)
R = 0.407 x E138 (0.8MeV < Epayx) (2-6)
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Activation foil

Fig.1 B-ray measuring system.

First, the number of radionuclide decays in the activation foil during the measurement time, N,,, is
determined by Eq. (2-7), where t,, is the detection time after the n-th irradiation.
Npp = Ny (1 — e=2tm) 2-7
Therefore, the number of counts, C, is obtained by using the number of decayed isotopes N,,, the
radiation detection efficiency of the detector G, the radiation emission ratio of the radioisotope r, and the
self-shielding factor P as shown in Eq. (2-8).
C = N,,,GrP (2-8)
For the B-ray emitters, the B-ray emission ratio r is set to 1, and the self-shielding factor is obtained by
PHITS[S5]. and calculating the fraction of B-rays incident on the Csl crystal from the activation foil. From
Egs. (2-1) to (2-8), the average neutron flux ¢, over the total irradiation time incident on the foil obtained
by Eq. (2-9) using the number of radionuclides N,, at the end of the n-th irradiation. The neutron fluence
incident on the target by the activation detector is estimated by multiplying ¢, by the total irradiation
time t;op.

AN,
Nyo (1 — e~Ateor)

Gest = 2-9)

2.2.3  Error evaluation
Since the decay of radionuclides is an accidental phenomenon and follows a Poisson distribution, the
statistical error (relative value) e, is evaluated by Eq. (2-10) using the total count C, calculated with Eq. (2-
8). In this study, we neglect the background count for simplicity.
e = \/_f (2-10)
Next, we consider the systematic error. The produced radionuclide’s survival rate L at a small time dt
[s] before t [s] from the end of irradiation is obtained by Eq.(2-11).
L=e™ (2-11)
Therefore, the ratio of surviving radionuclides e; to the total number of produced radionuclides

during the entire irradiation period, t;,, is obtained by Eq.(2-12).
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constant A. By selecting nuclides which have smaller sum of these two errors, e, and eg, we can finally

determine the best nuclide that retains sufficient information of the irradiation-induced activation during the
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es =

teot

past period of neutron irradiation time 1 month or 1 year.

3. Result

As a result of the nuclides selection, 33 nuclides producing y-ray emitters and 15 nuclides producing

fo’ftot L dt

(2-12)

B-ray emitters were selected. In the selected nuclides, the top three nuclides with the smallest errors for

nuclides producing y-ray and B-ray emitters are shown in Tables 1 and 2, respectively.

Table. 1 Selected top three nuclides producing y-ray emitters as activation detector.

Isotopic Half | Cross | Systematic | Random | Total

abundance | life | section error error error

[%0] [year] | [b] [%0] [%0] [%0]

159Th(n, 2n) *°8Tb 100 180 1.9 0.19 031 | 0.50

1 year | *'Eu(n,2n)**°Eu 48 36 1.8 0.93 037 | 1.30
109Ag(n, 2n)'%%Ag 48 438 | 0.72 0.079 144 | 1.52

103Rh(n, 2n")192MRh 100 3.7 0.63 0.76 0.15 | 091

molmh 153Eu(n, 2n)°%Eu 52 14 1.9 0.21 0.82 | 1.03
159Th(n, 2n) **4Tb 100 180 1.9 0.016 1.06 | 1.08

Table. 2 Selected top three nuclides producing B-ray emitters as activation detector.

Isotopic Half Cross | Systematic | Random | Total

abundance life section error error error

[%0] [year] [b] [%] [%0] [%]

159Th(n, 2n) *58Tb 100 180 1.9 0.19 1.18 1.37

1year | ®3Cu(n,p)®3Ni 69.15 101 0.046 0.34 1.33 1.68
97r(n, na) *°Sr 17.38 28.8 | 0.00024 1.19 521 6.40

3Cu(n, a)®°Co 69.15 527 0.037 0.54 1.17 1.71

molnth 159Th(n, 2n) *°8Tb 100 180 1.9 0.016 4.06 4.08
83Cu(n, p) *3Ni 69.15 101 0.046 0.028 4.58 4.61

As shown in Tables 1 and 2,*°°Tb and °®Rh were selected as the best nuclides producing y-ray

emitters as the activation detector material for 1 year and 1 month irradiation, respectively. *°°Tb and ®3Cu
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were also selected as the best nuclides producing B-ray emitters for 1 year and 1 month irradiation,
respectively.

At present, we are conducting short-term irradiation to validate the accurate cross section at around 14
MeV. In addition, long-term irradiation of several months is being carried out. In the future, this method will
be applied to the ITER material irradiation tests that are currently being carried out at OKTAVIAN of Osaka

University.

4. Conclusion

In this study, we selected suitable nuclides as activation detectors to be used in an ultra-long term
irradiation in order to obtain the total fluence for long-term material integrity test of fusion reactor. We added
nuclides producing B-ray emitters as candidate in addition to nuclides producing y-ray emitters to increase
the number of candidates. As a result, '*Rh and *°Tb were selected as the nuclides producing y-ray emitters
and Cu and '>Tb were found for nuclides producing B-ray emitters for 1 month and 1 year irradiation,
respectively.

We are now measuring the accurate cross sections of '®Rh(n,2n) and '*°Tb(n,2n) reactions to
normalize at 14 MeV by a short-term irradiation. We are also conducting long-term irradiation tests for 1
year to prove the applicability of these foils as activation detectors in an ultra-long term irradiation
experiment. In the future, we will apply the obtained results to irradiation tests of ITER materials at

OKTAVIAN of Osaka University.
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Abstract

Nuclear fission plays an essential role in nuclear reactors and the r-process nucleosyn-
thesis, producing heavy elements like gold and uranium via the fission recycling process.
Fission fragments of superheavy nuclei can be the seed nuclei of the r-process. However,
there has been considerable ambiguity among theoretical predictions for the fission yields of
superheavy nuclei. For a more precise evaluation of the fission contribution to the r-process,
we have developed a semi-empirical fission yield model by fitting the results of our four-
dimensional Langevin model with four or five Gaussians. Our Langevin model can very well
reproduce both fission fragment mass distributions and total kinetic energy. We performed
the Langevin calculations nuclei with Z=92- 122 from neutron-deficient side to neutron-rich
side. In our semi-empirical model, we provide a fission fragment mass-charge distribution
Y(Z, A) with the combination of the five Gaussians Y(A) described above and normalized
Gaussian distribution for Y(Z) on each mass(A) evaluated by the abundant experimental
data of actinides. The main focus of this manuscript is to show the parameter study of the
four or five Gaussians fitted by the Langevin calculations.

1 Introduction

Fission recycling in the r-process is the idea that the fission products of a superheavy nucleus
become seed nuclei in the coming r-process. That idea, which was proposed for the first time
in 1957 [1], has attracted attention in this field. Significantly, the number of related studies
increased as the experimental data became abundant in a couple of decades. However, nuclear
fission of a highly neutron-rich superheavy nucleus is very model-dependent and hard to obtain
experimental data. That is why we need a more precise model that can better predict the
nuclear fission products to understand the r-process. Prediction of nuclear fission products
has been challenging even in actinides where we can experimentally access them. For example,
fermium and thorium isotopes favour different fission fragment masses. Moreover, quite recently,
Nishio et al. found that the fission product mass yield of 2°*Md shows a pretty other excitation
energy dependence than expected. Thus fission fragment mass distributions depend on the
proton/neutron number of a fissioning nucleus and its excitation energy.

Our previous study with the three-dimensional Langevin model and semi-empirical fission
product yield based on thousands of experimental data [2] found that our fission fragment mass
and charge distributions are broader than the well-known Kodama-Takahashi model [3]. It also
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Figure 1: Fission fragment mass yields obtained by the 4D-Langevin model [4] (left panels) and
Gaussian fitting patterns (right panels) corresponding to these yields.

suggested that the difference between them appears in the r-process 2nd peak and rare-earth
elements in the case of Black Hole Neutron Star (BH-NS) mergers. Based on the previous
results [2], we have developed a more precise fission model with the four-dimensional Langevin
model [4], which can reproduce fission fragment mass yields and total kinetic energies of more
various nuclides than the three-dimensional case. This paper briefly introduces our model and
focuses on the systematics in the model parameters.

2 Semi-empirical Nuclear Fission Yield model based on Four-
dimensional Langevin Approach

To develop a new yield model, we performed four-dimensional (4D) Langevin calculations [4]
for hundreds of nuclei with the proton number Z = 92-122 covering neutron-deficient side to
neutron-rich side. In the 4D Langevin model, a fissioning nucleus is expressed by four variables:

e Elongation of a nucleus
e Two independent deformations of left and right parts of a nucleus
e Mass asymmetry of the left and right parts.

For more details of the 4D-Langevin model used here, see our previous work. Then we fitted
obtained fission fragment mass yield Y (A) before prompt neutron emission by superposition of
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our or five Gaussian functions. We adopted our semi-empirical formula [5] in Equation (1) to
provide an independent yield Y (A4, 7).

Y(Z,A) eXp[ Epp (Z, A>+<IE ;EA ) AEg, ( ZA}

- L 2=, W07, ABR(ZA)
~ Y(A) QM(A)/Q5 pl Q(A)Q ]dtx p[ ) },(1)

where 0(A) ~ 0.5 and E4(A) ~ 5 — 10MeV. For the shell correction energy AFEqy,, we adopt the
KTUY [6]. Detailed parameter values can be found in our previous work [5].

The Y(A)s obtained from the 4D-Langevin calculations can be categorized into two patterns,
pattern (1) or (2). In pattern (1), we can fit Y(A) with four Gaussians as centre-based, centre,
side-left, and side-right. In pattern (2), Y(A) shows four peak structures and is fitted with five
Gaussians: centre-based, centre-left, centre-right, side-left, and side-right.

Figure 1 shows the sample results of the 4D-Langevin calculations and corresponding fitting
pattern using four or five Gaussians. Left panels are fission fragment mass distributions of
294,310.326190) from top to bottom, respectively. Right panels are Gaussian fitting patterns. Two
nuclei in Figure 1, 310120 and 326120, can be fitted by five Gaussians, while we need only four
Gaussians to fit Y(A) of 224120 as shown in the top panel. Thus we fitted the Langevin results
by Gaussians and made a present model Y(A).

3 Parameter Study of the fitted Gaussian functions

We investigated particular systematics among Gaussian parameters for all the Y(A) of hundreds
of nuclei with Z=92-122 obtained by the 4D-Langevin model. This section shows the systematics
we found. Figure 2 is the case of Og-isotopes. Og-isotope with N = 164 has a single peak Y (A),
while Og-isotopes with N = 168,172,176 have three peaks in Y (A4). Og-isotopes with N = 180
and 184 show a four-peak structure. Following the pattern (1) and (2) in figure 1, those Y (A)s
can be fitted by four or five Gaussian functions.

In each panel (1) to (6) of Figure 2, Gaussian parameters a, b, ¢ are plotted as a function
of neutron numbers consisting of each Og-isotopes. Here, these parameters provide a Gaussian
function as f(r) = aexp(—(z — b)?/2¢?). We found a strong linear correlation between each
Gaussian parameter and the neutron number of the isotopes.

One may notice the relation between the Gaussian centre, parameter b, of (3) side-left and
(5) side-left. In panel (5) (heavy fragment peak), the parameter b is almost constant at A=208,
while b in panel (3) (light fragment peak) increases with neutron number. Other features of the
parameter systematics are the centre position of (1) the centre-based and (2) the centre. These
b-parameters are the same and described in a straightforward formula such as b = 0.5N + 59.
Interestingly, not only the Gaussian centres but also the amplitude and the width of the Gaussian
function show clear correlations to the neutron number of the isotopes. We commonly observed
such systematics in all nuclei investigated here. We will report these results in detail in our
forthcoming paper.

4 Summary

We performed the four-dimensional Langevin calculations for nuclei with Z = 92-122 from
neutron-deficient side to neutron-rich side. Then we fitted fission fragment mass distributions
Y (A) with four or five Gaussians. The number of the used Gaussian functions depends on the
peak structure of fission mass yields derived from the Langevin calculations. Thus we constructed
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Figure 2: Systematics of Six Gaussian parameters as a function of neutron number in the
case of Oganesson isotopes (Z = 118) with the excitation energy E* = 10 MeV; (1)center-
based, (2)Center, (3)Side-left, (4)Center-left, (5)Side-right, (6)Side-left. Each Gaussian has
three paramters a, b, and c.

our Y (A) by the superposition of Gaussians. To develop a semi-empirical independent yield
model Y (Z, A), we combined the above Y (A) and the charge distributions Y (Z) evaluated by
thousands of experimental fission data of actinides. For our newly developed yield model, we
investigated the systematics of each Gaussian parameters. Consequently, we found that each
Gaussian parameter had clear systematics with respect to neutron numbers when we fixed the
proton number of a fissioning nucleus. We will apply our Y (Z, A) based on the 4D-Langevin
model to the r-process calculations during the neutron star mergers and neutron star-black hole
mergers shortly.
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Abstract

We are developing a counter telescope to measure the energy spectra of low-energy light
charged particles (LCPs), i.e., protons, deuterons, tritons, and alpha particles, emitted from
the negative muon capture reaction in a Si nucleus. The telescope is composed of a neutron
Transmutation Doped (nTD) Si detector and an n-type Si detector. The nTD-Si detector
is suitable for particle identification (PID) using Pulse Shape Analysis (PSA) technique. In
order to obtain enough experimental statistics, the nTD-Si detector has to be close to the
target in the experiment, which will result in broad angular acceptance of LCPs to the nTD-
Si detector. To evaluate the PID performance using PSA for the broad angular acceptance,
a detector test was performed to measure the incident angle dependence of the waveform
signal from the nTD-Si detector. The PID performance was simulated by a Monte Carlo
simulation using the experimental data. The simulated result demonstrated that proton,
deuteron, and triton can be well identified even at low energies by using the present PSA
technique.

1 Introduction

Soft error is a severe concern for reliability demanding applications, such as autonomous
drivings, supercomputers, and public transportations. The soft error occurs by the upset of
memory information caused by energy deposition in semiconductor devices, called single event
upset (SEU). Recently, the SEU induced by cosmic-ray muons has been increasing attention
because the trend of device miniaturization and lower voltage operation degrade the immunity
of static RAM (SRAM). Some latest works [1-3] reported that negative muons have higher
SEU probability than positive ones because charged particles emitted from the negative muon
capture reaction in a Si nucleus result in larger energy deposition in devices than the direct
ionization by a muon. In particular, it was pointed out that light charged particles (LCPs) such

“Present address: RIKEN Nishina Center, 2-1 Hirosawa, Wako, Saitama, Japan, 351-0198
"Present address: National Institute of Advanced Industrial Science and Technology, 1-1-1, Tsukuba, Ibaraki,
Japan, 305-8568
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as protons, deuterons, tritons, and alpha particles seriously affect the SEU [1]. However, there
are no enough experimental energy spectra of LCPs to accurately estimate the muon SEU rates,
especially in the low-energy region.

In this situation, we have planned an experiment to measure the energy spectra of LCPs
emitted from the muon capture reaction. In this experiment, the Pulse Shape Analysis [4, 5]
(PSA) technique will be adopted for particle identification (PID) of low-energy LCPs instead of
the conventional AE-E technique. For this purpose, we are developing a counter telescope for
PID of LCPs.

In the proposed experiment, the distance between the detector and the target will be placed
as close as possible to gain enough counting statistics. Therefore, the angular acceptance of
LCPs to the detector becomes large (see Fig. 5), and the detector response may vary with the
incident angle. However, there is no report on the PID performance of LCP detection with PSA
in the case of such wide angular acceptance. To investigate the incident angle dependence of
the waveform signals from the neutron Transmutation Doped (nTD) Si detector, we conducted
a detector test. In this article, preliminary results of the detector test and the PID performance
simulated by the Monte Carlo simulation based on the experimental data are reported.

2 Experimental method

2.1 Experimental setup

The experiment was performed using the 8 MV tandem accelerator in the Center for Ac-
celerator and Beam Applied Science of Kyushu University. An 11 pm thick 27Al target was
irradiated by 24 MeV "Li ion beam whose intensity was lower than 1 pnA. LCPs produced from
the nuclear reaction and scattered "Li ions were detected by a pair of detector telescopes. Each
telescope was composed of three instruments, which are a 7.5 mm in diameter aluminum colli-
mator, a 500 pm thick nTD-Si detector, and a 500 pm thick n-type Si detector. The aluminum
collimator was located in front of the nTD-Si detector. The Si detector was installed behind
the nTD-Si detector to use as a veto. The nTD-Si detector was operated at a bias voltage of
260 V, which is the best setting for the PID with PSA [6]. The waveform signals from the
nTD-Si detector were processed using a charge-sensitive preamplifier. The charge waveform
signals were digitized using the digitizer (CAEN V1730SB). In order to measure the incident
angle dependence of the waveform signals, the measurements were made for four incident angles
(0) of 0°, 15°, 30°, and 45° by rotating the nTD-Si detector.

2.2 Pulse shape analysis

Figure 1 shows a typical example of the waveform signals. The black line represents the
charge waveform signal. The baseline of the charge waveform signal was determined by averaging
some samples prior to the rising edge of the signal, and subtracted from each signal. The red
line in the figure represents the charge waveform signal processed by the trapezoidal filter [7]
with the rise time of 1 us and the flat top of 1 us. The energy of LCPs was obtained from the
maximum value of the charge waveform signal (Qmax), which was calculated by an average of
16 samples on the flat top of the waveform signal processed by the trapezoidal filter. Then the
energy calibration was done by

E = anax + b, (1)

where a and b are the fitting parameters, which were determined by a calibration measurement
with standard alpha sources of 8Gd, 24! Am, and ?**Cm. The energy resolution of the nTD-Si
detector was 45 keV in FWHM at the 5763 keV peak of 2*4Cm.
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The blue line in Fig. 1 represents the current waveform signal. The current waveform signal
was obtained by the first derivative of the charge waveform signal with a third-order spline
interpolation. In this work, PID with PSA was conducted by the two quantities, namely the
energy (E) of the LCPs and the maximum value of the current waveform signal (Iiax)-
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Figure 1: A typical example of waveform signal for alpha particle incidence. The black line is
the digitized charge waveform signal. The red line is the charge waveform signal processed by
the trapezoidal filter with the rise time of 1 us and the flat top of 1 us. The blue line is the
current waveform signal obtained by the first derivative of the charge waveform signal.

3 Experimental result and simulation

3.1 Experimental result

A correlation plot of I, and F at the incident angle of 0° was made. As shown in Fig. 2, the
PID was successfully achieved, and hydrogen isotope ions (protons, deuterons, and tritons) and
alpha particles were clearly identified above 4 MeV. To investigate the incident angle dependence
of the waveform signal from the nTD-Si detector, the [,y for each incident-angle of the hydrogen
isotope ions was analyzed. The peak position of the I, distribution denoted by (Imax) was
obtained for each energy bin for each incident angle fitted by the Gaussian function. Figure 3
shows the (I,ax) and the standard deviation of the hydrogen isotope ions for each incident angle
at £ =4 MeV. It was found that as the incident angle increases, (Iynax) becomes smaller. To
evaluate the observed reduction trend of (I,ax) for each particle, each (Ij.x) normalized to unity
at 0° was fitted by the following quadratic function:

r(0) =1— a.6?, (2)

where a, is the fitting parameter denoting the strength of the reduction depending on the incident
angle. This reduction trend may be caused by a difference in penetration depth depending on
the incident angle of charged particles. The detail of the associated physical processes is now
under analysis. The parameter a, depends on the atomic and mass numbers of charged particles
and their kinetic energy.
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3.2 Simulation

We have estimated the PID performance in the proposed experimental setup to measure the
energy spectra of LCPs emitted from the muon capture reaction by a simulation based on the
results obtained in the present detector test experiment. Figure 4 shows the experimental setup.
In this simulation, the distance between the nTD-Si detector and the target was set to 60 mm.
The active area of the nTD-Si detector and the size of the target was 20 mm x 20 mm and
50.8 mm in diameter, respectively. A negative muon beam intensity distribution was assumed
to be a two-dimensional Gaussian distribution with the standard deviations, o, = 15.0 mm and
oy = 16.0 mm.

First, the angular acceptance (P(#)) of the nTD-Si detector for emitted LCPs was derived
using a Monte Carlo simulation. The result is shown in Fig. 5. Then, the I,ax distribution for
each LCP was calculated by a Monte Carlo simulation based on the measured I, distribution
at the incident angle of 0° (see Fig. 2), the angle-dependent reduction factor given by Eq. (2),
and P(0). Figure 6 shows the simulated Iy,ax distribution at £ = 4 MeV (the red line) together
with the measured I« distribution at the incident angle of 0° (the blue line). Here, the relative
yields of detected protons, deuterons, and tritons were determined from a PHITS simulation of
the muon capture reactions in a Si nucleus which was done in Ref. [8].

As shown in Fig. 6, each peak position in the simulated I, distribution is shifted slightly to
lower I,.x and the spreading width increases slightly compared to the measured I .y distribution
at 0°. The slight shift of each peak position is caused by the reduction of I,y corresponding to
the weighted average of Eq. (2) with P(6). However, the PID of protons, deuterons, and tritons
is found to be still clear. This simulation result demonstrates that the PID will be achievable
in the proposed nTD-Si detector setup with the broad angular acceptance even at low emission
energies. It should be noted that similar results were obtained at other emission energies above

4 MeV.
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Figure 4: An experimental setup to measure Figure 5: The simulation result of an angular
the energy spectra of LCPs emitted from the acceptance of LCPs to the nTD-Si detector.
muon capture reaction.
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Figure 6: The simulated I,y distribution for proton, deuteron, and triton at £ = 4 MeV (the
red line) and the measured I,.x distribution at the incident angle of 0° (the blue line).

4 Summary and future plan

A counter telescope is under development for measurement of the energy spectra of low-
energy light charged particles (LCPs) emitted from the negative muon capture reaction in a Si
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nucleus. The counter telescope consists of a nTD Si detector which is suitable for PID using
PSA technique. In order to investigate the incident-angle dependence of the waveform signals
from the nTD-Si detector, we conducted a detector test at Kyushu University. The results show
that the larger the incident angle, the smaller the I,,x. Moreover, the reduction trend of I .«
depends on the atomic and mass numbers of charged particles and their kinetic energy. Based on
the results of the detector test, the PID performance with PSA for the finite angular acceptance
assumed in the proposed experiment of the muon capture reaction was simulated using a Monte
Carlo simulation. The result indicates that the PID for protons, deuterons, and tritons by PSA
will be clearly achieved in the experimental setup with the broad angular acceptance even at
low emission energies.

In the future, we will complete the counter telescope development and measure the energy
spectra of LCPs emitted from the muon capture reaction. Further work will be devoted to un-
derstanding of the observed incident angle dependence of I,,,,x on the basis of physical processes
in the nTD-Si detector.
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Abstract

An experiment of neutron production thick target yields from 7.2 MeV/u « incidence on
209Bj was performed. The measured data was compared with both Liége IntraNuclear Cas-
cade (INCL) and JAERI Quantum Molecular Dynamics (JQMD) models. The comparison
suggested that INCL agreed with the measured data better than JQMD. We investigated
the reason that the prediction ability of both models came from. As a result of the study,
the prediction ability of the INCL model seemed to be originated from the process of ”Local
E procedure”. For the JQMD calculation, the modification of the mean-field approximation
could be a key to improve the prediction capacity.

1 Introduction

Targeted alpha therapy using short lived a-emitters (e.g. ??°Ac, ??>Ra and 2?"Th)([1, 2, 3, 4]
has recently been performed. Astatine-211 is regarded as a promising isotope for the therapy.
In RIKEN, a new beam line for generating Astatine-211 is being constructed. Astatine-211 is
produced via the 2%“Bi(a 2n)?'! At reaction at the beam line. The energy of incident o beam is
7.2 MeV /u in order to avoid producing 2!°Po, a toxic nucleus[5]. The a beam intensity is 100
ppA, which is the highest in the world. For the precise radiation shielding of the new beam line,
the measured data for neutron yields are required. Thus, the neutron production thick target
yields (TTY) for the reaction of a beam incident on 2%'Bi was measured[6]. The measured
data was compared with both the Liége IntraNuclear Cascade[7] (INCL) and the JAERI Quan-
tum Molecular Dynamics[8] (JQMD) models followed by the Generalized Evaporation Model[9]
implemented in Particle and Heavy Ton Transport code System[10] (PHITS). Through the com-
parison, it is found that INCL reproduces the measured neutron production TTY better than
JQMD. The purpose of this study is to explore the reasons of the descrepancy for the two mod-
els’” prediction ability and the possibilities for improvement of the nuclear reaction models by
focusing on the reaction of 7.2 MeV/u a beam incident on 20Bi.

*Present address: Department of Nuclear Engineering, North Carolina State University, 121 Peele Hall, Cam-
pus Box 7103, Raleigh, NC, 27695 U.S.A.
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2 Comparison between experimental data and calculation

Comparison of the measured neutron yields and calculation results by INCL and JQMD for
the reaction of 7.2 MeV/u a beam incident on ?"’Bi is shown in Figure 1. This figure shows
that INCL agrees with experimental data better than JQMD.

Figure 2 shows the ratios of the calculation results to experimental data (C/E) for each angle
above 4 MeV. For 0°, INCL and JQMD underestimate the measured result by approximately
20 % and 80 %, respectively. For 45°, underestimation by approximately 30 % and 70 % are
observed for INCL and JQMD, respectively. For 90°, INCL / Exp. and JQMD / Exp. are
roughly to be 1.2 and 1.0, respectively.

Studies for each nuclear reaction model are carried out in following sections.
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Figure 1: Comparison of the measured data and calculation results by INCL and JQMD. Tri-

angle, blue solid line, and black dotted line represent the experimental data, INCL results, and
JQMD one, respectively.
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Figure 2: Ratios of the calculation results to experimental data (C/E) for each angle above 4
MeV. Blue rectangular and black triangle represent the INCL and JQMD result, respectively.
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3 Liége IntralNuclear Cascade

According to Figures 1 and 2, INCL reproduces the measured neutron production TTY
better than JQMD. In this section, the study for the INCL model is given.

Because the incident energy of this reaction is below 10 MeV /u, the nucleons in the beam
particle have collisions with the nucleons near the surface of the target nucleus. In the INCL
calculation, a target nucleus is prepared by the square-well potential, the depth of which is 45
MeV. Near the surface of the nucleus, the depth of the square-well potential is greater than that
of the Woods-Saxon (WS) potential. This means that nucleons with higher energies than the
WS potential can stay in the square-well potential. In other words, the overestimation of the
energies of the nucleons near the target surface is possible. This causes the underestimation of
the nucleon-nucleon (NN) reaction cross section.

The modification of the nucleon energies of the target nucleus is implemented in recent
versions of INCL. When the NN reaction is occurred, the nucleons’ energies of the target nucleus
are recalculated under the approximation of the phenomenological potential. This process is
called "Local E procedure (LocE)”.

The influence of LocE was examined as shown in Figure 3. Above 6 MeV, neutron production
TTY of INCL with LocE is apparently greater than that of INCL without LocE. The TTYs are
tabulated at the energy bin from 9.67 MeV to 10.6 MeV in Table 1. For 0°, the result of INCL
with LocE becomes about 4 times larger than that of INCL without LocE. For 45° and 90°,
the increase by approximately one order of magnitude for INCL with LocE from INCL without
LocE is observed. It is clearly demonstrated that LocE benefits INCL to improve the prediction
ability for the reaction of 7.2 MeV/u a beam incident on 29Bi.

1078
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1078

L B B L L B B
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——- INCL without LocE

[n/sr/MeV/source]

Lo R
L ‘ L1 ‘ L1 ‘ L1 ‘ L1 \T\I Ll ‘ I B ‘
2 4 6 8 10 12 14
Neutron Energy [MeV]

Figure 3: Comparison of the measured neutron production TTY and calculation results by INCL
with LocE and INCL without LocE. Triangle, blue solid line, and black dotted line represents
the experimental data, INCL with LocE results, and INCL without LocE ones, respectively.

Table 1: Comparison of the neutron yields by INCL with and without LocE in Figure 3.
0° 45° 90°
INCL with LocE [n/sr/MeV /source] — 6.57 x 107% 4.22 x 10=% 7.69 x 10~°
INCL without LocE [n/sr/MeV /source] 1.62 x 1078 4.47 x 107% 4.46 x 10719
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4 JAERI Quantum Molecular Dynamics

According to Figures 1 and 2, JQMD agrees with the measured neutron yields less than
INCL. In this section, the study for the JQMD model is introduced.

In the JQMD calculation, nuclei are described based on the Fermi gas model. In the model,
the depth of the nuclear force potential (Viiyrme) and the Fermi energy (Ep) should be the
same. We checked those values for o and 2%“Bi calculated in JQMD as shown in Table 2. For
the 209Bi target, Vikyrme €quals to Er. On the other hand, the condition is not satisfied for the
a nucleus because the mean-field approximation is not suitable. It is suggested that nucleons
with lower energies than Ef for the o nucleus is only bound below Vipyrme-

Table 2: Depth of the nuclear force potential and the Fermi energy for o and 2%°Bi calculated
in JQMD.

Vskyrme [MeV] EF [MeV]
« 7.8 10
209B;4 31 31

Therefore, the energy distribution for the nucleons of the o and 2°?Bi nuclei prepared in
JQMD is retrieved as given in Figure 4. In the JQMD calculation, the density distribution of
nucleons is determined by overlap of nucleons. In other words, each nucleon has each density.
Thus, every nucleon has different Er. In Figure 4, maximum and minimum FEf is depicted as
denoted by two red circles. When it comes to the Fermi gas model, the average nucleons’ energy
should be 0.6 x Er. As shown in the Figure 4, the pink and blue lines are almost same for the
209Bi nucleus. On the other hand, the requirement is not met for a. This means that the initial
condition for the nucleons of « is not described properly.

It is concluded that one of the reasons that JQMD cannot reproduce the measured neutron
yields for the reaction of 7.2 MeV /u a beam incident on 2*9Bi is attributed to the fact that the
description of the initial condition is inadequate.
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Figure 4: Energy distribution for the nucleons of the o and ?“’Bi nucleus. Horizontal and
vertical axis represents the index that succeeded in creating the initial state of the nucleus and
the energy [MeV], respectively. Black and red circle is nucleons’ energy and the Er, respectively.
Pink and blue line means the average energy of nucleons derived from the theory and the average
nucleons’ energy in JQMD, respectively.
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5 Conclusion

The measured neutron production TTY for the reaction of 7.2 MeV/u a beam incident on
209Bi was compared with the JQMD and INCL calculations. The comparison shows that INCL
reproduces the measured data better than JQMD. The reason was discussed.

For the INCL model, the nucleons energy is recalculated under the approximation of the
phenomenological potential. Due to the process, the NN reaction cross section is expressed
properly. Due to the comparison between INCL with and without LocE, it is concluded that
LocE is greatly influenced to the prediction ability of INCL.

For the JQMD model, it is found that the initial energy condition for « is not described
accurately. It is suggested that the modification of nucleons’ energies could be one of the idea
to improve the prediction ability of the JQMD.

References

[1] Dekempeneer, Y., et al., Targeted alpha therapy using short-lived alpha-particles and the
promise of nanobodies as targeting vehicle, Expert Opin. on Biol. Thera. 16 (2016), pp.
1035-1047.

[2] Fujiki, K., et al., 2!1 At-labeld immunoconjugate via a one-pot three-component double click
strategy: practical access to a-emission cancer radiotherapeutics, Chem. Sci. 10 (2019), pp.
1936-1944.

[3] Captain, 1., et al., Engineered Recongnition of Tetravalent Zirconium and Thorium by
Chelator-Protein Systems: Toward Flexible Radiotherapy and Imaging Platforms, Inorg.
Chem. 55 (2016), pp. 11930-11936.

[4] Thiele, N. A., et al., An Eighteen-Membered Macrocyclic Ligand for Actinium-225 Targeted
Alpha Therapy, Angew. Chem. Int. Ed., 56 (2017), pp. 14712-14717.

[5] Hermanne, A., et al., Experimental study of the cross-sections of a-particle induced reac-
tions on 2%Bi, Appl. Radiat. Isotope 63 (2005), pp. 1-5.

[6] Sugihara, K., et al., Measurement of thick target neutron yields from 7 MeV /u « incidence
on 2%9Bi, Nucl. Instrum. Meth. B 470 (2020), pp. 15-20.

[7] Boudard, A., et al., New potentialities of the Liege intranuclear cascade model for reactions
induced by nucleons and light charged particles, Phys. Rev. C 87, (2013), 014606.

[8] Niita, K., et al., Analysis of the (N, xN’) reactions by quantum molecular dynamics plus
statistical decay model, Phys. Rev. C 52, 2620 (1995), pp. 2620-2635.

[9] Furihata, S., Statistical analysis of light fragment production from medium energy proton-
induced reactions, Nucl. Instrum. Meth. B 171 (2000), pp. 251-258.

[10] Sato T., et al. Features of Particle and Heavy Ion Transport code System (PHITS) version
3.02. J. Nucl. Sci. Technol. 55 (2018), pp. 684-690.

- 173 -



This 1s a blank page.




JAEA-Conf 2022-001

30 Theoretical Evaluation of Neutron Thermal Scattering Laws of Heavy
Water for JENDL-5

Akira ICHIHARA', Yutaka ABE?
"Nuclear Data Center, Japan Atomic Energy Agency, Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195, Japan
’Department of Nuclear Engineering, Kyoto University, Kyotodaigaku-Katsura, Nishikyo-ku, Kyoto,
615-8540, Japan

e-mail: ichihara.akira@jaea.go.jp

Neutron thermal scattering law data were computed for the heavy water molecule toward the fifth
version of the Japanese Evaluated Nuclear Data Library, JENDL-5. The scattering laws for deuterium and
oxygen atoms were evaluated using the molecular dynamics simulation. The simulations have been
performed in the temperature range from 283.6 K to 600 K, and the scattering law data were evaluated in
the neutron incident energies between 0.01 meV to 10 eV. We confirmed that experimental cross sections at
room temperature were well reproduced with the scattering laws. In the neutron energy above 1 meV, the

total cross sections were almost consistent with the ENDF/B-VIII.0 evaluations.

1. Introduction

Heavy water is being used as a moderator in fission reactors. Therefore, reliable information of
thermal neutron scattering by heavy water is fundamental to the analysis of reactor cores and the
verification of nuclear criticality safety. In this study we attempted to evaluate thermal scattering law (TSL)
data of heavy water theoretically, where the thermal neutron is characterized as a neutron with kinetic
energy around 25 meV. In recent years, TSLs for light and heavy water have been evaluated using the
molecular dynamics (MD) simulations [1,2]. To obtain TSLs, we also employed MD simulations [3]. From
TSLs, the angle-energy double-differential cross section for neutron scattering can be derived. We checked
the wvalidity of the obtained TSLs by comparing with the experimental cross sections and the
ENDF/B-VIIIL.O [4] evaluations.

In this report, theoretical models of TSL and simulation conditions of MD are mentioned. Some
results of the MD simulations which serve as the input of the TSL evaluation are shown. The cross sections
derived from TSLs are compared with the measured data at 20°C and the ENDF/B-VIIL.O evaluations (the
ENDF/B-VIIL.0 evaluations have been adopted in JEFF-3.3 [5]).
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2. Theoretical Models

The angle-energy double-differential cross section for neutron scattering by a heavy water molecule is
given by the sum of double-differential cross sections for two deuterium (D) and one oxygen (O) atoms.
The atomic cross section is represented with TSL (it is also known as the scattering function) multiplied by
a normalization factor (bound scattering cross section divided by 4m) and the factor \/E'_/E , where E is
the neutron incident energy and E’ is the neutron emission energy. [6,7]

The neutron scattering by D consists of incoherent and coherent scattering components, while the
neutron scattering by O is entirely coherent. In this study, TSL for incoherent scattering has been derived
from the self-intermediate scattering function (SISF) represented with the Gaussian approximation form
[1,6]. SISF of each atom was evaluated with the atomic frequency distribution function obtained from the
MD simulation. On the other hand, in the coherent scattering, the Skold approximation was applied, as the
same with the ENDF/B-VIIL.0 evaluation by Damian et al. [2,8] The coherent TSL was evaluated with the
incoherent TSL altered by introducing the effective target mass, and the atomic structure factor obtained
from the MD simulation. The coherent TSL was given by the product of the modified incoherent TSL and

the structure factor.

3. MD Simulation

The MD simulations have been performed with the GROMACS code [9,10] on the software
Winmostar [11].

In GROMACS the TIP4P/2005f [12] water model was applied. The Newton's equations of motion
were integrated by the leap-frog algorithm with the time step of 0.1 fs. The Nosé-Hoover thermostat was
employed with the time constant of 1 ps for temperature coupling. The Parrinello-Rahman barostat was
applied with the time constant of 1 ps and the compressibility of 4.5x10- bar’!, for pressure coupling. We
carried out the MD simulations for 14 temperatures. The temperature and the reference pressure were
(283.6 K, 1 bar), (293.6 K, 1 bar), (325 K, 1 bar), (350 K, 1 bar), (375 K, 2 bar), (400 K, 10 bar), (425 K,
50 bar), (450 K, 50 bar), (475 K, 50 bar), (500 K, 90 bar), (525 K, 90 bar), (550 K, 90 bar), (575 K, 100
bar), and (600 K, 150 bar), respectively. For the temperature higher than 350 K, the pressure was set to be
larger than the saturated vapor pressure.

To obtain the frequency distribution functions, 343 molecules were employed in the simulation and the
Newton’s equations of motion were integrated up to 421 ps. The trajectory data were recorded at each 0.2 fs
time step, and the frequency distribution functions were evaluated using the recorded velocity vectors. Also,
to obtain the structure factors, 2197 molecules were employed and the Newton’s equations of motion were
integrated up to 10 ps. The trajectory data were recorded at each 0.5 fs time step, and the structure factors

were evaluated with the recorded position vectors.
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Fig.1. Frequency distribution functions for D (a) and O (b).
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Fig.2. Structure factors for D (a) and O (b).

4. Results and Discussion

Figure 1 shows the frequency distribution functions for D (a) and O (b). It is seen that the distribution

functions change gradually as the temperature increases, for both atoms. In the low frequency region below

5 meV, the distribution function increases as the temperature increases. The peeks appearing at frequencies

above 100 meV correspond to the vibrational motion.

Figure 2 indicates the structure factors for D (a) and O (b). In Fig.2 the structure factor increases as the

temperature increases in the wavenumber region below 2 A-!. The temperature dependence is significant

only for the wavenumber less than 5 A
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Figure 3 shows the total cross section for D,O at room temperature, where Kropff et al. measured the
cross sections at 20°C [13]. In Fig.3 the evaluated cross sections for ENDF/B-VIIL.O and JENDL-4.0 [14]
are also indicated. The present result almost overlaps the ENDF/B-VIILO evaluation. Both the
ENDF/B-VIIL.0 and the present evaluations are in good agreement with the experimental data. The bump
appearing around 3 meV has been reproduced by considering the coherent scattering. In JENDL-4.0, the
ENDF/B-VIL.8 evaluation [2,15] based on the incoherent approximation, was adopted. The JENDL-4.0
evaluation overestimates the cross section for the neutron energy below 2 meV.

Figure 4 shows the average cosine of the neutron scattering angle at room temperature. The
experimental data [16,17] were obtained from Fig. 17 of [2] using WebPlotDigitizer [18]. Both the
ENDF/B-VII.0 and the present curves have a similar energy dependence, which accord with the
experimental data.

Finally, Fig. 5 shows the total cross sections in the temperature range from 293.6 K to 600 K. For the
neutron energy smaller than 1 meV, the cross section increases as the temperature increases. The
temperature dependence becomes small with the increase of the neutron energy. For the neutron energy
larger than 10 meV, the difference is less than 20 % between 293.6 K and 600 K. At the neutron energy
above 1 eV, the cross section converges to the sum of the free atom cross sections of 10.5 b [19]. It is seen

that the present results are almost consistent with the ENDF/B-VIIL.O evaluations.

5. Summary

TSLs were calculated for heavy water using the MD simulation. The Skéld approximation was applied
to consider the coherent scattering. We derived the cross sections from the obtained TSLs, and compared
them with the experimental data and the ENDF/B-VIIL.O and JENDL-4.0 evaluations. We confirmed that
the measured cross sections at room temperature were well reproduced by the present calculation. The total
cross sections were almost consistent with the ENDF/B-VIIL.0 evaluations. We published the present TSLs
in the ENDF-6 format file in JENDL-5.
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From a number of the critical experiments performed at the Tank-type Critical Assembly (TCA),
a series of experiments was selected to validate the thermal scattering law of hydrogen in water S(a,
B) and analyzed by the continuous-energy Monte Carlo code MVP3 with JENDL-4.0. In the
experiments, the critical water levels were measured changing the number of water holes in the center
of the core. As a result, the calculated ks values systematically decreased along with the critical water
levels. When the same analysis was performed with the free-gas-model scattering cross-section of
hydrogen in place of S(a, B), the kefr values increased with the critical water levels. From this fact, a
slightly smaller S(a, B) was expected to cancel the decreasing trend of the ke values. Using the
perturbation function of MVP3, the reactivity changes for the perturbation in the atomic number
densities of hydrogen were calculated. They corresponded to the reactivity changes for the
perturbation in the neutron-flux-weight total cross-sections (<®c>). Decreasing <®c> of hydrogen by
about 2% almost cancel the trend. The main part of the total reaction rate of hydrogen in water is the
thermal scattering. The modification of <®c> would be obtained by modifying S(a, B) in 10-2 to 10!
eV.

1. Introduction

For the thermal scattering law of hydrogen in water (S(a, )), JENDL-4.0 [1] has adopted the
data of ENDF/B-1V.8 [2]. In the new compilation of JENDL-5, the revision of S(a, B) has been studied
[3]. To validate the revised S(a, B), appropriate integral experiments are needed. The object of this
study is to select the critical experiments performed at the Tank-type Critical Assembly (TCA) of the
Japan Atomic Energy Agency, analyze the experiments with MVP3 [4] with the JENDL-4.0 library,

and obtain information to be used for the revision of S(a, B).

2. TCA Experiments on Water Holes and Analysis
2.1. Critical Experiments on Water Holes

2 Former affiliation: Regulatory Standard and Research Department, Secretariat of Nuclear
Regulation Authority (S/NRA/R), Tokyo, Japan.
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Among a large number of critical experiments on the light-water- |
moderated lattice cores implemented at TCA, there is a data set on the
19-by-19 square lattice cores with a fuel rod pitch of 1.956 cm composed
of 2.6 wt% UO, fuel rods [5]. A set of the experimental cores consisted
of a core without a water hole, and nine cores that had one water hole,
and 3, 4, 5, 8, 9, 13, 20, and 21 water holes. For the cores with water
holes, the fuel rods in the core central region were withdrawn and
remained as water holes. Figure 1 illustrates the locations of the water

holes in the core central 5-by-5 cell regions. The critical water levels

were measured for these ten cores.

2.2. Analysis with MVP3

The inside of the core tank and the base concrete under
the core tank were modeled in the Monte Carlo calculations
with MVP3. The materials in the core tank included the fuel
rods, the moderator and reflector of water, the upper and
lower grid plates, the fuel support, and the stainless beam. The
dry lattice over the critical water level and the top fuel plugs
over the upper grid plate were also modeled. Figure 2
illustrates the horizontal and vertical cross-sections of the
main part of the core with 21 water holes in the calculation
model, as an example.

The atomic number densities were calculated following
the specifications of the fuel rods and structure materials [5].
In this calculation, the abundance of 2**U in the UO; fuel and

the impurities in the Aluminum alloy were taken into account

s
HL
E

Figure 1. Water hole
locations in the core
central 5-by-5 cell

regions [5].

Illustrations of the
(left) and wvertical

Figure 2.
horizontal
(right) cross-sections of the main
part of the core with 21 water
holes in the calculation model.

[6]. The density of water in the core was calculated based on the formulation of air-saturated water as

a function of temperature in

Table 1. The calculated cases and the calculated kegr values.

Reference [7].

The Monte Carlo calculations VI:/Iz;ltrélrbﬁ(r)lzg we(ljtrel;ulcezﬂel temggrr:ture CZ:;':&?'[‘[I?d
coupled with JENDL-4.0 [1] were of the core (cm) [5] (C) [5] JENDL-4.0
performed with 40 million histories [5]

(100 inactive and 4,000 active 0 60.60 15.9 1.00018
batches with 10,000 histories per 1 60.43 15.9 1.00012
batch). Under these calculation 3 61.00 16.0 1.00004
conditions, the statistical 4 60.80 16.2 0.99981
uncertainties (1 o) in the ke values > 62.65 16.1 0.99991
ranged from 0.00011 to 0.00013. g 3(5)3(0) ig; gggzjg

Table 1 shows the calculation 13 78.03 163 0.99904
cases and the calculated kefr values. 20 103.03 16.6 0.99864
The total uncertainties which were 21 140.64 16.5 0.99806

obtained considering the statistical
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uncertainties in the Monte

; 1.003
Carlo calculations and the o JENDL-4.0, H: S(,B)
uncertainties in the 1.002
measurements were 1.001
0.00015  Aker.  The 1.000 ..
calculated kesr values ranged %0-999 ¢ ®
=~ )

from 0.99806 to 1.00018 0.998
and were similar to those of 0.997
the precedent studies. [8- 0.996
10]. 0.995

Figure 3 illustrates the 0.994

50 70 90 110 130 150

calculated  kerr  values -
. . Critical water level (cm)
against the critical water

levels. The error bars show  Figure 3. The calculated kefr values against the critical water levels.
the total uncertainties. A

decreasing trend in the k. values was observed with the critical water levels. The difference in the ke
values between the lowest and highest critical water levels was 0.00212 Ak, and considerably larger
than the total uncertainties. Even though there may be some other alternative interpretations of the
trend, this study focused on the uncertainties in the neutron cross-sections of the relevant main

nuclides: hydrogen ('H), oxygen ('°0), and uranium (**>U and ?*%U).

3. Cross-Section of Hydrogen
3.1. kesr Values with Free-gas-

model Cross-section
1.030

To obtain  reference e JENDL-4.0, H: S(a,8) © H: free gas model
information  relating to the 1.025 o
scattering cross-section of 1.020
hydrogen in the thermal neutron .1.015 N
energy region, the calculations < 010 .
were performed by replacing S(a,

. 1.005
B) with the free-gas-model cross-
section in JENDL-4.0 for the core 1.000 e e . o
without a water hole, and the cores 0.995

50 70 90 110 130 150

with 13, and 21 water holes. The

calculated  kerr  values — are

illustrated compared with those  Figure 4. The calculated ke values against the critical water
with S(a, B) in Figure 4. The ke levels with S(a, ) and the free-gas-model cross-section.

Critical water level (cm)

values with the free-gas-model

cross-section were larger than those with S(a, B) and showed an increasing trend with the critical water
levels. Figure 5 shows the neutron-energy-dependent total macroscopic cross-sections of the water in
the fuel cells. They are the calculation results of MVP3 for the core without a water hole. The figure
indirectly shows the difference between S(a, P) and the free-gas-model cross-section of hydrogen

since a main part of the total cross-section is the scattering cross-section of hydrogen. The smaller
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scattering cross-section of the

free-gas-model cross-section

- 20
in the thermal energy region § 18 |--:
L . .
— —Hydrogen-in-water cross section
reduces the neutron up- Z 16 _
scattering and causes a softer '§ 14 -~ Free-gas-model cross section
thermal neutron spectrum, ; 12
(@]
which  increases  fission E 10
reaction in the fuel. This g 8
. . . a 6
effect is large in the cores with o A
13 and 21 water holes which £
= 2
- N
have softer neutron energy 5 0

Spectra than that of the core 1.E-04 1.E-03 1.E-02 1.E-01 1.E+001.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

. . Neutron energy (eV
without a water hole. This gy (V)

indicated that a slightly  Figure 5. Total macroscopic cross-sections of the water in the fuel
smaller S(a, B) than that in  cells with S(a, B) and the free-gas-model cross-section.

JENDL-4.0 would reduce the

decreasing trend in the Kesr values.

3.2. Perturbation Calculation of Hydrogen Number Density

In this study, the number density of hydrogen was modified in place of S(a, B). A neutron reaction
rate of a nuclide in a unit volume of a specific region is expressed by the product of the neutron -flux-
weight total cross-section and the atomic number density of the nuclide. The neutron-flux-weight total

cross-section is defined by,

Emax

Emax
< Qg >= f f d(x,y,z,E)a(x,y,z, E)ddedydz/f f dEdxdydz
v Jo v Jo

here, fv dxdydz is a volume integral over the specific region, and fOEm“" dE is an energy integral

from 0 to Emax. When a core calculation is performed with the deviated atomic number density from
the nominal value, the results of the core calculation can be also regarded as those obtained with the
deviated neutron-flux-weight total cross-section from the nominal value in the condition of the
nominal atomic number density. The differences in the kefr values caused by the deviated number
density of hydrogen were obtained by using the perturbation function of MVP3. The calculations with
the atomic number densities increased by 5% from the nominal values were performed as a reference
calculation. The differences in the kefr values are listed in Table 1 for the core without a water hole
and that with 21 water holes, as examples. As a result of the survey using the reference data, decreasing
the hydrogen number density by 1.8% almost made the ks values constant with the critical water
levels as shown in Figure 6. The uncertainties in kefr values for the 1.8%-smaller hydrogen number
densities included the uncertainties in the perturbation calculations of the number density.

The total reaction rates of hydrogen calculated by MVP3 are illustrated in Figure 7 for the
reflector, fuel cells, and water holes in the core without a water hole and the core with 21 water
holes. The total reaction rates of hydrogen have peaks in the neutron energy 10-2 to 10-' eV where
the main reaction is scattering and the scattering cross-section is expressed by S(a, ). The

modification of the neutron-flux-weight total cross-section of hydrogen would be obtained by
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modifying S(a, B) in 102 to 10! eV.

4. Cross-sections of 0,
235U, and 238U

To examine the effect of
the cross-sections of '°0, 233U,
and #38U, the calculations with
the atomic number densities
increased by 5% from the
nominal values were
performed in the same way for
The
results are listed in Table 2.

The differences in the effects

hydrogen. calculation

of the deviation in the number
densities on the core reactivity
between the core without a
water hole and that with 21
water holes are small, while
those  of hydrogen are
considerably large. For the core
with 21 holes, the
absolute value of the reactivity
of %0 decreased and those of
23515 23815

compared with those for the

water

and increased
core without a water hole. It is
attributed to the difference in
the neutron energy spectra
which are softer in the core

with 21 water holes than that in
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Figure 6. Calculated kefr values against the critical water levels
with the nominal and 1.8%-smaller hydrogen number densities.
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Figure 7. Total reaction rates of hydrogen in the three water
regions for the core without a water hole and the core with 21

water holes.

Table 2. The differences in the kefr values (Akefr,) with the atomic number densities larger by 5% than
the nominal values for the core without a water hole and that with 21 water holes.

Number | Akeyfor +5% Abkefr for +5% Akefr for +5% Abkeegy for +5% atomic
of water | atomic number atomic number atomic number number density of
holes density of 'H density of 10 density of 23°U B8y

0 0.01250 0.00158 0.01023 —0.00539

21 0.00654 0.00118 0.01060 —0.00562

the core without a water hole. The correction of the decreasing trend was attempted with the neutron-

flux-weight total cross-sections of '°0, 233U, and 23%U. It indicated that the necessary decrease of the

neutron-flux-weight total cross-section of '°0 for canceling the decreasing trend in the kegr values is

about 27%, which seems to be too large. The relation of the cross-sections of 2*3U and 2*%U to the
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trend seemed to be small since the necessary amount of modifying the neutron-flux-weight total cross-

section is too large.

5. Conclusions

The analysis of the critical experiments on the water holes was performed using MVP3 coupled
with JENDL-4.0. The results of ke values ranged from 0.99818 to 1.0005 and showed a decreasing
trend with the critical water levels. Assuming that the trend was relating to the uncertainties in the
cross-sections filed in JENDL-4.0, the investigations of modifying the neutron-flux-weight total cross-
sections were carried out by changing the atomic number densities of hydrogen, '°0O, 2*°U, and 2**U
with the perturbation function of MVP3. The results of the perturbation analysis of the hydrogen
number density indicated that the neutron-flux-weight total cross-sections of hydrogen should be
smaller about 2% than that in JENDL-4.0. The modification of the cross-section would be obtained
by modifying S(a, B) in 102 to 10! eV. The relation of the cross-sections of '°0, 233U, and 233U to the
trend seemed to be small.

It was demonstrated that the experimental data set investigated in this study is appropriate to
validate S(a, B).
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We show the theoretical framework to evaluate the overlap integral of the shell-model
and cluster-model wave functions. The framework is applied to the system of the core plus
two neutrons (n), and the magnitude of the overlap of the shell model configuration (core
+ n + n) and the di-neutron cluster one (core +2n) are calculated. In this calculation, we
have confirmed that the magnitude of the overlap integral is prominently enhanced when
two neutrons occupy the shell model orbits having the lower orbital angular momenta, such
as the s and p wave orbits. The shell-cluster overlap is also evaluated for the systems with
the jj-closed cores plus two neutrons, and the enhancement due to the occupation of the s
or p orbit appears in the systematic calculation. The feature of the shell-cluster overlap is
also discussed in the core 4 four nucleons systems, which corresponds to the evaluation of
the formation amplitude of the « cluster around the core nucleus.

1 Introduction

Nuclear shell model based on a mean field picture is a standard model to explain ground and
low-lying states in nuclear systems [1, 2, 3]. In the ground state of a nucleus, all nucleons perform
the independent particle motion in the self-consistent mean field by occupying the single particle
orbits [1]. There appear energy gaps in a sequence of the single particle orbits, and such the
level structure is called the shell structure [1, 2, 3]. The nuclear shell model, which considers
the single particle configurations based on the shell structure, is quite successful in explaining
the properties of the low-lying states over a wide mass region except for a few examples.

On the contrary, in the lighter mass systems, there appears the clustering phenomena, in
which one nucleus is decomposed into the several subunits called clusters. An typical and well
known example of such the cluster is the “He nuclues called « cluster [4, 5, 6], The a cluster is
a quartet of two proton plus two neutrons. In the ground state, the a cluster and the residual
nucleus are merged, which leads to the formation of the one-body mean field structure, but the
« clustering is prominently enhanced in the excited states [4, 5, 6]. Moreover, in recent studies,
di-neutron correlations are extensively investigated in the lighter mass region [7, 8, 9, 10]. A
pair of neutrons does not form the bound state in a free space but the spatial localization of
the di-neutron around the nuclear surface has been confirmed experimentally [7, 8], which is
compared with the theoretical calculations based on the three-body models [9, 10].

The independent particle configuration in the self-consistent mean field seems to be inconsis-
tent to the cluster configuration involving a spatial localization of the several nucleons but they
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are non-orthogonal, and hence the amplitude of the cluster formation is non-zero even if the
pure shell model structure is realized, in which the individual nucleons completely perform the
independent particle motions. The relation of the shell model and the a-cluster model configura-
tions is deeply discussed in the lighter mass region, where the effect of the spin-orbit interaction
is not so strong [4, 5, 6, 11]. However, the relation of the shell-cluster configurations still remains
unclear in the heavy mass region, in which the spin-orbit interaction must be prominent due to
the occupation of the shell model orbits with the higher orbital angular momentum [1].

The evaluation of the non-orthogonal amplitude of the shell and cluster models is impor-
tant to characterize the relation of these two models, which seem to describe the different
particle motions intuitively. The non-orthogonal amplitude can be directly calculated by the
overlap integral of the wave functions in the shell and cluster models, which are defined by the
multi-dimensional integration with the coordinate rearrangements [12, 13]. It is interesting and
instructive to explore the systematic feature of the shell-cluster overlap integral in the systems
of core plus valence nucleons, which can be obtained by varying the the shell model orbits, the
core mass number, the spatial size of the cluster, and so on.

Recently, we have formulated a new method to calculate the overlap integral of the wave
functions in the shell and cluster models by combining the Gaussian expansion method, which is a
powerful tool for the variational treatments of the few-body problems [12, 13, 14], and the Fourier
transformation [15]. The new framework has been applied to the core + two neutrons systems,
and we have investigated the basic feature in the overlap integrals of the naive shell model
configuration and the di-neutron cluster one. Furthermore, the calculation of the configuration
interaction (CI) is also performed [2, 3, 16], and the CI effect on the shell-cluster overlap integral
is systematically investigated. Although we have focused on the discussion about the core + two
neutrons system in the present report, the new framework can also be extended to the core +
four nucleons, corresponding to the core plus « cluster systems, in a straight forward manner. In
this report, we will present the essential aspects of our calculation, and all of the results shown
in this report are compressed from Ref. [15].

2 Theoretical framework

The shell model wave function Wy for two neutrons around the heavy core is constructed from
the direct product of the single particle orbits, which is written in a symbolic form,

Us = NA{@a(r1)gp(r2)} - (1)

Here ¢,(r;) shows the single particle wave function for the i-th valence neutron. The subscripts
a and b in ¢ are the abbreviation of a set of the i-th single particle orbit, such as a = (n, [, J,j.)
with the radial node n, the orbital spin [, the total spin j and its third component j.. The
vector r; contains a set of the coordinates for the single particle orbit: the position vector and
the spin coordinates. Both of the single particle orbits are orthogonal to the orbits contained
in the core nucleus, which is not considered explicitly in the present calculation. The core part
in the total wave function does not explicitly contribute to the final amplitude of the overlap
integral [15]. In Eq. (1), A and N mean the anti-symmetrization operator for all nucleons and
the respective normalization constant, respectively.
The wave function of the di-neutron (2n) cluster model is

where N, A are the same symbols as those in Eq. (1): the normalization constant and the
anti-symmetrizer, respectively. xras(R) denotes the wave function for the core — 2n relative
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motion with the orbital spin L and its third component M, which is a function of the core — 2n
relative coordinate, R. Here we assume the L = M = 0 state for simplicity.

In Eq. (2), ¢(p,¢) shows the internal wave function of the 2n cluster with the spin-less
neutron pair (S = 0). The coordinate p denotes the n —n relative coordinate, while ¢ represents
the spin coordinate. Here the spatial part in p(p,() is set to the simple Gaussian function
corresponding to the (0s)? configuration in the harmonic oscillator potential with the width
parameter v.

We calculate the shell-cluster overlap, (U,|W.), by combing the Gaussian expansions [12, 13,
14] for the radial wave functions, which appear in Egs. (1) and (2), and the Fourier transforma-
tion. The final expression of overlap becomes quite simple, and the schematic expression for the
core + two neutrons system is given by

<\IIS‘\I}C> = <\I}S(n7l7JaJZ7T)’\IjZ(LMSSZTTz)>

= F(LSSzTT27l7j7jzaT) 'GV(L7n’laj)

2
O(M + 82, jzi) (3)

i=1

X

where the bold symbols denote sets of quantum numbers of two nucleons, such as n = (nq, ng),
l = (I1,l2) and so on. The 2n-cluster model wave function ¥, depends on the internal width
parameters of the 2n cluster, v, which is specified by the superscript in the first and second lines
of Eq. (3). Kronecker delta in the last line guarantees the conservation of the z-component of
angular momentum.

In the second line of Eq. (3), the basic structure of the overlap integration is shown; specif-
ically, the overlap integral is given by the direct product of the kinematic part F' and the
dynamical part G. I is determined by the angular momentum algebra independent of the de-
tails of the radial wave functions, while G is calculated from the radial wave functions in the
shell model wave funciton (¢(r) in Eq. (1)) and the cluster model one (xra(R) in Eq. (2)).

The separable expression in Eq. (3) is useful to interpret the computational results on the
overlap integrals in terms of the matching between the angular momentum scheme and the
radial wave functions. This is an advantage arising from the Fourier transformation. The
final expression becomes the complicated expression if we employ the standard technique of the
coordinate rearrangement using the transformation of (r1,r2) < (R, p) [12, 13]. The explicit
expression of the overlap integral in Eq. (3) for the case of the spin-singlet (S = S, = 0),
isospin-triplet (7" = |T,| = 1) pair of the two nucleons is given in Ref. [15].

3 Results

We have calculated the overlap integral of the shell model configuration (core + n + n) and
the di-neutron cluster configuration (core + 2n) in the various systems with the jj-closed cores,
such as 160, 288i, 325, 40Ca, 4Ge and 75Sr. In Fig. 1, we show the results of the systematic
calculations of the shell-cluster overlap integrals. In this calculation, the harmonic oscillator
(HO) wave function is applied to all of the radial wave functions The internal width parameter
of the 2n cluster (v) is fixed so as to reproduce the root-mean-squared radius of a deuteron
(~ 2.1 fm). The width parameters of the single particle wave function in the shell model and
the relative wave function in the cluster model is determined from the relation of hw = 41A51/ ’
with the core mass number Aq.
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Figure 1: Systematic calculations of shell-cluster overlap. In the abscissa, the combination of
the core and the shell configuration of two neutrons is shown, while the ordinate shows the
magnitude of the shell-cluster overlap integral (U,|W.).

In the calculation shown in Fig. 1, the lowest shell model configuration around the core
nucleus is assumed for the valence two neutrons, which couples to the spin zero pair, such as
j1®49 =J = 0. In Fig. 1, the prominent enhancements can be seen at the core of 28Si, °°Ni and
76Sr, which corresponds to the two neutrons configurations of (181/2)2, (1p3/2)2 and (1p1/2)2,
respectively. This result means that the shell-cluster overlap is increased if the two neutrons
occupy the shell model orbit having the lower orbital spins, such as [ = 0 and 1. On the other
hand, the overlap is suppressed when two neutrons occupy the higher orbital spin states, [ > 3.

The result in Fig. 1 is obtained by assuming the naive shell model configurations for the
valence two neutrons, which is the occupation of the lowest orbit around the core. In the
realistic nuclei, however, there must be the effect of the configuration interaction (CI), and we
have checked the CI effect on the systematics in the overlap integral. In order to see the CI effect
on the shell-cluster overlap, we have performed the CI calculation employing the computational
code of KSHELL [16]. Here we use the interactions of SDPF-M for the 190, 28Si and 32S cores
[19], GXPF1A for %Ni and ®*Ge [20] and JUN45 for 6Sr [21].

From the comparison of the calculation with and without CI, we have found that the CI
effect is not strong. Specifically, the feature of the enhancement (suppression) at 1s and 1p (0f
and Og) orbits, which appears in Fig. 1, is not changed so much even if the CI effect is taken
into account. Roughly speaking, the CI effect enhances the magnitude of the overlap but its
amount is almost constant over all of the core systems [15]. Thus, the peak structure without
CI survives after switching on the CI effect, and we can trace the original peak structure, which
appears in the naive shell model configuration, from the CI solutions.

We should be careful for the calculation of the “®Sr core because it is the strongly deformed
nucleus having the prolate shape, which can be described by the large scale CI calculation,
which requires the active model space of the 1p0f and 0gld shells built on the SNi core [18].
Analysis in Ref. [18] has pointed out that the quasi-SU(3) coupling of Ogg/, and 1ds/, orbits
plays an important role in reproducing the large collectivity in “®Sr. Therefore, the deformation
effect in 7®Sr should be taken into account in the realistic calculation of the shell-cluster overlap
integrals.

It is very interesting to study the overlap integral in the systems of the core plus four nucleons.
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It is possible to extend our formulation to the core + 4N systems, which correspond to the «
cluster systems, in a straight forward manner. We have done the similar calculations of the
shell-cluster overlap of the four nucleon systems with the jj-closed cores from 60 to °°Ni. In
this calculation, we have assumed the naive shell model configurations around the individual
cores. The enhancements of the overlap at the lower orbital spins, such as [ = 0, 1, are confirmed.
This is the similar to the result of the core + two neutrons systems shown in Fig. 1. Since, in
this calculation, we do not consider the CI effect for the shell model states of the four nucleons,
the inclusion of the CI effect is important in future studies.

4 Summary

In summary, we have formulated the computational technique to calculate the shell-cluster
overlap integral [15]. The formulation is achieved by combing the Gaussian expansion method
of the radial wave function [12, 13, 14] and the Fourier transformation. Although we do not show
the final expression of the shell-cluster overlap, it becomes quite simple from, which is given by
the direct product of the kinetic part and the dynamical part. The former and latter parts are
determined by the angular momentum algebra and the radial wave functions, respectively.

Our formula has been applied to the systems of the core plus valence two neutrons, and
the shell-cluster overlap is evaluated in the systems with the jj-closed cores. In the systematic
calculations, we have found the enhancement in the overlap when two neutrons occupy the shell
model orbits having the lower orbital angular momentum, such as the s and p wave orbits.

We have also considered the effect of the configuration interaction (CI) in the calculation of
the overlap integrals by employing the computational code of KSHELL [16]. The CI effect, which
gives rise to the mixture of the component of the higher orbital spin, increases the magnitude
of the overlap integral but its amount is almost constant, and hence the original peak structure
appearing at the s and p orbits survived after the CI effect is switched on.

It is important to apply our calculation to the core + four nucleon systems, corresponding to
the « cluster systems. In the present report, the simple analysis without the CI effect has been
done, and we have confirmed the enhancements of the overlap by the occupation of the s and
p orbits in the shell model configuration for the four nucleons. The more sophisticated analysis
with CI for the four nucleons is now under progress.
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In recent years, BNCT, a new radiation therapy for cancers, has attracted attention of many
researchers due to selective treatment ability of cancer cells. In BNCT procedure, °B and low-energy neutron
cause a (n, 0 ) reaction to kill only the cancer cells by produced charged particles, and epi-thermal neutrons
are used for treatment of deep-seated cancers. Because the number of irradiated epithermal neutrons
determines the therapeutic effect, it is crucial to measure the absolute epi-thermal neutron intensity. For that
purpose, we are developing a novel monitor to measure the absolute epithermal neutron flux intensity on the
human body surface in real time.

In this study, we designed a monitor with a flat detection efficiency for epithermal neutrons between
0.5 eV and 10 keV. We employed a LiCaF scintillator as a neutron detection device due to its high sensitivity
to neutron via °Li(n,a)*H reaction, which was covered by a neutron absorber to make a flat efficiency. As a
result, the detection efficiency of the monitor showed a flat feature, irrespective of the thickness of the

absorbers.

1. Introduction

In recent years, BNCT, a new radiation therapy for cancers, has attracted attention of many
researchers due to selective killing of cancer cells. In BNCT protocol, boron compounds that can accumulate
only in cancer cells are administered into a human body. After that, low-energy neutrons are irradiated to
cause a nuclear reaction of 1°B(n, a )’Li to kill cancer cells [1]. Thermal neutrons are used for surface cancers,
while epithermal neutrons are employed to treat deep-seated cancers [2]. For the deep-seated cancers the
therapeutic effect is determined by the number of irradiated epithermal neutrons. Therefore, it is necessary
to measure the absolute number of epithermal neutrons irradiated on the human body surface in real time.

To solve this problem, we are developing a novel monitor to measure the absolute epithermal
neutron flux intensity on the human body surface in real time. For measuring neutrons in real time, we
employed a LiCaF scintillator due to its high sensitivity to neutron via °Li(n, o)*H reaction. By covering the
LiCaF scintillator with neutron absorbers, a flat detection efficiency is expected to realize. In this study, we

investigate suitable design of the absorbers to have a flat detection efficiency.
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2. Design of one-thickness absorbers
2.1. Neutron detection device

LiCaF measures the number of neutrons by detecting light emitted from the substance excited by
the °Li(n, a)*H reaction. Figure 1 shows the reaction cross section of °Li(n, o)*H [3]. The reaction cross
section decreases linearly in the epithermal neutron region (0.5 eV-10 keV), thus the detection efficiency has

the same dependence.

108
104

102

1  Thermal Epithermal
0.5eV 10 keV

102

Cross Section(bars)

105 103 101 10 103 105 107
Neutron Energy (eV)

Fig. 1 Reaction cross section of ®Li(n, a)*H reaction [3]

The relationship between the detection signal count C, the incident neutron flux ¢,(E), and the

detection efficiency &(E) defined by the reaction cross section o (E), is expressed by the following equation

().
C= f e(E)y (E) dE )

Due to the energy dependence of the detection efficiency €, the number of neutrons cannot be measured
directly from the measured value C. Therefore, it is necessary to make the energy dependent sensitivity flat
to measure the neutron flux intensity directly. With an energy-independent constant detection efficiency &,

the neutron flux can be derived by C/&.

2.2. Design calculation method

At first, we designed a simple monitor with a single layer absorber. As described in the previous
section, this monitor was required to have a flat sensitivity to epithermal neutrons between 0.5 eV and 10
keV. A2 X2 X2 mm? cubic LiCaF was employed for a detection element, and filtering absorber was designed
using Monte-Carlo simulation. '°B enriched boron (1°B 90.4 %) was employed for the absorber material,
because '°B strongly absorbs low energy neutrons and can change the detection efficiency dramatically. The
design calculations were carried out with the PHITS code which simulates particle transportation [4]. In the

simulation by PHITS, a parallel beam is irradiated to LiCaF from a plane neutron source with the same area
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as LiCaF, and the energy deposition to LiCaF was calculated to determine the number of measured neutrons
by the deposited energy to LiCaF via °Li(n,a)*H reaction using t-deposit tally. The relationship between the
total energy deposition in LiCaF by charged particles of o and 3T, E (MeV), and the number of neutrons
LiCaF detects, n, is shown by the following equation (2), using the energy release in one 6Li(n, o)t reaction
(4.78 MeV).

= i (2)
4.78

The detection efficiency was calculated from the ratio of the number of neutrons detected by LiCaF, n, and

the number of incident neutrons. Finally we calculated detection efficiency changing the design of absorbers

around LiCaF such as absorber thickness to investigate suitable absorber design from the ratio of the

maximum and minimum values of the detection efficiency curve for epithermal neutrons between 0.5 eV and

10 keV.

2.3. Result

Figure 2 shows calculated detection efficiency of LiCaF with boron absorber for each boron
thickness. The dark region indicates the epithermal neutron region. As a result, 10 mm thickness of boron
made the flat detection efficiency between 1 keV and 10 keV, however, the detection efficiency was not flat

from 0.5 eV to 1 keV, so further improvement was required for developing the monitor.
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Fig. 2 Detection efficiency of LiCaF with boron absorbers.
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3.  Design of various-thickness absorbers
3.1. Monitor design procedure

We have designed various-thickness boron filters to make the flat detection efficiency between 0.5
eV and 10 keV. Figure 3 shows the basic design of boron absorber. By combining several different thickness
boron filters, which were thinner than 10 mm, the detection efficiency between 0.5 eV and 1 keV was
increased to make the detection efficiency flat. Figure 4 shows examples of the detection efficiency with
various-thickness absorbers. As shown in Figure 4, the detection efficiency of two-thickness boron absorbers
improves the detection efficiency from 10 eV to 10 keV, and three-thickness boron absorbers indicates that
the efficiency can be more improved within the whole epithermal neutron region (0.5 eV — 10 keV). We in
this way investigated the optimal design of the absorber.

In the design procedure, the detailed size was determined by the following order: The first thickest
boron thickness t1 and length t2, medium boron thickness t3 and length t4, and thin boron thickness t5 to
finally make the detection efficiency flat.

tl
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Fig. 3 Basic design of the boron absorber. Fig. 4 Detection efficiency with various-thickness
absorbers.

3.2. Result

Figure 5 shows the design result of the boron absorber and Figure 6 shows the detection efficiency
of LiCaF with the designed boron absorber. Although the ratio of maximum and minimum detection
efficiency of the epithermal neutron region of bare LiCaF between 0.5¢V and 10 keV, L was 130, that of
LiCaF with boron absorber L, was greatly improved to be 1.23. As a result, the sensitivity of the monitor was

successfully made flat between 0.5 eV and 10 keV within about 20%.
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Fig. 6 Detection efficiency of LiCaF with the boron absorber.

In this study, we designed an epithermal neutron monitor with LiCaF scintillator and boron filters
to measure the absolute epithermal neutron flux intensity on the human body surface in real time. As a result,
the monitor was successfully designed having a flat detection efficiency, that is, practically 1.23 of ratio of
maximum and minimum detection efficiency within the epithermal neutron region between 0.5 eV and 10

keV. However, designed monitor still have some problems. The first is that the boron absorber length is too
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small to create. The second is that it is also sensitive to fast neutrons, though we first focus on low energy p-
Li neutrons. In future, we will solve these problems, develop the designed monitor and carry out experiments

to confirm the performance to estimate the epi-thermal neutron flux in real time.
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Precise nuclear data information is important to evaluate the production method, cross -sections and
impurities in medical radioisotopes. In this study, the "In (y, nx) !'%!!!In reaction cross sections were
measured with the bremsstrahlung end-point energy of 63 MeV. The experiments were performed by
using the 100 MeV electron linac facility of the Pohang Accelerator Laboratory (PAL) at Pohang, Korea.
Energy averaged cross sections for "In (y, nx) '"%!"!'In reactions were compared with the theoretically
calculated values based on TALYS 1.6 code.

1. Introduction

During the past half century, precise measurements and evaluations of photonuclear reaction cross
sections, mainly for stable isotopes, have been carried out using the facilities around the world. The
precise measurement of photonuclear reactions is closely linked to human life, not only in basic science
but also in nuclear power, medical applications, and the space industry. Based on these results, the [AEA
Evaluated Photonuclear Data Library was updated to provide precise information on photonuclear
reaction cross sections mainly in the GDR region (IAEA/PD-2019) [1]. At the same time, the JENDL
photonuclear data library [2] has been updated to provide more complete data. There are still remaining
problems in photonuclear reactions, both in measurement and evaluation. Some of them are the

measurement of isotopes with low natural abundance, double differential cross sections, multiple particle
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emissions, and the higher energy side of GDR in competition with the quasi-deuteron decay process.
These topics will become more important from the viewpoint of radiation protection in facilities, and also
in the space industry.

We report here on the measurement of the photonuclear reaction cross section of indium using the
activation method with the bremsstrahlung end-point energy of 63 MeV. Indium isotopes are important
for the development of medical radioisotopes. For example, !''In is used for cerebrospinal fluid imaging,
bone marrow scintigraphy and so on. On the other hand, it is known that ''*™In is suitable for imaging
because it emits y — ray with 190 keV (T12: 49.51 days), and at the same time, it can be used for internal
beta ray therapy because of its beta decay property. Methods using radioactive nuclei for both diagnosis
and treatment are called “theranostics”. The radionuclide '''In can be usually produced by irradiating
Cd or '">Cd isotopes with protons or deuterons. On the other hand, ''*™In production method has four
possible ways, such as '"*In (n, y)'""*"In, 'In (y, n)!"*"In, "'*Cd (p, n)!"*™n and '3Cd (d, n)!"*™In
reactions. Although '“™In is a useful nuclear medicine, it is reported as an “emerging isotope” in the
IAEA publication because of its difficulties in establishing a stable supply system [3, 4, 5, 6]. In this
study, an experiment on the ™In (y, xn) reaction was performed to investigate the photo nuclear reaction
cross sections in a wide range of energies, including the GDR region.

2. Experiment

The photo activation experiment was performed using the 100 MeV electron linear accelerator of
Pohang Accelerator Laboratory (PAL) at Pohang, Korea. The photon beam was generated by irradiating
a 0.1 mm thick tungsten with a 63 MeV electron beam. The electron beam current was 37 mA and the
end-point energy of the generated bremsstrahlung photon beams was 63 MeV. As a photon flux monitor,
we used '7Au (y, n) '°Au reaction. The natural indium samples were irradiated for 30 minutes together
with a natural gold flux monitor. The sizes of natural indium and gold samples were 1 cm x 1 cm x 0.1
mm each with weights of 0.0832 g and 0.1905 g, respectively.

After the irradiation, the number of y-rays emitted from the radioactive samples were counted in off-
line situation using a HPGe detector. The detector’s full energy photopeak efficiency was measured as a
function of photon energy using '3*Ba and '3*Eu standard sources (See, Figure 1). In Figure 1, solid lines
show the detection efficiency of HPGe detector using the least — squares method expressed as the natural
logarithm of the polynomial function. Figure 2 shows the y-ray spectrum of the indium isotopes obtained

from the ™'In (y, xn) reactions. Experimental details are shown somewhere else [7, 8].
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Figure 1. The detection efficiency of HPGe detector using y-ray standard sources of 133 Ba and '3?Eu

3. Data analysis and the result

The "In sample, which has been activated by the bremsstrahlung, was removed from the irradiation
site after cooling time of about 30 minutes, and measured its y-rays by an HPGe detector. One of the
observed v - ray spectrum is shown in Figure 2. Neutron multiple emission threshold energies in
Reference [9] are also shown in Table 1. Following is the classical photo activation analysis formula.

RT) _ nogolye(1—e )e AT (1-e4RT)

Nobs (g = l (1)

where Nops is the detected photo-peak counts of the y-ray of interest, n is the number of atoms (/cm?), ¢
is the number of incident photons, t is an irradiation time, T is the cooling time. RT and LT are the real
time and live time, respectively. Number of incident photons was determined from the '7Au (y, n)'*°Au
reaction using Eq. (2). Here, we used the detected photo-peck the counts of 355.7 keV y - ray of "°Au
from the present measurement, whereas the '°’Au (y, n)!?®Au reaction cross section ozfrom TALYS1.6.
Energy distribution of the incident photon was defined as the Schiff formula.

RT
Nobs(ﬁp\

(1) - ncRIys(1_e—lt)e—AT(l_E—ART) (2)

Since, the photon beam has broad energy distributions, the estimated cross section is the flux weighted

average value and can be given in Eq. (3), which is the modified form of Eq. (1).

RT
(O' ) _ Nobs(ﬁ))L
exp/ — n¢,1y£(1_e—At)e—AT(l_e—ART)

3)
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Figure 2. One of the y -ray spectrum of the isotopes of indium obtained from the "In (y, xn) reaction and

measured by HPGe detector.

Table 1. Photo neutron separation energies for indium isotopes [9]

Sh Son S3n San Ssn Sen S7n Sgn
(MeV) | MeV) | MeV) | (MeV) | (MeV) | (MeV) | (MeV) | (MeV)
1510 (95.7%) | 9.04 16.31 |25.76 |33.43 |43.43 |51.49 |61.94 |70.57
1310 (4.3%) 9.45 17.12 | 27.11 |35.17 |45.62 |54.25 |65.28 |74.85

In order to compare the experimentally determined flux weighted average cross sections with the
theoretical values, we estimated the theoretical values using the cross sections using the TALYS 1.6 code

[9] and energy distribution of the bremsstrahlung calculated by the Schiff formula as follows.

[T 5 (B (E)AE
(Ocar) = —L— 4)
Jg " d(E)AE

Figure 3 shows the preliminary result of the flux weighted average cross sections for "n (y, xn) reactions.
In this study, we measured only the "In (y, xn)'!'In and "In (y, xn) ''°In reaction cross-sections as test
studies. The experimental and theoretical values were found to be in good agreement. Since the
experimental spectra contain more y -ray information, we would like to analyze all the data in detail in

the future.

4. summary

The "n (y, nx) ''%!!n reaction cross sections were measured with the bremsstrahlung end-point
energy of 63 MeV from the 100 MeV electron linac facility of the Pohang Accelerator Laboratory (PAL)
in Korea. Flux weighted averaged cross sections for "In (y, xn) !'%!!!In reactions were obtained as a trial
basis and compared with the theoretically calculated values based on TALYS 1.6 code. We confirmed

that both results showed good agreements and will continue to analyze them in detail.
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A compact 3 GeV next-generation synchrotron radiation facility is currently being constructed at
Aobayama New campus of Tohoku University in Miyagi prefecture, in which intense synchrotron
radiations of both soft and hard x-rays are to be available. In this facility, the radiation-controlled area in
the experimental hall is limited to the optical and experimental hatches so that even non-radiation workers
can use synchrotron radiations. An area outside of the optical hatch is set to a non-controlled area. For
that purpose, gas bremsstrahlung radiation that is generated by interacting electrons with residual gas in
the beam pipe must be shielded. A shielding design for optical hatch by using PHITS code is presented
in this paper.

1. Introduction

A compact 3 GeV next-generation synchrotron radiation facility is currently being constructed at
Aobayama New campus of Tohoku University in Miyagi prefecture, in which intense synchrotron
radiations of both soft and hard x-rays from a 3 GeV electron storage ring are supplied for users from
FY?2024 [1]. This facility is the first-ever synchrotron radiation facility in the Tohoku district in Japan.

The accelerator parameters are summarized in Table 1.

Table 1 Parameters of 3 GeV next-generation synchrotron radiation facility

Accelerator energy 3 GeV

Ring current 400 mA (at normal operation)
Number of cells 16

Ring length 349 m

Emittance 1.14 nmrad

Maximum number of beamlines 28

Maximum annual operation 6000 hours (goal)

2. Calculation procedure
All calculations were performed by the particle transporting code PHITS with version 3.24 [2]. The

geometry was based on a CAD file containing beamline details. The following beamline components
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were considered for the PHITS calculation; scattering mirrors made of silicon, mirror chambers made of
stainless, gamma stopper made of lead, guillotine made of lead, and shielding walls made of lead
sandwiched by irons. Parameters of residual gas composition and pressure in the 3 GeV electron storage
ring were quoted from the technical design report [3]. 3 GeV electrons were transported in the residual
gas region, generating photons, namely, gas bremsstrahlung. Only photons were tallied at the end of
the straight part of the 3 GeV electron storage ring, and those photons were transported into the optical
hatches. Effective doses in and outside of the hatch were evaluated. Synchrotron radiation is created by
an insertion device and simultaneously transported into the hatch, but most of the synchrotron radiations
do not have enough energies to leak from the iron vacuum pipe. A schematic view of the storage ring and
an optical hatch is shown in Figure 1.

An effective dose below 1.3 mSv/3month in a non-controlled area is required in Japanese law and
regulation. When 500 operation hours for three months are assumed, the effective dose rate of 1.3
mSv/3month corresponds to 2.5 uSv/h. Taking a safety factor as two into account, the shields were

designed to achieve the effective dose at the non-controlled area below 1.25 uSv/h in the calculation.

Schematic view of storagering & optical hatch on
glect® Storage ring

direct! (Controlled area)
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Electron

N B @
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Maximum energy = 10 keV

Gas bremsstrahlung

Maximum energy = Electron enargy
Figure 1 A schematic view of the storage ring and the optical hatch
3. Result

A spectrum comparison of PHITS with theoretical calculation [4] is shown in Figure 2, which clearly

showed good agreement.
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Figure 2 Comparison of gas bremsstrahlung spectrum of PHITS with theoretical calculation
as a function of photon energy. PHITS: line, Theory: dashed line.

The effective dose distributions at a QST beamline, BLO6U, with the top view are shown in Figure
3. On the downstream of the optical hatch, photons mainly contribute to the effective dose. On the other
hand, on the sidewall, neutrons are dominated. Nonetheless, serious radiation leakage was not found from
the optical hatch. Here the cross-sections of photo-nuclear reactions, which describe neutron emission
from an evaporation or de-excitation process in giant dipole resonance of atomic nuclei, are taken from
the nuclear data library (JENDL-PD/2004 [5]).
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Figure 3 The effective dose distributions with a top view at BLO6U
The effective dose rates calculated by PHITS were compared with those calculated by empirical

formulas outside the optical hatch. The empirical values shown in Fig.4 were a summation of

contributions of direct photons [6], scattered photons from a mirror [7], scattered photons from a gamma
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stopper [8], and scattered neutrons from the mirror and the gamma stopper [8]. As shown in Figure 4,

consistent results were obtained, considering the self-shielding effects.
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Figure 4 Comparison of the calculation with the empirical value

4. Summary

A compact 3 GeV next-generation synchrotron radiation facility is currently being constructed at
Aobayama New campus of Tohoku University in Miyagi prefecture. From FY2024, synchrotron
radiations will be supplied for ten beamlines at first. An experimental hall is designed to be a non-
controlled area to utilize the facility more easily because a registration process for radiation work is not
required.

The shielding design of the optical hatch at BLO6U for gas bremsstrahlung was performed with
PHITS version 3.24. In the calculation, the cross section of photo-nuclear reactions, which describe
neutrons emitted from an evaporation or de-excitation process in giant dipole resonance of atomic nuclei,
were taken from the nuclear data library (JENDL-PD/2004). As a result, no severe leakage outside the
optical hatch was found. Comparison of the effective dose rates calculated by PHITS with the empirical
formulas was also performed; consistent results were observed, considering the self-shielding effect.

Other simulation studies of shielding for an electron beam, x-rays, and gas bremsstrahlung will be

performed in future work.
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Recently, Boron Neutron Capture Therapy (BNCT) has been attracting more and more attention as a new
type of radiation therapy. In BNCT, it is important to measure and evaluate the neutron field of accelerator-
based neutron sources, and it is required to establish a method to characterize the neutron field using a low-
energy neutron spectrometer. To solve this problem, we have been developing a new low-energy neutron
spectrometer. This device measures the position distribution of the neutron-nuclear reaction as the penetration
depth distribution of the incident neutron, and estimates the neutron energy spectrum. Currently, we are
preparing the experimental setup for the verification of this spectrometer. In this study, we designed the epi-
thermal neutron field with an AmBe neutron source by optimizing the moderator materials and their

configuration by numerical simulations.

1. Introduction

Boron Neutron Capture Therapy (BNCT) has been attracting attention as a new cancer treatment method
because it can selectively kill tumor cells without damaging normal cells, and patients can receive a
therapeutic effect with less physical burden. In the past study, only nuclear reactors have been used as a
neutron source for BNCT. However, there are few facilities that can treat patients using nuclear reactors
worldwide as well as in Japan, and it is difficult to popularize reactor based BNCT as a cancer treatment
option. To solve this problem, the Accelerator Based Neutron Source (ABNS) is under development. The
accelerator is relatively less regulated than nuclear reactors, and currently one BNCT system with ABNS is
approved by Japanese government. Therefore, it is expected to promote usage of ABNS as a neutron source
for BNCT. However, the characteristics of the neutron field of ABNS, such as the neutron spectrum and the
neutron intensity, depend on the type and parameters of the accelerator. Therefore, it becomes more important
to evaluate the characteristics of the neutron field obtained from the accelerator in order to assess the
treatment effect and to determine the treatment time. This is the reason why it is necessary to develop a
neutron spectrometer having sensitivity to low energy neutrons for the developed ABNS for BNCT. To solve
this problem, we are developing a neutron spectrometer based on a position sensitive 3He proportional counter.
[1]. This detector measures the position distribution of the neutron-nuclear reaction as the penetration depth

of the neutron when the neutron enters the detector in parallel to the detector axis. The energy spectrum can
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be estimated with the measured detection depth distribution. The spectrometer was already developed [2],
however, the performance has not yet been validated. Therefore, it is necessary to experimentally verify the
performance of this detector. Because it is essential to have an epi-thermal neutron field with a known energy
spectrum to perform the verification experiment, we try to produce an optimal epi-thermal neutron field. In

this study, we design a new epi-thermal neutron field by using an Am-Be neutron source.

2. Design of epi-thermal neutron field [3]
2.1 Design Goals
We employed the following two design goals for the epi-thermal neutron field.
(1) Epi-thermal neutron flux : Depi-thermar = 1 [n/cm?/sec]
The epi-thermal neutron field is designed to evaluate the performance of the present spectrometer. By this
performance for one-day irradiation experiment, an enough number of counts could be obtained to evaluate

the performance with acceptably high statistical accuracy.

(Depi—thermal > 10

(2) Mixing ratio of fast neutrons in an epi-thermal neutron field : 1 = S
fast

The 1 value is the parameter that indicates the ratio of epi-thermal neutron flux to fast neutron flux. In this
design, 1 value is required to be more than 10, that means the epi-thermal neutron flux is one order of
magnitude higher than the fast neutron flux. Meanwhile, thermal neutrons are easily removed with a cadmium

sheet set in front of the column.

2.2 Design Procedure

In this study, we designed the epi-thermal neutron field by using the Monte Carlo N-Particle Transport
code (MCNP-5) [4] in the following four steps: (1) Selection of moderator material, (2) Selection of reflector,
(3) Removal of fast neutrons, and (4) Improvement of n value. In each step, we determined the optimal

material and thickness by searching for the optimal results of the epi-thermal neutron flux and n value.

2.3 Design Detail
Step 1: Selection of moderator

At first, we determined the appropriate material of the main moderator and its thickness so as to efficiently
convert fast neutrons into epi-thermal neutrons. The candidates for the moderators were PE, CF2, D20, C,
MgF., AlFs, CaF.. The calculation model is shown in Fig.1. Under the calculation condition shown in Fig.1,
we calculated the epi-thermal neutron flux, fast

. . Moderator (PE, CFz2, D20, C, MgFz, AlFs, CaFz )
neutron flux, and n value for various thicknesses

A
(from 10 to 50 cm.) of the moderator. In this step, the
i- i l1cm 20cm
epi-thermal neutron flux was required to be . 50cm @ — | °
tentatively at least higher than the fast neutron flux, % : Neutron source
X cm .
in other words, 1 > 1. The results are shown in Figs. hE ® : Detector

2 to 3, and it was found that magnesium fluoride and . .
Figure 1 Calculation model (Stepl)
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aluminum fluoride were selected as the final candidates. Heavy water was not selected as the candidate since
it is not suitable for this design. This is because it is liquid in room temperature and difficult to keep a
rectangular shape. Magnesium fluoride was determined to be also not suitable, because it is technically
difficult to produce a 50 cm % 50 cm X 40 cm solid shape. For these reasons, aluminum fluoride was adopted
as the moderator in this design. The thickness of aluminum fluoride was decided to be 40 cm because the 1

value exceeded 1 and the epi-thermal neutron flux was maximum for 7 >1.

g 70 - 4.0 -
:\E 60 —H=—AlF; —D.0O CF,
o -
= 50 3.0 CaF. MgF, PE
»
= 40 = £—H,0
g 2.0
2 30
e
E 20 1.0
5 10
= =
20 A 0.0 A
10 20 30 40 50 10 20 30 40 50

Thickness of moderator [cm] Thickness of moderator [cm]

Figure 2 Epi-thermal neutron flux

h Figure 3 1 for each moderator thickness.
for each moderator thickness. & N

Step 2: Selection of reflector
Secondary, we designed surrounding materials at the

. . Table 1 i f refl .
side of the moderator as a reflector material to prevent able 1 Candidate of reflector

neutrons from leaking out from the moderator and to Inside Thickness [cm] Outside Thickness [cm]
. . . A) C 10 Pb 5
increase the epi-thermal neutron flux. Candidates for B)  Pb 5 C 0
reflector materials are shown in Table 1. We calculated _(C) Pb 10 c 5

h i-th 1 fl d lue fi h @ ¢ 2 7o 0

the epi-thermal neutron flux and m value for eac )  Pb 75 C s
candidate. As a result, Fig. 4 shows no difference inthe (F) ¢ 7.5 Pb 7.5
epi-thermal neutron flux. Finally, we adopted candidate

(A) due to the largest n value having the lightest weight

among hlgher n Of (A), (B) and (C) 31 s Epi-thermal nutron flux =O==1) value "

41 18
Step 3 Removal of fast neutrons 2 |,

Because Am-Be source emits high energy neutrons of 7

1 16

4 MeV on average, many fast neutrons above 1 MeV are 25 1 1s

still included in the neutron field. As shown later, in Fig. 3

13, the spectra of STEP1 and STEP2 show that many

1 14

2 113

neutrons with energies higher than 1 MeV still remain. 19 {12

Epi-thermal neutron flux [n/cm*sec]

Therefore, we tried to remove them with an iron filter, 17 111

because it has a large reaction cross section in the high- 15

Pb (A) (8) © (0) (E) (F)

energy region above 1 MeV. The thickness of the iron  Figyre 4 Epi-thermal neutron flux and n

for various reflectors.
(Left axis: Neutron flux, Right axis: 1)

- 215 -



JAEA-Conf 2022-001

was varied from 5 to 30 cm, and the neutron flux was calculated to evaluate 1 values. The results are shown
in Figs. 5 and 6. As a result, it was found that the neutron flux above 1 MeV was decreased to be less than
1 % of the epi-thermal neutron flux when the iron thickness was 20 cm or more as in Fig. 6. On the other
hand, as shown in Fig. 5 1 value is 9.6 and still not enough to achieve the design target n > 10, due to the

large fast neutron flux around 10 keV (see Fig. 13 to be detailed later).

35 16 % 0.08
£} e Epi-thermal neutron flux =
230 r Neutron flux more than 1 MeV 1 14 -
= —o—1 value ]

o 4 12 =]
E% | :
% 41 10 =
= 20 = E
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15t z
2 16 3
=10 + >
153 =)
25t R
2) E
= o 0 2
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Thickness of iron [cm] Thickness of iron [cm]

Figure 5 Epi-thermal neutron flux and n for thickness

5 ; ! Figure 6 Neutron flux (>1 MeV ) over epithermal
of Fe filter. (Left axis: Neutron flux, Right axis: 1)

neutron flux for each thickness of Fe filter.
Step 4 Improvement of i value

To increase the 1 value, we tried to remove the fast neutron flux around 10 keV by using titanium, which
has a large reaction cross section due to strong resonances around 10 keV. Titanium was placed on the rear
surface of the AlF; moderator, and the epi-thermal neutron flux and n value were calculated by varying the
thickness of titanium from O to 8 cm. The calculation result shown in Fig. 7 indicates that the epi-thermal
neutron flux decreases as the titanium thickness increases, while the n-value reaches n =39 at 7 cm thickness
of titanium. Finally, the design result of the optimized epi-thermal neutron field is shown in Fig. 8. In the
designed epi-thermal neutron field, the epi-thermal neutron flux is 7.34 n/cm?/sec and the n value is 23.9,

which meets the design goals. (The neutron intensity of the Am-Be source is 4x10° [n/sec].)
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Figure7 Epi-thermal neutron flux and n for Ti Figure 8 Final design result (ideal case).

thickness. (Left axis: Neutron flux, Right axis: 1)
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3. Construction of real epi-thermal neutron field

Because the epi-thermal neutron field designed in chapter 2 was an "ideal" design, there were two major
problems left to construct the actual epi-thermal neutron field. The first problem is a technical difficulty for
producing a large solid aluminum fluoride (50 cm x 50 cm x 40 cm). Second is very high cost of titanium
plate with a size of 50 cm % 50 cm x 7 cm. Therefore, we aimed at achievable design by employing a
cylindrical aluminum fluoride of 20 cm in diameter and 42 c¢m in length, which is the maximum size we
could produce now, a titanium plate of 30 cm x 30 cm x 4 cm. Additional moderator instead of AIF3 outside
the cylindrical aluminum fluoride and substitute materials for titanium to fill the space outside the titanium

plate were investigated as shown in the following sections.

3.1 Investigation of combined moderator

At first, suitable material for the second moderator (50 cm % 50 cm % 43 cm) outside the cylindrical AlF3
was investigated. The candidates for the second moderator were polyethylene, carbon, water and granular
Teflon, and the epi-thermal neutron flux and n value were calculated for each candidate. The calculation

results shown in Fig. 9 indicates that the granular Teflon had the highest epi-thermal neutron flux and n value.

3.2 Investigation of titanium substitute material

In the next step, the titanium substitute material was investigated. The candidates for the titanium substitute
material were aluminum, carbon, lead, polyethylene, iron, copper, and nickel. The epi-thermal neutron flux
and m value were calculated for each type of titanium substitute material. As a result, carbon was found to be

the best material due to the highest epi-thermal neutron flux and the highest n value as shown in Fig. 10.
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Figure 9 Neutron flux and m for the second Figure 10 Neutron flux and n for the titanium
moderator. Yellow bar is the reference of AlFs. substitute. Yellow bar is the reference of AlFs.
(Left axis: Neutron flux, Right axis: 1) (Left axis: Neutron flux, Right axis: 1)
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3.3 Improvement of 1 value

The system obtained by the above realistic design resulted /)
14 L w=Cms) value
—

in 1 value of 7.98, which was lower than the design target
(m>10). We thus replaced some of the granular Teflon to o—
solid Teflon to improve the n-value. The thickness of the — sy
solid Teflon was varied between 0 cm and 10 cm, and theny s |
value and the epi-thermal neutron flux were calculated. The — * |

results are shown in Fig. 11. As a result, the n value

successfully exceeded 10 when the thickness of the solid 0 2 3 4 5 6 7 &8 9 10
Thickness of solid Teflon [cm]

Teflon was longer than 5 cm. Therefore, mixture of 5 cm Figure 11 The 1 for each solid Teflon thickness
thick Teflon and granular Teflon was employed as the

second moderator. The final designed experimental system is shown in Fig. 12. The spectra of each step and
final construction system are shown in Fig. 13. The performance of the present epi-thermal neutron
irradiation system shows epi-thermal neutron flux of 13.7 [n/cm?*sec] and 1 value of 10.4, which meet the

design goal.

4. Conclusion

In this study, we designed an epi-thermal neutron field to conduct a validation experiment of the low energy
neutron spectrometer under development by the authors’ group. The design goals are epi-thermal neutron
flux higher than 1 n/cm?#sec and the 1 value higher than 10. As a result of design, the designed epi-thermal
neutron field has performance, i.e., epi-thermal neutron flux of 13.7 [n/cm?/sec] and n value of 10.4. In the
future, we plan to evaluate the performance of the produced epi-thermal neutron field experimentally and

carry out the validation experiment for the low energy neutron spectrometer.
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Figure 12 Finally designed system. in 5 steps and finally designed neutron field.
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Abstract

Nuclear data with A Compact Evaluated nuclear data file (ACE) format is used in Monte
Carlo particle transport codes such as PHITS to simulate nuclear reactions. Since it is not
so simple to extract cross sections embedded in ACE, PHITS has only a limited feature to
display them directly. In this work, an effective process to extract cross sections, including
double-differential ones, of ACE loaded in PHITS was studied. It was confirmed that the
cross sections obtained by a PHITS-simulation with a thin-target and those extracted from
the ACE by the present process perfectly agree.

There is an alternative way to use nuclear data in PHITS. By using the PHITS “[Frag
Data]” feature, user-defined nuclear data can be incorporated in a PHITS-simulation. In
near future, a tool to convert a file of EXFOR library, which is the most comprehensive
compilation of experimental nuclear reaction data, to a “[Frag Data]” file will be released by
the PHITS developer team. In this work, usage of this tool was also studied.

1 Introduction

Nuclear data are used to simulate nuclear reactions in A general-purpose Monte Carlo Particle
and Heavy-Ion Transport code System (PHITS) [1], which is used in various application fields.
I worked on following two subjects that are related to the nuclear data used in PHITS.

1.1 Visualization of nuclear data in ACE format loaded in PHITS

Monte Carlo particle transport codes such as PHITS uses A Compact Evaluated nuclear data file
(ACE) format data to simulate nuclear reactions. Recently, the feature to use ACE in PHITS
and the evaluated nuclear data libraries presented by ACE have been extended. In the latest
version of PHITS (3.26 after), the transportation of deuteron and alpha particle using ACE
have been enabled. Ahead of this progress, the JENDL/DEU-2020 has been published [2], and
now the ACE files of JENDL/DEU-2020 are available. As for the high-energy nuclear data for
the neutron and proton, ACE files of JENDL-4.0/HE[3] have been extended by ACE-J40HE [4].
More general topic about ACE is the publication of the domestic nuclear data processing code
FRENDY [5]. FRENDY will make ACE files more familiar to general users.

With increasing ways of using ACE files, it is desired that users are more aware of the
contents and the validity of newly presented data. However, the feature to display the cross
section data of ACE loaded in PHITS is limited. While the integrated cross sections of total,
non-elastic, and elastic can be directly obtained by icntl = 1 feature, differential cross sections
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and explicit reaction channel cross sections can not. If users want to obtain differential cross
sections, it is necessary to execute particle-transport simulations with thin-targets and proper
tally settings.

In this work, an effective process to extract differential cross sections from ACE loaded in
PHITS was studied. While the differential cross section values are not directly written in ACE
format, I found that it is rather easy to construct differential cross sections by using the PHITS
subroutine to sample the energy and angle of the secondary particle. I compared the obtained
differential cross sections with those obtained by executing the particle-transport simulations
with thin-targets, and confirmed that they agree.

1.2 A trial of a tool to convert EXFOR to the PHITS “Frag Data” format

PHITS can use user-defined cross section data by specifying a data file in “[Frag Data]” section.
This is alternative way to utilize nuclear data in PHITS. While it is not realistic for general
users to prepare their own evaluated nuclear data files, It is expected that there is a demand
for incorporating latest experimental data in a PHITS simulation. While “[Frag Data]” feature
is suitable for such a demand, preparing a file for “[Frag Data]” feature using the experimental
nuclear reaction data is not so easy for general users.

The PHITS developer team plans to release a tool to convert a file of EXFOR library [7],
which is the most comprehensive compilation of experimental nuclear reaction data, to a file
that can be used for “[Frag Data]” feature. By using this tool, it will be easier to incorporate
experimental nuclear reaction data in PHITS simulations. In this work, usage of the pre-release
version of the tool was studied. Expected difficulty to utilize such a tool and its solution are
discussed.

2 Technical details

Here the terms in the instructions for ACE format written in MCNP manual [6] are used. In this
work, differential cross section data are extracted from ACE loaded in PHITS by the following
procedure. All of ACE data and pointers to specify the data are stored in XSS array and JXS
array in the PHITS program, respectively, after some processes for reading ACE files. The
integrated cross section values of total, absorption, and elastic are easily extracted by specifying
corresponding positions in ESZ Data Block of XSS array with JXS array. Unlike the integrated
cross sections, the differential cross section values are not directly written in a ACE file. To
deduce the double-differential cross section values, data in AND and DLW Blocks are used,
in which the angular distribution and the energy distribution are given, respectively. In DLW
Block, the contents of data arrays are different depending on the LAW, and it is necessary
to calculate the emitted particle energy using the values in the data array according to the
LAW. Since it is difficult to implement the calculation processes for all of needed LAWSs, the
subroutine of PHITS to sample the angle and energy of the emitted particle is utilized in this
work. Due to the random sampling process, data on specific angle and energy points can not be
obtained, but counts on the energy and angle bins are obtained. The counts are converted to
the probability distributions as functions of the angle and energy for every reaction MT, then
the partial cross section values of each MT extracted from SIG Block are multiplied to them.
In a high-energy file case, the data are given in MT=5. In this case, the neutron multiplicity is
also must be multiplied to deduce the neutron-production double-differential cross section. As
for photon-production cross sections, data in ANDP, DLWP, and SIGP Blocks are used. The
photon-production differential cross sections are obtained by a similar process explained above.

To use the tool to convert a EXFOR file to a “[Frag Datal” file, it is necessary to prepare
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“original EXFOR” format files by users themselves. In the present trial, the EXFOR file for
27 Al+p neutron production double-differential cross section (accession number T0203; REAC-
TION 13-AL-27(P,X)0-NN-1,,DA/DE) data that was taken from IAEA NDS web system[8] was
used. The tool read the incident particle, target, and product particle or nuclei from the RE-
ACTION field of a EXFOR file adding to the cross section data, and generate corresponding
“[Frag Data]” file. In this work, an advanced feature that is not implemented in the original
tool is also proposed. Because experimental data are often incomplete, a feature to compensate
lacked data will be useful. For this purpose, a smoothing feature with evaluated nuclear data
was implemented to the original tool as a trial. The smoothing process is carried out by using
splines. The feature is tested using the EXFOR files of excitation function data for the 5O+p
reaction (accession number E2449, E2568, and C0507; REACTION 8-0-16(P,X)7-N-13,,SIG and
8-0-16(P,X)4-Be-10,,SIG). As for evaluated nuclear data, the production cross section data files
of TENDL [9] were used.

3 Results

The present process to extract cross sections embedded in ACE was tested using *°Fe+n ACE
files of JENDL-4.0[10] and JNEDL-4.0/HE. The incident neutron energies of 15 MeV and 100
MeV are chosen for JENDL-4.0 and JENDL-4.0/HE files, respectively. In the left panel of Fig.
1, the differential cross sections with respect to the outgoing neutron energy extracted from the
ACE are shown. The cross sections are obtained for every reaction MT, and the inelastic total
shown by a solid line is obtained by summing them all. In the right panel, the double-differential
cross sections at 15, 30, 45, and 60 deg are shown. The present results are compared with those
obtained by simulating neutron impinged on thin ’Fe target (PHITS-simulation) shown by
circles. It was confirmed that both results agree. Figure 2 shows the differential-cross section
of product photon. While the results are obtained for every photon production MT, only the
total is shown by a solid line. The present result agrees with the PHITS-simulation result shown
by circles. A high-energy file case is also tested, and the results are shown in Fig. 3. It was
confirmed that the present results and the PHITS-simulation results agree even in a high-energy
file case.
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Figure 1: Differential cross sections with respect to outgoing neutron energy (left panel) and
double-differential cross sections at 15, 30, 45, and 60 deg (right panel). Results are obtained
using *°Fe4+n ACE file of JENDL-4.0 at incident neutron energy of 15 MeV.
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Figure 2: Photon-production differential cross sections. Results are obtained using *°Fe4n ACE
file of JENDL-4.0 at incident neutron energy of 15 MeV.
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Figure 3: Neutron-production double-differential cross sections at 15, 30, 45, and 60 deg. Results
are obtained using *Fe+n ACE file of JENDL-4.0/HE at incident neutron energy of 100 MeV.

The tool to convert a EXFOR file to a “[Frag Datal” file was tested using the original
EXFOR file for the neutron-production ??Al+p double-differential data. The particle-transport
simulation incorporating the generated “[Frag Data]” file with a thin-target of 27 Al was executed.
Figure 4 compares the present results and the original experimental data points, which are
shown by lines and symbols, respectively. It was confirmed that the tool and “[Frag Datal”
feature worked fine from the perfect agreement between the PHITS-simulation results and the
experimental data. It is also obvious that neutrons up to ~ 30 MeV, where experimental
data are absent, are not produced. The PHITS-simulation results without “[Frag Data]” file
shown by dotted lines indicate that there should be evaporated neutron spectrum in that energy
region, naturally. That is a difficult point to incorporate experimental data in a simulation.
To study how to mitigate this problem, a smoothing feature with evaluated nuclear data was
tried. The feature was tested using the excitation function data of 'O+p reaction. In Fig.
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5, the excitation functions smoothed using the experimental data (squares) and the evaluated
nuclear data (crosses) are shown by solid lines. With an appropriate weight setting on the
data, the smoothed lines come close to the experimental data with priority and toward the
evaluated nuclear data if there is no experimental data. It was confirmed that the “[Frag
Data|” file generated using the smoothed lines was successfully incorporated to the PHITS-
simulation. Naturally, ®N and °Be are produced with any incident energies up to 200 MeV in
that simulation. Such a feature will make it easier to utilize the conversion tool.
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Figure 4: Neutron-production double-differential cross sections of 2" Al+p reaction at incident
proton energy of 100 MeV. Results of PHITS-simulation with and without “[Frag Data|” file,
and experimental data points are shown by solid lines, dotted lines, and symbols, respectively.
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Figure 5: Excitation functions of O(p,x)¥N and %0(p,x)!°Be reactions. Smoothed result,
experimental data, and evaluated nuclear data are shown by solid lines, squares, and crosses,
respectively.

4 Summary

In the first subject of the present work, a process to display cross sections of ACE loaded in
PHITS was studied. The double-differential cross sections were successfully extracted from the
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ACE files of JENDL-4.0 and JENDL-4.0/HE by utilizing the PHITS subroutine to sample the
angle and energy of the emitted particle. In the second subject, usage of the tool to convert a
EXFOR file to a “[Frag Datal” file was studied. It was confirmed that the “[Frag Data|” feature
with a file generated by the tool worked fine. Expected difficulty to utilize the tool was discussed
and one of solution was proposed.
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