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The 2020 Symposium on Nuclear Data was held on-site at RIBF Conference Hall in RIKEN Wako
campus on November 26 to 27, 2020, combined with on-line connection conference. The symposium was
organized by the Nuclear Data Division of the Atomic Energy Society of Japan (AESJ) in cooperation with
Sigma Investigative Advisory Committee of AESJ, Nuclear Science and Engineering Center of Japan Atomic
Energy Agency (JAEA), RIKEN Nishina Center, Center for Nuclear Study, The University of Tokyo (CNS),
KEK Wako Nuclear Science Center (WNSC), School of Science, The University of Tokyo. In the symposium,
six sessions were proposed and held: “Reactor theory and experiments” as a tutorial, “Accelerator Facilities
and Nuclear Data”, “Deep/Machine Learning and Nuclear Physics, Application to Nuclear Data”, “Nuclear
Medicine and Nuclear Pharmacy”, “Fission, Heavy Ion Nuclear Spectroscopy”’, and “Nuclear Reaction Data”
as lecture and discussion sessions. 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 119, of which 62 were on-site participants. Each oral and poster presentation was followed by an active

question and answer session. This report consists of total 40 papers including 15 oral and 25 poster

presentations.
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1. 2020 Symposium on Nuclear Data - Programme

Thursday 26 November 2020

Opening/Welcome - RIBF201 (10:30-10:40)
- Presenter: SANAMI Toshiya (KEK)

Facility - RIBF201 (10:40-12:20)
-Conveners: MIYATAKE Hiroari (IPNS, KEK)

Time Title

Presenter

10:40 | ZHRE U2 —DOT—2EFS
Nuclear Data Activities in Nishina Center

SAKURAI Hiroyoshi
(RIKEN Nishina Center for
Accelerator-Based Science)
IMAI Nobuaki
(CNS, Univ. of Tokyo)

11:20 | J-PARC IZ&E 1T 2R EHICEHE L =T — 2 B/
Nuclear data study for Accelerator
Driven System at J-PARC

MEIGO Shin-ichiro
(J-PARC/JAEA)

11:50 | RigEER5FE:R IMPACT2017 DIRE/
Proposal of 1 A class deuteron single cell linac

OKUNO Hiroki
(RIKEN Nishina Center for
Accelerator-Based Science)

Lunch - RIBF201 (12:20-13:30)

Nuclear Physics1 - RIBF201 (13:30-15:00)

-Conveners: Aritomo, Yoshihiro (Kindai University)

Time | Title

Presenter

13:30 | BRERFROZIRERDH—HIZECR/
Unified description of the fission probability for
highly excited nuclei

IWAMOTO Hiroki
(JAEA)

MEIGO Shin-ichiro
(J-PARC/JAEA)

14:00 | KISS TO#% 7D FEER/

HIRAYAMA Yoshikazu

Nuclear spectroscopy at KISS (IPNS, KEK)
14:30 | JAEA 2 U T LIRBTODT A VR A A4 =9 Lz | HIROSE Kentaro
AW = RER (JAEA)

Coffee - RIBF201 (15:00-15:20)

Conference Photo - RIBF201 (15:00-15:10)
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Nuclear Medicine - RIBF201 (15:20-16:50)
-Conveners: MINATO Futoshi (JAEA)

Time Title Presenter

1520 | BRARIE—LT7 79 ) —IZHEITH RIOEEELIEH ~ | HABA Hiromitsu
HRRDERNSNADDHE - BEET~/ (Nishina Center for
Production and Applications of Radioisotopes at RIKEN Accelerator-Based Science,
RI Beam Factory - Search for New Elements through RIKEN)
Diagnosis and Therapy of Cancer

15:50 | MEMFASFRIGIZ & HEEM R AREEERERE | AIKAWA Masayuki
Measurements of production cross sections of medical (Hokkaido University)
radioisotopes via charged-particle induced reactions

16:20 | AWM KZIZH T 5 MEFPEFRZ AL RIEEHRRE KIN Tadahiro
DEH 2020/ (Kyushu University)
Development of Radioisotopes Production Method by
Accelerator-based Neutron: Activity at Kyushu University
2020

Poster - RIBF201 (16:50-20:30)

Title Presenter
WARBFI5E R & V- U-236 DD RZEROFAZE/ Study of | FUJIO Kazuki
the fission path energy of U-236 using microscopic mean-field (Tokyo Institute of
model Technology)

28Md [RF %2 & B0 RBTE D HEERERHT/
Theoritical analysis of the fission process by 2%Md

ISHIZAKI Shoma
(Kindai University)

ERDRIZBITHEE L AEDHEEDRIR/
The origin of correlation between mass and angle in quasi-
fission

AMANO Shota
(Kindai University)

PHFREICL BRI RBIETORMEFRL/
Neutron emission during fission process by dynamical model

YAMASAKI Ryota
(Kindai University)

BAFERICLDPEFRBEZORSRIE  r TIOR3 2
L— 3 vIZAEltT/

The fission fragments of neutron-rich nuclei by the Langevin
method toward application to r-process calculations

OKUBAYASHI Mizuki
(Kindai University)

“HRSBRRIGICE T BRI/ NNV Y TS50 FOERIETE/
Theoretical evaluation of non-resonant background strength in
binary breakup reaction

NAKAMOTO Riu
(Kansai University)

JENDL-5 @Dt=6bDa/\)L b 59 [Zxt T B EF#&T—4 OFEH/
Evaluation of Neutron Nuclear Data on Cobalt-59 for JENDL-5

IWAMOTO Nobuyuki
(JAEA)

JENDL/AD-2017 m 5 4ERE L 1= SCALE6.2 D ORIGEN 54 75
1)/
SCALEG.2 ORIGEN library produced from JENDL/AD-2017

KONNO Chikara
(JAEA)
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KE T )L ELIERFHAFTA(FNAL) ITHF 5 120 GeV [5F | IWAMOTO Yosuke
ZRAWEEH LIBGMEEOREERETE/ (JAEA)
Experimental plan for displacement damage cross sections

using 120-GeV protons at FNAL

BELDIBRMBET 274 T VERAVEBETIUMoKE S | MATSUMURA Taichi
BHRFARY MILDLELE/ (JAEA)

Comparison of photon spectra emitted from fuel debris using
different decay data libraries

FFAG tniEzR E ALV ILEREB R LR A T LD -HDKT
— SRR R TFRIE/

Experimental program of nuclear data for accelerator-driven
nuclear transmutation system using FFAG accelerator — First
subprogram: spallation neutron measurement

NAKANO Keita
(JAEA)

ANNRI TOERHPEFHEENED-ODOFEF I 4 ILE—
AT LDOEAF/

Neutron Filtering System for Fast Neutron Cross-Section
Measurement at ANNRI

ROVIRA LEVERONI Gerard
(JAEA)

AMEEEZANV P FRENEEOSRELO-HDHT-
TEFiEl

A New Method to Reduce Systematic Uncertainties of Capture
Cross Section Measurement Using a Sample Rotation System

KODAMA Yu
(Tokyo Institute of Technology)

SRERYFE—LZAVEET -2 AEDHDOHEFIRE
A= DEAFE/

Development of a neutron detector for nuclear data
measurement using high-intensity

neutron beam

NAKANO Hideto
(Tokyo Institute of Technology)

BNCT D= Dt gt - SR P FREERERHBZORFE/

Development of Absolute Epi-thermal and Fast Neutron Flux
Intensity Detectors for BNCT

AOKI Kazushi
(Osaka Univ.)

14MeV HHEF(C & H KRAERMERELRGCHEBEN > FY—IF
EROD 1= DG H 28 D B 1L/

Optimization of Activation Detector for Benchmark Experiment of
Large-angle Elastic Scattering Reaction Cross Section by
14MeV Neutrons

TAKEHARA Ryohei
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2. Nuclear Data Activities in Nishina Center

Hiroyoshi SAKURAI T

RIKEN Nishina Center for Accelerator-Based Science
2-1 Hirosawa, Wako, Saitama, 351-0198, Japan
fEmail: sakurai@ribf.riken.jp

The nuclear data activities at the heavy-ion accelerator facility "Radioactive Isotope Beam Fac-
tory” operated by RIKEN Nishina Center for Accelerator-Based Science are introduced. The activities
extending throughout a whole of nuclear chart are categorized into nuclear physics and nuclear engi-
neering. For each of them, present status is reported and special emphasis would be given to recent
highlights selected. Future directions of the nuclear data programs are presented.

1 Introduction

In 2006, RIKEN Nishina Center for Accelerator-Based Science (RNC) was established to organize the
world-prestigious heavy ion accelerator facility "Radioactive Isotope Beam Factory (RIBF)” [1]. The RIBF
facility was constructed as one of the third-generation in-flight facilities to aim at three goals: 1) to discover
new quantum phenomena under a large isospin asymmetry through investigating nuclear structure in very
neutron-rich nuclei, 2) to elucidate the r-process path in explosive processes of the universe, and 3) to
develop new applied sciences based on high energy radioactive isotope (RI) beam. Since the RIBF started
operational in 2007, multitudes of data on the nuclear structure and reactions have been produced with
RIBF as a nuclear data factory.

The RIBF facility delivers a variety of heavy ion beams of hydrogen to uranium at an energy ranging
widely from several MeV/u to 345 MeV/u, and unique experimental devices and spectrometers are
equipped [2]. As shown in Fig. 1, beams accelerated at three cyclotrons (AVF, RRC and SRC) and one
liniac (SRILAC) serve experimental programs at gas-filled recoil separators (GARIS-II, III), in-gas-cell
laser ion source (KISS), and in-flight separators (CRIB, RIPS, BigRIPS). RI beams produced at BigRIPS
are delivered to three spectrometers (ZeroDegree, SAMURAI and SHARAQ), and to a storage ring for
mass measurement (Rare-RI Ring). The facility has a setup of SCRIT to realize electron-RI scattering,
where RIs are produced at an Isotope Separator On-Line (ISOL) based on electron induced-fission.

Nuclear data activities at the RIBF facility have extended throughout a whole of the nuclear chart
from a light-mass to a super-heavy region and from stable to proton- and neutron-rich nuclei. The
data are in general categorized into reaction data and structure data. The reaction data at RIBF stem
from RI productions, secondary reactions with RI beams, and electron-RI scattering. Concerning the
structure data, nuclear properties of ground and excited states are obtained at RIBF via spectroscopy
of mass, decay, missing-mass, invariant-mass and in-beam gamma. The data produced at the RIBF
have been compiled and evaluated by the world nuclear database activities guided by TAEA. JCPRG in
Hokkaido University and RNC have established an MoU to cooperate together in nuclear data activities
of charged-particle induced reactions.

In this article, the nuclear data activities at RIBF are reviewed. The activities are divided into nuclear
physics and nuclear engineering, and for each of them, present status and recent highlights are presented.
Future directions of the nuclear data activities at RIBF are discussed.

2 Nuclear Physics

In this section, very recent highlights and activities in nuclear physics with RIBF are demonstrated. First,
the activities of superheavy element physics are introduced and second, recent achievements in studying
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Figure 1: Facility layout of RIBF.

exotic nuclei are shown.

2.1 Superheavy Element

One of the great achievements at RIBF is discovery of Element 113, which was named "Nihonium” by K.
Morita and his colleagues in 2016. The superheavy element was produced and identified in three events
observed in 2004-2012. The last event in 2012 [3] showed successive alpha-decay down to 2°*Md, and
gave a direct evidence that 2"*Nh was produced.

The 2"8Nh isotope was made via the cold fusion reaction with combination of the RILAC linear accel-
erator and the gas-filled recoil separator GARIS. To conduct further production of superheavy elements,
a new separator GARIS-IT [4] was designed and constructed to achieve a higher transmission efficiency in
the hot fusion reaction, compared with that of GARIS. A KEK-RIKEN collaboration has been formed
to measure mass of heavy elements via MR-TOF technique at GARIS-II, and has published results, for
example, around Z=100 [5]. The GARIS-II spectrometer was moved to accept heavy-ion beams from
RRC in 2017.

A new setup for production of new elements has been established. First, the intensity and energy
upgrade of the RILAC was completed in 2020 with 28GHz ECR ion source [6] and super conducting
rf-cavities [7], both newly installed. GARIS-III was newly constructed and installed to be coupled with
the upgraded RILAC. GARIS-IIT was designed to have the same performances as of GARIS-II. A new
program to search for Element 119 started at the end of 2020.

2.2 Exotic Nuclei

Exotic nuclei with a large isospin-asymmetry have been produced as intense RI beams at RIBF. High
energy heavy-ion beams accelerated at SRC are converted to unstable nuclei at production targets via
projectile-fragmentation or fission reactions and the nuclei of interest are collected and separated at
BigRIPS, then the RI beams are delivered to several experimental devices.

Since 2007, more than 140 new isotopes have been discovered at BigRIPS. One of recent highlights is
discovery of the particle stability of ®*Ca and other neighboring nuclei [8]. The neutron-drip line for the
fluorine and neon isotopes was determined in 2019 [9], and the drip line has been extended for the first
time in 20 years.

Shell evolution has been investigated via in-beam gamma spectroscopy, decay-spectroscopy and mass-
spectroscopy. Very selected highlights are discovery of new magicity at N=34 in the neutron-rich Ca
isotopes [10], double magicity of "®Ni [11], and exotic structure in ““Mg [12]. Shell evolution and shape
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deformation was found in "*Cu by employing a new technique of spin-aligned RI beams [13]. Mass
spectroscopy of neutron-rich Ca and Ti isotopes confirmed the magicity of N=34 [14], and discovered a
deformation region in the neutron-rich Ti isotopes [15]. Neuton-rich nuclei with respect to the double
magic nucleus '32Sn have been investigated and all the data obtained so far indicate large shell gaps either
at Z=>50 or at N=82, and no magicity loss has been found. In 2020, the first high-resolution gamma
spectroscopy was carried out with germanium tracking detectors under the HiCARI collaboration.

RIBF has published bunch of half-life data for neutron-rich nuclei [16, 17, 18], which are necessary to
understand the r-process nucleosynthesis. The abundance calculation with the new data could reproduce
reasonably the r-process abundance pattern, especially for A~120 region and A~140-160 region. The
third data set [18] has striking and large drops of half-lives at N=97 for Ce, Pr, Nd and Sm and at
N=105 for Eu, Gd, Tb and Dy, and has a direct impact in the r-process abundance calculations affecting
almost all mass numbers between A=150 and 170.

The new form of nuclei have been found such as two deformed halo-nuclei, *!Ne [19, 20] and 3"Mg [21,
22], and two-neutron halo in 2F [23], all of which are located in the deformation region of 9<Z<12
and 20<N<28. Exotic particle-unbound nuclei have been investigated in a light neutron-rich region.
Candidate of ‘tetra’ neutron state was observed with missing mass spectroscopy [24]. This work has
made a great trigger to investigate very exotic few-body systems such as "H. Invariant mass spectroscopy
successfully observed the ground state and 2% state in 260 [25], and 260 was found to be well-deformed
and a barely unbound system beyond the drip line.

Equation-of-State (EOS) in nuclear matter, especially at a high density and high isospin asymmetry,
has been highly desired to understand the structure of neutron-stars and to analyze gravitation wave.
When the nuclear matter density is increased, many-body forces such as three nucleon force (3NF)
become significant in EOS. At RIBF, polarized deuteron + proton elastic scattering has been studied to
obtain 7' = 1/2 channel of 3NF [26]. The other works for EOS have been conducted such as a study of
Gamow-Teller resonance in 32Sn [27].

3 Nuclear Engineering

The incident of Fukushima Dai-ichi Unit in 2011 has given a trigger to nuclear physicists in Japan to con-
sider possible contributions to nuclear engineering. In 2014, a reaction study with intense 37Cs and °Sr
beams at RIBF was conducted to seek for a transmutation path way to reduce radioactive waste [28, 29].
This experiment initiated a large project, which was awarded InPACT grant [30] running in fiscal year of
2014-2018. The project focused accelerator-based transmutation for long-lived fission products (LLFPs)
in high-level radioactive waste, and conducted research and development for partitioning, reaction data
and theory, reaction database, and accelerator system. In the InPACT project, RIKEN was in charge of
studies for nuclear reactions, and also of accelerator developments.

As shown in Fig. 2, based on intense RI beams available at RIBF, a variety of reaction studies were
organized with LLFPs such as 1°"Pd and ?3Zr [31, 32, 33, 34, 35]. So called ‘inverse kinematics’ technique
was employed to obtain spallation reaction data. The advantage of the inverse kinematics technique gives
clear particle identification for reaction products, and easy control of RI beam energies for study of energy-
dependence. In addition, we do not have to prepare RI targets but stable-isotope targets such as protons
and deuterons. All these advantages of inverse kinematics lead to nice quality of the data at RIBF.

The reaction study in the InPACT program was managed under a large domestic collaboration with
University of Tokyo, Tokyo Institute of Technology, Kyushu University, Miyazaki University and RIKEN.
All the major spectrometers at RIBF, ZeroDegree, SAMURAI and SHARAQ were utilized to identify
and analyze reaction products. Zerodegree is suitable for inclusive measurements with relatively heavy
fragments. SAMURAI has a wide acceptance in both momentum and scattering angle, hence exclusive
measurements were performed to detect reaction products as well as neutrons in projectile frame. At
SHARAQ spectrometer, CNS, University of Tokyo and RIKEN worked together to develop an efficient
deceleration scheme for RI beams. Study at low energy reactions at ~20 MeV/u [36, 37], and a new
device "OEDO” was installed in the SHARAQ beam line. At the new setup, incomplete fusion reaction
data and (d, p) reaction data were obtained with combination of OEDO and SHARAQ), and the data are
being prepared for submission.

All these data are very useful to stimulate theoretical works and to improve simulation tools. The
reaction data were evaluated by the JAEA nuclear data group and a new data library ‘JENDL/ImPACT-
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Figure 2: Reaction study for long-lived fission products at RIBF in 2014-2017.

2018’ for proton- and neutron-induced reactions up to 200 MeV/u was released [38]. The data library
has been a package of the PHITS simulator [39].

The improved simulation tool gave a strategy for LLFP transmutation, and a new transmutation
scheme with high-energy neutron produced via deuteron breakup was considered, and a new accelerator
scheme delivering 1-ampere deuteron beams has been proposed [40]. In addition, the RIKEN accelerator
staff members successfully developed a quarter-wave superconducting RF cavity for efficient acceleration
of charged particles [41]. The other transmutation scheme was discussed with 14 MeV neutron produced
via muon catalyzed fusion with MERIT [42], that requires negative pion production cross sections with
deuteron beams for further designing works.

4 Summary and Outlook

In summary, it would be emphasized that the RIBF facility is the nuclear data factory. Since 2007,
RIBF has produced bunch of data of nuclear reaction and structure in both nuclear physics and nuclear
engineering, especially for shell evolution, the r-process path, new form of nuclei, EOS and high-level
radioactive waste problem.

Unique features of RIBF would be demonstrated to give multitudes of opportunities adapting any
demands of nuclear data. RIBF delivers a variety of heavy-ion beams of hydrogen to uranium. Energy
of the beams ranges several MeV/u to 345 MeV/u to be employed for any types of reactions. The
beams are intense enough to conduct reaction studies and to artificially produce Rls from light and
superheavy elements. These powerful beams have been utilized to produce secondary beams of Rls.
Several experimental devices serve to separate, identify and analyze reaction products.

In future, the nuclear engineering community would be further encouraged to promote the LLFP
reaction data project, and if necessary, to study fission reaction and precise decay measurement for decay
heat and neutron-emission probability necessary in designing nuclear reactors, by utilizing RI beams. The
RIBF intensity upgrade is planned by installing new charge stripper rings [43]. More intense heavy-ion
beams would create more opportunities for reaction study such as (d, p) reaction with low energy RI
beams to study neutron-capture reaction, and for reaction study with minor actinides.

_10_
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Abstract

To decrease the toxic waste produced at the nuclear reactor, studies of the Accelerator
Driven System (ADS) are developing worldwide. Since the neutron production target at
ADS is designed to be irradiated by protons in several GeV kinetic energy, a study with the
high-energy particles in the kinetic energy region around GeV is essential for the research
and development of ADS. However, many accelerator facilities using several GeV-protons
built in the 1970s have been shut down due to their lifetime. Eventually, the facilities to
be able to use protons with several GeV are scarce in the world. In Japan, J-PARC can
only apply for the sake of ADS using the hadron, including proton. Using the 3-GeV proton
synchrotron, some studies are going at J-PARC aimed at obtaining the nuclear data of ADS.
In this paper, some experiments related to nuclear data for ADS are introduced, such as
nuclide production cross section induced by proton and displacement cross section.

1 Introduction

To reduce the hazards associated with the radioactive waste produced in a nuclear reactor, Japan
Atomic Energy Agency (JAEA) proposed an accelerator-driven system (ADS) that comprises
extremely high-power accelerators (30 MW) with proton kinetic energy of 1.5 GeV [1]. Since
the neutron production target at ADS is designed to be irradiated by protons in several GeV
kinetic energy, a study with the high-energy particles in the kinetic energy region around GeV
is essential for the research and development of ADS. However, many accelerator facilities using
several GeV-protons, such as SATURNE at CEA, established for nuclear physics in the 1970s,
have been shut down due to their lifetime. Eventually, the facilities to be able to use protons
with several GeV, such as AGS at BNL, PS at CERN, and U-10 at ITEP, are scarce in the
world. In Japan, J-PARC can only apply for the sake of ADS using the hadron, including
proton. Therefore, our group conducted nuclear data studies for ADS at the 3-GeV proton
synchrotron (RCS) facility and the beam transport line.

In this paper, some experiments carried out at J-PARC for the nuclear data for ADS us-
ing several GeV-protons are introduced, such as nuclide production cross section induced by
protons [2, 3] and displacement cross section [4, 5].

2 Displacement cross section

In ADS, Lead-bismuth eutectic (LBE) is used as a target material, and it simultaneously plays
the role of a coolant. While designing ADS, damage to the beam-intercepting material is one of
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the critical issues. In other high-intensity accelerator facilities, the beam—intercepting material
also plays essential roles. To confidently operate a high-power accelerator, damage estimation of
the target material is essential. For quantitative specification of the damage to the target mate-
rial, the displacement per atom (dpa) index is generally employed. A dpa is widely used for the
estimation of the damages caused to nuclear reactors and fusion reactors. The dpa is estimated
using the particle fluence multiplied with displacement cross section. The cross section is usu-
ally obtained using the Norgertt—Robinson—-Torrens (NRT) model [6]. In the low-energy region
below 20 MeV, the displacement cross section for a proton can be reliably predicted because the
Coulomb force mainly causes the displacement. The calculation method for the displacement
cross section has been established for the low-energy regions where nuclear reactions produce no
particles. However, for the protons in the high-energy region above 20 MeV, the experimental
data of the displacement cross section are scarce. Therefore, the displacement cross section has
not been adequately studied. Since many reaction channels open (above 20 MeV), calculation
codes based on the intra-nuclear cascade model are used to obtain the cross section. Although
iron materials play essential roles, such as the beam window for the ADS and target vessels of
the spallation neutron source, the experimental data of the displacement cross section have not
been observed in the energy region above 20 MeV. For validation and improvement of the dpa
evaluation, the experimental data are crucial.

2.1 Experiment of displacement cross section

For the displacement cross-section measurement, we conducted experiments at 3-GeV proton
beam transport (3NBT) line at the J-PARC. A vacuum chamber with a cryocooler was installed
at the front of the beam dump of the 3-GeV rapid cycling synchrotron (RCS). At the RCS, the
kinetic energy of the extracted proton can vary from 0.4 to 3 GeV, altering the timing of the
extraction kicker magnet. With the change in the rigidity of the following magnets, the beam
was introduced to the sample.

Since there was no space in the beamline introduced to the beam dump, the experimental
equipment was installed in the beamline, where the high-intensity proton beam could be de-
livered to the spallation neutron source in the MLF. Although the low-intensity proton beam
was irradiated to sustain the cryogenic temperature of the sample, an additional interlock of the
accelerator was required for the experiment owing to safety reasons, which changed the licensing
of the RCS described in Japanese law of act concerning prevention from radiation hazards due
to radioisotopes.

At the RCS, the kinetic energy of the extracted proton can vary from 0.4 to 3 GeV, altering
the timing of the extraction kicker magnet. With the change in the rigidity of the following
magnets, the beam was introduced to the sample. For observation of the damage in the sample,
the irradiated sample is required to be cooled at a cryogenic temperature (around 10 K), where
the recombination of Frenkel pairs is well suppressed owing to thermal motion. With the ob-
servation of the resistivity change Ap due to the irradiation at the cryogenic temperature, the
experimental displacement cross section e, (E), is given by the following,

Uemp(E) = AP/(@PFP% (1)

where ¢(E) is the average proton fluence at the sample over irradiation time, pgp is the resistivity
change per Frenkel-pair density for a particular metal, which has an uncertainty of 20%.

A vacuum chamber was installed in front of the 3-GeV beam dump. The chamber that
was installed at the beam transport line maintained vacuum pressure less than 107> Pa using
the sputter-ion pumps. The chamber was equipped with a Gifford-McMahon (GM) (Sumitomo
Heavy Industries RDK-408D2) cryocooler. The GM cryocooler cooled the sample using an
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oxygen-free high-conductivity copper rod and sample holder made of aluminum that was placed
at the tip of the copper rod, as shown in Fig. 1. The GM cooler comprises two structures:
the 1 st and 2 nd stages. At the 1 st and 2 nd stages, the temperatures can reach 40 K and
4 K, respectively. For the measurement of the thermal recovery of the sample, a heater was
attached to the copper rod. The assembly of the GM cryocooler and a sample wire was placed
on a movable stage to control the irradiation. Since the RCS kicks the beam horizontally for
the extraction, the stability of the beam position in the vertical direction is better than in the
horizontal.

To obtain the beam window material data used at the ADS, we selected iron as the sample.
Before installation, the sample was annealed just less than the melting point to eliminate the
defect of the lattice. Each sample was sandwiched between electrical insulation sheets of an
aluminum nitride ceramic and held by the holder made of aluminum. To minimize the beam
interaction on the holder, we made an aperture with 40-mm diameter for the sample holder. The
resistance of the sample was measured using a voltmeter and current source. The sample wire
was connected through terminals to both the current source and voltmeter for the compensation
of the cable resistance between the sample and instruments. The precision of this resistance
measurement was £0.01 uf2, corresponding to a resistivity of +3 fQm.

The resistance thermometer on the sample holder was calibrated in the temperature range
of 4 -100 K, and a silicon thermometer on the copper column was calibrated between 4 K and
the room temperature. The resistance decreased with the temperature. It was observed that
the resistance was saturated around the cryogenic temperature (~4 K).

The electrical resistivity of the sample p is expressed as follows: p = RA/L, where R [Q] is
the measured electrical resistance, A is the area of the sample (4.9x10~® m?) with a diameter of
250 pm, and L is the length between two potential points (40 mm). To avoid heat introduction
to the sample owing to radiation to the sample, the sample was surrounded using double-walled
radiation thermal shields made of aluminum. The outer and inner shields with a thickness of 2
and 1 mm, were directly connected to thel st and 2 nd stage of the GM cooler, respectively. To
minimize the scattering of the proton beam on the shields, we placed thin aluminum foils with
a thickness of 5 ym and at the beam entrance and exit holes (with a diameter of 40 mm) for
both thermal shields. After 6 h of cooling, the temperature of the sample holder was less than
4 K. Note that, in the early period of the experiment, the temperature was not 4 K, but ~20
K. With some trials changing the conditions, the heat was introduced through the measurement
cables for the resistance and temperature.

To fit the beam position on the sample precisely, the beam was vertically scanned with the
steering magnet placed upstream of the sample along the beam direction. With the observation
of the change in resistivity during the scan, the beam position given by the profile monitor
was confirmed to be the center of the wire owing to the precious beam control developed at J-
PARC [7, 8]. During the beam irradiation, the resistance of the iron sample was observed with
the temperature of the sample holder determined using the attached thermometer. Although
the sample temperature was not directly observed, it can be expected to be ~4 K. During the
irradiation of the sample, the temperature slightly increased. The observed temperature of the
holder increased by 0.2 K. After irradiation, the sample resistance was increased by about 0.2
182 from the start of the beam irradiation, which was produced due to the displacement.

2.2 Results of displacement cross section

Using Eq(1), the displacement cross sections of iron are obtained. In this work, the resistivity
change per Frenkel-pair ppp was defined as 2.46x1076% £ 0.57 Qm for iron, obtained from
another study [9]. It should be mentioned that the error of the present cross-section data was
dominated by the one of the resistivity change per Frankel-pair. To obtain high-precision results,
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the uncertainties of the resistivity change by Frankel-pair creation need to be improved, which
is expected to be achieved using an electron beam.

Figure 2 shows the calculation results using PHITS [10] with intra-nuclear cascade model of
INCL-4.6 [11], which are shown as black single-dot and solid red lines. In Fig. 2, the evaluated
data were given by the Karlsruhe Institute of Technology (KIT') [12] shown as blue dashed and
orange two-dotted lines. To PHITS calculation and KIT evaluation, the NRT model, which
is widely utilized for evaluation of dpa, and the athermal-recombination—corrected dpa (arc-
dpa) model based on molecular dynamics (MD) were applied. The parameters for the arc-dpa
given by Nordlund [13] was applied to PHITS. KIT used the binary collisional approximation
(arc-dpa-BCA) model for evaluation. The displacement cross section of iron (red solid circles)
compared with the previous experimental data by Jung [14] (black solid circles). The current
data of iron were found to be lower than the calculation with the NRT model with PHITS and
KIT evaluation by about 2 times.
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Figure 1: Schematic of the sample, vacaum Figure 2: Comparison of the present experi-

chamber, and GM cryocooler used for the mental data for iron with previous experimental

present experiment. data [14], calculation data using PHITS [10] and
KIT evaluations [12].

3 Production cross section induced by several GeV-protons

To estimate the residual nuclei in the beam window and the target, the production cross section
is required. However, the data are not enough to validate the calculation models. For validation
of the calculation model, we have been carried out the production cross section using several
GeV-protons. For the experiment, sample changers with sample holders were installed at 3NBT.
After irradiation, the sample was observed by the high-pure Germanium detector. With the
gamma spectrometry, the production cross section was derived.

As an example, the experimental results of "*Fe(p,x)"Be is shown in Fig. 3 compared with
the various calculation models and the evaluation data of JENDL/HE-2007. It is shown that
INCL++/ABLAO7 and INCL/GEM show remarkable underestimation for the kinetic energy
range above 1 GeV region. The nuclide of “Be is mainly produced by the statistical decay
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and partially produced by the multifragmentation. On the other hand, the previous calcula-
tion model of Bertini/GEM shows good agreement in the energy range above 2 GeV. Although
JENDL/HE-2007 shows a good agreement with the experimental results, it shows a slight over-
estimation for energies above 2 GeV. Using the present experimental results, the evaluation will
be improved.

Just the same cross section for %Fe was measured by the GSI using the inverse-kinematics
method, which is also shown in Fig. 3. The present data disagree with the data measured at the
GSI [15], which is pointed out by the other study [16]. It can be concluded that another study
using inverse kinematics has worth to reveal the detailed production process for the improvement
of the model.

4 Summary

To evaluate the target materials used in high-
intensity proton accelerators, particularly in

ADS, experi@ents for displacement and nu- - :;: %'g?’;:g}';""' ”a'Fe(p,x) ?Be
clei production cross-sections measurements 12l — INCUGEM

were carried out in J-PARC. The displacement | —— :;‘:_’“Gf:m?

cross section of iron irradiated using protons £ '0__ = = = JENDLHE-2007 ;’
having kinetic energies in the range 0.4 and 3 g 8- @ GSlfor%Fe

GeV was successfully obtained. It should be & ol

mentioned that the present data for iron is the g :

first experimental data in the projectile en- : |

ergy region above 400 MeV, which is essential 2

for the research and development of ADS. The ol o}

present experimental data of the displacement 10° Energy [MeV] 10°

cross sections were compared with the calcu-

lation using the PHITS and the data evalu- Figure 3: Production cross section of

ated by KIT. The present results showed an
overestimation of the cross section using the
widely employed NRT model by a factor of 2,
this model was preferred for the proton projectile with lower energy than 10 MeV. In contrast,
the arc-dpa model shows remarkably good agreement with the present data. For the nuclei
production cross section induced by several GeV-protons, further improvements to the model

are required to reproduce the cross section. For this sake, we will continue the experiment at
J-PARC.

nalFe(p,x)"Be as a function of kinetic en-
ergy of projectile protons.
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A 1 ampere class high-intenisty deuteron linac (ImPACT2017 model) is proposed for
the mitigation of the long-lived fission products (LLFPs) by nuclear transmutation. This
accelerator consists of single-cell rf cavities with magnetic focusing elements to accelerate
deuterons beyond 1 A up to 200 MeV /u.

1 Introduction
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Figure 1: Schematic of a single-cell linac, model ImPACT2017.

High-level radioactive waste from nuclear power plants has been posing a number of inherent
problems, including the lack of progress in considering disposal sites [1], possible vulnerabilities
in counter-terrorism measures, or so. To address these problems, research and development of
partitioning and transmutation technologies are essentially important to determine the most
efficient methods for the reduction of radioactivity in waste material [2]. We hereby propose
a reasonably feasible transmutation scheme with high-energy neutrons produced by a deuteron
beam, where liquid lithium is utilized for the production target [3]. To realize the transmutation
scheme, design of a 100-200 MeV/u deuteron accelerator with an intensity of 1 A is highly
desired for the transmutation of LLFP nuclides.

We consider a linac that can accelerate deuterons to such a high current. Most modern
high-power linacs [3, 4, 5, 6] use a radio frequency quadrupole (RFQ) as a front-end accelerator,
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which performs adiabatic rf capture of a direct current (DC) beam from an ion source, transverse
focusing, and acceleration. The typical aperture of an RFQ is 1 cm. However, the expected size
of the 1-A beam from an ion source amounts up over 10 cm in diameter. It is therefore evident
that an RFQ cannot accommodate such large beams with 1 A. In this study, we propose a novel
linac that consists of single-cell cavities with magnetic focusing elements to accept a 1-A beam
with a large bore. The single-cell linac (SCL) has the following advantages for the acceleration
of high-intensity beams:

e Low-frequency rf cavities with a large bore can be used to mitigate strong space charge
forces owing to lower beam current density.

e Voltage and phase of each cell can be independently selected to compensate for the space
charge effects, and also to implement an efficient bunching function for a DC beam like an
RFQ entrance section.

Table 1: Basic parameters of the single-cell linac ImPACT2017. QWR stands for quarter wave

resonator.

Ton Source and LEBT

Energy range (MeV/u) 0.1

Type of IS Cusp ion source
Particle deuteron

Beam current (A) 1

Emittance (normalized)

257 mm-mrad

Low-(section

Energy range (MeV/u)  0.1-5

Number of cell 90

Cell length (m) 0.25

rf cavity Normal conducting
Single gap

Focusing Solenoid

Medium-£ section

Energy range (MeV/u)  5-40

Number of cell 44

Cell length (m) 1.38

rf cavity Superconducting
QWR, Double gaps

Focusing Quadrupole magnet

High-3 section

Energy range (MeV/u)  40-200

Number of cell 200

Cell length (m) 0.8

rf cavity Superconducting
Single gap

Focusing Quadrupole magnet
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2 Scheme

The 1-A deuteron SCL (ImPACT2017 model) consists of four sections: (1) the ion source section,
(2) the low-f section, (3) the medium-/ section, and (4) the high-5 section. Figure 1 shows
a schematic layout of this system and the typical parameters of each section are presented in
Table 1. In this scheme, a large transverse normalized RMS emittance of 257 mm-mrad is
assumed at the injection of the SCL, which is sufficient for relaxing the space charge effect in
the beam dynamics. A relatively low rf frequency acceleration system is suitable for a large
bore.

In the SCL, the fundamental mode of the longitudinal space charge force could be compen-
sated cell by cell through individual fine rf detuning to beam bunches. The SCL also facilitates
individual strong beam focusing against the transverse space charge force with external magnetic
focusing elements, such as solenoids and quadrupole magnets.

The ion source produces a current of deuterons, with a magnitude above 1 A. A cusp-field-
confinement-type ion source with a large extraction area was chosen because a multi-hole beam
extraction system is inevitable for the extraction of such large beam currents. Such ion sources
are used for NBI (neutral beam injector) in Tokamak fusion reactors. The structure of the ion
source can be seen, for example, in [7]. The Child-Langmuir law estimates that a current of
20 mA /cm? can be extracted at maximum through one hole with a diameter of 14 mm when
an extraction voltage of 6 kV is applied to the gap of 3 mm. At least 37 holes are required to
extract 1 A assuming that the ratio of DT to the total current including D, etc. is 85%. The
low-energy beam transport (LEBT) section consists of a series of beam focusing solenoids.

The low-( section is composed of approximately 90 single cells, and each cell includes a
single rf cavity with a 25 MHz resonant frequency and a focusing solenoid. The rf cavity has
a capacitive plate to maintain the outer diameter under ~2 m and the maximal rf voltage is
approximately 300 kV, which is approximately 1.2 Ky, where K is discharge limit given as
a function of the frequency by Kilpatrick [8]. The transit time factor at 5 MeV/u exceeds
0.95. The rf power except the beam power dissipated by the entire single-cell cavity system is
approximately 5 MW.

The rf voltage and phase of every single cavity were appropriately selected to optimize the
beam capture and acceleration. The optimization was performed by evaluating the adiabatic
parameter, as shown in the following [9] [10] [11]:

1|dA
0, >> = |22, 1
>> | (1)

where A is a rf bucket area and ) is the phase (synchrotron) oscillation frequency, and from
this criterion, an adiabatic parameter is defined as,
. QSTS
- Vi + AV

Na (2)
Here, V; is rf voltage, AV increment of rf voltage per cell and T transit time per cell.

Good adiabaticity is achieved when the value of the adiabatic parameter n, exceeds 10
and the DC beam from the ion source can be well-captured by the rf bucket and consequently
accelerated. The phase and rf voltage variations should be appropriately optimized to preserve
the adiabaticity of the beam capture and acceleration, following the condition shown in eq.(1).
The longitudinal beam behavior was simulated for these conditions and the results are plotted
in Fig. 2. Evidently, the beam is well captured and is accelerated adiabatically. This rf capture
of the DC beam was successfully simulated by a 3D PIC code.
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Figure 2: Beam capture and acceleration: left panel shows the entire longitudinal beam motion
in the low- £ section, while right plot shows the initial phase of the beam capture and acceleration.

The deuteron beam from the low-f section is accelerated up to 40 MeV /u via the medium-g
section that consists of 44 superconducting quarter wave resonators (QWRs) at 50 MHz and
quadruple magnets between the resonators. The superconducting and/or permanent magnets
act as the quadrupole magnet. The schematic layout of the QWR is shown in Fig. 3. The
height and diameter of the outer cylinder are 1.62 m and 1.16 m, respectively and the maximal
rf voltage is 1.24 MV. The transit time factor is approximately 0.74 at 40 MeV /u and the gap
distance is 0.58 m, which corresponds to S\/2 at 18 MeV /u.

Figure 3: Structure of QWR (left) for the medium 5 and Reentrant cavity(right) for the high
B section. The arrows in the cavities show electric field. Size of the arrow is proportional to
strength of the electric field.

The deuteron beam from the medium-/3 section is accelerated up to 100-200 MeV /u through
the high-8 section that consisted of 200 superconducting reentrant cavities at 100 MHz and
quadruple magnets between the resonators. The superconducting and/or permanent magnets
serve as the quadrupole magnet. The schematic layout of the reentrant resonator is shown in
Fig. 3. The diameter and the length of the cavity are 1.25 m and 0.6 m, respectively and the
maximal rf voltage is 2.3 MV. The transit time factor is approximately 0.96 at 200 MeV /u.
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Summary

A 1 ampere class deuteron linac (ImPACT2017 model) was proposed for the mitigation of the
long-lived fission product (LLFP) by nuclear transmutation. This model consists of single-cell
rf cavities with magnetic focusing elements to accelerate deuterons beyond 1 A. The beam
dynamics and conceptual design for each section were presented and discussed.
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This paper describes a summary of the spallation reaction and its theoretical model, focusing
on the spallation product yields, and then our research work about the improvement of the fission
probability model is presented.

1 Introduction

Recently, spallation neutrons produced from the spallation reactions have been utilized for the
material and fundamental sciences as well as industrial applications in the spallation neutron
source facilities (e.g. MLF at J-PARC [1, 2, 3], ISIS [4], and SNS [5]). In these facilities, Monte
Carlo particle transport codes such as PHITS [6], MCNP [7], GEANT4 [8], FLUKA [9] play a
significant role in the assessment of radiation dose and inventory of radioactive materials.

In this paper, we briefly describe the spallation reaction and its theoretical spallation model,
focusing on spallation product yields; then, our research work on this title is presented.

2 Spallation reaction

2.1 Spallation reaction process

Figure 1 schematizes a process of the spallation reaction. The spallaion reaction starts with a
collision between an incident particle and a nucleon which is a constituent of a nucleus. The
bombarded nucleon emits solely from the nucleus, hit other nuclons several times, or emits
binding to nucleons in the nuclear surface; this process is referred to as the intranuclear cascade
process. After this process, the remaining energy is uniformly distributed by repeating soft
collisions, which results in a quasi-stable, highly-excited state.

This highly-excited nucleus de-excites by statistically emitting neutrons, charged particles
and photons; this process is referred to as the de-excitation process; this process is also known
as the evaporation process. For heavy targets such as gold, lead, and uranium, fission occurrs
competing with the evaporation.

2.2 Distribution of spallation products and spallation model

Figure 2 compares the mass number distribution of the spallation products produced from the
1-GeV proton-induced 2%*Pb reaction between the experimental data [10] and calculation results
with four major spallation models (i.e. INCL++/ABLAO7 [11, 12], INCL++/GEMINI++ [13],
INCL4.6/GEM [14], and CEM03.03 [15]). Three humps observed in this figure are referred to as
evaporation residues (ER), fission fragments (FF), intermadiate mass fragments (IMF), and light
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Figure 2: Mass number distribution of the 1-GeV proton-induced 2°*Pb target reaction.

charged particles (LCP) in order of decreasing mass number. While all models explain the feature
of the mass number distribution, they are not very good in terms of the prediction accuracy.
For example, INCL4.6/GEM, which is a default spallation model of PHITS, underestimates
the fission fragment yields by at most 50%. Because the fission fragments contains volatile
radioactive materials such as radioactive kripton, xenon, and iodine, this underestimation may
involve a significant problem in terms of the radiation safety of the spallation neutron source
facilities. These discrepancies were discussed in detail in our previous work [16].

3 Improvement of fission probability

3.1 Description of fission probability

A recent benchmark analysis of the PHITS code revealed that INCL4.6/GEM implemented
in PHITS underestimates the fission fragment yields. This underestimation indicates that the
fission probability should be enhanced within the framework of the de-excitation model GEM.
The GEM describes the fission probability as follows.
Ly

p=—1"1_ 1
T (1)
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where I'y and I',, represent the decay widths of fission and neutron evaporation, respectively.
Although parameters of these decay widths need to be sophisticated as a straightforward method,
this approach requires a significant amount of time spent in tuning the model parameters. To
avoid this, we modified the fission probability itself instead of the decay widths, which are
deduced from a systematics of proton-induced fission cross sections.

The fission cross section ogg and non-elastic cross section oponel are linked to the following
equation:

Ofis

P = ) (2)

Ononel

where P indicates a total fission probability, which can be calculated from the systematics of
the proton-induced fission cross sections (Prokofiev systematics [17]) and that of the non-elastic
cross sections (Pearlstein—Niita systematics [18]); both are functions of incident proton energy
and mass and proton numbers of the target nucleus. However, what we are interested in here is
the fission probability which is a function of excitation energy, mass number, and proton number
of the highly excited nuleus. To resolve this discrepancy, relationships among information of
projectile, target nuclei, and highly-excited nuclei are deduced statistically from the intranuclear
cascade model calculation, and the fission probability was determined by multiplying the total
fission probability with a function g:

P =g-P(Ep),(Zi), (A1), (3)

where (Ep), (Z;), and (A;) are the corresponding incident proton energy, proton number, and
mass number, respectively. The function ¢ is expressed as

1
9:max<0,’70 <1+e—71(E—72)_73>>’ (4)

where v; (i = 0,1,2,3) is adjustable parameters to account for the proton-induced fission cross
sections, which are expressed as

X208Pb 5:5 1 X208pb 3
=04 =0.1 = —
Yo 0 67 Y1 0 07 Y2 o7 < <Xt> > ) V3 2 <Xt> ) (5)

where Xaosp, and (X;) are the fissility parameter for 2%*Pb and the corresponding fissility pa-
rameter for the highly-excited nucleus.

3.2 Results
3.2.1 Fission cross sections

Figure 3 shows examples of the proton-induced and neutron-induced fission cross sections cal-
culated by the proposed model. It is seen that the proposed model reproduces the experimental
data fairly well, in contrast to the conventional model. Furthermore, even though this model is
constructed by the proton-induced systematics, it is applicable the neutron-induced reactions.
It was demonstrated that our model reproduces the experimental fission cross sections over a
wide range of subactinide targets for proton-, neutron-, and deuteron-induced reactions. Details
can be seen in Iwamoto et al. [19].

3.2.2 Fission fragment production cross sections

Figure 4 presents the proton-induced fission fragment production cross sections for the 1-GeV
208Ph(p, X), 800-MeV ¥7Au(p, X), and 500-MeV 208Pb(p, X) reactions. Note that both the
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Figure 3: Proton-induced and neutron-induced fission cross sections.

calculated and experimental cross sections indicate independent yields. Although our proposed
model can provide the fission cross sections, namely the total fission fragment production cross
sections, with markededly improved accuracy, it is observed from this figure that each peak for
element uniformly shifts to heavy mass numbers. This means that the fission fragments were
computationally produced as uniformly neutron-rich states. The left panels of Figure 5 show
(N)/Z distributions for the three reactions, comparing between the conventional and proposed
models, in which the modified model becomes worse with respect to the (INV)/Z distributions.
As shown in the right panels of Figure 5, we found that this discrepancy is reduced by emitting
three neutrons (v = 3) from the fissioning system. Because the neutron emission is considered
to be driven by the excitation energy, we investigated how much excitation energy is required
to account for the (N)/Z distributions. As a result, it was suggested that excitation energy of
about 30-50 MeV is required, which would be consistent with a value deduced from the neutron
separation energy; if the separation energy is assumed to be 8 MeV, the minimum energy of the
three neutron emission becomes 24 MeV.

4 Conclusions

We have described the spallation reaction and its theoretical spallation model, focusing on
spallation product yields, and our research work have been presented. Recently, experimental
studies on the spallation reaction have become active in Japan [20, 21, 22]. We hope that
the combination of our theretical work and these experiemntal activities will lead to a deeper
understanding of the spallation reaction mechanism.
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Figure 5: (N)/Z distributions as a function of Z number. The left panels show comparison be-
tween the conventional and proposed models; the right panels show comparison of the calculation
results between v = 0 and v = 3, where v is the number of neutron emission.
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Abstract

We developed the KEK Isotope Separation System (KISS) for the nuclear spectroscopy of
the nuclei in the vicinity of N = 126. The spectroscopy is important not only to study
the nuclear structure but also to understand the explosive astrophysical environment for
the formation of the third peak in the observed solar r-abundance pattern. We report the
experimental results of 5-v spectroscopy and in-gas-cell laser ionization spectroscopy for the
nuclei in this heavy region.

1 Introduction

The study of the S-decay half-lives and nuclear masses of waiting-point nuclei with N = 126
is crucial to understand the explosive astrophysical environment for the formation of the third
peak in the observed solar abundance pattern, which is produced by a rapid neutron capture
process (r-process) [1]. For the nuclear spectroscopy in this heavy region, we have developed the
KEK Isotope Separation System (KISS) [2, 3]. The KISS is an argon-gas-cell-based laser ion
source combined with an on-line isotope separator [4]. The nuclei around N = 126 are produced
by multi-nucleon transfer reactions (MNT) [5] of 36Xe beam and %Pt target [6]. For 3-vy decay
spectroscopy to deduce the half-lives, we developed high-efficiency detector system, which con-
sists of new gas counter (MSPGC) [7, 8] and Super Clover Ge detectors (SCGe). For precise mass
measurement, we installed a multi-reflection time-of-flight mass spectrograph (MRTOF-MS) [9].
The KISS facility enabled us to perform in-gas-cell laser ionization spectroscopy from radiation
measurements by using the -y decay detectors and from ion counting particle-identified by
using the MRTOF-MS. Here, we report the present status and experimental results at KISS.

*Present address: Department of Physics, Bangladesh University of Textiles, Dhaka 1208, Bangladesh
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2 KISS

Figure 1 shows a schematic layout of KISS installed at the RIBF facility in RIKEN. It
consists of the gas-cell system shown in the red box in Fig. 1, the laser system, the mass-
separator system, the detector station for decay spectroscopy, and the MRTOF-MS for mass

measurements.
Detector station
4 Super Clover Ge for y-rays
Dipole magnet G ter for B-
Gas cell system A gelection : Beam deflector %Saczutrll'a:s O.;-E srasiem
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/Doughnut—shaped gas cell
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beam dump

In-gas-cell laser ionization
In-gas-jet laser ionization

Mirror
Rotating target S-shape
198py pseudo-RFQ

Figure 1: Schematic view of KISS (top), and the KISS gas cell shown in the red box (bottom).

2.1 KISS gas cell system

A primary beam of 130Xe?’* (~7 MeV /nucleon, 50 pnA) irradiated production targets such
as enriched %8Pt (purity 91.63% and thickness 12.5 mg/cm?), "Pt, and "*W [6]. Then, the
primary beam passed through the beam pipe of the doughnut-shaped gas cell [3] (see Fig. 1)
without entering the gas cell, where reaction products of interest are stopped. Finally, the beam
was stopped at a water cooled beam dump, which was placed far from the KISS gas cell.

For increasing the production yield, the doughnut-shaped gas cell (see Fig. 1) was devel-
oped to avoid the primary beam passing through the gas cell, otherwise plasma effects [18]
significantly reduce the efficiency to extract the reaction products from the gas cell. Only the
target-like fragments (TLFs) can be implanted into the gas cell with high efficiency, owing to
the characteristic large emission angles of TLFs [2]. Then, the TLFs neutralized in the argon
gas were transported toward the exit by a optimized argon gas laminar flow [3]. We employed
two kinds of two-color two-step laser resonance ionization techniques for selecting the atomic
number Z. By applying the in-gas-cell and in-gas-jet laser ionization techniques, we can produce
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singly charged ions in this heavy region with Z = 70-78 for 8- spectroscopy, hyperfine structure
(HFS) and mass measurements even though these elements are refractory. The in-gas-cell laser
ionization technique is applied for the spectroscopic work which requires higher yields. On the
other hand, in-gas-jet laser ionization technique [19], which can selectively ionize ground and
isomeric states of the nuclei, is used for much more precise nuclear spectroscopic works.

The laser-produced singly charged (¢ = 1) ions were transported through a S-shaped pseudo-
RFQ (S-RFQ) and sextupole ion guide (SPIG), and were accelerated with an energy of 20
kV. Their mass-to-charge ratio (A/q) was selected by a dipole magnet with A/AA = 900.
Finally, one kind of isotope was transported to the detector station placed at the neighboring
experimental hall for the nuclear spectroscopy.

2.2 Detector station and MRTOF-MS

The detector station has a tape transport device to avoid accumulation of the radioactivity
from the daughter nuclei of the separated nuclides under the pulsed beam operation of KISS. An
aluminized Mylar tape was moved at the end of each measurement cycle to remove unwanted
radioactivity from the detection area. We developed high-efficiency and low-background gas
counter, named multi-segmented proportional gas counter (MSPGC) [7, 8], in order to perform
[-v and laser spectroscopic studies by detecting g-particles, X-rays, and internal conversion
electrons emitted from rare reaction products. Four Super Clover Ge detectors were installed
to detect p-delayed v-rays and ~-rays of de-excitation transitions from isomeric states. The
absolute detection efficiency for vy-rays with an energy of 400 keV and 1000 keV was measured as
high as 14% and 10%, respectively, owing to the close setup geometry of approximately 50 mm
from the implantation position on the tape.

We can transport KISS beam to the MRTOF-MS by using an electric deflector for producing
pulsed beam during the decay curve measurement at the decay station. Half-lives and masses can
be simultaneously measured in one experiment as shown in Fig. 1. The measured mass resolving
power Ry, is more than 200,000 which indicates that only 100-ion accumulation is sufficient to
determine a nuclear mass with the mass precision dm/m = 1076 (§m ~ 100 keV). The value of
om = 100 keV satisfies with an astrophysical requirement to study the explosive astrophysical
environment. The MRTOF-MS has been successfully developed and applied not only to mass
measurements [9] but also to the particle identifications for further nuclear spectroscopy such
as hyperfine measurements.

3 Experimental results

Due to the difficulties in the production and ion-extraction of the refractory nuclei in this
heavy region (Z = 70-78 and N < 126), spectroscopic study has been scarcely carried out,
especially, no laser spectroscopic data for the neutron-rich nuclei (limited to stable nuclei and
neutron-deficient nuclei). However, we can access the neutron-rich nuclei of these refractory
elements by selecting appropriate production targets at the KISS facility. By using enriched
198Pt, natural platinum and tungsten targets, we extracted 17 neutron-rich nuclei from the KISS
gas cell for nuclear spectroscopic works. We have successfully performed decay spectroscopy
of 951961971980 10, 11, 12], high-K isomer ¥7Ta [13] and '??Re [14], and also perform in-
gas-cell laser ionization spectroscopy of 1999:199mpy [15], 1961971981y [16] and 194196Qs [17] for
determining the magnetic moments and the change of the charge-radii (deformation parameters).
We plan to perform the laser spectroscopy for these nuclei as well as the S-v spectroscopy and
mass measurements intensively and systematically.

In the following sections, we introduced experimental results of the laser spectroscopy for
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196,197.1981 [16] and the 194196 0s [17]. In the case of in-gas-cell laser ionization spectroscopy, the
measured laser resonance spectrum is generally broadened by a pressure broadening due to the
atomic collision with argon atoms in the gas cell (the gas pressure ~75 kPa). However, we can
deduce an isotope shift value from the measured center of gravity frequency of atomic transitions
and magnetic dipole moment which governs the resonance width and structure. These physics
quantities are very important to discuss the nuclear deformation and structure including a wave-
function.

3.1 Laser spectroscopy of 519719y jsotopes

We successfully performed in-gas-cell laser ionization spectroscopy of 6197198y [16] for
determining the magnetic moments and the change of the charge-radii (deformation parameters).
Figure 2 shows the measured HFS spectra by detecting the S-rays emitted from each isotope
(T1 /2 ~ 10 min) as a function of laser wavelength.
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Figure 2: Measured HFS spectra of (a) %Ir, (b) ¥7Ir, and (c) ®®Ir. The red lines indicate the
best fit lines with each spin-parity value. (d) Evaluated change of charge radii, and (e) deduced
deformation parameters.

By fitting the measured HFS spectra, we can evaluate the change of charge radii and de-
formation parameters as shown in Figs. 2-(d) and (e), respectively, from the measured isotope
shifts, and discuss the systematic trend [16]. The magnetic moments (ftexp) With spin-parity
I™ can be extracted from the measurements as shown in Table 1, and we can suggest the
wave-function of each isotope from the theoretical pcq calculated by applying strong-coupling
model [20]. In order to determine the magnetic moments with spin-parity and wave-functions
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more precisely and explicitly, we have been developing an in-gas-jet collinear laser ionization
spectroscopy technique [19].

Table 1: Results of the in-gas-cell laser ionization spectroscopy of ?6:197:19%1y [16].

Nuclide I™ Pexp (UN)  feale (un)  suggested wave-function
196y 1= 4031709 +0.157503  7w3/2F[402] ® v1/27[501]
27 4034709 4+0.3970 L 73/21[402] © v1/27[501]

97 3/2 40231000 40234004 73/2+[402)
98 17 40131009 4+0.161009  73/27[402] ® v1/27[510]

3.2 Laser spectroscopy of 1941%Qs isotopes with the assist of MRTOF-MS

Although we have measured the HFS spectra of short-lived (7}, ~ 10 min) isotopes by
detecting the - and ~-rays at the KISS facility successfully, it was difficult to measure the HF'S
spectra of isotopes with 775 > 1 h by detecting the decay radiations in a limited beam time.
However, we can efficiently measure the laser resonance spectra of these isotopes thanks to an
ion counting by using the MRTOF-MS without waiting for the radiation decays. The MRTOF-
MS can identify clearly the isotopes from the mass-dependent time-of-flight (TOF) spectrum as
shown in Fig. 3-(a).
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Figure 3: (a) Measured TOF spectrum of laser-induced 12*Os?* (doubly charged in the MRTOF-
MS system) with survived ion of non laser-resonant '%*Pt?* emitted from the platinum produc-
tion target. Measured laser resonance spectra of (b) 1%°Os and (c) *10Os.

To study the nuclear structures, we successfully measured the laser resonance spectra of
1960s (1™ =07, T/ = 34.9 m) and 9405 (I =07, T/ = 6.0 y), as shown in Figs. 3-(b)
and (c) respectively, to determine the change in charge radii and the deformation parameters
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by using the in-gas-cell laser ionization spectroscopy technique assisted by MRTOF-MS [17].
By comparing the evaluated deformation parameters with theoretical values, we found that
1940s nucleus is oblately deformed and '°Os nucleus would not be pure axially deformed rotor.
Further systematic measurements of osmium isotopes are planed.

4 Summary

The KEK Isotope Separation System (KISS) was installed at RIKEN to perform nuclear
spectroscopy of neutron-rich isotopes with neutron numbers around 126 for applications in as-
trophysics. We can successfully extract the neutron-rich isotopes produced by the MNT reactions
from the KISS gas cell. We performed decay spectroscopy of 195196197198 (g 187y " and 192Re
isotopes. By using in-gas-cell laser ionization spectroscopy technique, we measured the HFS
spectra of 1999:199mpy 196,197,198 4 1941965 jsotopes. As the further spectroscopic studies
at KISS, we plan to perform mass measurements by using MRTOF-MS and precise in-gas-jet
laser ionization spectroscopy additionally.
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7. Production and applications of radioisotopes at RIKEN RI Beam Factory

— Chemistry of new elements through diagnosis and therapy of cancer —

Hiromitsu HABA"
Nishina Center for Accelerator-Based Science, RIKEN, Wako, Saitama 351-0198, Japan
*Email: haba@riken.jp

We are developing production technologies of radioisotopes (RIs) for application studies at RIKEN
RI Beam Factory (RIBF). More than 100 RIs produced at the AVF cyclotron, RIKEN Linear Accelerator,
and RIKEN Ring Cyclotron have been used in research fields of physics, chemistry, biology, engineering,
medicine, pharmaceutical and environmental sciences. In this paper, RIs for superheavy element
chemistry and targeted alpha therapy at RIBF are emphasized. Purified RIs such as ®°Zn, ’Cu, and '%Cd
are delivered to universities and research institutes through Japan Radioisotope Association. Short-lived
RIs such as 88Zr, '7>Hf, and 2''At are also distributed to researchers through the platform for short-lived
RI distribution, supported by JSPS KAKENHI.

1. Introduction

Due to its high sensitivity, the radioactive tracer technique has been successfully applied for
investigations of the behavior of elements in the fields of physics, chemistry, biology, engineering,
medicine, pharmaceutical and environmental sciences. At RIKEN RI Beam Factory (RIBF), we have
been developing production technologies of radioisotopes (RIs) for application studies using the AVF
cyclotron (AVF), RIKEN Linear Accelerator (RILAC), and RIKEN Ring Cyclotron (RRC). In this paper,
the production and applications of RIs at RIBF are reported with focus on RIs for superheavy element
chemistry and targeted alpha therapy. Distributions of Rls through Japan Radioisotope Association and

Supply Platform of Short-lived Radioisotopes for Fundamental Research are introduced.

2. Production of RIs at RIBF

First of all, reliable excitation functions are necessary to effectively and quantitatively produce RIs
of interest and to reduce contamination of undesired by-products. We have been systematically
investigating the excitation functions especially for the d- and a-induced reactions on various targets at
AVF in collaboration with Sunway University, Malaysia, International Atomic Energy Agency, Austria,
Hokkaido University, and Institute for Nuclear Research (ATOMKI), Hungary. The excitation functions
are compared in detail with the previous ones as well as the theoretical model calculations such as the
TALYS code taken from the TENDL online database [1]. Then, we develop RI production apparatuses
on the beam lines of AVF, RRC, and RILAC. We also develop chemical separation procedures to obtain
RIs with high radionuclidic purity, specific radioactivity, and chemical purity. Finally, radioactivity and

chemical purity of RIs are specified by y-ray/a-particle spectrometry and Inductively Coupled Plasma
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Mass Spectrometry (ICP-MS), respectively.

RIKEN RIs developed for application studies since 2002 are summarized in Table 1. With light- to
heavy-ion beams from the AVF cyclotron, we produce more than 100 RIs from "Be (atomic number Z =
4) to 2?Db (Z = 105) [2,3]. RIs for superheavy element chemistry such as 2932°Sg (Z = 106) and %°Bh (Z
= 107) are produced using a gas-jet transport system coupled to the GAs-filled Recoil lon Separator
(GARIS) at RILAC [4]. On the other hand, RIs of a large number of elements, called multitracer, are
simultaneously produced from metallic targets such as "Ag and '°’Au irradiated with a 135 MeV/u '“N
beam from RRC [5].

3. Application studies with RIKEN RIs

The RIKEN RIs have been used in the application studies in collaboration with many researchers in
the world as annually reported in RIKEN Accelerator Progress Reports [6] (See the section “Nuclear
chemistry and Radiochemistry”.) and the references therein. In this paper, we focus on RIs used in
chemistry of superheavy elements and targeted alpha therapy.
3.1. Superheavy element chemistry

Chemical characterization of newly-discovered superheavy elements (SHEs, atomic numbers Z >
104) is an extremely interesting and challenging subject in modern nuclear and radiochemistry [7]. To
start up the SHE chemistry at RIBF, we installed a gas-jet transport system to the focal plane of GARIS
[4]. This system is a promising approach for exploring new frontiers in the SHE chemistry: the
background radiations from unwanted products are strongly suppressed, the intense primary heavy-ion
beam is absent in the gas-jet chamber, and hence the high gas-jet extraction yield is attained. Furthermore,
the beam-free condition makes it possible to investigate new chemical systems. Long-lived SHE RIs of
261abRf (Z = 104), 29°Db, 2625Sg  and 2°Bh were produced in the 2*Cm('30,5n)?¢1aPRf,
248Cm('F,5n)?9?Db, 248Cm(?*Ne,5n)?%38>Sg, and 2*Cm(**Na,5n)?°Bh reactions, respectively, and their
decay properties were investigated in detail using a rotating wheel apparatus for a and SF spectrometry
[8-11]. The decay properties determined for 26'#PRf, 262Db, 2658bSg and 2°Bh are shown in Figure 1.

Using the GARIS gas-jet system, the first chemical synthesis and gas-chromatogrphic analysis of
Sg(CO)¢ were successfully conducted under an international collaboration lead by GSI Helmholtzzentrum
fiir Schwerionenforschung GmbH, Helmholtz Institute Mainz, and University of Mainz, Germany [12].
A detailed experiment to investigate the stability of the metal carbon bond in Sg(CO)s is in progress with
a thermal decomposition setup developed by Paul Scherrer Institute, Switzerland [13]. Also, syntheses
and properties of Tc, Ru, Rh, and Re carbonyls are under study at Institute of Modern Physics (IMP),
China and RIBF for future studies on Bh, Hs (Z = 108), and Mt (Z = 109) carbonyls [14—16]. To realize
aqueous chemistry studies of Sg and Bh, we have been developing a continuous and rapid solvent
extraction apparatus which consists of a continuous dissolution apparatus Membrane DeGasser (MDG),
a Flow Solvent Extractor (FSE), and a liquid scintillation detector for o/SF-spectrometry [17].

A conventional target/gas-jet system for the production of SHE RIs is also available at AVF [18].
The automated batch-type solid-liquid extraction apparatus for repetitive experiments of transactinides
(AMBER) was developed by Osaka University, and distribution coefficients of Rf were determined in
HCI [19]. Reversed-phase extraction behavior of Rf with thenoyltrifluoroacetone in HF/HNO; was
investigated using Automated Rapid Chemistry Apparatus (ARCA) developed by Japan Atomic Energy
Agency [20]. Recently, co-precipitation of Rf in basic solutions containing NH3; or NaOH was
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investigated in collaboration with Osaka University using a semiautomatic suction filtration apparatus,
CHIN [21].

Table 1. List of radioisotopes developed for application studies at RIBF since 2002.
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3.2. Production of 2!'At for Targeted Alpha Therapy

In recent years, the needs for a-particle-emitting RIs for targeted alpha therapy (TAT) is rapidly
increasing in the world. The o particles have a shorter range (40—100 pm) in living tissues than 3 particles
(0.05-12 mm), and have a high linear energy transfer (~80 keV/um), so they are highly cytotoxic. Thus,
medicines labeled with a-particle-emitting RIs are considered to be effective in treating disseminated

cancer, blood cancer, micrometastasis cancer, and microcancer remaining in a postoperative site. 2''At

(a) 248Cm(2Ne,5n)26536Sg 265Sg (b) 248Cm(23Na,5n)?%Bh 2668
N, Ny I AN
a (b, = 100%) Eogliae a (b, = 100%) Jae

8.84 MeV (I, = 91/9%) 8.62-9.40 MeV (I,=?)
a (b, = 100%)

248Cm(180,5n)%612bRf Rf 869 MeV (1, = 20/80%) 268Cm("9F,5n)%2Db
b

a (b, = 48%)
8.46 MeV (I, = 70%)
8.68 MeV (I, = 30%)

a (b, = 100%)
8.28 MeV (I, = 100%)

4 ?B(ga): SF (bsr = 8276) EC SF
257 ; (bss = 52%)
NO 8.51 MeV (I, = 100%) (bec = 2.6%) 'SF °

245s

%(bq = 100%)

8.222 MeV (I, = 83%)
8.323 MeV (I, = 17%)

(b, = 97.4%)
8565 MeV (1, = 20%)
8595 MeV (1, = 46%)
8621 MeV (I, = 25%)
8.654 MeV (1, = 9%)

SF
(b = 100%)

Figure 1. Decay pattern for the chains (a) 262°Sg — 201abRf — 25No —
and (b)2Bh — 22Db — 2%Lr — 2¥No — [8-11].
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decays to the stable nuclide 2°’Pb by emitting an a particle with the half-life of 7.214 h. 2!' At is produced
in the 2%Bi(a,2n)?!'At reaction by irradiating a metallic 2°°Bi target with a particles accelerated by a
cyclotron. The optimum incident beam energy for the production is ~28 MeV in order to minimalize the
production of 2!°At in the 2°Bi(a,3n)?!°At reaction: 21°At decays to the long-lived and toxic 2!°Po by an
electron capture. Since the half-life of 2!'At is very short, it is difficult to import 2''At from abroad and
domestic production is essential. In order to realize the radionuclide therapy with 2!'At in Japan, it is
necessary to establish a platform for the production and supply of ?''At among domestic accelerator
facilities that have large accelerators. Since 2015, we have been developing a production technology of
211At at AVF and distributing it to 16 research groups in Japan [22].

Figure 2 shows a schematic and photos of the 2!'At production system developed at RIBF. The
metallic 2°’Bi target is irradiated with a particles accelerated to 29.0 MeV by AVF. The beam energy is
controlled with an accuracy of 1% using a time-of-flight (TOF) beam energy measuring device. The
metallic 2°°Bi target in 20 mg/cm? thickness is prepared by a vacuum evaporation method on an Al plate.
Since the melting point of the Bi metal is low (271.5 °C), the target placed at an angle of 15° with respect
to the beam axis is effectively cooled by water (1.5 L/min) and He (30 L/min). In addition, the beam axis
is rotated at 120 rpm by an electromagnet (beam wobbler) to reduce heat load on the target. The current
setup can accept a beam intensity up to 40 pA to produce 2 GBq of ?!'At in 1 h. After irradiation, as
shown in Figure 2 (c), the Bi target is placed on a Cu boat in a quartz tube (i.d. 30 mm X LI180 mm),
and O is passed through the tube (20 mL/min). The quart tube is heated up to 850 °C with an electric
furnace. ?!' At sublimated from the °°Bi target is transported to a PFA tube (i.d. 1 mmXL1000 mm)
bound in a spiral and cooled to —100 °C with a chiller. After collecting 2''At, the inside of the PFA tube
is washed with a few hundred pL of pure water, methanol, chloroform, etc. to recover 2'' At. The chemical
yield is >80%. The purified 2''At is shipped to universities and research institutes in Japan to develop

novel nuclear medicines for cancer therapy [23-25].

Cooling He (30 L/min)
a .
@ 209Bi target

(20 mg/cm?)
Be window \ ﬁ

29-MeV o beam (10 pm)

n - C )15

J | | L
Beam wobbler —

(120 rpm) ~ Beam energy monitor
(TOF detector)

Cooling water
(1.5 L/min)

Figure 2. (a) Schematic of the target chamber for 2!' At production. (b) Photo of the target chamber. (c)

Photo of a dry distillation apparatus for 2!' At separation.

225Ac is also one of the most promising a-particle-emitting RIs for TAT. However, a stable supply

_39_



JAEA-Conf 2021-001

system of 225Ac has not yet been established in Japan even at the basic research scale (~100 MBq). Thus,
we started to develop the production technologies of 22°Ac in the Z?Th('N,xnyp)**’Ac and
226Ra(p,2n)?>Ac reactions using RRC and AVF, respectively.

4. Distributions of RIKEN RIs

Since 2007, the purified RIs of Zn, ¢’Cu, %°Sr, 88Y, and '°Cd are delivered to Japan Radioisotope
Association for fee-based distribution to more than 40 universities, research institutes, and companies in
Japan. More than 150 deliveries have been conducted until March, 2020. The RIKEN RIs such as *%Zr,
95Nb, "SHf, !7°Ta, and 2! At are also available under the JSPS KAKENHI program “Supply Platform of
Short-lived Radioisotopes for Fundamental Research” in collaboration with Research Center for Nuclear
Physics, Osaka University, Cyclotron and Radioisotope Center and Research Center for Electron Photon
Science, Tohoku University, National Institute of Radiological Sciences and Takasaki Advanced
Radiation Research Institute, National Institutes for Quantum and Radiological Science and Technology
[26]. Until March, 2020, RIBF accepted a total of 99 orders for 23 research projects.

S. Summary

Present status of the production and applications of Rls at RIBF is briefly reviewed. RIs for SHE
chemistry and TAT are highlighted. Very recently, the RILAC facility was upgraded as SRILAC with a
28 GHz superconducting ECR ion source, a super-conducting quarter-wavelength resonator, and a new
gas-filled recoil ion separator (GARIS III) being installed. The SRILAC facility is expected to open the
next generation RI applications at RIBF with an order of magnitude larger production yields. Using
Superconducting Ring Cyclotron and the fragment separator BigRIPS, RIBF can generate more than
3,000 RI beams with the world’s highest intensity. In near future, the RI beams will be used for application

studies by implanting them into various materials such as water and pharmaceuticals.
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Production reactions of medical radioisotopes are studied for nuclear medicine. One of such
radioisotopes is '°Yb and its production cross sections of four charged-particle-induced reactions were
experimentally determined. Physical yields were derived from the measured cross sections. The
comparison of the physical yields indicates that the deuteron-induced reaction on '°Tm is preferable for
the '°Yb production.

1. Introduction

Radioisotopes can be used for a variety of applications, e.g., radiotherapy and diagnosis in nuclear
medicine. There are basically several reactions on stable nuclei to produce each radioisotope.
Investigations of such reactions are necessary to find better reactions with less byproducts and with higher
cost effectiveness. Production cross sections of the radioisotopes are thus important nuclear data.
However, there still exist a lack of data and data with large errors [1]. It is indispensable to obtain more
accurate and reliable data for the application. Recent technical development of accelerators and detectors
enables us to reach such data.

We study charged-particle-induced reactions among the possible reactions for the production. The
charged-particle-induced reactions have an advantage to be able to produce radioisotopes with atomic
numbers different from those of targets. We expect chemical separation of the products from the targets
and obtain the objective radioisotopes with high specific activity.

One of the medical radioisotopes we focused on is 'Yb
(Ti2=32.018 d, EC = 100%). It is an Auger electron and X- BACHE YO BERCE 'Yb
ray emitter and suitable for brachytherapy [2]. To produce |17.5 min ENEIICEY 32.0d ENENE

109Yb, there are several reactions, such as proton-, deuteron-
166Tm 167Tm 168Tm ](i")"[‘nl

and alpha-induced reactions on thulium and alpha-induced
7.70h | 9.25d | 93.1d ENEWE

reaction on erbium (Fig. 1). We performed experiments to
determine cross sections of the four reactions [3—5]. The 165Ey 166 Ry 167Ry 168

production cross sections were compared with previous TS Siible  Siable | Stable

studies and theoretical model calculation in the TENDL

: 169
library [6]. Physical yields of the products for practical use Fig. 1. Nuclear chart around '™"Yb.
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were also derived from the measured cross sections. The results are expected to contribute to nuclear

medicine.

2. Method

The experiments were performed at RIKEN, Japan and ATOMKI, Hungary. The well-developed
methods, stacked-foil activation technique and high-resolution gamma-ray spectrometry, were adopted.
The targets consisted of thin metallic foils for objective and monitor reactions. The stacked targets were
irradiated with beams of the charged particles. The beam intensities were measured by a Faraday cup.
Gamma rays emitted from the irradiated foils without chemical separation were measured by HPGe
detectors. Nuclear data required for deduction of cross sections were retrieved from online databases [7,8].

The cross sections of the monitor reactions were compared with the IAEA recommended values [9]
to assess the beam parameters and target thicknesses. According to the comparison of the monitor
reactions, only the beam intensities were corrected within the uncertainties. The corrected intensities and
measured thicknesses were used to deduce the production cross sections of 1°Yb.

The production cross sections of '°Yb were derived from measured net counts of the 177.21-keV
gamma line (I, = 22.28%). The more intense gamma lines at 63.12 (I, = 43.62%) and 197.96 keV (I, =
35.93%) were unselected because of possible interference with X rays and the 198.25-keV gamma line
from the '®Tm decay (Ti2 = 93.1 d).

3. Result and discussion

We measured cross sections of the four reactions, proton- [3], deuteron- [5] and alpha-induced
reactions on '“Tm and alpha-induced reaction on "¥Er [4]. Physical yields were derived from the
measured cross sections and compared with each other. The most appropriate reaction for the '®Yb

production among them was discussed based on the comparison.

3.1. 'Tm(p,n)'*Yb reaction

The cross sections of the ' Tm(p,n)'®Yb reaction were determined as shown in Fig. 2 [3]. The result
is compared with the previous experimental data [10—12] and the TENDL-2019 values [6]. The peak
amplitude and position are consistent with Birattari et al. [10]. The data of Spahn et al. [11] are two times
larger than ours. The shape of the TENDL-2019 data is different from the experimental data.

3.2. 1°Tm(d,2n)'*°Yb reaction

The excitation function of the 'Tm(d,2n)'®Yb reaction was measured [5]. The result is shown in
Fig. 3 together with the earlier measured experimental data [13,14] and the TENDL-2019 values [6]. The
peak position is in good agreement with the previous experimental data and theoretical calculation

although our result shows slightly higher than the other experimental data.

3.3. 19Tm(o,x)'®YDb reaction
We performed two experiments to measure the cross sections of the '*Tm(a,x)'%°Yb reaction. The
cooling times were longer than 86.9 d and 36.5 d for the first and the second experiments. During the

cooling times, the co-produced parent nucleus '’Lu (T2 = 34.06 h) had entirely decayed to '®Yb.
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Fig. 2. Excitation function of the Fig. 3. Excitation function of the '**Tm(d,2n)'*°Yb
19T m(p,n)'*°Yb reaction with the previous reaction with the previous data [13,14] and the
data [13,14] and the TENDL-2019 values [6]. TENDL-2019 values [6].
1800 . 700 : . :
1600 | 22Tm(a,x)"®®Yb v Homma (1980) "l r(o,x) %Y
— TENDL-2019 600 x Sonzogni (1992)
1400 ® This work #1 4 Archenti (1985)
o) o This work #2 3 50| O Krawoow
E 1200 | g TENDL-2019
= = e Saito (2019)
S 1000 S 400 $
§ 800 § 300 %)
S 600 3
5 5 200 |
Rt © B
200 | 100 |
0 s . 0 = X gw T Vv .
30 35 40 45 50 55 0 10 20 30 40 50
Energy (MeV) Energy (MeV)
Fig. 4. Excitation function of the Fig. 5. Excitation function of the "Er(a.,x)'*Yb
19T m(a,x)'*°Yb reaction with the TENDL- reaction with the previous data [15-18] and the
2019 values [6]. TENDL-2019 values [6].

Therefore, the cumulative cross sections could be obtained. The results are shown in Fig. 4 with the
TENDL-2019 values [6]. The TENDL-2019 values are very different from our result. There is no previous
study found in a literature survey.

3.4. "Er(a,x)'%°Yb reaction

The cross sections of the "Er(a,x)'%°Yb reaction were experimentally determined [4]. The result is
shown in Fig. 5 in comparison with the previous studies [15—18] and the TENDL-2019 values [6]. Both
data of Kiraly et al. [17] and TENDL-2019 have nearly the same peak position as ours at around 35 MeV
while the amplitudes are different. The other experimental data differ significantly in both the shape and
amplitude from our results.

3.5. Physical yield of 'Yb

Physical yields of 'Yb in the proton-, deuteron-, alpha-induced reactions on '*Tm and alpha-
induced reaction on "™ Er were derived from the measured cross sections. The results are shown in Fig. 6
and found that the deuteron-induced reaction on 'Tm is preferable to produce '*Yb. We can obtain
169Y'b without any radioactive impurities using chemical separation because co-produced '*®Yb and '7°Yb
are stable.
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Fig. 6. Physical yields derived from the measured cross sections.

4. Conclusion
The production reactions of the medical radioisotope '9°Yb were investigated. The cross sections of

four charged-particle-induced reactions were measured in RIKEN, Japan and ATOMKI, Hungary.

Physical yields were determined from the measured cross sections and compared with each other.

According to the comparison, the deuteron-induced reaction on '*Tm is the most appropriate for the

production.
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Radioisotopes (RIs) production using deuteron accelerator-based neutrons has been studying at
Kyushu University. We primarily focus on neutrons generated via the C or Be(d, n) reactions in a target
whose thickness is thicker than the deuteron range. These reactions are selected because (1) high intense
neutrons having high kinetic energy can generate by the elastic and non-elastic breakup reaction of
deuterons, and (2) neutron energy spectrum has a maximum of around a half incident deuteron energy,
i.e., varying deuteron energy guides the spectrum shape adjustment. The two approaches have conducted
the study: proposal of new production routes and new RIs with the accelerator-based neutron method and
systematic measurements of double-differential thick-target neutron yields (DDTTNYs) up to 40 MeV.
The present paper shows some examples of past works (°>Y production for biodistribution assessment
and '32Cs production for alternative environment tracer as '*’Cs), and current status (systematic DDTTNY

measurement results) of our project.

1. Introduction

Recently, the accelerator-based neutron has been widely applied in various fields. In this decade,
medical radioisotopes (RIs) production using the neutron has been proposed by Nagai et al. First in the
research, the production method of Mo, which is the mother nuclide of the most used medical RI, **™Tc,
was proposed [1,2]. In the study, deuterons are accelerated to around 100 keV and bombarded on a tritium
target to obtain neutrons by DT fusion reactions. Generated neutrons have nearly monoenergetic around
14 MeV, where the “Mo production reaction '°°Mo(n,2n) has a large cross section. The study reveals that
the production method can generate a sufficient amount of Mo of the world demand. We have also
proposed the 4Cu and ¢’Cu production methods for other applications by using accelerator-based neutron
via the C(d,n) reaction [3]. These copper Rls are new promising candidates of theranostics, which means
combining therapy and diagnosis. In the proposed route, 40-MeV deuterons are used to generate
accelerator-based neutrons to obtain intense flux. The amount of the Rls is estimated to be sufficient for
clinical use (a few hundreds of MBq for diagnosis, a few GBq for therapy). The accelerator-based neutron
method by deuterons was summarized as a GRAND system in Ref.[4].

We started studying the RI production method by the accelerator-based neutron in 2012 when I
moved from Prof. Nagai’s group at JAEA to Prof. Watanabe’s laboratory at Kyushu University. At that
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time, Kyushu University already gets started a nuclear data study on deuteron-induced reactions[5,6].
Thus, our research has not only been a part of the GRAND project but also combined with the nuclear
data study[7-12].

In our study, the C or Be(d,n) reactions have

II. Find appropriate energy V. Find efficient been used to produce the accelerator-based neutron
for production of each chemical separation .. .
specific nuclide production. procedure|  because the neutron energy distribution can be
\ N adjusted by incident deuteron energy. It means
Neutrons Medical RI A .
Deuterons ) oo exaion users can roughly control the radioactive and

— ) w—
Deuteron > ) isotopic purity of produced RIs. Some of RlIs have

B Thick Target Raw @ . _ .
(CorBe) Material &-e®? been investigated to find the appropriate deuteron
energy to obtain sufficient quantity with high purity.
Ill. Nuclear data measurement of double- I. Proposing .. . .
differential TTNY with precise absolute value new RIS or Moreover, for clinical use, the chemical separation

from 0 to 60 deg. of neutron emission angle. production route. process has also been studied. In this paper, first,

Fig. 1 Objectives of radioisotopes production  two RI (°?Y and '*2Cs) production routes proposed

by the accelerator-based neutron method. in our study are reviewed[7,12].

Second, I introduce the latest publication of systematic measurement of thick-target neutron-yield
of C(d,n) [10]. Third, the preliminary result of uncertainty propagation in neutron spectra [13]. Finally, I

summarize the paper and show prospects.

2. New Route to Produce °*Y and 32Cs
2.1. Yttrium-92 production for Assessment of Biodistribution of °’Y-labeled ibritumomab tiuxetan

This section reviews a proposal of °>Y to improve the precision of assessment for metabolic
distribution of °°Y ibritumomab tiuxetan (see Ref. [7] for detail).

Yttrium-90 ibritumomab tiuxetan is the first radio immune therapy agent approved by the US Food
and Drug Administration (USFDA) and followed by more than 40 other countries, including Japan. Until
November 2011, biodistribution is assessed using a single photo emission computed tomography
(SPECT) scan by administering !!'In-ibritumomab tiuxetan before °°Y -ibritumomab tiuxetan therapy was
required in the United States, Japan, and Switzerland to predict radiation dose to normal tissues and
organs. The FDA, however, removed this procedure based on a clinical study. The main reason was
“analysis of data in 253 patients showed that the In-111 imaging was not a reliable predictor of altered
Y-90 Zevalin (the trade name of ibritumomab tiuxetan) bio-distribution”. Suppose a yttrium isotope that
emits gamma rays labels the ibritumomab tiuxetan that emits positron or suitable gamma rays. In that
case, such a procedure will constitute a reliable monitor by the adoption of positron emission tomography
(PET) or gamma-ray imaging. Two radioactive yttrium isotopes have been proposed by Rdsche et al. [14]
and Nagai et al. [15]. In the present study, we have proposed gamma-emitter, °Y, which can be produced

only by accelerator-based neutrons, for precise assessment of biodistribution (see Fig. 2).
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Fig. 2 Production routes of radioactive

yttrium isotopes. The °>Y proposed in the present Neutron Energy (VMeV)
study can only be produced via the fast neutron- Fig. 3 Neutron excitation functions of *Zr
induced method. stored in JENDL-4.0u.

The production route is ?>Zr(n,p) reactions, and its theoretical neutron excitation function is shown in
Fig. 3 together with other ones of byproduct for *’Zr (note that the functions are available in JENDL-4.0u
[16]). We have conducted a thick-target neutron yield (TTNY) measurement of C(d,n) reactions for 20-
MeV deuterons at Cyclotron and Radioisotope Center (CYRIC) at Tohoku University to estimate the
production amount and isotopic purity of *?Y product. We adopted the multiple foils activation methods
to derive the TTND. As shown in Fig. 4, deuterons were accelerated up to 20 MeV by AVF930 cyclotron
and guided to the thick carbon target installed in the 32 course to irradiate multiple foils made of Al, Fe,
Co, Ni, Zn, Zr, Mo at the irradiation point for 19 hours. The average beam current on the carbon target
was 2 pA.

AVF930 Cyclotron 32 Course
S REC Thick Target iEIdS emem

Fig. 4 AVF930 type accelerator used to measure the thick-target neutron yield of C(d,n) reactions
using the multiple foils activation methods at the 32 course. Neutrons emitted around 0 degrees

concerning the beam axis were collimated and bombarded on the multiple foils at the irradiation point.

The TTNY was derived from activities induced by the neutron irradiation by unfolding process using
GRAVEL code [17]. For the next step, using the derived TTNY, a production simulation was conducted
for 20 g of enriched °?Zr target irradiation to estimate the production amount and purity. As a result, we
found 1.32 GBq of high isotopic purity (94.9%) °?Y can be produced by a 2-mA deuteron beam on the
carbon target for 7.5-h irradiation. This amount can be used for around ten patients of biodistribution

assessments.

2.2. Environment tracer Cs-132, the alternative of Cs-137

In the environment study of radioactive cesium, '3’Cs (Ti2 = 30 y) has been well used to know
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environmental dynamics even if some studies are focused on the short period (around from a few days to
a few weeks) dynamics. The half-life is too long for the task, and management of the tracer after an
experiment has been a heavy load of research works. To improve this situation, we have proposed '*>Cs
as an alternative tracer of '¥’Cs for studies of the short period dynamics, e.g., a few days dynamics
(dominant period for absorption into the soil) of radioactive cesium released by the Fukushima Daiichi
Nuclear Power Plant Accident. The radioactive material management is straightforward because it has a
drastically shorter half-life (6.5 d) than '37Cs. In the present study, we conducted a production experiment
of the '32Cs using an accelerator-based neutron method to investigate production amount and radioactive
purity. The accelerator-based neutron irradiated a 12-g Cs,CO3 sample via the C(d,n) reactions by 1.2 pA
of 30-MeV deuterons as a similar irradiation system in Fig. 4. As a result, 102 kBg/g of '*2Cs was obtained
with higher than 98.5% radioactive purity. Following that, a feasibility study of cesium distribution
measurement in andosol soil, which is a typical species of soil in Japan, was performed. The Nal(TI)
detector was placed through a lead collimator having a 1-cm window, as shown in Fig. 5 (left). First, we
flow cesium aqueous into the soil and measure the initial distribution (the blue line in Fig. 5 (right)).
After 8-h adsorption time, distilled water was flowed to remove free cesium. Finally, adsorbed
distribution was measured as shown in the red line in Fig. 5 (right). We found almost all of the cesium is
adsorbed in andosol soil in a short period, 8 hours. The property is well known, but we concluded the

produced '*2Cs tracer could be an alternative to environment tracer '3’Cs.

Lead Collimator

Desorbed 5

Cs < 0-1
0

€ 12
=

Nal(Tl) ‘g 2.3
Detector o

< 34 4
=

Soil Sample § 4-5 t : t
0 0.2 0.4 0.6 0.8

10 cm Radioactivity Ratio to Total (-)

Fig. 5 Setup of measurement of radioactive cesium distribution (left) and its results. The blue line
shows the initial allocation, and the red line shows the distribution after water flow with an 8-hour

adsorption time.

3. Systematic Measurement of Double-differential Thick-target Neutron Yield of
C(d,n) reaction

The neutron generation by the C(d,n) reaction on a thick target is promising for radioisotope
production by accelerator-based neutron method. As mentioned above, an intense neutron field is possible
coincidently with adjustment of neutron energy distribution by incident deuteron energy. For this
application, the thick-target neutron yield of wide neutron emission angles (0-90degs) from 10 to 40-

MeV incident deuterons is necessary to estimate production amount and isotopic purity. However, the
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nuclear data has not been systematically measured by a single facility with the same irradiation conditions.
To improve this situation, we have conducted a series of double-differential thick-target neutron yield
measurements for C(d,n) reaction at 12, 20, and 30 MeV deuterons for neutron emission angles 0, 10, 20,
30, and 45 degrees at Tandem accelerator facility of JAEA. The experimental results are compared with

close deuteron energy and neutron emission angles. See Ref. [10] for the results and details.

4. Summary

We have proposed new radioisotopes (RIs) or new production routes possible by accelerator-based
neutron methods. Experiments of RIs production to know production amounts and find appropriate
chemical separation methods. Also, double-differential thick-target neutron yields (DDTTNYSs) of the
proposed route have been measured to estimate isotopic purity, including stable isotope byproducts.

Furthermore, the DDTTNYs have been systematically (in neutron emission angle and incident
deuteron energy) measured for storing nuclear data of deuteron-induced reactions. The experiments have
been conducted at Cyclotron and Radioisotope Center at Tohoku University and Tandem accelerator at
Japan Atomic Energy Agency. At this moment, we conclude the DEURACS model [18] gives precise
DDTTNYs for C(d,n) reactions in the measured incident energy range from 12 to 35 MeV, especially at
around 0 degrees.

The effort to find the new route or RIs will be continued in the future. Moreover, we will analyze
nuclear data uncertainty contributions in the unfolding process by random sampling method using

covariance for worthful nuclear data measurement.
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Nuclear transmutation technology has been attracting attention as a method for treating
high-level radioactive waste. One of the candidates is the spallation reaction using high-
energy particles, especially for the nuclides with relatively small neutron-capture cross sec-
tions such as long-lived fission product (LLFP) %Zr. The accumulation of nuclear reaction
data and the development of nuclear reaction models based on the data are indispensable for
the accurate prediction of the amount of conversion of “3Zr to stable nuclides and/or short-
lived nuclides and residual long-lived nuclides after the transmutation. Therefore, under
the InPACT program (Period: 2014 — 2018), we have measured isotope-production cross
sections in proton- and deuteron-induced spallation reactions on LLFP ?3Zr and adjacent
nuclide *Nb at RIKEN RIBF. In the experiment, a %Zr beam at 50 MeV /nucleon and
a %Nb beam at 113 MeV /nucleon were produced by inflight-fission of 238U. These beams
were irradiated to secondary targets containing hydrogen and deuterium to induce spallation
reactions, and the product yields were analyzed by ZeroDegree Spectrometer to determine
the product cross sections. The results are compared with the nuclear reaction models.

1 Introduction

The problem of the high-level radioactive waste disposal is one of the most important issues in
the nuclear energy field. In order to reduce the long-term risk of the high-level radioactive waste,
research and development of transmutation technologies have been carried out. However, while
the transmutation of minor actinoids has been studied by fast reactors and accelerator-driven
nuclear transmutation systems [1], the transmutation of long-lived fission products (LLFPs),
which also have a long-term risk, has not been widely studied. Therefore, transmutation studies
of the LLFPs with half-lives longer than 100,000 years were conducted in the ImPACT pro-
gram [2]. Among the LLFPs, *Zr has a very long half-life of 1.5 million years and a relatively
high fission yield of approximately 6%. On the other hand, since **Zr has a relatively smaller
neutron-capture cross section than other long-lived fission products [3], it was necessary to ex-
plore a new method other than transmutation using a nuclear reactor. Therefore, transmutation
of 3Zr by spallation reactions using high-energy protons and deuterons has been proposed. In
order to evaluate the performance of this method, isotope-production cross sections for proton-
and deuteron-induced reactions on ?3Zr, which are the most important data to estimate the
amount of transmutation and the radioactivity after irradiation activity, are required.

In this study, we measured the isotope-production cross sections of 50 MeV /nucleon proton
and deuteron bombardment on ?*Zr in order to improve nuclear reaction models which will
be used for the study of the LLFP transmutation. The newly measured data are also useful
to discuss the energy dependence of the isotope-production cross sections by combining with
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experimental data at 105 and 209 MeV /nucleon [4, 5]. In addition, we measured the isotope-
production cross sections in 113-MeV /nucleon proton- and deuteron-induced reactions on *3Nb.
The proton and neutron numbers in *>Nb are Z = 41 and N = 52, respectively, whereas they
are Z = 40 and N = 53 in %3Zr. It is interesting to see how the difference of a single nucleon
in the initial proton and neutron numbers influences the reproducibility of the nuclear reaction
models by comparing the results with the previous *Zr data at 105 MeV /nucleon [4].

2 Experiment

Both the ?3Zr and ?3Nb experiments were performed at the RIKEN Radioactive Isotope Beam
Factory (RIBF) using a cocktail beam containing secondary beams of %3Zr and “*Nb. Since the
experimental procedures and setups for the ?Zr and ?>Nb experiments were similar, only the
details of the ?Zr experiments will be described here.

In the %3Zr experiment, the BigRIPS [6] and the ZeroDegree Spectrometer (ZDS) [6] were
used to analyze secondary beams and reaction products, respectively. First, a 238U primary beam
accelerated up to 345 MeV /nucleon impinged onto a 7-mm-thick “Be primary target installed
at the entrance of BigRIPS. The secondary beam containing **Zr ions was produced through
inflight-fission of the 238U primary beam. The secondary beam was identified using beamline
detectors placed in the second-half of the BigRIPS. Then the secondary beam impinged onto a
secondary target, cooled gaseous Hy and Dy [7], at the entrance of the ZDS. The residual nuclei
produced in the nuclear reactions with the secondary targets were also identified by beamline
detectors at ZDS. Seven different magnetic-field settings A (Bp) /Bp = —6%, —4%, —2%, 0%,
+2%, +4%, and +6% were adopted to measure wide ranges of mass numbers and charge states
of the reaction products. The typical current of the primary beam was approximately 400 enA.

3 Data Analysis

Same as the experimental procedure, since the main procedures of the data analysis of the 93Zr
and ?3Nb experiments are almost the same, the data analysis only for the ?3Zr will be presented
here.

Particle identification of the secondary beam was performed based on the TOF—Bp — AF
method [8] using signals from the beamline detectors. Left panel of Figure 1 shows a two-
dimensional identification plot of the secondary beam by the atomic number Z and the mass-
to-charge ratio A/Q. As shown in the left panel of Figure 1, the secondary beam contains only
isotones of 3Zr. Each nuclide was clearly separated with resolutions of 0.45 (FWHM) in Z and
0.28 (FWHM) in A, which are sufficient to identify the *3Zr beam. The events in the ranges
39.6 < Z <40.4 and 2.319 < A/Q < 2.333 were selected as the 971 beam. The purity, which is
calculated as a ratio of the number of ?3Zr beam in the above-mentioned ranges to the number
of total events, and the typical count rate of “3Zr were 57.8% and 980 counts per second, respec-
tively. The energy of the 3Zr beam were 51 and 52 MeV /nucleon at the centers of the Hy and
Ds targets, respectively, calculated from the magnetic rigidity of the secondary beam before the
secondary target considering the energy loss in beamline materials using the LISE++ code [9].
The energy spreads in the secondary targets were calculated as £10 MeV /nucleon.

Same as the particle identification of secondary beam, that of the reaction products was
performed based on the TOF—Bp — AFE method. Right panel of Figure 1 indicates the identi-
fication plot of the reaction products from the Hs secondary target at the 0% ZDS Bp setting
after selecting the ?3Zr beam.

The isotope-production cross sections were determined from the number of incident ?3Zr ions
and the number of each isotope. A systematic uncertainty was estimated to be 4.6% including
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Figure 1: Left: Particle identification plot of the secondary beam by the atomic number Z
and the mass-to-charge ratio A/Q in the 3Zr experiment. Right: Particle identification plot of
the reaction product from the Hy secondary target after selecting the 3Zr beam in the 0% Bp
setting.

uncertainties of the thickness of the secondary target, multiple reactions in the secondary target,
and the energy spread in the secondary target.

4 Results and Discussion on ??Zr data

Figure 2 shows the measured isotope-production cross sections in the proton- and deuteron-
induced reactions on %Zr at 50 MeV /nucleon together with those at 105 and 209 MeV /nucleon [4,
5]. The black circles are the measured isotope-production cross sections in the proton case, and
the red triangles in deuteron case. The black solid and red dashed lines correspond to calculated
cross sections by PHITS [10] in the proton- and deuteron-induced reactions, respectively. The
upper, middle, and lower panels show the data at 209, 105, and approximately 50 MeV /nucleon,
respectively. The error bars include only the statistical uncertainties. Jumps at the neutron
magic number N = 50, which is pointed out in the previous works [4, 5], are seen in the Zr-
isotopic chain for both the proton- and deuteron-induced reactions and in the Y-isotopic chain
for the deuteron-induced reaction even in the data at 50 MeV /nucleon. In the Y-isotopic chain,
87Y has a noticeble large production cross section. This corresponds to the first peak of an
excitation function of the *3Zr(p, 2)87Y reaction around 50 MeV /nucleon.

The PHITS calculations are in good agreement with the measured data even with the newly
measured data. In particular, the trend around 87Y in the 51-MeV proton-induced reaction was
successfully reproduced by the PHITS calculation. However, discrepancies as seen in the previ-
ous works are still observed in the data at 50 MeV /nucleon: one-mass-shifts to the heavy side
in the distribution of the Nb-isotopic chain, underestimations of the production cross sections
in the neutron-deficient region of Nb- and Y-isotopic chains, overestimations of the produc-
tion cross sections near the target nucleus **Zr, and an exaggerated even-odd staggering in the
Sr-isotopic chain. In terms of the energy dependence of the reproducibility of the PHITS cal-
culations, the ratio of calculation to experimental (C/E) of the “2Zr and ?2Y production cross
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Figure 2: Isotope-production cross sections for the proton- and deuteron-induced reactions on
B7r.

sections are getting worse as the decrease of the incident energy in the proton-induced cases. In
the deuteron-induced cases, on the other hand, the C/E of those have the largest value in the
data at 105 MeV.

5 Results and Discussion on “*Nb data

Figure 3 shows the measured isotope-production cross sections in the proton- and deuteron-
induced reactions on **Nb at 113 MeV /nucleon. The black circles and red triangles correspond
to the measured data in the proton- and deuteron-induced reactions, respectively. The PHITS
calculations are also plotted by the black solid lines for the proton-induced case and by the red
dashed lines for the deuteron-induced case. Although discontinuous jumps at the neutron magic
number N = 50 are observed in the Zr-isotopic chains for both the proton- and deuteron-induced
reactions because of the closed-shell structure, no clear jump appeared in the Nb-isotopic chain.

The PHITS calculations well reproduce the measured isotope-production cross sections as
does the %3Zr data. Also, the four discrepancies seen in the ?3Zr data are also found in the
9Nb data. In particular, the underestimations of the production cross sections in the neutron-
deficient region of the Nb- and Y-isotopic chains are observed for the both ?3Zr and ?3Nb data.
If the atomic number of the target nuclide increases by one, it might be expected that the atomic
number of the underestimated nuclide also increases by one, that is, cross sections of the Mo- and
Zr-isotopic chains are expected to be underestimated in **Nb data. However, the underestimated
isotopic chains remained the same for both *Nb and ?3Zr targets. This demonstrates that the
reproducibility of the calculation is largely influenced by the final nuclides rather than the
reaction.
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Figure 3: Isotope-production cross sections for the proton- and deuteron-induced reactions on
9Nb.

6 Summary

Isotope-production cross sections for the proton- and deuteron-induced reactions on *Zr at ap-
proximately 50 MeV /nucleon and **Nb at 113 MeV /nucleon were measured at RIKEN RIBF.
The measured data are useful to discuss the reaction energy and target nucleus dependences of
the isotope-production cross sections. The comparison of the ?Zr data at the three different
reaction energies with the PHITS calculations revealed that the four discrepancies are identi-
cally seen in the isotope-production cross sections at the reaction energies ranging from 50 to
200 MeV /nucleon. In particular, the overestimations of the production cross sections near the
target nucleus become more serious at the lower reaction energy. The comparison between the
measred >Nb data and the PHITS calculations demonstrates that the discrepancies are observed
despite the changes of the atomic and mass number by one. Also, the underestimations in the
neutron deficient-region are seen in the Nb- and Y-isotopic chains for the both ?3Zr and ?3Nb
data regardless of the difference of the atomic number of the target nuclei *3Zr and ?3Nb.
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The OEDO beamline was developed to promote measurements of nuclear reactions induced by
radioactive isotope beams at several tens of MeV/u and to clarify the properties of radioactive nuclei with
respect to their structures and reactions. This report introduces the performance of the OEDO beamline
to produce energy-degraded RI beams and recent experimental studies using the OEDO-SHARAQ system.

In the last section, planned experiments at OEDO are discussed.

1. Introduction

Radioactive isotope (RI) beams are an essential tool to explore the properties of short-lived nuclei.
Recent developments of the RI production are strongly promoting the progress of modern nuclear physics
and especially providing various opportunities to obtain nuclear data of RI’s. Such intense RI beams are
mainly provided by two types of RI production schemes: isotope separator on-line (ISOL) method and
in-flight method. With the ISOL method, RIs are produced from fission or spallation of a target of heavy

elements induced by electron, proton, or

deuteron beams; once produced, the Rls are 1000 ~
extracted from the production target and re- New-gener-'atloln I
. in-flight facilities

accelerated ready for the nuclear reaction §
studies. In contrast, the in-flight method g 100
produces an RI beam by using the fragments g Existing
ejected from the production target. One major Zg in-flight fasilities
difference between these methods is the beam GEJ 10 )<
energy provided for the measurements. Figure ;!3 New-generation ISOL facilities
1 illustrates the characteristics of RI produced t 1 1
by ISOL or in-flight methods on the mass- 1N

1 10 100

and-energy plane. While these two methods Nuclear mass (u)

widely cover the mass-and-energy region,

there exists a blank spot of medium mass Figure 1: Characteristics of RI production methods on

nuclei and several tens of MeV/u. the mass-and-energy plane.
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The OEDO beamline [1] was designed to access to this blank region. The energy range of several tens
of MeV/u is attractive because nuclear transfer and/or energy-dissipation reactions at this energy range
are powerful tools to make clear the structures in exotic nuclei. This article describes the outline of the

OEDO device, involved experiments, and physics topics expected to be explored by OEDO.

1.1. OEDO beamline

Coupled with an in-flight RI separator the OEDO beamline enables us to produce energy-degraded RI
beams. For low-energy reaction studies with short-lived nuclei, beamlines should provide good beam
focusing, improved energy compression, and efficient transmission. The OEDO beamline balances these
properties by exploiting a time-dependent radiofrequency (RF) ion-optical element installed into the
beamline. At the secondary target OEDO achieved a focus of about 30-mm diameter, a beam energy
spread of 10%, and a good transmission (~30%). This performance of OEDO is appropriate for nuclear
reaction studies with exotic nuclei far from the B-decay stability line.

A schematic layout of the OEDO beamline from BigRIPS to the SHARAQ spectrometer is shown in
Fig. 2. The inset photograph displays the main components of the OEDO beamline, where a RF deflector
(RFD) and two superconducting triplet quadrupole (STQ) magnets were recently installed. The BigRIPS
and upstream section of the OEDO beamline are used to produce and purify the RI beam of interest. The
section from FE9 to FE11 in the OEDO beamline serves to degrade the energy of the RI beam. The section
from FE11 to SO serves to tag the beam for RI-induced reactions.

‘R’FO ) Fs
W F1 F4  immbmmim: F6
=) F3 x@*’"" %‘%

W b “1&5}5&

BigRIPS

Figure 2: Schematic layout of the OEDO beamline with the BigRIPS and SHARAQ Spectrometer.

In the energy-degrading section, the beam is tuned to a moderate momentum dispersion of about 15
mm/% at the FE9 focus. At this location a recently developed angle-tunable wedge degrader [2] is
installed as a monoenergetic degrader, which serves two primary functions The first is to control the beam
energy by selecting a suitable degrader thickness, the second is to minimize the energy spread of outgoing
RI particles by utilizing a position-energy correlation of the dispersive focus. The system consists of two
aligned aluminum plates with quadratically changing thicknesses of the same magnitude, but one concave
the other convex. In the overlapping region, the quadratic component of the total thickness is canceled.

To achieve the monoenergetic condition, the remaining linear component is tuned by adjusting the
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overlapping region. The ion optics in the FE9-FE10 and FE10-FE11 sections are designed to be point-to-
parallel and parallel-to-point transport modes, respectively. The RFD, installed at FE10, uses an RF
electric field to provide time-dependent focusing of the beam at FE11 or SO depending on experimental
requirements. The applied RF high voltage deflects the beam in the horizontal direction. The phase of the
RFD is synchronized with the acceleration phase of the superconducting ring cyclotron (the final stage
of the RIBF sequence of accelerators). A secondary target for reaction measurements can be installed at
FE11 or SO. However, during previous experiments, all magnets in the FE10-S0 section were used to
establish point-to-parallel ion-optics to achieve acceptance matching with the SHARAQ spectrometer.
The SHARAQ spectrometer analyses reaction products at the reaction target and identifies beam-like
particles outgoing from the target. The reaction channel at the target is determined by coupling particle
identification of incoming and outgoing nuclei on an event-by-event basis.

The performance of OEDO beamline was demonstrated through experimental studies. Figure 3 shows

a typical performance in energy compression and beam focusing of the OEDO beamline. Figure 3(a)
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Figure 3: Demonstration of (a) energy compression and (b) beam focusing in the OEDO beamline.

demonstrates the energy compression from 173 MeV/u to 46 MeV/u by using the angle-tunable wedge
degrader system at FE9. The system successfully reduces the beam energy spread from 3.4 MeV/u to 2.7
MeV/u. Figure 3(b) shows position distributions of a 50-MeV/u 7’Se beam at FE11 when the OEDO RFD
is on (off) as a red (black) histogram. This demonstrates the excellent focusing potential of the OEDO
beamline. The colored histograms shown in Fig. 3(a) and (b) are from simulations of a beam transport
along the beamline. The consistency between simulated and experimental distributions shows the OEDO

beamline is performing to the designed capability.

1.2. Experimental opportunities with the OEDO-SHARAQ system.

The low-energy RI beams produced by the OEDO beamline are used to induce a nuclear reaction on a
secondary target located at FE11 or SO (see Fig. 2). Beam energies of a few tens of MeV/u are suitable
to populate nucleon- and/or alpha-transfer reactions. Additionally, in this energy range of the beams, the
mechanism of nuclear reactions smoothly changes from a direct process to pre-equilibrium process, and
thus many-quasiparticle states will be produced via inelastic channels. By using such features, OEDO
provides various experimental opportunities to research nuclear structure on short-lived nuclei.

In preparation for reaction measurements, the FE11 and SO focal planes feature open spaces of

approximately 1.5 m along the beam axis. These spaces accommodate not only the location of the
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secondary target but also installation of particle detector arrays to surround the secondary target. The
standard experimental setup is designed for inverse-kinematics reaction measurements on an event-by-
event basis. The secondary reaction target is a probe for the interested reaction. For example, solid foils,
confined gases, or confined liquid target are used frequently. For RI beams produced by the OEDO
beamline, a set of tracking detectors installed upstream of the secondary target measures an incident
trajectory. Downstream of the reaction target the beam-like reaction products are analyzed by the
SHARAQ spectrometer to determine their momentum vectors. At the final focal plane of SHARAQ, a
AE-E detector array is installed by default to identify the nuclear species. In each reaction event, the data
set of momentum vectors and nuclear species of both incident and outgoing particles enable us to identify
the induced reaction channel and to measure the scattering angle of the reaction products. In addition to
the default detector setup, one may install additional detectors to measure recoil particles around the
secondary target position. As an example of a performed experiment, a particle detector array was
installed to surround the target and it successfully determined excitation energies of the outgoing particles

using the missing-mass spectroscopic technique [4].

2. Recent achievements by using the OEDO-SHARAQ system
This section describes two recent achievements at OEDO, the first being proton-induced reaction
measurements on *Zr and '"7Pd at ~25 MeV/u [5,6], and the second a surrogate (d,p) measurement to

estimate (n, y) cross sections on 7°Se [4].

2.1. Proton-induced reactions on '’Pd and **Zr

A series of proton-induced reaction studies at around 25 MeV/u were performed by using '°/Pd and
93Zr beams. Through the JST-ImPACT program [7], the transmutation cross sections of these nuclei for
the proton- and deuteron-induced reaction cross sections were measured at various incident energies [8-
11]. The cross sections were measured at the lowest incident energy to date and contributed to the
systematic data set. The detector setup was similar to that described in the section 1.1, where the reaction
target was a cooled hydrogen gas target of 5-8 mg/cm? thickness. Figure 4 shows the energy dependence
of transmutation cross sections of the proton-induced reactions on '7Pd. The present experiments
provided the data in between 20 and 30 MeV/u. In the figure, each color represents a different isotope of
Ag or Pd. The solid lines show theoretical estimations of the production cross sections for each isotope.
The predictions reproduce the data within 1 sigma. The enhancement of Ag production is noticeable in

the energy region of 20 MeV/u
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2.2. Evaluation of the neutron-capture reaction on "°Se by using the (d,p) reaction

We measured the (d,p) reactions on 77-°Se to evaluate the 7*Se(n,y) cross section by the surrogate ratio
method [12,13]. For the reaction measurement, a deuterated-polyethylene film of 4 mg/cm? was selected
as the reaction target. A Si-CsI(Tl) array named TiNA was installed in a geometry surrounding the target
to measure recoil protons. The populated excitation energy of 7®3Se was determined from the proton
momenta on an event-by-event basis, and therefore the y-emission probability distributions were
determined as a function of the excitation energy. The surrogate ratio method enabled estimation of
neutron-capture cross sections of 7’Se from the previously measured (n,y) cross sections of 7’Se [14], the
measured y-emission distributions, and the formation cross sections of the 7#8°Se compound nuclei. The
formation cross sections of 7880Se were obtained

using the optical model calculations. The (n,y) fg 80 ' ' ' ' T
cross sections on "’Se evaluated by the present ~ 1|

. . - b 60 ——ENDF/B-VIL1 -
y-emission probability are shown in Fig. 5. The d —— JENDL-4.0
. . ! \ - - -~ JENDL/ImPACT
lines in the figure show several of the nuclear 40 F —— TENDL2015
data evaluations. The ENDF/B-VII can \
reproduce the current results within the 201 \\\ ]
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Figure 5: Evaluated (n,y) cross sections on °Se by

3. Future program the surrogated 7°Se(d,p) reaction at 20 MeV/u.
The production of low-energy RI beams in the

range of 10-50 MeV/u has the unique opportunity to excite bombarded nuclei into multi-quasiparticle
states. This feature can possibly enable a new type of nuclear measurement to investigate reaction
mechanisms and nuclear structures. We are planning new experimental studies via such pre-equilibrium
and/or compound nuclear reactions. Since compound nuclear reactions can provide various nucleon
configurations, this method may be useful for experimental studies on shape evolutions including shape
coexistence in RI’s far from the beta stability. Also, we plan to apply the surrogate ratio method used in
previous experimental studies to improve quantitative evaluations of astrophysical (n,y) reaction rates

which strongly affect nucleosynthesis in astrophysical sites [16].

4. Summary

The new beamline OEDO successfully provides suitable energy-degraded RI beams around 20-50
MeV/u for inverse-kinematics reaction measurements by using a new ion-optical scheme. The beam spot
size at FE11 is typically 15 mm (FWHM).

Two series of experiments were performed using the OEDO-SHARAQ system. In the measurement of
the proton-induced transmutation cross sections, new nuclear data on radioactive nuclei '°’Pd and **Zr at
20-30 MeV/u were provided for the first time. 7-7°Se beams at 20 MeV/u were used for neutron-transfer
reaction measurements via the (d,p) transfer reaction, and consequently the first experimental evaluation

of neutron-capture cross sections on "’Se was provided.
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Intensive fast neutron sources using deuteron accelerators have been proposed for various
applications. Toward evaluation of deuteron nuclear data, we have developed a code system dedicated
for deuteron-induced reactions, named DEURACS. In this paper, we present the results of theoretical
analysis for (d,xn) reactions with DEURACS and discuss how important it is to consider the breakup
processes for accurate prediction of deuteron-induced reaction cross sections. Moreover, we have recently
developed deuteron nuclear database JENDL/DEU-2020 by employing DEURACS. The validation
results of JENDL/DEU-2020 are also presented.

1. Introduction

Since deuteron is a weakly bound system whose binding energy is 2.225 MeV, it easily breaks up
and emits a neutron through interaction with a target nucleus. Utilizing this property, intensive fast
neutron sources using deuteron accelerators have been proposed for not only science and engineering
fields [1, 2] but also medical applications [3]. In the above-mentioned accelerator-based neutron sources,
(d,xn) reactions on Li, Be, or C are employed to generate neutron beams. Thus, for design studies of such
neutron sources, accurate and comprehensive nuclear data of deuteron-induced reactions especially on Li,
Be, and C isotopes are indispensable.

Under these circumstances, we have developed a code system dedicated for deuteron-induced
reactions toward deuteron nuclear data evaluation. The code system was named DEURACS, and it was
so far successfully applied to analyses of production of nucleons [4, 5], composite particles up to 4 = 4
[6, 7], and residual nuclei [8]. From these results, it is expected that DEURACS describes the mechanism
of deuteron-induced reaction well and is suitable for completing deuteron nuclear data through
interpolation and extrapolation of available experimental values. Thus, we have recently developed a
deuteron nuclear database up to 200 MeV for ¢7Li, °Be, and '* '3C by employing DEURACS. The new
database was named JENDL/DEU-2020 [9] as one of the series of JENDL special-purpose files.

In this paper, we first present the brief overview of DEURACS and the results of analysis for the
Li(d,xn) reactions as an example of the theoretical analysis with DEURACS. Through the analysis, we
discuss how important it is to consider the breakup processes of incident deuteron. Next, the outline of
JENDL/DEU-2020 is given and then the validation results of JENDL/DEU-2020 through comparison

with experimental data are presented.
2. Theoretical analysis of deuteron-induced reactions

2.1. Overview of DEURACS
DEURACS consists of several calculation codes based on theoretical models to describe each
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reaction process characteristic of deuteron-induced reactions. In the following, we briefly outline the
theoretical models and methods in DEURACS to calculate the double differential cross section (DDX)
of (d,xn) reaction that is a fundamental quantity in terms of neutron production. More details about the
models and methods in DEURACS are described for (d,xn) reaction in Ref. [9] and for other reactions in
Refs. [6-8].
In DEURACS, the DDXs of (d,xn) reactions are expressed by incoherent summation of the following
components:
dsz(d,xn) _ d?ogg  d’ongs | d’Oppicn )
dEdQ dEdQ  dEdQ dEdQ '
where d?ogg/(dEAQ), d?ongg/(dEAQ), and d?opg.cn/(dEAQ) correspond to the DDXs for elastic

breakup, nonelastic breakup, and pre-equilibrium and compound nucleus processes, respectively.

First, the elastic breakup component is directly calculated by the continuum-discretized coupled-
channels (CDCC) method [10]. Next, the nonelastic breakup component is calculated by the Glauber
model with the noneikonal approach described in Ref. [11]. In this approach, the eikonal S matrices used
in the Glauber model are replaced by the quantum § matrices given by the optical model calculations.
However, the Glauber model cannot properly calculate the (d,n) transfer reactions to the specific bound
states in the residual nucleus, which is a part of nonelastic breakup. To deal with this problem, we
separately calculate the transfer reaction by a conventional zero-range distorted wave Born approximation
(DWBA) using the DWUCK4 code [12].

In addition to the breakup processes, the pre-equilibrium and the compound nucleus processes are
calculated using the two-component exciton model and the Hauser-Feshbach model implemented in the
CCONE code [13]. In deuteron-induced reactions, three types of composite nuclei can be formed by the
absorption of either neutron or proton in the incident deuteron or the incident deuteron itself. In
DEURACS, a calculation taking these effects into account is performed by combining the Glauber model
and the models in CCONE. Moreover, DEURACS was recently modified to take into account the
contribution of sequential particle decay from discrete levels in residual light nuclei [e.g., Be(£x = 2.43
MeV)] and unstable ones (e.g., >He) [9].

2.2. Theoretical analysis of (d,xn) reactions

To understand the relations among the reaction processes, we first perform a component-by-
component analysis of DDXs of (d,xn) reactions. The results for the Li(d,xn) reactions at 40 MeV are
presented in Figure 1. The DDXs of the "Li(d,xn) reactions calculated with DEURACS are decomposed
into three components as expressed in the right-hand side of Equation (1). To make the analysis clearer,
the target in the calculation is assumed to be 100% ’Li. In the figure, each component and the sum of the
three components are shown and compared with the experimental data [14]. Note that the experimental
data are those for natural lithium (92.5% Li and 7.5% °Li). As presented in the figure, the sums of the
three components well reproduce both the shape and magnitude of the experimental data regardless of
the emission angles.

The sharp peak observed around 50 MeV at 0° is attributed to the (d,n) transfer reaction, which is a
part of nonelastic breakup. The experimental small peak seen around 40 MeV at 0° is a contribution from
the °Li(d,n)"Be transfer reaction, which is not considered in the calculation presented in Figure 1. As for
the broad peaks seen around half the deuteron incident energy at forward angles, they are formed by the

breakup processes, namely, elastic and nonelastic breakup. The nonelastic breakup component is
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dominant at 0° but it has a stronger angle dependence than the elastic breakup component, and
consequently the former is smaller than the latter at 30°. This result demonstrates that it is necessary to
consider the two breakup components for the accurate prediction of the DDXs of the (d,xn) reaction at

various angles.
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Figure 1. Calculated and experimental DDXs for the Li(d,xn) reactions at 40 MeV.
The number at the top of each plot denotes the emission angle.

The target in the calculation is "Li but that in the experiment is natural lithium.

On the other hand, almost all of low-energy components below 10 MeV are due to the pre-
equilibrium and compound nucleus processes. Especially at 90°, the breakup components become very
small and almost all spectra are explained by the contributions from the pre-equilibrium and compound
nucleus processes. This indicates that the calculation method taking into account the formation of three

types of composite nuclei and the particle decay from discrete levels works well.

3. Development of deuteron nuclear database
3.1. Outline of JENDL/DEU-2020

Based on the evaluation results employing DEURACS, we have developed JENDL/DEU-2020, the
deuteron nuclear database for ®Li, °Be, and '%!3C at incident energies up to 200 MeV [9]. JENDL/DEU-
2020 is compiled according to the ENDF-6 format. In addition to the original ENDF-6 formatted files,
we have developed application libraries based on JENDL/DEU-2020 for use in the Monte Carlo transport
calculation codes such as MCNP [15] and PHITS [16]. An ACE format file is available in MCNP but the
present version of PHITS (version 3.20) cannot treat the ACE file for deuteron. To deal with this problem,
we have developed ACE formatted files for MCNP and “Frag-Data” formatted ones for PHITS,
respectively. Frag-Data is the format uniquely defined in the PHITS code. The details about the two

application libraries are described in Ref. [9].

3.2. Validation results of JENDL/DEU-2020
As an example of the validation results of JENDL/DEU-2020, those for the DDXs of the (d,xn)
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reactions on natural lithium are illustrated in Figure 2. In the figure, the calculated and experimental
DDXs at 0° are compared for the incident energies up to 200 MeV. Experimental data are taken from
Refs. [14, 17-19]. As for JENDL/DEU-2020, we obtained the DDXs from the MCNP calculation for a
thin lithium target using the ACE file of JENDL/DEU-2020. This is because the effect of deuteron energy
loss in the target is seen in the experimental data. The thickness of the target is set to be the same as that
used in each experiment. For comparison, we also present the calculation results with the models
implemented in the PHITS code. In the PHITS calculation, the approach combining the Intra-Nuclear
Cascade of Li¢ge (INCL) [20] and DWBA proposed by Hashimoto et al. [21] is adopted. The values
stored in the deuteron sub-library of TENDL-2017 [22] are also plotted.

3
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Figure 2. Calculated and experimental DDXs at 0° for the "™'Li(d,xn) reactions.
Incident energies are 25, 40, 102, and 200 MeV.

As shown in the figure, the calculation results based on JENDL/DEU-2020 reproduce experimental
data better than the results with the models in PHITS and the values of TENDL-2017 in a wide range of
incident energies. As for the calculation with the models in PHITS, the magnitudes and positions of the
broad peaks around half the deuteron incident energies are different from the experimental ones especially
in the low incident energies. On the other hand, TENDL-2017 underestimates the experimental values
considerably at all incident energies. This indicates that the empirical model by Kalbach [23] adopted in
TENDL to evaluate the breakup components does not work well for light target such as lithium.

To evaluate the results in Figure 2 more quantitatively, we calculate a relative deviation from
experimental value by the following equation:

B Z|O_iexp. _ O_icalc.lAEi @
Z O_iexp. AE; ’
calc.

where aieXp' is experimental DDX at i-th neutron energy point, o; is calculated DDX at the energy

point corresponding to aiexp', and AE; is energy bin of Jiex”'. Figure 3 illustrates the deviations
obtained from the three calculations presented in Figure 2.
Since TENDL-2017 significantly underestimates the experimental DDXs, the deviations are almost

100% in each incident energy. As for the models in PHITS, the deviations become smaller as the incident
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energy increases. This is because the picture of the INC model becomes more appropriate as the incident
energy increases. The deviations obtained from JENDL/DEU-2020 are less than 15% for all incident
energies. In addition to that, we have confirmed that the prediction accuracy of JENDL/DEU-2020 for
beryllium and carbon targets is as good as that for lithium target [9]. From these results, it is expected
that neutron production data of JENDL/DEU-2020 are reliable and it makes a large contribution to design
studies of neutron sources with deuteron accelerator.

0 JENDL/DEU-2020 PHITS-model ©TENDL-2017
100 % o b

80 %
60 %

40 %

20 %

o I . Elm Em §
25 MeV 40 MeV 102 MeV 200 MeV
Incident deuteron energy

Deviation from experimental value

Figure 3. Relative deviations from experimental values defined by Equation (2)

in terms of DDXs at 0° for the ™'Li(d,xn) reactions.

4. Summary

We have presented the results of theoretical analysis for the Li(d,xn) reactions with DEURACS,
which is the code system dedicated for deuteron-induced reaction we have developed. From the analysis,
it has been shown that consideration of the breakup processes is essentially important for accurate
prediction of deuteron-induced reaction cross sections. Based on the evaluation results employing
DEURACS, we have developed JENDL/DEU-2020, the deuteron nuclear database for ®7Li, °Be, and
123C at incident energies up to 200 MeV. From the comparison with experimental data, it has been
demonstrated that the calculation results based on JENDL/DEU-2020 reproduces the measured neutron
production data well at incident energies from a few tens of MeV to 200 MeV. JENDL/DEU-2020 is

expected to make a large contribution to diverse design studies of deuteron accelerator neutron sources.
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Nuclear reactors are mainly categorized as a commercial power reactor and a test and research
reactor for generating electric power and conducting research of radiation utilization, respectively. Main
roles of the test and research reactor are to conduct the research and development of nuclear engineering
and radiation detection fields with the use of radiation, including neutron and y-ray, and to contribute
to the education of young generation. Another part of this paper is to contain the feasibility study on the
accelerator-driven system (ADS) conducted for nuclear transmutation analyses with the combined use of
the solid-moderated and solid-reflected core and the fixed-field alternating gradient accelerator, at the
Kyoto University Critical Assembly (KUCA). Through the experimental analyses, static and kinetic
parameters of reactor physics are interestingly revealed for nuclear transmutation of minor actinides
(¥*'Np and **'Am) and uncertainty quantification of a coolant material (lead and bismuth), with respect
to ADS. Additionally, experimental education programs for domestic and overseas students conducted at
KUCA are introduced in the paper.

1. Introduction

Nuclear reactors are mainly categorized as two parts: a commercial power reactor; a test and
research reactor for generating electric power and conducting research of radiation utilization,
respectively. Of two reactors, main roles of the test and research reactor are to conduct the research and
development of nuclear engineering and radiation detection fields with the use of radiation, including
neutron and y-ray, and to contribute to the education of young generation. Many research reactors
are importantly equipped with experimental facilities to research objectives, including irradiation holes,
neutron beams and spectrum shift changers, although the commercial reactors insufficiently meet the
items. An index of classification of research reactors is to provide a wide range of neutron spectrum and
thermal reactor power, with the combined use of nuclear fuel, moderators, reflectors and coolant
materials by varying the kinds, the geometries, the configurations and the utilization purposes.

The experimental studies on the accelerator-driven system (ADS) were conducted for
nuclear transmutation analyses with the combined use of the Kyoto University Critical Assembly [1]-[3]
(KUCA; A-core: solid-moderated and -reflected core) and the fixed-field alternating gradient (FFAG) [4]
accelerator. The ADS experiments with 100 MeV protons obtained from the FFAG accelerator had
been carried out to investigate the neutronic characteristics of ADS, and the static and kinetic parameters
were accurately analyzed
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through both the measurements and the Monte Carlo simulations of reactor physics parameters, including the
reaction rates, the neutron spectrum, the neutron multiplication, the neutron decay constants and the
subcriticality. The neutronic characteristics of Pb-Bi are considered importantly and analyzed experimentally
from the viewpoint of reactor physics: neutron yield and neutron spectrum by the Pb-Bi target; uncertainties of
Pb-Bi cross sections in the core. Furthermore, irradiation experiments of the minor actinides (**’Np and 2*! Am)
was conducted in hard spectrum core at KUCA to examine the feasibility of reaction rate analyses (**’Np and
241 Am fission and capture reactions) of nuclear transmutation. Finally, in this paper, the joint laboratory course
for students in the KUCA C-core was mentioned with a short history of the course and textbooks by multi
languages (Japanese, English and Korean).

2. Roles of Test and Research Reactors

Test and research reactors are designed for generating neutrons with a wide variety of energy, including
new type power reactors and critical assemblies in research and development phase. Basically, utilization targets
are focused on the research of nuclear science and engineering, the development of industrial application and
training and education for young generation of students and engineers. Main role of test and research reactors
is to conduct the research and development of basic, industrial and educational utilizations by neutrons with a
wide variety of energy, and main objectives of these are categorized by several reactor components, including
the neutron energy, reactor power, nuclear fuel, moderator, reflector and coolant material. Domestic test and
research reactors are listed as shown in Table 1.

Table 1 List of domestic test and research reactors

Reactor Power Fuel Moderator Coolant Objective
JRR-3 (JAEA) 20 MW UsSir-Al H.O H>O Beam utilization
NSRR (JAEA) 300 kW U-ZrH H>O H>O Accident research

Joyo (JAEA) 140 MW U-Pu - Liquid Na  Fast reactor
JMTR (JAEA) 50 MW UsSix-Al H>O H>O Material test
. R&D of High-temp.
HTTR (JAEA) 30 MW U0, Graphite He gas
reactor
KUR (Kyoto U.) 5 MW UsSix-Al H>O H>O Multi purposes
UTR-KINKI .. .
o 1W U-Al H,O - Training and education
(Kindai)

Basic  research  of
KUCA (Kyoto U.) 100 W U-Al H>O (Poly.) - .
reactor physics

3. Kyoto University Critical Assembly

A critical assembly is a nuclear facility for conducting mock-up and benchmark experiments in the field
of nuclear reactor physics field, such as KUCA shown in Figure 1. It is also one of the most effective facilities
for the education related to nuclear engineering and technology, especially that students and engineers grasp the
basic concepts of nuclear reactors by conducting experiments on and operating the reactor in person. Current
computation technology of reactor simulator systems for reactor operation has made rapid progress, and most
reactor operators at nuclear power stations have been trained through simulators, all of which contribute to safe
operation of reactors. It follows, therefore, that for the education of students majoring in nuclear engineering,
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conducting experiments on actual reactors is a prerequisite to understanding the reactor itself. Furthermore,
experiments on a critical assembly provide students and engineers valuable opportunities to appreciate safety

regulations related to reactor facilities and the handling of nuclear materials.

ELECTRIC Rm. &
%, MACHINE Rm.

¢ MEASUREMENT
Rm. J/

Figure 1 Horizontal cross section of the KUCA (Ref. [1])

3.1. Accelerator-Driven System

At KUCA, A and B are polyethylene-moderated and -reflected cores, and C is a light water-moderated
and -reflected one. The three cores are operated at a low mW power in the normal operating state, whereas the
maximum power is 100 W. The accelerator-driven system (ADS) experiments were carried out in the A-core
(Figure 2) composed of the HEU fuel and polyethylene reflector rods, with the combined use of the FFAG
accelerator (high-energy proton accelerator; Figure 3) that has the main characteristics: 100 MeV energy, 0.1
nA intensity (at most), 20 Hz repetition rate, 100 ns pulsed width and 1.0x107 1/s neutron yield.

Figure 2 KUCA A-core (Ref. [1]) Figure 3 FFAG accelerator (Ref. [4])

To investigate the neutron characteristics of external neutron sources, ADS experiments with 100 MeV
protons was carried out by varying a heavy metal target at the location of target. As unique attempt, the
combination of materials tungsten (W) and beryllium (Be) was selected as plural targets for the aim for
accomplishment of the neutron spectrum in high-energy region and the neutron yield of high-energy neutrons
in the core. The combined use of the heavy- (W, Pb and Bi) and the light-nuclide (Be and lithium) was
considered useful for accomplishment of the research objectives relating the neutron spectrum and the neutron
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yield. Here, the plural targets with the combined use of heavy- and light-nuclide were called “two-layer target”

in this study. From the numerical results (Figure 4) by MCNP calculations, the neutron spectrum was observed

high in high-energy region with the combined use of W and Be. In the design of two-layer target, the proton

beams could be actually penetrated into Be target, and inversely stopped inside W target, and the dimensions of

two-layer target were determined to be in W (50 mm diameter and 9 mm thick) and Be (50 mm diameter and 6

mm thick). Also, the effects of specific target (two-layer target) were confirmed through the measured results

of '5In(n, y)!'*MIn reaction rate distributions in the core, as shown in Figure 5.
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Furthermore, nuclear transmutation of 2’Np and *! Am by ADS soundly implemented by combining the

subcritical core and the 100 MeV proton accelerator, and the use of a Pb-Bi target, was demonstrated through

the experimental results of fission and capture reaction events, as shown in Figures 6 and 7, when irradiation

experiments were conducted in hard spectrum core at KUCA.
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Figure 6 Measured pulsed-height signals of

241 Am and U fission reaction events by the ADS
irradiation (Ref. [6])

3.2 Training and Education Programs
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The joint reactor-laboratory course [1]-[3] for Japanese and overseas students at KUCA was launched in 1975
and various experiments on reactor physics have been conducted since: approach to criticality, control rod
calibration, measurement of neutron flux and power calibration, subcriticality measurements by the Feynman-o.
and the pulsed neutron methods, and instruction in reactor operation. These experiments were conducted in the
KUCA C-core, which is a water-moderated- and -reflected-core with a plate-type fuel consisted of U-Al alloy.
Until fiscal year 2019, over three thousand and six hundred undergraduate and graduate students all over Japan
attended this course. The same course for Korean undergraduate students in the Kyoto University Critical
Assembly (KUGSiKUCA) program was launched from 2003 to 2009 and founded by the Korean government. In
addition to the Swedish students ranging between 2007 and 2009, the Reactor Physics Asia Experiment Program
(RPHA-XP) was launched newly in 2012 for graduate students in Korea and China. From 2003 to 2019, a total
of three hundred foreign students in overseas, including Korea, Sweden and China, took part in this program.

For the foreign students, in April 2010, Kyoto University Press published a textbook in English [2], which
was transcribed from the Japanese course work [1] comprising lectures, experiments, discussions and reports that
had been prepared from English textbooks on nuclear reactor physics, as shown in Figure 8. Preceding that
publication, a textbook translated into Korean [3] was published in Korea on March 2010.
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Figure 8 Textbooks by multi languages (Japanese, English and Korean) of the joint reactor-laboratory course
conducted at KUCA

4. Summary

Main role and objectives of test and research reactors were described in this paper, indicating the kind,
reactor power and core components in domestic. Also, another part with respect to the critical assembly as one
of test and research reactors was contained, such as the ADS experiments with 100 MeV protons carried out
with the combined use of the KUCA A-core and the FFAG accelerator. In the ADS experiments, the effects of
two-layer target composed of W and Be were found apparently well on the neutron multiplication. Furthermore,
nuclear transmutation of 2*’Np and ?*' Am by ADS soundly implemented by combining the subcritical core and
the 100 MeV proton accelerator, and the use of a Pb-Bi target, was demonstrated through the experimental
results of fission and capture reaction events. Finally, as important utilization of the KUCA facility, the joint
reactor-laboratory course for Japanese and overseas students at KUCA launched in 1975 was introduced,

containing interestingly the experimental textbooks with the multi languages.
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We briefly review some applications of machine learning and its related techniques to
nuclear shell-model calculations. As an example, we quantified uncertainty caused by the
parameters of the shell-model Hamiltonian utilizing Bayesian statistics. It enables us to
quantify the uncertainty of the theoretical predictions and their agreement with experimental
data in a statistical manner. Moreover, we point out that a large deviation of the confidence
interval for the energy in shell-model calculations from the corresponding experimental data
can be used as an indicator of some exotic property, e.g., alpha clustering. Besides, we
briefly introduce a recent effort to use the restricted Boltzmann machine to describe nuclear
shell-model wave functions.

1 Introduction

As computational power has been increasing recently, machine learning and its peripheral tech-
niques are intensively developed in the prevalence of artificial-intelligence (AI) techniques. The
applications of these techniques are expected to accelerate the progress of natural science, includ-
ing nuclear structure physics. Among the theoretical models in nuclear structure physics, nuclear
shell model calculation is one of the most powerful tools to investigate the ground and low-lying
excited states of nuclei, since it can describe any many-body correlations inside the valence
shell on equal footing by configuration mixing. In this paper, we briefly review two applications
of these techniques to the shell-model calculations as follows. The uncertainty quantification
utilizing the Bayesian statistics in shell-model calculations [1] is discussed in Sect. 2. The in-
troduction of the restricted Boltzmann machine (RBM) to the Variational Monte Carlo (VMC)
formulation in shell-model calculations is discussed in Sect. 3. This paper is summarized and
some other applications are mentioned in Sect. 4.

2 Uncertainty quantification by Bayesian analysis

2.1 Bayesian analysis

We here show the uncertainty quantification of the shell-model study of p-shell nuclei by applying
the Bayesian analysis. In this study, we take the Opz/, and Op; /; single-particle orbits with ‘He
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being an inert core. While the traditional shell-model Hamiltonian by S. Cohen and D. Kurath
[2] is well-known for this model space, we construct the ensemble of the parameters of the
Hamiltonian to estimate the uncertainty.

We consider the probability distribution of the interaction parameters which reproduce the
experimental data with reasonable uncertainty. In the Bayesian analysis, it is described by
the posterior distribution, i.e., the conditional probability under the observation of data. This
posterior probability is obtained exploiting Bayes’ theorem,

P(D|0)P(0)
PO|D) = W x P(d|0)P(0). (1)
In this work, 6 is a set of 17 parameters, which consist of the 2 single-particle energies and 15
two-body matrix elements and defines the shell-model Hamiltonian in the p-shell model space.
The D is a set of the physical observables, which are taken as 33 data of energies and excitation
energies in this work. In the present work, the likelihood function is taken as

P(D|0) = exp[-x*(0)/2] (2)

with the squared errors,

Np ngpt _ Oth[e] 2

o) = > (g . (3)

n=1

where the OgXpt and (’),Eh denote the n-th experimental data and theoretical data, respectively.
The Np is the number of data and, in this case, we take Np = 33 binding and excitation
energies of the p-shell nuclei. AQ denotes the typical error, 0.35 MeV, containing experimental
and theoretical ones although the experimental error is negligible for these energies.

For simplicity, the prior probability is taken as the uniform distribution, namely P(#) o 1.
In this case, the maximum a posteriori (MAP) estimation becomes with the minimization of the
x? fit. Note that the denominator in Eq.(1) is absorbed to the normalization factor and does
not need to be considered.

We generate sets of the Hamiltonian parameters 6 whose frequency distribution obeys the
probability P(D]#) to estimate the uncertainty of the theoretical results caused by the param-
eter fitting. For that purpose, we adopted the Laplace approximation [1], since we found it
numerically difficult to obtain the parameter sets using the Markov Chain Monte Carlo method
without this approximation.

2.2 Results

We prepared 50,000 samples of 8 whose frequency distribution obeys the posterior probability,
Eq.(1), and performed shell-model calculations to estimate the uncertainty of the shell-model
results. Figures 1(a) and (b) show the excitation energies and energy expectation values and
their uncertainties of the low-lying states of '2C. In the figures, the violin plots with error bars
show the theoretical results and their uncertainties. The shell-model results well reproduce the
experimental values, which means that the experimental values are inside the 1o uncertainty
ranges except for the 05 state. It indicates that the 03 state cannot be described by p-shell shell-
model calculation, which is reasonable since this state is known as three a-cluster state, or called
the Hoyle state and its structure is considered to be far from shell-model wave functions. The
result of the valence-shell in-medium similarity renormalization group (VS-IMSRG), in which
the effective interaction is given in an ab initio way, is also shown for comparison.
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Figure 1: (a) Excitation energies and (b) energy expectation values of the ground and low-
lying states of 12C. The labels (J™, T, N;r) denote the total angular-momentum and parity J7,
isospin 7', and N-th lowest state of (J™, T'). The violin plots with error bars show the theoretical
values and their uncertainties. Red dotted lines, orange triangles, and blue triangles denote the
experimental values, the traditional shell-model results [2], and the VS-IMSRG results [3]. Taken
from Ref. [1].

3 Variational Monte Carlo in nuclear shell-model calculations
and the restricted Boltzmann machine

In general, the shell-model calculation is difficult to be applied to heavy-mass nuclei since the
dimension of the Hamiltonian matrix often becomes too huge to be diagonalized. As an attempt
to solve this problem, we propose to introduce the Restricted Boltzmann Machine (RBM),
one of the artificial neural networks, to the Variational Monte Carlo (VMC) framework. The
introduction of the artificial neural network to solve quantum many-body problems was firstly
succeeded in condensed matter physics [4, 5].

3.1 Formulation

We start with the framework of the VMC in shell-model calculations [6]. The VMC trial wave
function with even A particles, |¢), is defined as

A2

(mlo) = N(m)(m| (fizele])™" =) (4)

where 7 and j denote single-particle states, and f;; is a set of variational parameters to describe
pair correlation. |m) = cf, cf,, -+~ cl, |-) is the M-scheme configuration [6, 7] specified by the

A-particle occupation of the single-particle states m = (mq, ma, - -m4).

Figure 2: Schematic view of the restricted Boltzmann machine.
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The N(m) is given by the RBM and defined as [5]

N(m) = Z exp (Z a;n; + Z wiknihk + Z bkhk)
7 i,k k

{hp==1}

= H 2 cosh(by + Z Wik eXp(Z a;n;) (5)
k i i

where a;, by, and w;, denote the bias of visible nodes, the bias of hidden nodes, and weights
between the visible node ¢ and the hidden node k, respectively. n; = 1 for the occupied states
(nm, = 1 for a =1,2,...,A) and n; = 0 for the unoccupied states. The schematic view of the
RBM is shown in Fig. 2. Note that the weights of the RBM are restricted only between the
visible and hidden nodes, from which the second line of Eq.(5) is deduced.

The energy expectation values of this trial wave function is evaluated statistically by

(WlHG) m\Hw
Wy mrmw\QZ' =2 p(m ©)

where the local energy is defined as Ej(m) = (m|H|¢)/(m|y). The summation ), p(m) in
Eq. (6) is computed statistically by preparing a set of the M-scheme configurations |m) whose
frequency distribution obeys the probability p(m) oc |(m|)|? exploiting the Markov Chain
Monte Carlo method [6]. Thus, we avoid to store the whole possible |m), the number of which
may be too huge. The variational parameters, f;;, a;, by, and w;y, are determined to minimize the
energy expectation value by the stochastic reconfiguration method [8], which can be considered
as one of the machine-learning techniques.

3.2 Benchmark test

As a benchmark test, we performed the VMC calculation to evaluate the ground-state energy
of 28Si with the sd-shell model space and the USD interaction [9]. In this case, 24 visible nodes
are used to describe each occupation of the single-particle states in sd shell for the RBM.

)
_ -134f .
3 o
Q -135¢ -
L
-136f ® , , , B
Exact 80 nodes 24 nodes 12nodes VMC

Restricted Boltzmann Machine

Figure 3: Shell-model energies of the ground state of ?®Si obtained by the exact diagonalization,
the VMC results with the 80 RBM hidden nodes, 24 RBM hidden nodes, 12 RBM hidden nodes,
and the VMC result without the RBM.
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Figure 3 shows the shell-model energies obtained by the VMC without the RBM, with the
RBM 12 hidden nodes, the 24 hidden nodes, the 80 hidden nodes. The exact energy is also
shown in the left-hand side of Fig. 3. The statistical errors of the VMC are small enough and
not shown in the figure. While the VMC without the RBM shows 2.2-MeV deviation from the
exact one, the introduction of the RBM factor fills this gap to some extent. As increasing the
number of the RBM hidden nodes, the description power of the RBM is enhanced and the energy
approaches the exact value, although the 1-MeV gap remains even with the 80 hidden nodes.
Further study is expected to fill this gap by applying the angular-momentum projection [6].

4 Summary and perspectives

We briefly reviewed some applications of the machine-learning techniques to nuclear shell-model
calculations. Bayesian analysis was applied to the shell-model calculations and we demonstrated
that uncertainty quantification is feasible with p-shell nuclei as an example. The statistical
analysis of the sd-shell nuclei is found in Ref. [10]. As another application, we introduced the
RBM to the VMC approach in the framework of the shell-model calculations and performed
the benchmark test, which shows promising features to overcome the numerical difficulty in
shell-model calculations.

Many more promising attempts have been done to apply the Al-related methods to shell-
model calculations, which cannot be described in this paper. For example, we exploit a clustering
algorithm to divide the basis states of the no-core Monte Carlo shell model [11] into a small
number of groups in order to discuss the a-clustering structure of >C. Besides, Gaussian Process
and artificial neural network are exploited to the extrapolation of the energy eigenvalue to infinite
model space in the no-core shell model approach [12, 13]. We expect that such Al-related
approaches will drastically open the frontiers of nuclear structure physics.
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Gaussian processes are used as a Bayesian machine learning technique to solve regression
and classification problems. This paper reviews this technique, and presents some merits and
issues for the nuclear data generation.

1 Introduction

Gaussian processes [1, 2] are used as a Bayesian machine learning technique to solve the re-
gression and classification problems. Because a regression model based on Gaussian processes
(GPR) gives predictive distributions for regression problems, this technique may be a powerful
tool not only for evaluating nuclear data but also for determining the corresponding uncertainty.
In the previous study, a method to generate nuclear data from experimental data was proposed
based on GPR [3], and it was demonstrated that our method can generate reasonable regression
curves and their uncertainties from experimental data. This paper reviews this technique, and
some merits and issues for the nuclear data generation are presented.

2 (Gaussian process regression

Suppose that we have N measured data points (measurement energy points xzny € RY and
corresponding cross sections with uncertainties [one standard deviation, 1o], tx 4 5ty € RY)
for a certain nuclear reaction and that we aim to generate a set of cross-sections for certain M

energy points €y, € RM. GPR expresses the conditional probability distribution of ¢); € RM
given by ty, p(ta|ty), as a Gaussian distribution with mean gy and covariance Xy ar:

p(tumltn) = N(tar | ar, ), (1)
Sum = Curnr — ChyCrvCnr (3)

The (i, 7)-th element of the covariance Cyy is expressed as
C($¢,$J’) = k:(a:i,acj) +5ti5¢j5tj, (4)

where k(x;, ;) represents the kernel function, and the d;; is the Kronecker delta. The (7, j)-th
elements of N x M matrix Cypr, M x N matrix Cpy (= CLM), and M x M matrix Cyss are

of the form:
C(zi, xj) = k(zi xj). (5)
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For the kernel function, this study used the following radial basis function:

0
ke ) = brexp (2o~ o). ®

where ® = (01,05) is a set of hyperparameters, which is optimized by finding a solution that
maximizes the marginal log likelihood p(tn|Cnn, ®):

O,y = argmaxnp(ty|Cyy,O) (7)
(C]

1 1 N
= argmax (—2 In|Cyn| — itNC]_V%VtE Y ln(27r)> : (8)
()]

3 Generated cross-sections

3.1 Nuclide-production cross-sections

Figure 1 compares the generated nuclide production cross-sections for the 27Al(p,X )4He and
27 Al(p, X)1°Be reactions with physics models of INCL++/ABLAO7 [4, 5] and INCL4.6/GEM |6,
7] and evaluated nuclear data libraries of ENDF/B-VIILO [8], JENDL-4.0/HE [9], and TENDL-
2019 [10]. The experimental data, which were measured with the activation method, were taken
from the experimental nuclear database, EXFOR [11]. The blue dashed line with uncertainty
band indicates the cross-sections generated by GPR. Although the physics models and evaluated
nuclear data account for the trends of the production cross-sections as a function of incident
energy, it fails to agree with the experimental data. These discrepancies would be solved by
improving the phyicis model or model parameters. In contrast, since GPR draws smooth curves
to fit the experimental data without the need for physics models, the curves agree in principle
with the experiments.

10 27Al(p,X)*He, independent . 27Al(p,X)1°Be, independent

—— JENDL-4.0/HE

—— TENDL-2019
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10" 4 GPR +20

Michel et al 1997
Sisterson et al 1996
Schiekel et al 1996
Michel et al 1995
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Figure 1: Comparisons of nuclide production cross-sections for the 27Al(p, X)*He reac-
tion (left panel) and the 27Al(p, X)'Be reaction (right panel) with physics models of
INCL++/ABLA07 [4, 5] and INCL4.6/GEM [6, 7] and evaluated nuclear data libraries of
ENDF/B-VIIL.O [8], JENDL-4.0/HE [9], and TENDL-2019 [10]. The dashed blue line and
the light blue band present the mean of the generated predictive distribution and +20 about
the mean, respectively. The experimental data were taken from EXFOR [11].
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3.2 GPR as a random sampler

Figure 2 shows generated nuclide-production cross-section for the "*N(p, X)1°Be reaction and
the generated correlation matrix. In the left panel of Figure 2, the 10 colored lines indicate
random samples of the cross sections, which can be easily generated according tas|tn ~ N (s |
s Xarnv)- These random samples would be of significant benefit to subsequent uncertainty
propagation analyses by the random sampling technique in research fields such as neutronics,
reactor physics, and shielding analyses.

- natN(p,X)1%Be, independent "N(p,X)'°Be, independent

100 4

10-1 4

Incident proton energy (MeV)

== GPR mean

GPR +20

Michel et al 1997
Parrat et al 1996
Michel et al 1995
Reysst et al 1981

Production cross-sections (mb)

PR

1072

T T T
10t 102 103 102 10°
Incident proton energy (MeV) Incident proton energy (MeV)

Figure 2: Generated nuclide-production cross-section (left panel) and the generated correlation
matrix (right panel) for the **N(p, X)19Be reaction. For the left panel, the dashed blue line and
the light blue band present the mean of the generated predictive distribution and +2¢ about
the mean, respectively. The 10 colored lines present random samples generated according to
taltn ~ N(ta | pas, 2arar). The experimental data were taken from EXFOR.

3.3 Case of small experimental dataset

Figure 3 illustrates the nuclide-production cross-section for the 27 Al(p, pn)?¢Al reaction. In the
left panel, the cross-section was generated from the experimental data by Sisterson, et al. [12]
and Schneider, et al. [13]. Here, since the threshold energy can be deduced from the mass of
the reaction system (xy, = 11.3 MeV), it was considered as training data (i.e. {ztn, tin, 0ttn} =
{11.3 MeV, 1072 mb, 10~% mb}). Although its exact position including its uncertainty cannot be
determined, a reasonable curve in this energy range seems to be obtained, and we confirmed that
the generated uncertainty did not strongly depend on the additional training data. However,
an unacceptably large uncertainty band is still observed at the GeV range, which is owing to
the lack of experimental data. Such uncertainty information would be useful for motivating to
conduct new experiments in terms of enhancing the prediction acuracy.

As one possible way to resolve such problems, it may be necessary to give some physical
knowledge as training data. In this case, from the total proton-neutron cross-section system-
atics [14], the (p,pn) cross-sections in the GeV range is expected to be constant. In the right
panel of Figure 3, auxiliary constant cross-section value points are added in the GeV range to
take into account this knowledge. However, this ad hoc solution need to be improved in future.
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Figure 3: Left panel: nuclide production cross-section for the 27 Al(p, pn)25Al reaction generated
from the experimental data. Right panel: same as the left panel but with the inclusion of
auxiliary points infered from the total proton-neutron cross-section systematics at the GeV
range.

4

Summary

We have applied the GPR technique to generate nuclear data, focusing on proton-induced nuclide
production cross-sections. Reasonable curves with corresponding uncertainties were obtained

and

the results indicate that this approach is effective for generating nuclear data.
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Since the secondary beam produced by the RIBF generally contains various nuclides, it is possible
to acquire data on non-rare events systematically. However, systematic nuclear data acquisition at RIBF
has not been realized due to the lack of data acquisition capability and workforce for data analysis. If data
calibration can be automated, the latter will be solved. For the automation of data calibration, advanced
statistical inference methods could be used. In this study, the Markov chain Monte Carlo method was
employed for a part of particle identification analysis in a secondary beam experiment, and the results

were comparable to those of the conventional analysis method.

1. Introduction

Data-intensive science has been proposed as the fourth paradigm of scientific research following
experimental, theoretical, and computational sciences. In data-intensive science, a large amount of data,
obtained by advanced data acquisition and processing and simulation techniques, are aggregated, and
statistical inference is used to develop data-driven scientific research.

The RI beam experiment at RIBF! has the advantage of developing such a data-intensive science.
The secondary beam used in RIBF generally contains many different nuclides. Therefore, in principle, it
is possible in an experiment at RIBF to obtain rare events that the experimental proposer aims for and
systematically obtain non-rare nuclear reaction data simultaneously. Such non-rare data may include
isotope production and elastic scattering cross sections. The systematic acquisition of such data and the
development of scientific research based on the aggregated data is consistent with the direction of data-
intensive science.

However, in practice, the data acquisition and data processing capacity of RIBF is limited in two
aspects: data acquisition systems and workforce. First, to measure rare events efficiently, data from non-
rare events are usually excluded from the acquisition at the trigger level. Also, data on common events
that cannot be excluded are rarely published because the data alone have little academic impact, despite
the effort required to analyze it. Even if a non-collaborator would like to analyze the data and extract
systematic features from them, it is not easy to actually analyze the data because of the need for detailed
information on the experimental conditions, such as the operating conditions of the detector and the
magnetic field settings of the electromagnets, which vary from experiment to experiment.

The latter of these two limitations can be overcome by automating the data calibration. In order to

realize the automation of data calibration in RIBF, modern statistical inference methods could be applied.
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In this report, an attempt to apply the Markov chain Monte Carlo method (MCMC) to the particle
identification analysis for secondary beams is introduced.

2. Data Analysis
At the BigRIPS particle separator? at RIBF, secondary beam particles are identified on an event-by-
event basis from time-of-flight (TOF), magnetic rigidity (Bp), and energy loss (AE) information
obtained by using beamline detectors (the TOF-Bp-AE method)?. In this study, MCMC was applied to
the determination of ion-optical transfer matrix elements, which is the part of the Bp analysis. The first-
order ion-optical transformation between two focal planes is given by
Xf (x|x)  (xla)  (x]6)\ %
(af) = ((alx) (ala) (alé‘)) (ai>. (1)
5 0 0 1 9

Here, (x;,a;) and (x,af) are the positions and angles in the horizontal plane at the initial and the final
focal planes, and & is the deviation of Bp from the central value Bp, and defined by the following
equation:
6
Bp = (1 + 1—00> Bp,. (2)
The coefficients (x|x), (x|a), (x]5), (alx), (ala), and (a|d) are referred to as first-order transfer
matrix elements. In the conventional method, first-order transfer matrix elements are determined by linear
fitting procedure, and the effect of higher-order transfer matrix elements are adjusted by the empirical
method so as to improve the resolution of mass-to-charge ratio (A/Q). On the other hand, the new method
using MCMC has the potential to determine higher-order transfer matrix elements directly from
measurement data.
In this study, a dataset taken in the spallation reaction measurement on °3Zr was used for the
analysis. In this dataset, beam particles distribute only in limited phase-space. At first, xps and TOF;5
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Figure 1 Correlation between x5 and TOF and clustering result using GMM.
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Figure 2 Correlation of § obtained using MCMC (vertical axis) and a conventional analysis
method (horizontal axis).
distributions were fitted with the Gaussian mixture model (GMM) implemented in scikit-learn®, an open-
source machine learning library, and the events corresponding to ?3Zr was extracted. Figure 1 shows the
clustering result using GMM. Then, the first-order matrix elements were estimated using MCMC with a
probabilistic programming language Stan®. Finally, &’s for all events in the dataset were calculated using
the estimated matrix elements. Figure 2 shows the correlation of &’s obtained using MCMC to that

obtained in a conventional analysis method.

3. Summary

An analysis method employing MCMC was applied to the Bp analysis with a limited dataset, and
similar results to the conventional analysis method were obtained. In the future, further development,
such as the introduction of higher-order matrix elements and application to more general datasets, will be

done to achieve automated data calibration.
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Abstract

To study a fission path, we investigated the potential energy surface of U-236 with respect
to its quadrupole and octupole deformations, using the microscopic theoretical model with
Skyrme-type effective interactions. We divided the potential energy surface into 7 terms to
investigate their contributions to the fission barrier height. Although the height is decided
from the competition among the terms, we found the Coulomb term and a combination of
others excluding the spin-orbit and pairing energy terms have a relatively small interaction
dependence. It indicates that the amplitudes of spin-orbit and pairing energy will affect the
barrier height.

1 Introduction

Minor Actinides (MA) are produced through a sequence of neutron-capture, -, and a-decays
in nuclear reactors. The MAs affect the performance of nuclear reactors and the composition
of nuclei in the radioactive waste. Therefore, nuclear data such as the fission product yield
of MA is necessary for reactor technology and to deal with the radioactive waste effectively.
However, the data is insufficient and its uncertainty is large, due to the difficulty of experiments
using highly radioactive materials. A theoretical approach is one of the effective techniques to
prepare unmeasured data or to predict unmeasurable data. The macro-micro models [1, 2] that
consist of the liquid drop model [3] and a quantum correction have been employed widely for the
fission study. The liquid drop model is employed to describe the bulk property of the nucleus,
and the quantum correction is introduced for the nuclear shell effects. The parameters in the
model and correction are phenomenologically determined to reproduce the nuclear properties
well. Although the model works well to explain and reproduce the known data, its prediction
power might be small for unknown data. To supply and predict the data of MA or unmeasured,
we should have a more fundamental approach in which the empirical methods are excluded as
far as possible. Therefore we employ a microscopic mean-field model that can describe nuclei
from the degree of freedom of nucleon to investigate the fission phenomena. Our model employs
the Skyrme effective interaction [4], which has been developed to describe the basic nuclear
properties in the vicinity of ground states: nuclear binding energy, nuclear matter parameters,
radius, deformation, and shell structure. We should investigate carefully the applicability of
these effective interactions to be applied to nuclear fission because the nuclei become much
deformed in the way to scission hence they are far from their ground states. In this study, we
calculate the potential energy surface (PES) of the U-236 assuming the compound nucleus of
n + U-235 reaction, and investigate the difference among the PES given by existing Skyrme
effective interactions.
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2 Method

We employ the Skyrme-Hartree-Fock+BCS model [5] and impose constraints on the nuclear
shape [6] of U-236. To describe any nuclear deformation in this work, the wave function is
represented in the three-dimensional coordinate space. The three Skyrme effective interactions
(SkM*, SLy4, SkI3) are employed. The Skyrme effective interaction is written with the delta
function of a space r, as follows:

1 / /
0(i) = to(L+20P,) 8 (r) + 5t (L+21Py) (K6 (1) +6 (1) K2) +t2 (1 + 22Py) k-6 (r) k
1 i ; ) /
Fgta(aarn) o (T )80+ (0 0,) kxS (1)K, W)
where tg, xo, t1, 1, t2, 2, t3, x3, o, W are parameters, o is the Pauli matrix, P, is the spin
exchange operator, k and k are relative momentums. The k (k) is formed (V; — 3)/2i((

j)/2t) which acts on the right (left) side. These parameters are adjusted to reproduce nuclear
properties according to the protocol of each parameter set. The SkM* parameter set is to
reproduce the fission barrier height of the Pu-240 [7], the SLy4 is designed to deduce the nucleon
matter properties [8], and the SkI3 is prepared to reproduce the single-particle states of Pb-208
which the relativistic mean-field model deduces [9]. We can calculate the energy of a system from
the expectation value of the Skyrme interaction by the many-body wave function. Normally,
Skyrme interaction is divided into the central force and spin-orbit force. However, it is divided
into the four forces because we want to investigate the behavior of each term in detail. The first
term in Eq.(1) is named volume term which works as the attractive force, the second and third
terms are reflected the nuclear surface properties due to including the differential operators. The
fourth term is named density-dependent term which works as a repulsive force. The last term
means the spin-orbit force. The many-body wave function formed as BCS-type [10] is employed
in which the single-particle states and the pairing correlation are determined self-consistently.
We calculate the PES of U-236 in which the fission reaction of U-235 induced a thermal neutron
is assumed. The constraints on nuclear shape are expressed with the radial direction r and the
spherical harmonics Yj,,. The quadrupole QQO and octupole ng operators are applied to express
the elongation and mass asymmetry of the nucleus, respectively. Their forms are:

. 5
2
— Yon = —1
Q20 Y20 Ton" r?(3cos? — 1),
) , 7
Q30 = Y= Tom 3(5 cos® 6 — 3 cosh). (2)
"

For the investigation of the fission path, the PES is calculated with these constraints. The
constraints are introduced to the Hamiltonian H, such as Lagrange multiplier:

H =H - Z)\IO (on—@zo>2, (3)
1=2,3

where Aj is the Lagrange multiplier and ;g is the expectation value <Qlo> with the many-body
wave function. The procedure to calculate the PES is 1) to prepare the ground state, 2) to
elongate the nucleus with using ng, and 3) to add the octupole moment using ng for the
expression of mass asymmetry.

3 Results and discussion

Figure 1 shows the PES with respect to Q29 and Q3¢ using SkI3 parameter set. The PES dFE
can be calculated as the difference between the ground state energy Eg. g and the energy at the
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Table 1: Calculation results for Eg.s., Binners Bouter (30 = 0) and Boyter (30 7# 0) using
different Skyrme interactions together with experimental values

Force SkM* SLy4 SKI3 |  exp.
Eg.s. (MeV) —1796.97 —1796.46 —1799.85 | —1790.41
Binner (MeV) 8.4 10.4 8.7 4.9
Bouter (Q30 = 0) (MeV)  13.1 18.1 14.2 -
Bouter (@30 # 0) (MeV) 7.2 10.2 6.3 5.8

each point E(Q20,@30), and as follows;

dE = E(Q20,R30) — Eq.s.- (4)

The dashed line shows the symmetry fission path corresponding to Q39 = 0, and the solid line
shows a path following a valley of the PES in Figure 1. Nucleon densities at some important
points are given in this figure, additionally, it is clear that the path written by the solid line is
easier to undergo fission than the dashed one. Figure 2 shows the results of dE along the two
fission paths. The dashed and the solid line are the same as in Figure 1. All of interactions have
the ground state, the ond minimum, the inner fission barrier Bjy,er and the outer fission barrier
Bouter- The two-humped barrier structure can be seen for the three effective interactions and the
mass asymmetric deformation allows the decreasing the Bgyter. Our results and the experimental
data for Eq g [12] and for the fission barrier heights are shown in Table 1. This result reveals
that our calculation overestimates the experimental data of the fission barrier height [11]. To
elucidate the reason for this overestimation, we investigate which terms contribute to and which
manner to the fission barrier in the following. The total binding energy E,.; of each interaction
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Figure 1: The PES of SkI3 with respect to Q29 and Q3

can be divided into 7 terms which are Eig, Fi142, Ei3, Fis, the kinetic energy Fiinetic, the
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Figure 2: The fission path with respect to Qo
Coulomb energy Ecoulomb, and the pairing energy Epai,:
Etot = EtO + Etl,t2 + Et3 + Els + Ekinetic + ECoulomb + Epair
- ESkyrme + Ekinetic + ECoulomb + Epair- (5)

The Skyrme energy Eskyrme is composed of the volume energy Eyo, the surface energy Fii 2,
the density dependence energy Fi3, and the spin-orbit energy Eis. It is difficult to specify their
contributions to the fission barrier because they have a complicated competition. To extract the
major characterizing the barrier, we search a combination of the energy terms which have a small
interaction-dependence, namely, the non-characteristic parts of the PES on all interactions.
Figure 3 shows the result of them. These energies is calculated as the same way of Eq.(4).
The solid line shows SkM*, the dashed one is SLy4 and the dotted one is SkI3. The left panel
represents the sum of Eyg + i1 12 + Ft3 + Fiinetic- Lhis summation increases with increasing
Q9o for the three effective interactions. On the other hand, Fcouomp decreases with increasing
20, because the Coulomb force is inversely proportional to the distance of the charge. There
are small interaction dependences on the sum of Fiyg + Eii 12 + Ei3 + Ekinetic and Ecoulomb,
which indicates that the Eis and Fp,; have a very important role to form the fission barrier.
The behavior of the Fjs and Ep; are compared with the fission path in Figure 4. The upper
left (right) shows Eis (Epair) and the lower left shows the fission path. The solid (dotted) arrow
indicates a bump (valley) of the fission path. These results show that Ejs has in-phase and, Epair
has the out-of-phase with the fission path. The phase relationship between the spin-orbit force
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Figure 3: The contributions for dE: (left) Eiy + Et1 42 + Et3 + Ekinetic, and (right) Ecoulomb

and the pairing correlation has been known for the previous nuclear structure study [13]. We
point out that there are small interaction dependences on the sum of Eyg + Ei1 t2 + Ft3 + Fiinetic
and Ecoulomb. Therefore, the Eyg and Ep,j might have an important role to decide the fission
barrier height.

4 Conclusion

We investigate the PES of U-236 by the constraint Skyrme-Hartree-Fock+BCS with respect
to the quadrupole Q29 and octupole Q39 momentums. Our calculation reproduces the two-
humped barrier structure on the fission path, shows also that the degree of freedom for the
mass asymmetry on fission products, namely, (3¢ effects, allows the decreasing the outer barrier
height. The calculated fission barriers overestimate the experimental data. In order to elucidate
the reason for the overestimation, the fission path is decomposed into 7 terms. The sum of
Eio + Ei142 + Ei3 + Finetic, and the Ecoulomn have a small interaction-dependence. Thus, the
Eys and Ep,; might affect the fission barrier height.
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Abstract

Recently, fission-fragment mass properties of 2°®Md was measured in JAEA. The data
indicates a mixture of fission modes. We tried to calculate the fission properties of 2°®Md
using the Langevin model.

1 Introduction

It has been shown that fission has multiple modes, characterized by mass asymmetric fission
and mass symmetric fission [1-7]. In neutron-rich heavy element region, it is argued that several
fission modes coexist, with a significant change of their yields in accordance with the number
of neutrons contained in the fissionig nucleus. A typical example is found in the fermium
isotopes. The dominant mode transition is from the asymmetric splitting for 2*"Fm to the
shape symmetric one for 2**Fm [8]. This transitions was interpreted as due to the lowering of
the fission barrier for symmetric fission toward heavier mass isotopes. Its important to know
the potential energy surface structure and nuclear’s deformation process to understand fission
mechanism in neutron-rich heavy element region [9].

At the JAEA tandem facility, fission of an exited compound nucleus 2°Md was studied in
the reaction of *He+2%*Es. Based on the systematics of the spontaneous fission [8], the nucleus
are located in the region where mass-symmetric fission dominates.

For the discussion of the experimental data, we made a calculation of fission using the
Langevin model. For the later discussion, we define three types of fission paths (modes); mass-
asymmetric fission (standard mode), symmetric fission with high total kinetic energy TKE
(supershort), and symmetric fission with low TKE (superlong).

2 Framwork

We use the fluctuation-dissipation model and employ the Langevin equations[10] to investi-
gate the fission process. The nuclear shape is defined by the two-center parametrization [11,12],
which has three deformation parameters, zp, d, and « to serve as collective coordinates: zq is
the distance between two potential centers, a is a mass-asymmetry parameter defined by (A;-
A9)/(A1+As) using fragment masses, A; and Ay. The symbol 0 denotes the deformation of the
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fragments defined as § = 3(R)R1)/(2R|+R), where R and R are the half length of the axes
of an ellipse in the zg and p directions of the cylindrical coordinate, respectively, as shown in
Figure 1 in Ref. [10].

We adopted the neck parameter e=0.55 following the empirical relation in Ref. [9]. The
three collective coordinates are abbreviated as ¢, ¢ = z,0,«. For a given value of a temperature
of a system T', the potential energy is defined as a sum of the liquid-drop (LD) part, a rotational
energy and a microscopic (SH) part:

2

V(a.T) = Vinla) + s + Von(a.T). (1)

VLD(‘]) = ES(Q) + Ec(q)a (2)

Vsr(q,T) = Egpen(q)®(T), (3)
oT?

O(T) = exp <_ETd) (4)

Here, Vi p is the potential energy calculated with the finite-range liquid drop model, given
as a sum of the surface energy Fg [12] and the Coulomb energy E¢. Vgp is the shell correction
energy evaluated by the Strutinski method from the single-particle levels of the two-center shell
model. The shell correction has a temperature dependence expressed by a factor ®(T), in which
E,; is the shell damping energy chosen to be 20 MeV [13] and a is the level density parameter.
At the zero temperature (7" = 0), the shell correction energy reduces to that of the two-center
shell model values Eghe”. The second term on the right-hand side of Eq. (1) is the rotational
energy for an angular momentum [ [10], with a moment of inertia at ¢, I(q).

The multidimensional Langevin equations [10] are given as

dg; B ] A
o = M)y (5)
@ ov. 1 0

St ek Pl O MY e U G PR G OF (6)

where i ={z,0,a} and p; = m;;dg;/dt is a momentum conjugate to coordinate ¢; . The sum-
mation is performed over repeated indices. In the Langevin equation, m;; and +;; are the
shape-dependent collective inertia and the friction tensors, respectively. The wall-and-window
one-body dissipation [14-16] is adopted for the friction tensor which can describe the pre-scission
neutron multiplicities and total kinetic energy of fragments simultaneously [17]. A hydrodynam-
ical inertia tensor is adopted with the Werner-Wheeler approximation for the velocity field [18].
The normalized random force R;(t) is assumed to be that of white noise, i.e., R;(t)=0 and
R;i(t)R;(t)=20;;0(t1 —t2). The strength of the random force g;; is given by the Einstein relation
Vi T =3k 9i9jk-

3 Results and discussion

Figure 1 shows the calculated results of the FFMDs and TKE distributions of 2°®Md. FFMDs
show mass symmetric splitting. The peak of the TKE distribution is about 235 MeV. From
features, the supershort mode was dominant in the calculation results.

Figure 2 shows the evolution of each fission modes as a function of excitation energy of 2°°Md
(in this work, fission modes was defined in the range of mass numbers and TKE in Table 1).
Here, the count as the vertical axis means the number of events in the Langevin calculation.
The calculation shows that the standard mode decreases with excitation energy. It is considered

_98_



JAEA-Conf 2021-001

12 A
S i
) o)
2 6 22
>~ >

3

0 0

100 150 200 140 200 260
Fragment Mass(u) TKE (MeV)

Figure 1: Calculation result of FFMDs(left) and TKE distribution(right) at excitation energy
E* =18MeV

that this is because the shell structure responsible for mass-asymmetry decreases with excitation
energy.

Figure 3 shows the fission pathways of each mode in the z — § plane. From the 1st local
minimum (around {z,0}~{0.0,0.2}) to the 2nd local minimum(around {z,0}~{1.0,0.2}), the three
modes behave very similarly. But it can be seen that the standard mode branches first at z ~ 1.3
and then the superlong mode branches at z ~ 1.8.

Figure 4 shows the energy of the fissioning nucleus at each shape plotted as a function of
z. In Figure 4, the saddle point is located at z ~ 1.3 in the standard mode, z ~ 1.8 in the
superlong mode, and z ~ 2.0 in the supershort mode, so it was found that the branch point
shown in Figure 3 is located at the saddle point. In particular, the saddle point of superlong
mode is close to that of supershort mode, the trajectory is very similar up to the saddle point
of superlong mode.

Table 1: Mass and TKE region of each mode

mode Mass TKE
supershort 114<Mass<144 TKE>220MeV
superlong  114<Mass<144 TKE<220MeV

standard  114>Mass,144<Mass TKE=220MeV

4 Conclusion

In this work, the fission mode of 2°*Md was studied by trajectory calculation using a Langevin
equations. As a result, it was found that the investigated three modes bifurcate around the exit
point of the 2nd local minimum on potential energy surface. Also, since the saddle point of
superlong mode is close to that of supershort mode, the trajectory is very similar up to the
saddle point of superlong mode.
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Mass-angle distribution (MAD) measurement of heavy and superheavy element fragmen-
tation reactions is one of the powerful tools for investigating the mechanism of fission and
fusion process. MAD shows a strong correlation between mass and angle when the quasi-
fission event is dominant. It has characteristic that appears diagonal correlation as long as
the quasi-fission event is dominant. This diagonal correlation could not be reproduced in
previous our model before the introduction of the parameters.

In this study, we systematically evaluate the unknown model parameters contained in
our model and clarify those model parameters to reproduce the diagonal correlation that
appears in MAD. Using a dynamical model based on the fluctuation dissipation theorem
that employs Langevin equations, we calculate MADs of two reaction systems *$Ti+!86W
and 3*S+232Th which are dominated by quasi-fission. We were able to clarify the effects
of unknown model parameters on the MAD. In addition, we identified the values of model
parameters that can reproduce the correlation between mass and angle. As a result, it was
found that the balance of tangential friction and moment of inertia values is important for
the correlation between mass and angle.

1 Introduction

Currently, superheavy element synthesis is limited to the success of element Z = 118. The
production of new superheavy elements will foot in the 8th period of the periodic table, and
will provide insight into the existence of island of stability. In addition, neutron-rich nuclei
far from the valley of stability are important for understanding the r-process in astronomical
nuclear physics. The supernova explosion is one of the origins of the elements along with the
evolution of the stars. During a supernova explosion, a large amount of new elements are
created and spread around. After those elements create the new star, the new star eventually
die, leading to an explosion again. The elements in the universe and the solar system is created
through such an evolution cycle of stars and elements. Superheavy elements and neutron-rich
nuclei create in the process of that element synthesis scenario. Production of those nuclei are
significant to elucidate element synthesis scenario but, extremely difficult. In recent years, the
method using the nucleon transfer reaction for the synthesis of new superheavy elements and
neutron-rich nuclei has been proposed [1,2], but a quantitative prediction model has not been
established. The mechanism of the nucleon transfer reaction has been studied for many years
in many models, including semiclassical models such as GRAZING [3] and Langevin [1], and
microscopic models such as time-depent Hartree-Fock (TDHF) [4]. In this study, we analyze
the relationship between mass and angle obtained by the nucleon transfer reaction. Mass-angle
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distribution (MAD) is the emission angle on the vertical axis and the mass ratio Mg on the
horizontal axis. Mg is represented by Mp = jfj_{gé . A1 and As represent the mass number of the
projectile-like fragment and the target-like fragment, respectively. When the projectile nucleus
collides with the target nucleus, the projectile nucleus receives nucleons from the target nucleus
while rubbing around the target nucleus, increases the mass number, and finally leaves from
the target nucleus in a certain direction. There is a correlation between the number of nucleon
transferred (mass) and the emission angle, and the characteristic is depends on the projectile
nucleus and the target nucleus. By analyzing this correlation, we are trying to elucidate the
fusion process. MAD shows a strong correlation between mass and angle when the quasi-fission
reaction is dominant [5]. This correlation could not be reproduced with the dynamical model
developed in the previous research. In this study, we evaluated MADs of the two reaction
systems *¥Ti 4+ 86W and 34S 4 232Th dominated quasi-fission using a dynamical model. This
paper contain as follows Sec. 2 describes the details of the model framework. Sec. 3 discusses
the parameter dependence of MAD. The last section describes conclusion.

2 Framework

2.1 Potential energy surface

We adopt the dynamical model which similar to unified model [7]. First, the initial stage of
the nucleon transfer reactions consists of two parts: (1) the system is placed in the ground
state of the projectile and target because the reaction proceeds is too fast for nucleons to
reconfigure a single particle state (2) The part where the system relaxes to the ground state
of the entire composite system which changes the potential energy surface to an adiabatic one.
Therefore, we consider the time evolution of potential energy from the diabatic one Vg (q)
to adiabatic one V,g4iqp (¢). Here, ¢ denotes a set of collective coordinates representing nuclear
deformation. The diabatic potential is calculated by a folding procedure using effective nucleon-
nucleon interaction [6-8]. However, the adiabatic potential energy of the system is calculated
using an extended two-center shell model [8]. Then, we connect the diabatic and the adiabatic
potentials with a time-dependent weighting function as follows:

V' = Viiab (Q) f (t) + Vadiab (Q) [1 - f (t)} )
t
f=e(-1). (1)
T
Where ¢ is the interaction time and f (¢) is the weighting function included the relaxation
time 7. We use the relaxation time 7 = 1072!s proposed in [9-11]. We use the two-center
parameterization [12,13] as coordinates to represent nuclear deformation. To solve the dynamical
equation numerically and avoid the huge computation time, we strictly limited the number of
degrees of freedom and employ three parameters as follows: zy (distance between the centers
of two potentials), § (deformation of fragment), and « (mass asymmetry of colliding nuclei);

a= Eﬁ;ﬁzg, where A1 and A not only stand for the mass numbers of the target and projectile,

respectively [6,14] but also are then used to indicate mass numbers of the two fission fragments.
As shown in Fig. 1 in Ref. [12], the parameter § is defined as ¢ = ‘(O’Q(Z:Lz%, where a and b represent
the half length of the ellipse axes in the 2y and p directions, respectively. We assume that

each fragment has the same deformation as a first step. In addition, we use scaling to save
computation time and use the coordinate z defined as z = (Rczijov)’ where Ropn denotes the
(349

radius of the spherical compound nucleus and the parameter B is defined as B = 3-20)"
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2.2 Dynamical equations

We perform trajectory calculations of the time-dependent unified potential energy [6,7,14] by
Langevin equation. We start trajectory calculations from a sufficiently long distance between
both nuclei [14]. So, we use the model which takes into account the nucleon transfer for slightly
separated nuclei [6]. Process for the separated nucleon transfer use the procedure described in
Refs. [6,7]. When both nuclei has been changed the mononucleus state that window of the
contact nuclei is sufficiently opened, the evolution process of the mass asymmetry parameter «
switches from the master equation to Langevin equation according to the procedure described
in Ref. [14]. We use the multidimensional Langevin equation [6,14,15] unified following:

dgi _ ( —1
i =(m )z'jpj’
dpi _ 9V _ 10 —1 A (=1 R
G =50 — 29g (M) pipky —ij (M) Pk + 9ii Ry (1)
o _ _ ¢ _
dt = purR?’
dpr Ly
dt — Sp2
P Lo
dt T Sy
e _ oV ¢ L L
d = O — Yian (HRR2 — 371&1 — gfz(IQ) R+ RgtanRian (1),
dL, _ 0V 14 L L
Ttl T Vtan (HRRQ - %*1&1 — %szLQ) a1 — algtanRtan (t) )
dLy _ 0V 14 L L
i T gy T tan (m THM T “2> a2 = azgtanFtan (1) )

The collective coordinates ¢; represent z, §, and «, the symbol p; denotes momentum conjugated
to g;, and V is the multidimensional potential energy. : The symbols 6 and ¢ indicates the
relative orientation of nuclei and relative angular momentum respectively. ¢; and @9 stand for
the rotation angles of the nuclei in the reaction plane (their moment of inertia and angular
momenta are I 2 and Ly o, respectively), aj 2 = g + @ is the distance from the center of
the fragment to the middle point between the nuclear surfaces, and R 2 is the nuclear radii. The
symbol R is distance between the nuclear centers. The total angular momentum L = ¢+ Li + Lo
is preserved. The symbol pug is reduced mass, and 7+, is the tangential friction force of the
colliding nuclei. Here, it is called sliding friction. The phenomenological nuclear friction forces
for separated nuclei are expressed in terms of 7/, for sliding friction using the Woods-Saxon
radial form factor described in Refs. [6,7]. The sliding friction are described as yan = Y F (),

where the radial form factor F (¢) = (1 + exp<> ' ¢ = %. 7P denote the strength of the
tangential friction, respectively. pr ~ 2 fm and ap ~ 0.6 fm are the model parameters, and ¢ is
the distance between the nuclear surfaces £ = R — Reontact; Where Reontact = R1 + Ra [6]. The
symbols separated by m;; and «;; stand for the shape-dependent collective inertia and friction
tensors elements, respectively. We adoped the hydrodynamic inertia tensor m;; in Werner-
Wheeler approximation for the velocity field [24]. The normalized random force R; (t) is assumed
to be white noise: (R;(t))=0 and (R;(t1)R;(t2)) = 25;;6(t1 —t2). According to Einstein relation,
the strength of the random force g;; is given ~;;T" = > 9ijg;k, where T is the temperature of the
compound nucleus calculated from the intrinstic energy of the composite system. The adiabatic
potential energy is defined as

Vadiab (¢, L, T) = Vi (0) + 2 4 Vi (4,7)
Vip (q) = Es (q) + Ec (q)
Vsu (q,T) = ES,oy (9) @ (T),
P (T) = exp (~E*Ey) . (3)
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Here, 7 (g) represents the moment of inertia of the rigid body with deformation ¢q. The centrifugal
energy generated from the angular momentum L of the rigid body is also taken into account.
Vip and Vgp are the potential energy of the finite range liquid drop model and the shell
correction energy that takes into account temperature dependence, respectively. The symbol
EY, ., indicates the shell correction energy at 7=0. The temperature dependence factor ® (T')
is explained in Ref. [14], where E* indicates the excitation energy of the compound nucleus.
E* is given E* = aT?, where a is the level density parameter. The shell damping energy Fj is
selected as 20 MeV. This value is given by Ignatyuk et al. [25]. The symbols Eg and E¢ stand
for generalized surface energy [26] and Coulomb energy, respectively.

In this study, the calculation MADs was performed by changing two parameters () and
fina)- fy? is the tangential friction correction factor, f;,, is shown the correction factor in the

2
form of %. 7 (q) represents the moment of inertia of a rigid body.

3 Results

Figure 1 shows the calculation MADs for BTiH186W at E. . =187.87MeV and their dependence
on fine and 7Y parameters in the range of fi,, =1.5-5.0 and ~=0.5-10.

0., [deg.]

Figure 1: The calculation MADs for ABTiH186W at E. . =187.87MeV and their dependence on
fina and 7Y parameters in the range of fi,, =1.5-5.0 and 7/=0.5-10. The result of (a)(d)(g)(j),
(b)(e)(h)(k) and (c)(f)(i)(1) adopt fina =1.5, and fina =3.0 and fine =5.0, respectively. (a)-(c),
(d)-(f), (2)-(i) and (j)-(1) adopt 7/=0.5, 79=1.0, 7/=5.0 and =10, respectively.

For example, in Fig. 1(k), there is no correlation in MAD, which means that the emitted
nuclei are emitted in all directions of 360 degrees, which is characteristic of the dominant fusion-
fission process. Moreover, it is considered that the situation of quasi-fission process is reproduce
because Fig. 1(a) has a correlation between angle and mass. Fig. 1(a) and 1(d) can reproduce
the characteristics of the experimental values [5] well. When f;,, was large, the two bodies
after contact tended to be difficult to move. It was found that when 7 is large, the correlation
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between mass and angle is lost. It is considered that this is because the emission angle overs 2
and is fragments are emitted in all directions due to the dominant fusion-fission reaction.

Next, Figure 2 shows the calculation results of 3494 232Th MAD at E¢,, =168.75MeV when
79 and fin, are changed. For instance, in Fig. 2(j), there is no correlation between mass and
angle to dominate fusion-fission. On the other hand, since Fig. 2(1) has a correlation between
angle and mass, it is considered that we reproduce the situation of quasi-fission process. Fig.
2(i) and 2(1) can reproduce the characteristics of the experimental values [5] well. The influence
for MAD does not change even if the moment of inertia for rigid body and the tangential friction
change respectively. But, the correlation originated from quasi-fission between mass and angle
show when both 7Y and fi,, are large. This is unlike 43Ti+8W case.

0 m. [deg.]

Figure 2: The calculation MADs for 34942827 at B, =168.75MeV and their dependence on
fina and 7Y parameters in the range of fi,, =1.5-5.0 and 7Y=0.5-10. The result of (a)(d)(g)(j),
(b)(e)(h)(k) and (c)(f)(i)(1) adopt fine =1.5, and fine =3.0 and fine =5.0, respectively. (a)-(c),
(d)-(f), (2)-(i) and (j)-(1) adopt 7=0.5, v9=1.0, 7/=5.0 and =10, respectively.

In this study, it was found that the tangential friction and the moment of inertia for rigid body
that can reproduce the correlation between mass and angle depends on the reaction system. In
the reaction system with a small mass asymmetry of the incident system such as “3Ti4+86W, the
calculation result could reproduce the correlation originated quasi-fission like the experimental
values by the small value of the tangential friction and the moment of inertia for the rigid body.
On the other hand, the calculation result could reproduce the characteristic originate from quasi-
fission when the value of the tangential friction and the moment of inertia for the rigid body
large in the reaction system that the initial mass asymmetry is large such as 3*S4+232Th. From
these results, it is considered that the value of the tangential friction and the moment of inertia
for reproducing the experimental value depend on the initial mass asymmetry.
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4 Conclusion

It was found that the tangential friction and the moment of inertia for the rigid body are strongly
relate to the correlation which originates from quasi-fission in the heavy element region. It
was also found that the balance of these physical quantities shows the characteristic whether
quasi-fission is dominant or fusion-fission reaction is dominant. It was possible to reproduce
the characteristics of the experimental results which quasi-fission is dominant by changing the
unknown model parameters. We need to calculate systematically to specify what unkown model
parameters depend on. Furthermore, it is necessary to find the correlation between the values of
these unknown model parameters and other physical quantities to reduce unknown parameters.
In the future, we will investigate the dependence of tangential friction and the moment of inertia
for the rigid body on mass asymmetry.
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Through joint research by the Japan Atomic Energy Agency and Kindai University, it has revealed that the
yield distribution of fission products (fission fragments) changes significantly depending on the neutrons
emitted from the compound nucleus. This multichance fission (MCF) effect is particularly important to treat
high energy fissions, such as transmutation of long lived minor actinide nucleus by fission using ADS. In this
work, we have introduced the neutron evaporation during fission process in the Langevin model and aimed
to describe the entire reaction process in a unified manner. The calculated results also reproduced

experimental data of the fission-fragment mass distribution.

1. Introduction and Background

Since Japan’s energy self-sufficiency rate is as low as 8%, energy diversification is being
promoted at each electric power company, and it is expected that the nuclear power generation
will continue to play a part of power sources. Long lived minor actinides accumulated in a
reactor, is one of the important issues in the nuclear power generation. Therefore, a method of
transmuting the long lived minor actinides to short lived minor actinides using Accelerator-
driven System (ADS) is considered as a feasible option. ADS applies a proton beam generated
by a proton accelerator to a spallation target such as lead and bismuth to generate spallation
neutrons. This spallation neutron is used to transmute the long lived minor actinides by fission
from highly excited states. From these things, it is important to understand fission from highly
excited states.

From the above, through joint research by the Japan Atomic Energy Agency (JAEA) and
Kindai University, it has become clear that fission fragment mass distributions (FFMDs) change
significantly depending on the neutrons emitted from the compound nucleus. In the so-called

multichance fission (MCF) concept, fission takes place after emitting several neutrons. Because
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the emitted neutrons bring out excitation energy corresponding to neutron binding energy and
its kinetic energy, this revives the shell structure of a nucleus responsible for mass-asymmetric
fission, thus change the FFMDs. The effect of MCF is particularly important to treat high energy
fissions, such as fission process in ADS. Until now, the MCF calculation was performed by
combining a fission model calculation (Langevin equation) and a statistical model using a code
such as GEF [1,2]. However, this method does not introduce neutron emission during the fission
process.

In the conventional method using the GEF code, only neutron emission from the compound
nucleus was considered as shown in Fig. 1. Therefore, in this work, we have introduced the
neutron evaporation during fission process in the Langevin model as shown in Fig. 2. For this,

a change of the potential energy in each neutron evaporation step is treated.

Figure 1 It is a diagram that considers only neutron emission from the compound nucleus, and
is a diagram in which a fission path is projected on the potential energy surface.
The saddle points are marked by the symbol “+”.

Figure 2 It is a diagram that considers neutron emission in all the processes of fission, and is a
diagram in which a fission path is projected on the potential energy surface.
The saddle points are marked by the symbol “+”.
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2. Theory and Method
A simple neutron decay width [}, based on detailed balance is adopted, and the Gilbert and

Cameron equation is used for the level density p [3-5]. The I}, and p are given as

] _ _
I = an(ECN'])f E E Tl(e)p(Ef gl )de (D
. /[ 2] +1 (/ +1/2)?
P = g P Val) x o e | =T @

where E;y and U™ are the excitation energy of the compound nucleus and the effective
excitation energy of the compound nucleus, respectively. The effective excitation energy of the
intermediate nucleus E; can be expressed by Ef = Ecy — B, — E (B, : neutron binding
energy, E): emitted neutron kinetic energy). o is the spin cut-off parameter. The level

density parameter a is given as

E «
a=aq {1 e (R )}' r=rAT3 3)

where Egpep; 1s the shell correction energy at temperature of the compound nucleus 7=0. In
the Langevin model adopted in this study, random number determines the ratio of the
Langevin’s time step to the neutron decay width.

In this work, the three-dimensional two-center parametrization was adopted to describe
nuclear shape. z is the distance between two potential centers, & is the deformation of the
fragment, a is the mass asymmetry of the two fragments. The advantage of this model is that
it can represent both the fusion and the fission with a relatively small number of parameters.
The two-center parametrization is described using two harmonic oscillators. z; and z, are
the distances from the origin of contact of the harmonic oscillator to the center of each harmonic

oscillator. The zy, § and a are given as

Zy = |z1| + |z;] (4)
3(a — b)

8= %a-0 ()
A -4

*T 4, + a4, (6)

where A; and A, is the mass numbers of heavy and light fragments, and a and b are the half
length of the axes of an ellipse in the z, and p directions of the cylindrical coordinate,
respectively. In order to shorten the calculation time of the computer when solving the equation
of motion, we introduce z as

Z=pp - B=(3+48)/3-20) (7)

where Ry is the radius of the compound nucleus.
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In the two-center parametrization, the size of the connecting cross section (neck size) of each
fragment is described by the neck parameter €. The ¢ is givens as
€(A;) = 0.01007A4, — 1.94 (8)
where A, is the mass number of the compound nucleus [6].
In the fission process, the nuclear potential is described by the adiabatic potential Vi i45(q).
In this case, density of a nucleus is constant. The adiabatic potential is described by the sum of

the potential of the liquid drop model and the shell correction energy as

AL+ 1)
Vadiab (q' Lr T) = VLD (q) + T(C[) + VSH (qr T) (9)
Vip(q) = Es(q) + Ec(q) (10)
Vsu(q, T) = Espen (@) ®(T) (11)
aT?
®(T) = exp <——> (12)
Eq

where /(q) is the inertial mass from a rigid body, and V;j is the potential of the liquid drop
model. The excitation energy can be expressed by E* = aT?(a: level density parameter). Vsy
is shell correction energy considering temperature dependence. The shell damping energy Ej,
of 20 MeV was used in this work. Eg and E. are the surface and coulomb energy, respectively.
At the high energy, the shell correction energy becomes extremely small, and the internal
structure of the nucleus disappears, resulting in mass symmetric fission.

In this work, the time evolution nuclear shape is described by the Langevin equation. The

Langevin equation is given as

dq; _
= (3
dpl aV 1 a -1 -1

= ————5o— (M )up;pr — vij(M™ ) jkbr + 93 R; (t) (14)

dt — dq; 20q;
where q; = {z,6,a} and p; is the conjugate momentum of q;. m;; and y;; are the inertial
mass and the friction coefficient that depend on the shape of the nucleus, respectively, R is a
normalized random variable according to the Gaussian distribution, and g;; is the dimension

of the random force.

3. Result and Discussion

In this work, FFMDs of 23¢-238U, 238-240Np, and 249-?*?Pu are calculated in the initial excitation
energy range of E*=15-55 MeV. Fig. 3 shows a comparison between the calculated results and
the experimental data measured at JAEA’s tandem accelerator [ 7-9]. From Fig. 3, the calculation
results when neutron emission was taken into consideration in the fission process showed that

the mass asymmetric shape of FFMDs was maintained even at high excitation energies. The
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calculation results can reproduce the experimental data well.
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Figure 3 Calculation results of FFMDs without (gray curves) and with (black curves) neutron
emission in the fission of 2238y, 238240Np, and 2**?*’Pu. Dependence on the
excitation energy of the initial compound nucleus (E*=15-55 MeV, see right hand
side of the figure) is shown. The calculation FFMDs are compared with the

experimental data (points with error bars) [7-9].

The average number of neutron emissions of 2*¢-233U, 238240Np, and 2*924?Py was calculated,
and the results are compared to the calculated neutron-emission before fission in the GEF code
[1,2]. Looking at the results in Table 1-3, our calculation agrees well with the GEF calculation
at high excitation energies. In addition, our calculation does not show any isotope dependence,
in contrast to the GEF code, which exhibit a increasing trend of the neutron emission number
with the mass of isotope. In addition, at low excitation energies, the average number of neutron
emissions calculated by the present Langevin calculation is larger than the GEF result. In the
conventional method, only the emission of the excitation energy of 15 MeV from the compound
nucleus shape was considered. In the model of this work, the initial value of excitation energy
of 15 MeV changes from moment to moment, which may cause a difference. We need to

investigate this difference in detail in the future.

Table 1 Average number of neutron emissions Table 2 Average number of neutron emissions

of 236—238U [1’2] of 238—240Np [1’2]
236 237 238 23, ZaN, 2000
go | Present GEF code | Present | GEF code | Present | GEF code g+ | Present GEF code | Present |GEF code | Present | GEF code
(during | (before | (during | (before | (during | (before (during | (before | (during | (before | (during | (before
fission) | fission) | fission) | fission) | fission) | fission) fission) | fission) | fission) | fission) | fission) | fission)
15MeVv | 0,01 0.26 0.02 0.41 0.03 0.26 15MeV 0.00 0.29 0.03 0.14 0.03 0.25
25MeV | 0.54 0.92 0.60 1.14 0.71 0.99 25MeV 0.54 0.83 0.66 0.78 0.66 0.94
35MeV | 1.34 1.61 1.41 1.85 1.43 1.97 35MeV 1.36 1.42 1.40 1.51 1.44 1.62
45MeV | 2.10 2.21 2.13 2.49 2.10 2.61 45MeV 1.98 1.97 2.06 2.10 1.99 2.30
55MeV | 2.45 2.75 2.60 3.06 2.53 3.25 55MeV 2.52 2.48 2.52 2.66 2.48 2.90
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Table 3 Average number of neutron emissions

of 240-242Pu [ 1 ’2]
?JUPU ?i'IPu ?-'JPU
£ Present | GEF code | Present | GEF code| Present | GEF code

(during | (before | (during | (before | (during | (before

fission) | fission) | fission) | fission) | fission) | fission)
15MeV 0.01 0.12 0.01 0.22 0.01 0.14
25MeV 0.48 0.61 0.54 0.75 0.59 0.73
35MeV 1.12 1.19 1.22 1.37 1.32 1.43
45MeV 1.77 1.74 1.79 1.96 1.90 2.06
55MeV 2.25 2.26 2.27 2.51 2.37 2.65

4. Summary and Perspectives

We performed the fission calculation including neutron emission during fission process. The
calculated results reproduce well the experimental data of FFMDs. It was shown that the
method of this work can evaluate neutron emission during fission process. However, the change
in the number of neutron emission due to the mass number of the compound nucleus could not
be confirmed. We plan to improve the model. We will investigate the shape of the compound
nucleus when neutrons are emitted. Also we plan to calculate the fission probability as a

function of excitation energy to see if the step-like structure of the reaction cross-section

appears at the energy that multi-chance fission emerges.
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Abstract

The nuclear fission of very neuron-rich nuclei related the r-process are important for
the termination of nucleosynthesis flows on the nuclear chart and the formation of final
abundances. Nevertheless, most of available fission data for the r-process calculations are
based on the theory predictions, including phenomenological treatments. In this study, we
calculated a series of nuclear fission distribution for neutron-rich nuclei away from the /-
stability line. As most of these nuclei are experimentally unknown, we are based on theory
calculations based on the dynamical fission model with the Langevin method. We performed
fission distribution calculations for neutron-rich actinoid nuclei, which are important in the r-
process. In the present paper, we compared the obtained mass and charge distributions with
experimental data. We also show the results of the systematic behaviour of mass distribution
for neutron-rich U and Fm isotopes.

1 Introduction

Nucleosynthesis by the rapid-neutron-capture process, r-process, represents for cosmic origin of
the heaviest elements (e.g., gold and uranium) beyond the iron-group peak. Although several
astrophysical scenarios have been proposed, the mechanism of the r-process is not completely
understood (for a recent review, see [1, 2, 3]). One of main reasons is a large uncertainty in the
nuclear-physics properties of very neutron-rich nuclei, e.g., neutron captures rates and several
decay half-lives. To determine nucleosynthesis flows on the r-process “path”, the S-decay and
the neutron capture (strongly depending on theoretical mass prediction) are significant. The
nuclear fission is a key ingredient of the termination of and the final abundance distribution if
r-processing is strong enough to reach actinoids.

Nuclear fission, therefore, plays an essential role under certain r-process conditions [4, 5, 6, 7],
in particular, in very neutron-rich environments, e.g., neutron star mergers. The nucleosynthesis
path goes into the very neutron-rich trans-uranium region. The effects of fission are significant
to shape the r-process abundances due to fission recycling, of which fission products become
seed nuclei (A < 200) for the next r-processing during a single nucleosynthesis process. Besides
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the abundance prediction, fission is also a key role as the heating source of kilonovae at late
times (~ 10 days to months) [8, 9], electromagnetic transients of neutron star mergers. A sign
of fission heating may have been observed in the light curve of the kilonova associated with the
gravitational wave, GW170817. The precise understanding of fission becomes much crucial in
the era of gravitational astronomy.

In this study, we calculate the fission-fragment mass distributions of very neutron-rich nuclei.
Fission product distributions are important for the r-process, but experimental data are not
available. We adopt the Langevin method [10, 11], widely adopted in the study of low-energy
fission. We found that the calculated fission mass distributions for uranium, of which the charge
(Z) distribution is obtained by the UCD (unchanged charge distribution assumption), can well
reproduce experimental data in JENDL (#32U to 232U). We also found that the fission fragment
distribution changes from the two peak feature (asymmetric fission) to the one-peak (symmetric
fission) with increasing the neutron number.

The present paper is structured as follows. In Section 2, we briefly describe the basics of the
Langevin calculations and the UCD assumption. The results of the mass and charge distribution
are shown in Section 3. Section 4 is dedicated to the conclusion.

2 Method

2.1 Dynamical fission calculations by the Langevin method

We calculate fission fragment distributions (FFD) following fission dynamics by solving the
Langevin equations, based on the fluctuation-dissipation model [11, 10]. In the fission calcu-
lations, deformation and fission processes are represented by the “motion” of trajectories on
the multi-dimensional deformation space. For the nuclear shape, we adopt the two-centre-shell
model with three parameters (see, [11, 10] for the details), i.e., the distance of two nuclei (zp),
the degree of deformation of a fragment (J), and the mass asymmetry (o).

We calculate the dynamical process of fission by solving the multi-dimensional Langevin
equations of motion, which are expressed as follows:

dg; _

o = (m )P (1)
dp; ov. 1 0 _ _
e (m™ 1)k PiPe — vij(m™ 1) i Py + gi5 R (1) (2)

dt N aqi 2 8(]1'
where ¢; = {2,0,a} and their momentum conjugate, p; = m;jdg;/dt. V is the potential, and
m;j and +y;; are the inertia mass and friction coefficient depending on the shape of the nucleus.

The last term of Eq. 2 corresponds to the random force with the normalized white noise
R;(t). The gj; is the strength of the random force, which is related with the friction tensor ~;;
by the classical Einstein relation,

il = 9ijgik (3)
k

where T is the temperature of the nucleus. Following this random property in the momentum
equation (Eq. 2), each event shows a different trajectory on the potential energy space. We
repeat fission dynamics calculations to find the convergence of fission distributions, e.g., the
FFD.

2.2 Charge distributions

Although the time evolution and the FFD are determined in our Langevin calculations, the
charge distribution of fission fragments cannot be obtained. However, the charge distribution
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Figure 1: (a) The calculated FFD on the N-Z plane for 226U with the excitation energy: E* =
20MeV. (b) The experimental FFD (JENDL-4.0 [12]) for 3°U by the neutron-induced fission.
The N/Z line of compound nucleus (black), the N/Z = 50/82 line of a double-magic nucleus
13281 (blue), and the B-stability line (red) are plotted.

of fission products is a fundamental quantity for the determination of the production rate of
individual isotopes. Thus, it is an essential nuclear data for the comparison of experiments
and r-process nucleosynthesis calculations. We calculate the charge distribution based on the
assumption of unchanged charge distribution (UCD), where the charge distribution (charge
density) remains unchanged during the whole fission process, i.e., the charge density of the
compound nucleus is maintained.

Based on the UCD assumption, we can only calculate the charge (Z) distribution along to
the N/Z line, i.e., “projection” to the N/Z axis. For example, the calculated charge distribution
of 235U is shown in Fig. la. However, the distribution must be width on this line, as shown in
the experimental data (Fig. 1b) of the FFD for neutron-included fission of 26U (the compound
nucleus is 236U). Therefore, we adopt Gaussian distribution to calculated the width of FFD
with o = 0.01, which is relatively well reproduce available experimental data in JENDL-4.0 [12].

3 Results

In this section, we show the fission fragment mass and charge distributions for 236U, of which
experimental data are available (Section 3.1). We see our fission model can reproduce experi-

: : : : : 28 : : | .
1271w JENDL4.0 (*¥U,, 1) = JENDL-4.0 (**U(ny, 1))
— Langevin Cal. (¥U(E*=10MeV) 240 Langevin Cal. (Z°U(E*=10MeV))| |
10+ b
20
SR} < 16}
= 6 =
(] - [}
& = 127
4t 8t
2t 4+
0Ll L L L 0 L L
60 80 100 120 140 160 180 20 30 40 50 60 70
Mass number, A Atomic number, Z

Figure 2: The calculated mass distribution (left) and the charge distribution (right) of 236U,
compared with the experimental data in JENDL-4.0 [12].
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ments well at least in the less neutron-rich U isotopes. Then, the results of fission calculations
for series of U and Fm isotopes are shown in Section 3.2.

3.1 Fission fragment mass and charge distributions

For the application to the r-process simulations, we need fission properties for very neutron-rich
nuclei far from the g-stability line. However, experimental data in such region are not available
yet. Therefore, we firstly carry out fission calculations for U isotopes near the S-stability line.
Fig. 2 shows the results of the mass and charge distribution of fission fragments for 2*¢U.
The fission calculation is performed with the excitation energy, £* = 10 MeV. The distributions
are compared with experimental data in JENDL-4.0 [12]. The calculated mass distribution, a
fundamental variable of the Langevin equations, shows good agreement with experimental data.
The charge distribution with the current simple treatment, based on the UCD, also reproduce

the experiment.
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Figure 3: The fission fragment distribution on the N—Z plane. The calculation (left) and
experimental data (right) are plotted.

Fig. 3 shows the fission fragment distribution on the N-Z plane for ?36U. The calculation
is compared to the neutron-induced fission with the same compound nucleus. The width along
the N/Z line is our systematic Gaussian fitting (Section 2.2). As expected by Fig. 2, calculated
values reproduce basic properties of the JENDL data.

3.2 Neutron-rich isotopes for U and Fm

We perform a series of fission calculations for the neutron-rich actinoid nuclei. We show the
results of U (Z = 92) and Fm (Z = 100) isotopes with 10-20 more neutron rich from the /-
stability line. It is experimentally known for Fm isotopes that the fission fragmentation becomes

250y 251y 252y 253y 254y 255U 256

Aol | s

100 150 100 150 100 150 100 150 100 150 100 150 100 150
Mass number, A

—_
W

Yield (%)

S W

Figure 4: The calculated FFD for neutron-rich U (Z = 92) isotopes, 2°°U to 256U.
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the asymmetric to symmetric as the neutron number increases. Thus, the number of peaks in
FFD changes from two to one in the neutron-rich nuclei.

We adopt lower excitation energy, £* =7 MeV, corresponding to low energy environments
the r-process occurs. The calculated FFD for ?°°U to 255U are shown in Fig. 5. We find the
distribution changes between ?*2U and 253U. The number of peaks reduced from two to one, i.e.,
the FFD becomes symmetric from asymmetric.

250Fm 251Fm 252Fm 253Fm 254Fm 255Fm 256Fm

[\
(=]

Yield (%)

| |Hn |H

100 150 100 150 100 150 100 150 100 150 100 150 100 150

S W

Mass number, A
Figure 5: Same as Fig. 4, but for Fm (Z = 100) isotopes.

We also find the transition of the symmetry in FFD for Fm isotopes. Fig. 5 shows mass
distributions of 2°°=2°6Fm. A drastic change in the FFD is found between 2**Fm and 2*°Fm.
As this set of Fm nuclei is less neutron-rich compared to U, this feature has been suggested by
previous experiments.

This transition was found by previous works in the trans-uranium region (see, [11] and
references therein), but suggested boundary is A = 257 line. This disagreement may cause
uncertainties in the Langevin models (model parameters) and the difference of initial conditions.
Note that Langevin calculations, based on the same numerical code as the current study, can
reproduce the experiments of Fm with specific input physical parameters [11].

The transition is commonly found in our calculations for U to Db isotopes (Tanaka et al., in
prep.). Such systematic behaviour can be significant to shape the final abundances of r-process
calculations. Conversely, the comparison of r-process calculations with fission distributions
can restrict the fission mechanism. In previous studies, such discussions have been done with
simplified fission models. Based on dynamical fission calculation, our approach can shed light
on the microscopic features of heavy nuclei.

4 Conclusion

In the present work, we have performed fission calculations of neutron-rich nuclei using a kinetic
model for application to r-process simulations, and have shown the unique property that the
mass number distribution changes dramatically with one or two different mass numbers. Such
a change in the distribution affects the production of elements in the synthesis of elements
in space, and our results, including further improvements, are expected to contribute to the
understanding of the r-process.

As for the Fm region and the neutron-rich nuclides in the U region, experimental data
have been obtained by domestic research institutes including Japan Atomic Energy Agency
and RIKEN. It is expected to verify the theoretical calculations. As for the Fm region and
the neutron-rich nuclides in the U region, experimental data have been obtained by domestic
research institutes, including Japan Atomic Energy Agency and RIKEN RIBF. It is expected
to verify the theoretical calculations. To develop a complete theoretical set of fission data, the
supporters of such future experiments are desirable.
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New formula to describe the background strength in the binary breakup, which is induced
by the direct breakup process, is considered on the basis of the Migdal-Watson (MW) for-
mula. The strength of the direct breakup is calculated by the complex scaling method. We
have found that the extended MW formula, which is proposed in the present study, nicely
reproduces the strength of the direct breakup calculated by Complex Scaling Method.

1 Introduction

Inelastic scattering is a useful tool to explore the intrinsic structure of the excited states of
nuclei. In particular, the inelastic excitation of the nucleus to the resonant states above the
threshold for the particle decay, which is often called the breakup reaction, is very important
because we can pin down the intrinsic nuclear structure in the resonances by controlling the
detection of the exit channels, which are the combination of the emitted fragments. A typical
and good example about the inelastic scattering to the continuum can be seen in the breakup
reaction of 2Be into the o + ®He and ®He + SHe channels [1]. In this experiment, the careful
multi-pole decomposition analysis (MDA) was performed, and the MDA analysis elucidates that
many resonant states with a sharp width of 'y < 1 MeV exist in the spins from J™ = 0T to 8
[1]. The resonances in these channels appear in a close energy spacing with AE ~ 0.5 MeV in
the lower energy region below F, < 15 MeV.

In determining the resonance parameters, such as the resonance energies and the decay
widths, the evaluation of the non-resonant background strength is indispensable because the
resonant enhancements, which have a strong energy dependence, are embedded in the non-
resonant background contribution.

In order to extract the information about the resonance parameters precisely, it is quite
important to propose the appropriate analytic function for describing the non-resonant back-
ground contribution in the breakup reaction. In this article, we investigate the structure of
the non-resonant background strength in the binary system, which is generated by the direct
breakup process, and propose a new formula to evaluate the background contribution by ex-
tending the Migdal-Watson (MW) formula [2, 3, 4]. In the calculation of the strength for the
direct breakup, we employ the complex scaling method (CSM) [6], which is a powerful tool to
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describe the few-body continuum states. From the CSM calculation, we check the applicability
of the extended MW formula to the evaluation of the background contribution for the binary
breakup. Here we consider the breakup of 2°Ne into o + 90 because the ?°Ne nucleus is known
to be a typical example of the binary cluster system [7, 8]

The organization of this article is the following. In section 2, theoretical formulation is
explained. This section contains the explanation of CSM, the definition of the direct breakup and
the details of the computational setting. The original Migdal-Watson theory and its extension
are explained in section 3. In section 4, the strength function calculated by CSM is analyzed, and
the validity of the extended MW formula is discussed. The final section is devoted to summary.

2 Theoretical framework

2.1 Complex scaling method

In the present study, the direct breakup is defined by the one step transition from the initial
ground state to the final excited state embedded in the continuum. The background strength
generated by the direct breakup process is evaluated by the complex scaling method (CSM) [6].
In CSM, the transformation of the complex rotation with the rotation angle 6

U0)f(x) = e f(er) = f° (1)

is introduced for the arbitrary function of f(r). Here the rotation on r should be read as the
transformation on the radial part of the coordinate and hence, r — re®. The Schrodinger

equation transformed by this complex rotation becomes
H9 = E%9Y | (2)
where W is defined by equation (1) and H? = U(§)HU (). In the rotated Hamiltonian Hy,

the dynamical coordinates of r contained in H is complex rotated like H? = H (e’r). The
amplitude of the resonant wave function, which originally diverges in the asymptotic region, is
damped in the large distant region by this complex rotation and hence, the usual computation
technique for the bound state problem, such as the basis expansion method, is possible to apply.
The energy eigenvalues calculated from the CSM plus basis expansion technique become the
discrete and complex eigenvalue, E? — E? labeled by the eigenvalue number v. According to
the ABC theorem [6], the energy eigenvalues for the bound state are invariant, and the energy
eigenvalues for the resonances are clearly separated from the non-resonant continuum states in
the complex energy plane [6].

The CSM is possible to apply to the calculation of the strength function, which represents
the transition strength of the initial ground state (¥;) induced by the external field of O, with
the multi-polarity A [8]. The definition of the strength function of Sy(F) is given by

S\NE) = D | < Uy |OxW; > PS6(E - Ey) (3)
7

where W denotes the final state belonging to the f-th eigenstate excited by the external field of
O,. By introducing the complex rotation given by equation (1) and the extended completeness
relation [6], the strength function is rewritten like

SA(E) = ——S RA(E) (4)
with the response function of Ry(E) defined by

< WO|(01)?|W8 >< U9 |09|w! >

R)\(E) = Z F_ 9 : (5)
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Here the U? is the solution of CSM, and the tilde in the bra-state means that the complex
conjugate is not taken for the radial part of the wave function [6].

2.2 Setting of theoretical calculation

In the present study, the direct breakup of ?°Ne into o + 00O is considered because the 2°Ne is
a typical example of the binary cluster system [9]. In the calculation of the o + 90 system, the
computational setting is the same as the setting in reference [7]. The interaction potential V' is
composed of the nuclear (V) and Coulomb (Vi) potentials, and their explicit form is given by

V(R) = VN(R) + Vo(R) (6)
VN(R) = —154-exp(—0.1102R?) (7)
Vo(R) = 16- 6}; - erf(0.4805R) (8)

with the definition of the error function of
erf(z) = — /xe (—£2)dt )
f(z) = — xp(— )
vty 7P

The computational process to prepare the initial wave function (¥;) and the final one (W)
for the o — 00 relative motion is also the same as those in reference [7]. The pseudo potential
with the harmonic oscillator wave function is included to exclude the Pauli’s forbidden states in
solving the Schrédinger equation with the potentials shown in equations (6), (7) and (8) [7, 8].

2.2.1 Operators for direct breakup

In the present analysis, the standard operator with the multi-polarity of A = 2 is used as the
external field inducing the direct breakup. Namely, in the calculation of the matrix element in
equation (3), we use O)—o exciting the relative wave function of two clusters, such as

Ox—2 = V4TR*Y54(R) , (10)

where R denotes the relative coordinate of two clusters. In addition, we consider the higher
order operator for the monopole excitation, which is given by

Ox—0 = V4rR¥Y;o(R) . (11)

The importance of the cluster excitation by this higher order operator has recently been pointed
out in references [12, 13].

A special treatment is required in the calculation of the monopole transition using equa-
tion (11). In the matrix element for the direct breakup in equation (3), the operation of the
monopole operator on the initial wave function in the ground state generates the superposition
of a series of the wave functions, which contains both of the ground and excited states. Thus, the
ground state component must be extracted from the product of the monopole operator and the
initial wave function, which is called the initial wave packet [2]. This exclusion can be achieved
by the replacement in the radial operator of R? — R2— < R? >, in which < R? > denotes the
expectation value of R? with the ground wave function.

- 122 -



JAEA-Conf 2021-001

3 Migdal-Watson theory and its extension

In the s-wave breakup of the binary system composed of the charge neutral particles, the strength
function can be expressed by the closed formula in the case of the short range limit of the initial
state. This formula is called the Migdal-Watson (MW) theory [3, 4], which expresses the strength
function in terms of the effective range theory [5]. The detailed explanation of the MW formula
and its application to the breakup of the di-neutron system is reported in reference [2]. Here
we explain the essence of the MW formula and extend the formula to the case of the binary
breakup reaction including the effects of the the finite charge, the finite spin and the finite size.

In the MW theory, the monopole strength of the direct breakup with the relative energy E
for the binary fragments (Sx—o(E)) is given by

VE
AE?+BE+C ’

So(E) (12)
where the constants of A, B and C' are function of the scattering length and the effective range
2, 3, 4]. The MW formula in equation (12) must be valid for the breakup from the initial wave
packet strongly localized inside of the nuclear interaction.

The MW formula shown in equation (12) is valid for the s-wave breakup from the initial
wave packet localized inside of the nuclear interaction, which corresponds to the tightly binding
system composed of the charge neutral fragments. Here we try to extend equation (12) so as to
describe the direct breakup reaction of the general binary systems, which have the finite charge,
the finite spin in the final scattering state (S).o(E)) and the finite size of the initial wave packet.

We extend equation (12) to the following function:

Py(ka)e PP
AE?2+ BE+C

S\(E) (13)
In this function, Py(ka) denotes the penetration factor with the momentum k for the binary
decaying fragments and the channel radius a. Py corresponds to the extension of the factor of
V'E in equation (12). If we consider the limit of k& — 0 and A\ = 0, Py(ka) is reduced to VE.

On the contrary, 3 in the exponential term simulates the effect of the finite size of the initial
packet. (8 should be small in the case of the limit of the strong binding system, and vice versa.
We try to reproduce the background strength generated by the direct breakup by controlling
the five fitting parameters: A, B, C, a, 3.

4 Results

The fitting result using the extended MW formula in equation (13) is shown in the two panels of
figure 1. The quadrupole and monopole strengths for 2°Ne — a + 0 are shown in the left and
right panels, respectively. The calculated strength functions (solid curves) are nicely reproduced
by the extended MW formula (open circles). In both the panels, the solid circle with the error
bar means the resonance energy (€r) with the decay width (I'r) of the potential resonance in
the final state. The peak structure in the strength function nicely corresponds to the resonance
energy and the width and hence, the enhancement is originated from the resonance formation.

In the fitting analysis of the quadrupole transition, we do not use the original resonance
parameter (Eg = 4.2 MeV and 'y = 2.8 MeV) but the tuned parameters for the Breit-Wigner
part: A = 0.025, B= —0.21, C = 0.48, a = 5.5 fm and 3 = 0.015 MeV~! in equation (13). In
the monopole transition,

the resonance parameter of the 07 resonance is £ = 3.3 MeV and I'r = 2.0 MeV. The
parameters used for the fitting to the monopole transition are A = 0.029, B = —0.19, C = 0.33,
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a = 5.0 fm and 3 = 0.015 MeV~!, in which (4, B, C) are modified from the original resonance
parameters.
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Figure 1: Comparison of the strength function of *°Ne — a + 60 with fitting results by the
extended Migdal-Watson formula in equation (13). The left panel shows the quadrupole (S2(E))
transition, while the right one shows the monopole (Sp(E)) transitions. The « threshold energy
is set to the zero point in the abscissa. In both of the panels, the solid curve and the open
circles represent the strength function calculated from CSM and fitting results by equation (13),
respectively. The solid circle with the error bar shows the resonance energy with the decay
width.

In the monopole transition, the excitation energy of the peak position corresponds to about
10 MeV, and this energy is much lower than the excitation energy of the monopole single particle
excitation, which reaches about 30 MeV in this mass region [10]. One of the characteristic feature
in the « cluster excitation is that the strong monopole strength appears at the lower excitation
energy region as pointed out in the previous calculations [10, 11]. Therefore, the extended
MW formula, which is developed by the present analysis, is important in the evaluation of the
low-lying strength of the monopole transition induced by the « cluster excitation.

5 Summary

In summary, we have investigated the feature of the strength function for the direct breakup
process, in which a bound nucleus dissociates into the binary fragments. The direct breakup
process is defined by the direct and one-step transition from the specific component of the binary
channel in the many-body bound state to the distorted wave for this channel, which is generated
by the nuclear and Coulomb potentials in the final scattering state. The transition strength of
the direct breakup is considered to be the main component of the non-resonant background
strength in the realistic breakup experiment.

In order to describe the background strength in the simple manner, we have considered the
analytic function by extending the Migdal-Watson (MW) formula [3, 4, 5], which has recently
been discussed in the s-wave breakup of the di-neutron system [2]. The MW formula gives the
function of the quadratic energy denominator times the square root of energy, such as vE/
(AE? + BE + C). This formula is valid for the s-wave binary breakup of the charge neutral
system, and the initial wave function is assumed to be strongly confined inside of the short range
nuclear interaction.

We have extended the MW formula so as to include the effects of the finite spins, the finite
charge and the finite size of the initial wave packet. First, the numerator of v/E is replaced by
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the penetration factor of Py(ka) to take into account the effects of the finite spin (A) and finite
charge.

Furthermore, we have introduced the exponential damping factor, exp(—gFE), which is orig-
inated from the tunneling tail of the initial wave packet outside of the nuclear interaction.

The extended MW formula proposed for the direct breakup is

Py(ka) - exp(=fE)
AE?+ BE +C

(14)

We have tested the extended MW formula by fitting the strength function obtained from
the theoretical calculation of the direct breakup. Here we have evaluated the strength by the
direct breakup in 2°Ne — a + 0 [7] on the basis of the formulation of the complex scaling
method (CSM) [6]. In the CSM calculation of the monopole and quadrupole transitions, we have
confirmed that the resonant peak appears around E ~ 5 MeV above the « threshold energy,
and the strength functions are nicely reproduced by the extended MW formula. Since we have
confirmed the availability of the MW formula in the direct breakup in the binary system, it is
important to apply the formula to other binary breakup reactions, such as ?Be — o + 8He [1].
The application to '?Be is now under progress.
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The neutron nuclear data of %9Co were evaluated in the energy region of 107° eV to 20 MeV
for the development of JENDL-5. The resonance parameters and total cross sections were taken
from the measurement by de Saussure et al. in the resolved and unresolved resonance regions, re-
spectively. The thermal capture cross section was evaluated using available measured data. The
present data were consistent with the values in major evaluated libraries. In the fast neutron
energy region the evaluation was made with various types of measured data by the nuclear reac-
tion calculation code CCONE. It is found that the present results well reproduce the measured
data.

1 Introduction

Cobalt is a monoisotope element, and the stable isotope is °?Co. Cobalt is one of the important
structural materials and is contained in carbon steel and concrete as well as SUS304. Therefore,
the accurate nuclear data of *Co are requisite for analyses in nuclear and accelerator facilities;
specifically radioactivity estimation of *Fe (half-life 44.5 d), **Co (70.9 d) and %°Co (5.27 y)
related to decommissioning of the facilities.

The nuclear data of **Co [1] in the general purpose library JENDL-4.0 are based on the
evaluation in 1988. Since the early evaluation, a partial revision was made at the JENDL-3.3
evaluation in 2001 [2]. After the release of JENDL-3.3, many measurements have been done for,
e.g., capture, (n,2n), (n,p), and (n,a) reactions. Therefore, the reconsideration of nuclear data
is required for the development of JENDL-5.

2 Evaluation methods and results

The evaluation of 5?Co was divided into three energy regions: resolved resonance region, unre-
solved resonance region and fast neutron energy region. Evaluation details and obtained results
will be explained below.

2.1 Resolved resonance region

The resonance parameters and scattering radius were taken from the data of de Saussure et al. [3],
who made the detailed analysis of resonance parameters, using neutron transmission data with
different sample thicknesses measured at ORNL. Figures 1 and 2 illustrate the present total cross
sections and the data of JENDL-4.0, together with the measured data with sample thicknesses
of 0.021, 0.075 and 0.301 atoms/barn and sample temperature of 293 K in the energy range of
107" eV to 100 keV.

The capture cross sections calculated by the resonance parameters were compared with the
data of Spencer & Macklin [4] in Figures 3 and 4. JENDL-4.0 has more resonances than the
present result. They come from the resonance data [4, 5, 6], in which Spencer & Macklin [4]
provided only capture kernel data for many resonances. The capture kernel data might be useful,
if average values of radiation widths, for example, were assumed. Nevertheless, the use of their
data was finally rejected because reasonable values of neutron width were not obtained for many
resonances, assuming the average radiation width of 0.36 eV for p-wave resonances [3].
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Figure 3: Comparison of the present cap- Figure 4: Same as Figure 3, but in the energy
ture cross section with measured data, to- region of 50 to 100 keV.

gether with JENDL-4.0, in the energy region

of 107° eV to 50 keV.

Thermal capture cross section was evaluated with measured data. Most of the measurements
was made, based on the absorption cross section of natural boron, and capture cross section
of gold as a monitor cross section. In the present evaluation, the two monitor cross section
values adapted in the published data were corrected with the IAEA Neutron Data Standards [7].
In addition, uncertainty estimation was made by the method in the report [8]. The obtained
result of capture cross section was 37.31(21) b. This value is almost consistent with the data of
JENDL-4.0 (37.20(524) b), ENDF/B-VIIIL.0 (37.17 b) [9] and JEFF-3.3 (37.17 b) [10] as shown
in Figure 5. The neutron and radiation widths of negative resonance at —226 eV were revised
to reproduce the present value.

2.2 Unresolved resonance region

Resonances are hard to be resolved one by one due to physical nature of resonances and/or
experimental conditions as an incident energy increases. This region is called as unresolved
resonance region, where cross sections fluctuate and are not smooth, in general. To keep these
shapes is important for shielding calculations in nuclear and accelerator facilities. In the present
evaluation, the data of thick sample (0.301 atoms/barn) of de Saussure et al. [3] were adopted
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Figure 6: Comparison of total cross section Figure 7: Same as Figure 6, but in the energy
with measured data, together with JENDL-4.0, region of 500 to 2000 keV.
in the energy region of 100 to 500 keV.

from 100 keV to 1.5 MeV, above which the data of thin sample (0.075 atoms/barn) were taken
up to 5 MeV. The direct use of measured data have disadvantages because experimental effects of
multiple-scattering and resolution function are not corrected. Nevertheless, the measured data
were adopted without any changes, since we do not have proper ways to derive perfect cross
sections in this region. The same choices were made in the past JENDL evaluation. The present
result is thus similar to JENDL-4.0 as shown in Figures 6 and 7. The difference can be seen
as deep valley of the resonances in JENDL-4.0. This might be due to improper interpolation of
measured data.

2.3 Fast neutron energy region

In the fast neutron energy region, neutron cross sections were calculated by using the nuclear
reaction calculation code CCONE [11], which composes of the coupled channels optical model
code CCOM and the Hauser-Feshbach statistical model code CCSM.

The CCOM code was used to calculate neutron transmission coefficients of ?Co. The optical
model potential was taken from a functional form of Kunieda et al. [12]. The coupled levels
were ground state (J7=7/27) and two excited levels (E,, J™)=(1.19, 9/27) and (1.46, 11/27),
where J7 is the spin-parity and FE, is the excitation energy in MeV. The potential parameters
were modified to reproduce the total cross section and elastic scattering angular distributions.
In the use of total cross sections, the data of Abfalterer et al. [13] were taken into account up to
200 MeV, up to which the nuclear data will also be included in JENDL-5 with the form of the
production cross sections of residual nuclides.
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The CCSM code is employed to calculate the compound, pre-equilibrium and direct processes
in nuclear reaction. The pre-equilibrium and direct processes were considered by two-component
exciton and DWBA models, respectively. The contribution from the direct process to inelastic
scattering cross sections was determined to reproduce corresponding measured data.

Figure 8 shows the present total cross sections compared with measured data, together with
JENDL-4.0 given by averaged values of de Saussure et al. [3] and Cierjacks [14]. The data of
JENDL-4.0 has cross sections smaller than the present results above 6 MeV. The calculated
total cross sections were illustrated below 5 MeV, for checking the reproducibility of the mea-
sured cross sections by the optical model. Figure 9 shows the angular distributions of neutron
elastic scattering at incident energies of 5, 9 and 14 MeV, where the contribution of compound
elastic scattering has negligible. The present data were in good agreement with measured data.
It is found that JENDL-4.0 has larger cross sections at the scattering angles between 60 and
180 degrees, compared to the measured data.

The present capture cross sections are compared with measured data and JENDL-4.0 in
Figure 10. The result was obtained to reproduce the data of Spencer & Macklin [4] below
1 MeV. The adjustment of direct/semi-direct capture contribution was done to reproduce the
data of Rigaud et al. [15] and Budnar et al. [16]. The evaluated production cross section for
meta state (£, = 58.59 keV) of %°Co populated by capture reaction was also shown in Figure 10
and will be included in JENDL-5. The gamma-ray strength function (in unit of 10™%) of s-wave
resonances in the present evaluation is 2.53, which is small in comparison with 3.88(35) [17] and
3.83 [3]. This fact might indicate that the radiation width (or resonance spacing) is smaller (or
larger) than that ever known in resonance analyses.

The present (n,p) reaction cross sections are illustrated in Figure 11. The result is different
from the data of JENDL-4.0 above 8 MeV, especially, in the energy range between 8 and 14 MeV,
due to incorporation of new data measured by activation method [18].

Figure 12 represents the comparison of the present (n,«) reaction cross sections with the
several measurements and JENDL-4.0. The present evaluation followed the data of Mannhart et
al. [18] and Filatenkov [19] between 8 and 15 MeV, supplemented with the data published after
1980 above and below the energy region. JENDL-4.0 has a little bit higher cross sections than
the present result above 13 MeV.

The comparisons of the present data with the data of Kinney et al. [20] were made for
double differential cross sections of secondary neutrons at incident energy of 5.44 MeV and
emission angles of 37.5, 72, 93.5 and 114 deg. in Figure 13. These secondary neutrons come from
inelastic and elastic scattering. A discrepancy is evident when the present data below 1 MeV
are compared to JENDL-4.0 in Figure 13. The small contribution of low energy neutrons in the
present evaluation may be attributed to low level density, characteristic of structural materials.

3  Summary

The evaluation of neutron induced reaction data of ®*?Co was made in the energy range of 107° eV
to 20 MeV. The evaluation was separately done in the three energy regions: resolved and un-
resolved resonance regions and fast neutron energy region. For the resolved and unresolved
resonance regions the data derived by de Saussure et al. were adopted without including ex-
tra resonances appeared in JENDL-4.0. The thermal capture cross section was evaluated using
available cross section data, which were corrected, based on the latest standard cross sections.
The obtained value reasonably matches the data of ENDF/B-VIIL.0 and JEFF-3.3. In the fast
neutron energy region, the evaluations were performed for various types of nuclear data by using
the nuclear reaction calculation code CCONE. The potential parameters of the optical model
were fixed with the measured total cross sections up to 200 MeV and elastic scattering angular
distribution. The evaluated results show good agreement with the measured data. These data
will be compiled into the next general purpose library JENDL-5.
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A SCALEG6.2 ORIGEN library was produced from JENDL Activation Cross Section File for
Nuclear Decommissioning 2017 (JENDL/AD-2017) with the AMPX-6 code in order to popularize
JENDL/AD-2017 widely. The produced ORIGEN library of JENDL/AD-2017 was tested with the

JPDR decommissioning data, which demonstrated that the library had no problems.

1. Introduction

The SCALE code system is a modeling and simulation tool complex for nuclear safety analyses and
designs. The SCALEG6.2 code system [1] was released in 2016 (the latest version is SCALE6.2.4). The
ORIGEN code [1] in SCALEG6.2 used for activation calculations in decommissioning is completely
different from the previous ORIGEN-S code [2] until SCALEG6.0 [2] and has the following features.

1) The input format of ORIGEN is easy to use and understand.

2) It is expected that the calculation accuracy is improved because ORIGEN uses one group cross
section data generated from multigroup neutron spectra in all calculation points with the COUPLE
code [1] in SCALE®6.2, while the ORIGEN-S code uses three group cross section data generated with
a multigroup neutron spectrum in a typical pressurized-water reactor.

3) The calculation time of ORIGEN including COUPLE is at most about twice of that of ORIGEN-S

even for 200 groups.

We expect that ORIGEN in SCALE6.2 will be mainly used for activation calculations in nuclear
facility decommissioning. JAEA released JENDL Activation Cross Section File for Nuclear
Decommissioning 2017 (JENDL/AD-2017) [3] in 2018. Thus we have produced a SCALE6.2 ORIGEN
library from JENDL/AD-2017 in order to popularize JENDL/AD-2017 widely.

2. Method
The nuclear data processing code AMPX-6 [4] in SCALEG6.2.4 was used to produce the SCALE6.2
ORIGEN library of JENDL/AD-2017 because the format of SCALE6.2 ORIGEN library was not open.

The processing conditions are as follows.

® Group structure : 200 groups (the same as one of the ORIGEN libraries attached in SCALEG6.2)

- 132 -



JAEA-Conf 2021-001

v" We assume transport calculations with the multigroup library MATXSLIB-J40 (neutron : 199
groups) [5].
v The 200 group structure is the same as the 199 group structure except for its first group.
® Temperature : 300 K
v We assume activation calculations for bio-shield concrete.
® Weight function : Maxwell+1/E+Fission spectrum + 1/E (above 10 MeV)

® Infinite dilution cross sections

Input data of AMPX-6 are very complicated. We used the ExSite code [4] in SCALEG6.2.4 in order
to generate a typical template input file for AMPX-6. We produced an ORIGEN library from each file of
JENDL/AD-2017 with AMPX-6 and the template input and combined all the ORIGEN libraries to one
ORIGEN library with AMPX-6.
We encountered several problems during the processing of JENDL/AD-2017 with AMPX-6. Thus
we adopted the following coping strategies.
® We used the 0K MF10 version of JENDL/AD-2017 because AMPX-6 could not process the 0K MF9
version.

® We modified a metastable state level based on the decay data of SCALE6.2 (ex. '3*mCs level : 3 in
JENDL/AD-2017, 1 in decay data of SCALE®6.2).

® JENDL/AD-2017 includes resonance data which should not be used to re-construct cross section data.
However AMPX-6 re-constructs and adds cross section data with the resonance data in JENDL/AD-
2017 as shown in Fig. 1. Thus we removed the resonance data in JENDL/AD-2017.

3. Comparison with Continuous Energy Cross Section

Two hundred group cross sections of typical nuclei and reactions in the produced ORIGEN library
of JENDL/AD-2017 were extracted with the graphical user interface code Fulcrum [1] for visualizing
SCALE libraries in SCALE6.2.4 because the format of the ORIGEN libraries is not open. Figures 1 to 4
plot them with continuous energy ones produced with the nuclear data processing code NJOY [6]. The
figures show that the processing of the modified JENDL/AD-2017 with AMPX-6 is adequate.

4. Test with JPDR Activation Calculation

We calculated radioactive inventories in bio-shield concrete of JAEA JPDR (Japan Power
Demonstration Reactor) [7], whose decommissioning completed in 1996, for validating the produced
ORIGEN library of JENDL/AD-2017. Neutron spectra inside the concrete are calculated with the Sn
DORT code [8], a 199 group library including up-scattering data from MATXSLIB-J40 and a partial
JPDR model shown in Fig. 5. Radioactive inventories were calculated in the concrete with COUPLE and
ORIGEN in SCALEG6.2.4 and the calculated neutron spectra, where two activation libraries were used;
the 200 group library produced from JENDL/AD-2017 and the 200 group library [1] attached in
SCALE®6.2 (produced from JEFF-3.1/A [9]). “0.0” was added before 199 group neutron spectra because
the first group value of the 200 group structure was lack in the 199 group structure and negligibly small.
The elapsed time for 161 ORIGEN and COUPLE calculations was 4 minutes, which is not so long
compared with 2.5 minutes of 161 ORIGEN-S calculations. Figure 6 shows the calculated radioactivity
distribution at Z=340 cm (cooling time : 15 years). The calculation results with two libraries are almost
the same, which suggests that the ORIGEN library from JENDL/AD-2017 has no problems. The
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calculated results are different from the measured ones. This is considered to be due to reinforced steel

in the bio-shield concrete, which was not included in the calculations.

5. Summary

A 200 group SCALE6.2 ORIGEN library from JENDL/AD-2017 was produced with AMPX-6.
Radioactive inventories in bio-shield concrete of JAEA JPDR were calculated with ORIGEN in
SCALE®6.2.4 for testing the library. As a result, it was demonstrated that the produced library had no
problems. The produced library will be released from JAEA.
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For the validation of the number of displacements per atom (dpa) calculated by Monte Carlo codes,
an experimental program has been launched to measure displacement cross sections of metals with
120-GeV protons at Fermilab Test Beam Facility (FTBF) in Fermi National Accelerator Laboratory
(FNAL). Experiments will be performed at the M03 beam line high-rate tracking area in FTBF in the US
fiscal year 2022 (October 2021 — September 2022). For the preparation of experiments, the sample
assembly with four-wire samples of aluminum, copper, niobium and tungsten with 250-um diameter have
been developed. The sample assembly will be maintained at around 4 K by using a Gifford—McMahon
(GM) cryocooler in a vacuum chamber. Then, changes in the electrical resistivity of samples will be
obtained under 120-GeV proton irradiation. To obtain a sufficient resistance increase under the beam
irradiation, approximately 40 hours is needed for all samples. Recovery of the accumulated defects
through isochronal annealing, which is related to the defect concentration in the sample, will also be

measured after the cryogenic irradiation.

1. Introduction

To predict the operating lifetime of materials in high-energy radiation environment at accelerator
facilities, Monte Carlo codes such as PHITS[1,2,3], MARS[4], and FLUKA[5] are used to calculate the
number of displacements per atom (dpa) related to the number of Frenkel pairs. The Norgertt—Robinson—

Torrens (NRT) model has been widely used to predict the number of the “initial” Frenkel pairs (NRT-
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dpa) [6]. For more accurate estimation of the actual damage production, athermal-recombination-
corrected displacement damage (arc-dpa) was proposed [7]. For the validation of codes, it is necessary to
measure displacement cross-sections of metals in relation to changes in electrical resistivity at cryogenic
temperature (around 4 K) where the recombination of Frenkel pairs by thermal motion is well suppressed.

To validate the code, we developed the cryogenic irradiation chamber and measured displacement
cross section of copper with 125 MeV protons [8], data of aluminum, copper and tungsten with 200 and
389 MeV protons [9,10], and data of copper and iron with 0.4 — 3 GeV protons [11], respectively. The
comparison of displacement cross sections between the data and calculated results indicates that the arc-
dpa results are in a good agreement with the data while the NRT-dpa results are larger than the data by
about a factor of three. The measurement of aluminum, copper, iron and tungsten with 30-GeV protons
will be performed at J-PARC. Since there is no experimental data with energy over 30 GeV, we have
launched an experimental program to measure displacement cross sections of metals with 120-GeV
protons at Fermilab Test Beam Facility (FTBF) in Fermi National Accelerator Laboratory (FNAL). In

this paper, we introduce the experimental plan and the progress of the preparation.

2. Experimental plan and progress of the preparation
2.1. Experimental device

Experiments will be performed at the M03 beam line high-rate tracking area in FTBF in the US
fiscal year 2022 (October 2021 — September 2022). The beam consists of 120 GeV protons. The length
of spill is 4.2 seconds and approximate repetition is 60 seconds. Figure 1 shows the layout of the
experimental area at M03 and picture of the irradiation chamber with the cold head of the Gifford-
McMahon (GM) cooler (RDK-408D2, Sumitomo Heavy Industries, Ltd.) with 1.0 W cooling capacity at
4.2 K.

MO3 in FTBF

Q

1\ Concrete

—

120 GeV proton
AW ' -
w7z

Data taking area

Experimental area

Figure 1: The experimental area at M03 (left) and an irradiation chamber with the GM cooler (right).

The irradiation chamber developed in our previous study [9,10] will be put on the beam line in the
experimental area. A data taking system and the helium gas compressor for the operation of the GM
cryocooler will be set at the data taking area. A segmented wire ionization chamber (SWIC) will be

installed for the beam profile at front and back of the irradiation chamber. Beam scan is possible in
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horizontal and vertical directions with SWIC. An ion chamber operational in the upstream enclosure in
the same beamline will be used for the beam current measurement. Figure 2 shows layout of the irradiation
chamber drawn by PHITS.

Irradiation
Chamber

\\ .

Cold head of
GM cryocooler

Sample
assembly

120 GeV
proton

1 mm thick
50.8 um thick Ti Al shield

window

Figure 2: Layout of the irradiation chamber with the cold head of the GM cryocooler drawn by PHITS.

The sample assembly is connected with the cold head of the GM cryocooler and 1-mm-thick aluminum
shields cover the entire sample assembly to intercept any thermal radiation from the irradiation chamber.
Two 50.8 um thick titanium windows will be connected with the irradiation chamber as a vacuum
partition. Figure 3 shows the sample assembly connected with the cold head of the GM cryocooler in the
irradiation chamber and the data taking system.

V+ | Nano-voltmeter
V- —— 2182A Keithley Inc.

Four point technique

Source:6221 PC
- —| =*=1-100mA 1 Labview

Data taking system

Resistance thermometer

Aluminum plate

Electrical
heater

Figure 3: The sample assembly connected with the cold head of the GM cryocooler in the irradiation
chamber (left) and the data taking system (right).
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The aluminum plate is a support plate of a wire sample with a beam hole open to the beam. A root mean
square (RMS) beam size can be 4 mm for protons. Since a 5-sigma of beam size or more is needed for
the beam clearance in this experimental area at M03, the diameter of the beam hole was set to 48 mm
(6-sigma). Since beam loss permits less than 3 % of the interaction length at M03, which is 12 mm for
120 GeV proton on aluminum, we cannot use aluminum nitride plates and the aluminum plates covering
the sample wire in the beam line in the same way as our previous experiments at RCNP, Osaka university
[9,10]. In the experiment at M03, four wire samples, aluminum, copper, niobium, and tungsten, with a
250-um diameter were attached as shown in Figure 3 to minimize a beam loss. Before attaching an
aluminum plate, wire samples were annealed with a vacuum electric furnace for aluminum and copper

and an electron gun for niobium and tungsten. Table 1 lists the annealing temperature for these samples.

Table 1: Melting point, annealing temperature and annealing time for wire samples.

Melting point (K) Annealing temperature (K) Time (min.)
Al 933.5 840 30
Cu 1358 1289 30
Nb 2750 1923 15
W 3695 2473 15

Annealing under vacuum conditions (~10-* Pa) was performed by heating the samples to the temperatures
shown in Table 1.

The electrical resistance of wire will be measured using an apparatus combining a current source
(model 6221, Keithley Instruments Inc.) and a nano-voltmeter (model 2182A, Keithley Instrument Inc.).
This apparatus is based on four-point technique with cancel effects of thermal electromotive force. The
precision of the electrical resistance at 3 K was 0.001 pQ. A CX1050-CU-HT Cernox resistance
thermometer was attached in the aluminum plate near samples. A 48 Q electrical heater was attached to
the copper block for the study of the recovery of accumulated defects through isochronal annealing after
the cryogenic beam irradiation. The measurement procedure of recovery of defect is as follows: the
sample is warmed to the annealing temperature with a heater, and sample temperature holds with constant
for about 10 minutes. After the sample is cooled to 4 K by the GM cryocooler, electrical resistivity of the
sample is measured [8-11].

2.2. Estimation of required beam time and heat load
The required beam time for this experiment was estimated from arc-dpa displacement cross sections
calculated by PHITS. The displacement cross section o can be related to the resistivity increase and the

beam fluence:

1 A
g =— Psample 1)
prp ¢
A
Apsample = ZARsample (2)
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where prp is the Frenkel pair resistivity of sample, ¢ is the beam fluence, Apsgmpie is the electrical
resistivity change of sample and ARgqmpie 18 the electrical resistance change under the beam irradiation.

Table 2 lists the estimation of the required beam fluence for samples.

Table 2: Estimation of required beam fluence.

Al Cu Nb A\
Calculated arc-dpa displacement 236 x 1026 | 9.44 x 1072¢ 1.66 x 10°» 2.9 x 102
cross section ¢ (m?)
Frenkel pair resistivity prp (L€2m) 3.7 2.2 14 27
Length of two potential points (mm) 40 37.5 38.5 37.5
Geometry factor (4/L) (m) 4.91 x 10 5.24 x 10° 5.10 x 10° 5.24 x 10°¢
Resistance increase ARggmpre (M€2) 0.4 1.0 10 35
Beam fluence ¢ (1/m?) 2.25 x 10" 2.52 % 10" 2.19 x 10" 2.34 x 10"

In Table 2, the arc-dpa displacement cross section o was calculated by PHITS, prp was obtained from
Ref. [12], and the geometry factor was obtained by the ratio of the area (4) of the cross section of the
wire to the length of two potential points (L) of the wire. ¢ was estimated with ARggpmpie, Which is a
measurable value. On the other hands, the proton beam intensity is around 5 x 10'! (protons/minute) and
estimated beam area is about 5 x 10~ (m?) at M03. In this beam condition, the beam fluence on the wire
sample is 1.2 x 10" (protons/m?) for 20 hours irradiation, 2.4 x 10! (protons/m?) for 40 hour irradiation,
and 3.6 x 10" (protons/m?) for 60 hours irradiation, respectively. To obtain the resistance increase listed
in Table 2, approximately 40 hour irradiation is needed.

Since the cold head of the GM cooler has 1.0 W cooling capacity at 4.2 K, we estimated the heat
load of beam in the cold head and sample wires using PHITS. The heat load in the cold head was regarded
as a sum of the energy deposition in the cold head, the sample assembly including wire samples and the
I mm thick aluminum shields as shown in Figure 2. Table 3 lists the heat loads in the wire samples and
the cold head calculated by PHITS.

Table 3: Heat load in wire samples and cold head calculated by PHITS.

Heat load
J/proton J/shot
Wire samples 4.81 x 10-1 2.41 x 102
Cold head 5.68 x 10713 2.84 x 107!

The beam intensity was estimated to be 5 x 10! (protons/shot). Since the results are lower than 1 W, the

cooling power of the cold head is enough to cool samples during the beam irradiation.
3. Summary

The paper describes the plan to measure displacement cross sections of aluminum, copper, niobium and
tungsten with 120-GeV protons at FTBF in FNAL. Experiments will be performed at the M03 beam line
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high-rate tracking area. For preparation of experiments, we developed the sample assembly with four
wire sample with 250-um diameter. The sample assembly will be maintained at around 4 K by using the
GM cryocooler in a vacuum chamber. Then, changes in the electrical resistivity of samples will be
obtained under 120-GeV proton irradiation. To obtain the sufficient resistance increase under the beam
irradiation, approximately 40 hours is needed for all samples. The cooling power of the cold head is
enough to cool samples during the beam irradiation. Recovery of the accumulated defects through

isochronal annealing will also be measured after cryogenic irradiation.
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We compared the photon spectra calculated for the fuel debris using three recent decay data
libraries: JENDL/DDF-2015, the decay sub-libraries of ENDF/B-VIIL.0 and JEFF-3.3. We found that X-ray
data for 1¥"™Ba, y-ray data for ! Am at 60 keV, and y-ray data for '®Rh in the energy region 3.0-3.4 MeV
are missing in JENDL/DDF-2015. In addition, we found that the 33 radioactive daughter nuclides are not
defined in the decay chains in JENDL/DDF-2015.

1. Introduction

Evaluated nuclear data has been used for the development of new sensors, non-destructive assay
technologies, and the optimization of radiation shielding in connection with the decommissioning of the
Fukushima Daiichi Nuclear Power Station (1F). We need reliably evaluated nuclear data in order to
determine the radiation characteristics of the fuel debris. However, different collections of evaluated
nuclear data give different results, and it has been difficult to clarify the causes of the differences. This is
because different decay calculation codes deal with so many different nuclides and their decay data in
different numerical solutions and different conditions. To overcome this problem, we have developed a
reliable new code for calculating the radiation decay and radioactive-source spectra, and it can accurately
treat large amounts of nuclides and all the decay modes in the decay data library.

In this study, we focused on the photon spectrum of the fuel debris, and we investigated the
causes of the differences in the photon spectra calculated by our new code using three evaluated decay data
libraries: JENDL/DDF-2015 [1], the decay sub-libraries of ENDF/B-VIIL.O [2] and JEFF-3.3 [3]. We
expect the results to be reflected in the next JENDL release (e.g., JENDL-5) and to be utilized as reliable
nuclear data for Fukushima 1F R&D.

2. Method

In this study, we calculated the X-rays and y-rays emitted from the Fukushima fuel debris using
JENDL/DDF-2015, ENDF/B-VIIL.O, and JEFF-3.3 as follows. As shown in Fig.1, in the first step, we
performed a three-dimensional fuel-inventory calculation, taking into account the burnup and void
distributions in the core of unit-2. We also performed an activation calculation for the structural materials in
the core. Then we mixed all the nuclides so-obtained together to imitate the fuel debris. In the second step,

we calculated the amounts of all the nuclides remaining after the 10 years that have passed since the 1F
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accident. We used the Chebyshev rational-approximation method (CRAM), in which the complete
nuclear-transmutation matrix from each decay library can be considered. Finally, we evaluated the photon
spectrum using the photon-emission data from each decay data library. Since the photon spectrum of the
fuel debris consists of many line spectra with different energies, for easy comparison we converted the

photon spectrum into the 18-energy-group structure (Table 1) used in the ORIGEN-S code [4].
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structural materials
considering 1mpurities

- fuel claddings

* water rods

+ channel boxes

* spacers

+ upper and lower

tie plates

ORLIBJ40 (ORIGEN2 using JENDL-4.0)
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JEFF-3.3 Decay Data - halflife data for @ and @ ) Comparison using
(3852 nuclides) - photon emission data for @ multigroup y spectra

Figure 1 Method used to calculate the photon spectrum.

Table 1 18-energy-group structure.

Group Energy (MeV)

Group Lower boundary Upper boundary Average
1 8.00E+00 1.00E+01 9.00E+00
2 6.50E+00 8.00E+00 7.25E+00
3 5.00E+00 6.50E+00 5.75E+00
4 4.00E+00 5.00E+00 4.50E+00
5 3.00E+00 4.00E+00 3.50E+00
6 2.50E+00 3.00E+00 2.75E+00
7 2.00E+00 2.50E+00 2.25E+00
8 1.66E+00 2.00E+00 1.83E+00
9 1.33E+00 1.66E+00 1.50E+00
10 1.00E+00 1.33E+00 1.17E+00
11 8.00E-01 1.00E+00 9.00E-01
12 6.00E-01 8.00E-01 7.00E-01
13 4.00E-01 6.00E-01 5.00E-01
14 3.00E-01 4.00E-01 3.50E-01
15 2.00E-01 3.00E-01 2.50E-01
16 1.00E-01 2.00E-01 1.50E-01
17 5.00E-02 1.00E-01 7.50E-02
18 1.00E-02 5.00E-02 3.00E-02
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3. Results

We compared the 18-energy-group photon spectra obtained by using decay data from
JENDL/DDF-2015, ENDF/B-VIIL.O, and JEFF-3.3. The results are compared in Fig. 2. The ratio of
JENDL/DDF-2015 to ENDF/B-VIILO is 93% over the total energy range, and the actual shape of the
energy spectrum is important for purposes like the development of detectors or radiation shielding. In the
energy regions where there are differences, we confirmed the differences in the photon intensities of the
decay data library by each nuclide. We extracted nuclides that do not emit X-rays or y-rays or those for
which the intensity is smaller compared with other libraries, especially those that have a strong influence on

photon intensities in the 18-energy-group structure.

LE+18
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=
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=
Z
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Figure 2 The different photon spectra obtained using recent decay data libraries for the Fukushima fuel
debris 10 years after the 1F accident (using core-averaged values for unit-2 in 2021, for which there

was no volatile fission-product release).

In the energy region from 10-50 keV, X-rays from '*’™Ba are not defined in JENDL/DDF-2015 and
are therefore underestimated. Figure 3 shows the photon intensities of the '*’™Ba line spectra evaluated
from JENDL/DDF-2015 and ENDF/B-VIIL.0. In JENDL/DDF-2015, the X-ray intensities are defined for
most of nuclides, but not for ¥’™Ba. Although the half-life of '3’™Ba is short (about 2.6 min.), the X-rays
from '3’™Ba are not negligible because this (nuclear) state is produced by the B~ decay of a large amount of

137Cs, which has a half-life of about 30 years.
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Figure 3 Photon spectra of '*"™Ba using ENDF/B-VIILO (left) and JENDL/DDF-2015 (right)

In the energy region from 50-100 keV, JENDL/DDF-2015 underestimates the y-rays from 2*'!Am
because they are not defined in this library. Figure 4 shows the ! Am line spectra from JENDL/DDF-2015
and ENDF/B-VIIL.0. The famous y-ray line at 59.5 keV is defined in ENDF/B-VIILO, but not in
JENDL/DDF-2015. In addition, photons with strong intensities are observed at lower energies only in

ENDEF/B-VIILO.
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Figure 4 Photon spectra of 2*' Am using ENDF/B-VIIILO (left) and JENDL/DDF-2015 (right).

In the energy region from 3-3.4 MeV, JENDL/DDF-2015 underestimates the y-rays from '%°Rh,
because the y-ray production is smaller in this energy region than is that obtained from ENDF/B-VIIILO.
Figure 5 shows the line spectra of photons above 1 MeV for '"Rh from JENDL/DDF-2015 and from
ENDF/B-VIIL.O. While ENDF/B-VIIL.O defines multiple 3 MeV,
JENDL/DDF-2015 defines only one photon intensity above 3 MeV. Although the photons from '°Rh may

photon intensities above

be negligible in the fuel debris considered in this study, it is usually important as a photon source from the

B decay of '%Ru, which has a half-life of 1.0 y, and the '°Rh is in radiation equilibrium.
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Figure 5 Photon spectra of '°Rh using ENDF/B-VIILO (left) and JENDL/DDF-2015 (right).

By comparing the 10-year-elapsed photon spectra obtained using JENDL/DDF-2015,
ENDF/B-VIILO, and JEFF-3.3, we conclude that 3"™Ba, 2*!Am, and '°°Rh are the main causes of the
differences in the overall photon spectrum from JENDL/DDF-2015. To confirm this, we replaced the decay
data for these three nuclides in JENDL/DDF-2015 with those from ENDF/B-VIIL.0O. The 18-energy-group
spectrum obtained with the modified JENDL/DDF-2015 then agreed with those obtained using
ENDEF/B-VIII and JEFF-3.3, as shown in Fig. 6. The differences in the energy-integrated photon intensities
became smaller, and the ratio of the modified JENDL/DDF-2015 to ENDF/B-VIIL.0 improved to 99%.
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Figure 6 Modified photon spectrum.

Unlisted daughter nuclides also exist in JENDL/DDF-2015. Table 2 shows the nuclides for which the
parent nuclide is defined in JENDL/DDF-2015 but the daughter nuclide is not defined, together with their
main production paths. Therefore, the decay chain breaks off. For example, the a-decay of **Pu (Ti.=
2.4x10* y) is expressed as 2°Pu — 23MU + q, but 2»™U does not exist in this library. As a result, the
amount of 23U and its daughter nuclides will be underestimated by about 20% after a long decay time such
as 1000 years, because the immediate decays from 23>™U to 2*°U are not counted. We found 33 nuclides for

which the daughter nuclides are not defined.
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Table 2 The unlisted daughter nuclides.

sLi | 3Li—3Be+pB +n 17 1850Pb | 18%3Pb — i iHg + 18138 Hg
1 2B | 3B - Be+p iBe 18 19EBI | BI - PAITI+ T

¢C - iBe+Bt+p 19 188mpj | 188mpj — B4mT] 4 ¢ 1847
2 Ho C-3Li+p +a 3Li 20 192Bj | 192Bj - 1881MT| 4 o 188
3 BC | CoHN+B +ntn N 21 '53Bi | '93Bi - Tl + @ ERTI
4 WO | 1491 > tTe + Y '10Te 22 | 193mpo | 1957po - ¥IPb + 189mph
5 Hocs | 18Cs - U3+ Bt +p ! 23 198mpi | 193mBj - 193Pb + g+ 1%Pb
6 BIHE | 33HE - BiLu + g7t 34Lu 130 | 1qiPo - 1BPb+ a

28Ta | B38Ta» Bilu+a 24 270 | 2L7Po - 23Pb+ a Z3Pb

7 e | 6% > 185Re + 165MRe 25 Z38Np | %85Np - **Pa+ a 222mpa
8 AR | Y0 - 17Re + 167 Re 26 ZINp | %3INp - 2Pa+ a 2261Pa
9 173y | 173 5 18 Re + & 1697 Re 27 Z3Pu | 23Pu - 20U+ a =y
10 1790s | 1720s —» 17MRe 4 g+ 170mRe 28 Z8Am | 238BAm - 2YNp + a ZAMND
11 172Au | TARAU - O 4 168y 29 2ot | 28cf— BCm+ «a Z35%Cm
12 7SmAn | T75MAU > Y + 17amy 30 ZZpCE | B - 2BWm+ « 23%Cm
13 180Au 180Au — Y70 + o 17emyy 31 ZggES 2$3ES - ZggBk +a 23231{
14 180Hg | 87Hg - Pt + a 183mpy 32 2SFm | 283Fm > 2ECf+ « z5cr
15 T BT - VAL + @ 177 AU 33 Md | 139Md - $30Fm + B+ 160Fm
16 185my| | 185mT) L 181MAY 4 181m Ay f02No | 133No - f53Fm +

4. Conclusion

We need reliable nuclear data to evaluate the radiation characteristics of fuel debris appropriately
for the purpose of developing new sensors and non-destructive assay technologies and for optimizing
radiation shielding for use in decommissioning. This research revealed the following main points. We
found that X-ray data for '3"™Ba, y-ray data for >*' Am at 60 keV, and y-ray data for '°°Rh in the range 3.0~
3.4 MeV are missing from JENDL/DDF-2015. In addition, in JENDL/DDF-2015 we found that the 33
daughter nuclides are not defined. We anticipate that these problems will be corrected in the next JENDL

release.
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Abstract

For accurate prediction of neutronic characteristics for accelerator-driven nuclear trans-
mutation system (ADS) and a source term of spallation neutrons for reactor physics exper-
iments for the ADS at Kyoto University Critical Assembly (KUCA), we have launched an
experimental program to measure nuclear data on ADS using the Fixed Field Alternating
Gradient (FFAG) accelerator at Kyoto University (Period: October 2019 — March 2023).
This program consists of two subprograms, focusing on two nuclear reaction mechanisms,
(1) spallation reactions and (2) high-energy fission, for incident proton energies from sev-
eral tens of MeV to 100 MeV. In the first subprogram, we will measure double-differential
cross-sections (DDXs) and thick-target neutron-yields (TTNYSs) for several targets (i.e., Pb,
Bi, and Fe); in the second subprogram, mass distribution of fission product and neutron
multiplicity in high energy fission of Pb and Bi will be measured. In this paper, the present
status of the first subprogram is described.

Introduction

Accelerator-driven nuclear transmutation systems (ADSs) have attracted attention as one of

the promising options to solve the nuclear issue of high-level radioactive waste management [1].

In terms of the neutronic design of the ADS, precise experimental nuclear data and reliable
theoretical nuclear models are required. So far, much effort has been devoted to measure nuclear
data at incident proton energies from several hundred MeV to GeV range, and these experimental
nuclear data play a significant role in the improvement of the nuclear models. However, it has
been pointed out that lack of nuclear data in the energy range from several tens of MeV to
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Proton beam

Figure 1: Schematic drawing of a vacuum chamber and neutron detectors.

100 MeV makes it difficult to improve the nuclear models, which results in large uncertainty in
the neutronic characteristics of the ADS. Satoh et al. demonstrated that recent nuclear models
such as the Liege Intranuclear Cascade model [2] failed to predict the measured spectra of
emitted neutrons in the most-forward direction at the incident proton energy below 78 MeV [3].
Therefore, accumulation of experimental data on important nuclides in ADS such as neutron
production cross sections in proton-induced reactions at incident energies from several tens of
MeV to 100 MeV and mass distribution of fission product and neutron multiplicity from high
energy fission are strongly desired.

In this circumstance, a new experimental campaign has been launched to measure nuclear
data related to ADS. The campaign consists of two subprograms: measurement of neutron
energy spectra from spallation reactions of Fe, Pb, and Bi by protons from several tens of MeV
to 100 MeV and that of mass distribution of fission product and fission multiplicity in high energy
fission of Pb and Bi. For the first subprogram, the Double-Differential neutron production cross
sections (DDXs) and Thick-Target Neutron Yields (TTNYs) for such materials will be measured
using a proton beam accelerated by Fixed Field Alternating Gradient (FFAG) accelerator at
Kyoto University. In this paper, the experimental plan of the first subprogram and a detector
test performed for the experiment are described.

2 Plan of Experiment at FFAG Facility

The experiment of the first subprogram will be conducted at FFAG Facility, Kyoto University. In
this experiment, proton-induced DDXs and TTNYSs for Fe, Pb, and Bi targets will be measured
using the time-of-flight method. Also, sensitivity check of a 23"Np fission chamber under the
spallation neutron field will be investigated. Figure 1 shows a photo of the FFAG facility and
a schematic drawing of a vacuum chamber and neutron detectors. One of the targets is placed
at the center of the chamber. Target thicknesses for the DDX experiment are 2 mm for all
targets to achieve enough statistics, and those for the TTNY experiment are 30 mm for the Fe
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Figure 2: Configuration of the measurement geometry at FRS.

and Pb targets and 35 mm for the Bi target, which are designed so that 150-MeV protons stop
in the targets. The range of incident protons was calculated by SRIM code [4]. Diameters of
the targets for both the DDX and TTNY experiments are 48 mm which is larger than beam
size of 40 mm calculated by beam optics. An NE213 liquid organic scintillator (size: 20 mm
in length and 8 mm in diameter) coupled with a photomultiplier tube (H3164, Hamamatsu
Photonics) will be placed 5 m far from the target to detect neutrons. Signals from the detector
will be fed to a digitizer (SIS3316). Current of the proton beam is planed to be 0.1 nA for the
TTNY measurement and 1 nA for the DDX measurement. To eliminate contribution of room-
back neutrons to the DDX and TTNY experiments, room-back neutron measurements will also
be conducted with a shadow bar made of stainless steel (size: 1 m in length and 50 mm in
diameter), whose length is designed to reduce the neutrons produced from the targets to several
percent. Measurements at several emission angles will be conducted by changing the position of
the detector. The 23"Np fission chamber (size: 25.4 mm in length and 6 mm in diameter) will
be used to check the reaction rate under the spallation neutron field around the target vacuum
chamber. The activity of coated 2>"Np is 31.3 kBq on June 30, 1982.

3 Detector test at Facility of Radiation Standard

In advance of the experiment at the FFAG facility, measurement of neutron detection efficiency
for the neutron detector (NE213 + H3164) and response of the 23"Np fission chamber were
conducted at Facility of Radiation Standard (FRS) [5], Japan Atomic Energy Agency (JAEA).
In this experiment, 14.8 MeV monoenergetic neutrons generated by T(d,n) reaction was used.
The RF repetition frequency was 4 MHz. Figure 2 shows a photo of the measurement geometry.
Neutrons generated at a production target directly irradiated to the neutron detectors such
as the NE213 and the 23"Np fission chamber placed at approximately 1 m downstream to the
beam port at 60 degree from the most-forward direction. The measurement with a shadow bar
was also performed in the NE213 measurement to estimate background neutrons. Scintillation
photons produced in the NE213 were converted to electric pulses by the photomultiplier tube
and fed to the digitizer after passing through a 40 meter-long low-attenuation cable. To deter-
mine the time-of-flight, RF signals of the accelerator were used as start timing and the signals
from NE213 as stop timing. The 23"Np fission chamber was connected to a preamplifier and a
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Figure 3: Two-dimensional plot of the obtained signal by the time-of-flight and the charge
spectrum for the NE213 before (Left) and after (Right) the gamma-ray elimination.

spectroscopy amplifier. Then signals from the spectroscopy amplifier were fed to the digitizer
and a multichannel analyzer.

4 Results and Discussion

4.1 Result for NE213 Detector

Figure 3 shows two-dimensional plot by the time-of-flight and the charge spectrum for the NE213
neutron detector. Three peaks at approximately 15, 30, and 50 ns can be seen, which correspond
to prompt gamma-rays, 14.8-MeV neutrons, and 3.0-MeV parasitic neutrons, respectively. The
parasitic neutrons were produced by the D(d,n) reactions between incident deuteron beam
and deuterium accumulated in the tritium target. The neutron energies were estimated from
the flight length and the difference of time-of-flight between the prompt gamma-rays and the
neutrons. The gamma-ray events were rejected by the two-gate method of the pulse shape
analysis. After eliminating the gamma-ray events, the number of detected 14.8-MeV neutrons
is estimated with paying attention to the parasitic neutrons. The detection efficiency of the
NE213 neutron detector was calculated from the neutron fluence measured by a reference long
counter consists of a thermal neutron detector and a polyethylene moderator and the obtained
counts by the NE213 neutron detector. The uncertainty of the neutron fluence measured by the
long counter was 6%. Figure 4 shows the detection efficiency of the NE213 neutron detector
as a function of the neutron energy. The black circles correspond to the 24! Am-quarter and
137Cs-double biased efficiencies measured in the present experiment. Here the 24! Am-quarter
biased efficiency means to neutron detection efficiency with larger light output than quarter of
59-keV electron equivalent (keVee) which corresponds to a photo peak of 59-keV ~-ray from
241Am. Also the 7Cs-double biased efficiency corresponds to that with larger output than
986 keVee [6]. The black square is the 24! Am-quarter biased efficiency measured in the previous
experiment at lower neutron energy [7]. The solid and dashed lines are calculated efficiencies
by SCINFUL-R [8, 9] code in each bias. The calculations almost reproduce the obtained data.
However, small difference can be seen in the ?*' Am-quarter biased efficiency. It is considered
that the parasitic neutrons is not completely removed in the time-of-flight spectrum. Time
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Figure 4: Detection efficiency of NE213 as a function of neutron energy [7].

resolution of the time-of-flight is approximately 4 ns which is originated from the inner clock of
the digitizer, the pulse width of incident deuteron beam, and the flight path length.

4.2 Result for *"Np fission chamber

Figure 5 shows charge distribution from the ?*’Np fission chamber. The large number of low
charge events and several high charge events are seen. The former is signals induced by a-
decay of 23"Np nuclei and the latter are fission events of them. The fission events are clearly
separated from the a-decay component by their much larger deposit energy. We assume that
the events with charge larger than 4.5 x 10* channel are fission events. The counts per fluence
is estimated to be 9.042.5 counts/(n/cm?). We also derive the calculated one from fission cross
section of 2*"Np at 14.8-MeV neutron and the number of 23"Np nuclei calculated by the activity
of deposited >"Np. The calculated one is 6.8 counts/(n/cm?), which agrees with the measured
one within 1o of the statistical error. However, the statistics is little bit poor to check the
consistency between the measured count rate and the calculated one. Also, the contribution
of the parasitic neutron as seen in the time-of-flight spectrum measured by the NE213 should
be considered carefully because 23”Np has a comparable fission cross section at 3-MeV neutron
energy to 14.8-MeV neutron.

5 Summary

For the development and design of ADS, more nuclear data measurements are desired especially
the proton incident energy ranging from several tens of MeV to 100 MeV. In this situation,
new experimental campaign has been launched to measure the TTNYs and the DDXs at FFAG
facility, Kyoto University, and mass distribution of fission product and neutron multiplicity in
high energy fission. At present, design of the measurement and detector tests are in progress.
In advance of the experiment at FFAG, the detectors planned to be used in FFAG facility
were tested with 14.8-MeV monoenergetic neutron at FRS, JAEA. The detection efficiency of
NE213 liquid organic scintillator shows good agreement with calculation by SCINFUL-R. Also,
count rate of 23"Np fission chamber under the 14.8-MeV neutron field was consistent with the
calculated value from the activity of deposited 23"Np. From these measurements, the detector
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Figure 5: The measured charge distribution from 23"Np fission chamber.

test and response check have been done and tuning towards the FFAG experiment will be
conducted.
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Abstract

The double-bunch pattern of the J-PARC facility introduces serious ambiguities in the
neutron-induced cross-section measurement for fast neutrons. The neutron filtering technique
is implemented in the ANNRI beamline in order to produce quasi-monoenergetic neutron
peaks. Different filter configurations with Fe and Si were tested by means of capture and
transmission experiments and with Monte-Carlo simulations using the PHITS code. In this
work, the characteristics of the neutron filtering system using Fe and Si are presented together
with a preliminary cross-section results for the '”Au neutron capture cross-section.

1 Introduction

The double-bunch mode is employed in the Japanese Proton Accelerator Research Complex
(J-PARC) in which two 0.1 ps-wide proton bunches are shot into a spallation target with a time
difference of 0.6 us at a repetition rate of 25Hz. This mode is intended to increase the thermal
neutron beam intensity as, for that energy, the doublet structure of the neutron beam is negligi-
ble due to Doppler broadening and moderation time. Nonetheless, for fast neutrons experiments
in the Accurate Neutron-Nucleus Reaction Measurement Instrument (ANNRI) beamline, this
time difference is no longer trivial. Fast neutrons reach the target position within 10 us and the
0.6 us time difference becomes a significant source of ambiguities in the cross-section measure-
ments. Neutrons detected with a certain time-of-flight (TOF) can have two different energies
as it is impossible to ascertain the originating proton bunch. For example, for the case of 100
keV neutrons, the expected TOF for the Nal(Tl) spectrometer target position is about 6.4 us.
However, at 6.4 us, neutrons with an energy of 120 keV coming from the delayed proton shot
can also be detected. In this work, we propose a solution to bypass the double bunch structure
of ANNRI using a neutron filtering system. The characteristics and performance of the neutron
filtering system implemented at ANNRI are presented in this paper. The filtering system was
analyzed using both experimental analysis and Monte-Carlo simulations.

“Present address: Institute for Integrated Radiation and Nuclear Science, Kyoto University
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2 Neutron Filtering System

A neutron filtering system has been designed at the ANNRI beamline in order to circumvent
the double-timed structure of the neutron beam within the ”Study on accuracy improvement of
fast-neutron capture reaction data of long-lived MAs for development of nuclear transmutation
systems” project [1]. Using the neutron filtering tecnique, the incident white neutron flux can
be tailored into quasi-monoenergetic peaks using materials that present a sharp minimum in
the neutron total cross-section [2]. Several cylinders of "™Fe and "*Si were used in different

configurations and expected to create quasi-monoenergetic filtered neutron peaks with energies
of 24 keV (Fe) and 54 and 144 keV (Si).

3 Experimental Analysis

3.1 Neutron Filtering Setup

The neutron total cross-section for "*Fe and "*Si can be seen in figure 1(a). Neutron filtered
peaks are expected with energies of 24, 54 and 144 keV. Three different filter assemblies consisting
of 20 cm of Fe and 20 and 30 cm of Si were implemented in the rotary collimator of the ANNRI
beamline (see Fig. 1(b)).
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Figure 1: (a)Neutron total cross-section of " Fe and "*Si. (b) Schematic view of the ANNRI
beamline. The neutron filter material was introduced in the rotary collimator.

3.2 Neutron Capture Experiments

The Nal(T1) spectrometer of the ANNRI beamline was employed to determine the filtered inci-
dent neutron flux [3]. The samples were situated at a neutron flight path of 27.9 m. A boron
sample with a 10 mm diameter and thickess of 0.5 mm and a Au sample with a 10 mm diameter
and 1 mm thickness were used in the experiments. The incident neutron flux was determined by
measuring the 478 kev y-rays from the °B(n,ay)"Li reaction. The Au sample measurement was
used to normalize the incident neutron flux derived from the boron sample measurement at the
energy point of the first resonance (4.9 eV) since it was completely saturated. More information
about the experimental analysis can be found here [4].
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3.3 Transmission Experiments

The incident neutron flux was also measured in transmission experiment using two types of Li-
glass detectors. A Li-glass detectors enriched with SLi (GS20) and a Li-glass detector enriched
with “Li (GS30) were simultaniously employed in the experiments. The detectors were situated
at a flight-path of 28.6 m having the 7Li enriched detector in the upstream position. The
GS20 detector is used to detect the incident neutrons via the Li(n,a)*He reaction whereas
GS30 detector is employed to estimate the background due to ~-rays. Further details on the
transmission analysis are provided there [5].

3.4 Experimental Results

The results obtained from both experimental techniques provide very good agreement and are
able to show the filtering performance of the neutron filtering system. The results for the Fe
filter array of 20 cm is provided is Fig. 2.

The filtered neutron peak of 24 keV is clearly
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isolated for both capture and transmission exper-
iments in one double-humped peak that includes
overlapped neutrons from both proton bunches.
Other filtered peaks can also be seen between 7
and 9 us but the counting rate seems to be too
small to be used in experiments. The results for
the two different Si filter assemblies can be seen in
Fig. 3(a) for 20 cm of Si and in Fig. 3(b) for 30 cm
of Si. As is the case for the Fe array, both capture

and transmission experiments present high agree-
ment for both filtered peaks of 144 and 54 keV.
Here the contributions from each proton bunch are
clearer as these peaks occur at a higher energy. The
difference in time between the results from both de-
tectors is due to the fact that that the detectors are installed at different positions with respect
to the incident neutron beam (see Fig. 1(b)). The Nal(T1) spectrometer is situated at a distace
of 27.9 m from the moderator surface whereas the Li-glass detectors are situated at a slightly
longer distance of 28.6 m.

Figure 2: Filtered neutron flux by 20 cm of
Fe obtained from capture (black) and trans-
mission (red) experiments.
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Figure 3: Filtered neutron flux by 20 cm of Si (a) and 30 cm of Si (b) determined from capture
(black) and transmission (red) experiments
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Monte-Carlo simulations with the code PHITS [6] were employed as benchmark for the filtering
system performance analysis. Since the straight relationship between time and energy for the
detected neutrons is no longer applicable for fast neutrons due to the double-bunch structure,
simulations with PHITS are used the neutron transmition ratio through all the materials, in-
cluding not only the filter materials but also structural materials, in the ANNRI beamline. The
neutron transmitted ratios were then unfolded taking into account the time structure of the
ANNRI beamline as was described by Kino et al [7] using the model function suggested by

Ikeda and Carpenter [8].

The derived time distribution re-
sults from the PHITS simulations
can be seen in Fig. 4(a) and
4(b) for the 20 cm Fe and 20 cm
Si filter arrays, respectively, com-
pared with the results with no fil-
ter present. The PHITS results
are also compared with the exper-
imental results obtained from the
capture experiments. The Monte-
Carlo simulations are able to ac-
curately reproduce the experimen-
tal results with both filter as-
semblies and when no filter ma-
terial is wused. Hence, the en-
ergy distribution obtained from the
PHITS simulations is deemed reli-
able.

In order to analyze the neutron
energy distribution derived with
PHITS at the filtered peaks, TOF
gated were created enclosing the
three filtered neutron peaks. For the
Fe filter array, a TOF gate was cre-
ated from 12.6 to 14.6 us to wrap the
24 keV filtered neutron beam. This
gate is shown in Fig. 4(a). From the
gated TOF data, a centroid energy
of 23.6 keV was determined for the
Fe 24 keV window. On the other
hand, the neutron energy distribu-
tuon of the filered peaks of 144 keV
and 54 keV were derived using TOF
gates from 5.4 to 6.4 us and from 8.6
to 9.8 us, respectively. For the Si ar-
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Figure 4: Time distribution of the PHITS results and
capture experiments using a 20 cm Fe filter (a) and a 20 cm
Si filter (b) compared with the results when no filter is
present.

ray, centroid peaks of 127.7 and 51.5 keV were derived from the PHITS results. The result of
127.7 keV is much lower than the expected value of about 144 keV. The reason for this is that
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the peak is shifted to a lower energy due to the presence of 27Al in the beamline which has a
resonance peak at the energy around 150 keV in the neutron total cross-section. Neutrons with
energies from 135 to 160 keV are scattered by the several layers of 27Al present at ANNRI used
to compartimentalize the beamline and cannot reach the experimental areas.

5 Cross-section results

Preliminary results of the ' Au neutron capture cross-section were derived as the final step to
evaluate the perfomance of the neutron filter and their viability for neutron-induced reaction
measurement. The Au cross-section was derived from the obtained Au capture yield using the
Pulse-Height Weighting Technique (PHWT) [9] at each TOF gate (G;) using the following:

being 04,(G;) the absolute cross-section for each of the three TOF gates (G;); Yau(G;) and
C(G};) are the Au neutron capture yield and the coeficient to correct for the self-shielding and
multiple-scattering effects for each TOF gate (G;), respectively. ¢, (G;) means the normalized in-
cident neutron flux at the TOF gate (G;) and n 4, stands for the sample area density in at/barn.

The preliminary results for the '97Au neutron capture cross-section are shown in Fig. 5.
The results are compared with the JENDL-4.0 evaluated data [10] and the TAEA standard

library[11]. The x-axis bar are the mininum and maximun neutron energy determined at each
TOF gate by PHITS.

1 T
’ JENDL-4.0 - }S;Au(n, ) ——
IAEA Standard - "“"Au(n,y) ~
Capture Filter Experiments ———
)
C
.9
©
o
"
[}
(2]
o
(@)
01 . L L L L L N
10 100

Neutron Energy [keV]

Figure 5: Preliminary results for the '”Au neutron capture cross section using the ANNRI
filtering system

The present preliminary results agree within uncertainties with the evaluated data from
JENDL-4.0 and present slightly lower values than those included in the TAEA standard library.
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Conclusions

The neutron filtering system applied in the ANNRI beamline is able to tailor the incident neutron
flux into quasi-monoenergetic neutron peaks. The filter configurations of 20 cm of Fe and 20
cm of Si have proven to be a feasible solution in order to circumvent the double-bunch structure
for fast neutron cross-section measurements. Using experiments and simulations with PHITS,
the characteristics of the three peaks molded by the Fe and Si assemblies were determined
with centroid energies of 23.6 keV (Fe) and 51.5 and 127.7 keV (Si). Furthermore, a preliminary
cross-section measurement of the ' Au neutron capture cross-section using the neutron filtering
system was performed. The present results agree within uncertainties with the evaluated data
from JENDL-4.0.
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A new method to reduce systematic uncertainties of capture cross section measurement using a sample rotation
system has been developed. Theoretical and experimental tests on the method have been conducted. Calculations
using Monte Carlo simulation code were performed. Experiments using a sample rotation system at the Accurate
Neutron Nucleus Reaction Measurement Instrument in Materials and Life Science Facility of the Japan Proton
Accelerator Research Complex were also conducted.

I. INTRODUCTION

Accurate nuclear data for neutron-induced reactions are necessary for the design of nuclear trans-
mutation systems to reduce minor actinides (MA) and long lived fission products (LLFP) contained
in nuclear waste. However, current uncertainties of nuclear data for MA and LLFP do not fulfill the
requirements for the design of transmutation facilities. Measurements of the neutron capture cross
section are ongoing at the Accurate Neutron Nucleus Reaction Measurement Instrument (ANNRI) in the
Materials and Life Science Facility (MLF) of the Japan Proton Accelerator Research Complex (J-PARC).

The neutron capture cross section o [cm?] is determined in the experiments based on the following
equation:

_ 1 Y(En)
nt ¢p(En)’

where 1 [atoms/cm?] is density of sample, ¢ [cm] is thickness of sample, Y is neutron capture reaction
yield and ¢ is neutron energy specrum.Y(E,) is derived using pulse-height weighting techniue [1].
¢(E,) is measured using a neutron flux monitor. The neutron capture cross section can be determined
by measuring Y (N, ) and ¢(E;;). In the determination of capture cross section, the systematic uncertainty
of final cross section is governed by the incident neutron energy spectrum.

In ANNRI experiments, the neutron energy spectrum can be determined by measuring 478 keV
y-rays from the 1°B(n,ay)”Li reaction. Detected v-ray counts are converted to the numbers of neutrons
using the reaction rate of the 1°B(N,a-y)”Li reaction. The energy dependence of the reaction rate depends
on the atomic area density of 1B in the boron sample because the neutron self-shielding factor increase
with the 9B area density and also changes with the neutron energy. Thus, B atomic area dinsity is
very important to determine the incident neutron energy spectrum.

In the present work, we suggest a new method to reduce systematic uncertainties related to the
incident neutron using a sample rotation system. Theoretical and experimental studies were also
performed.

)
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II. METHODOLOGY

1. Principle

The new method employs the change of the self-shielding effect with the sample rotation angle.
When a sample is tilted with respect to the beam axis, the effective thickness of the sample becomes larger
than the actual thickness. The reaction yield at the tilted angle 6 in consideration of the self-shielding
effect can be expressed as follows:

1o 1

Yo—c- J g (1 _ eNf‘Tfotm) @)
Otot

where c is the correction factor for the multiple-scattering effect, and oq, and o3¢ are the capture and

total cross sections, respectively. The new method suggested below is based on the yield change with
sample rotation.

2. Sample Area Density Determination

The new method is for atomic area density determination of B sample which is used for mea-
surement of the incident neutron spectrum in ANNRI experiments. The ratio of the reaction yield at a
rotation angle of 0AZ, Ype to the yield at 6, Yyo is written as:

1
Yoo 1—eNtoram

R S g ®)

The energy dependence of the yield is measured by the neutron time-of-flight (TOF) method. Thus, the
yield ratio R(t) is explicitly written as a function of TOF ¢.

The reaciton yields of 1°B(n,a7y)’Li for different area density were calculated using a Monte Carlo
simulation code. A typical calculated results of the yield ratio R(t) is of 0AZ to 60AZ is shown in Fig. 1.
The yield ration R(t) is equal to unity at low energies (slow TOF) and increases up to 1/cosf that is 2.0
for 60Az at high energy area. The transient TOF region between the two constant values 1.0 and 2.0
changes with the sample atomic area density. We define Tj,; ¢ as the TOF value where R(t) becomes the
half of the maximum. Tj,;s changes with the sample atomic area density. In other words, the sample
area density can be determined from Tj,s. Figure 2 shows a plot of Tj, ¢ vs the sample atomic area
density.
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Figure 1: Reaction ratio TOF spectrum Figure 2: Sample atomic area density calibration curve
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III. ANALYSIS

1. Simulation

We performed simulations of the sample rotation measurement by using the Monte Carlo simulation
code PHITS [3]. A 9B 90% enriched B,C sample calculated l0B(r1,0¢)Li7 reaction counts. The ratio at each
a tilted angle and at each thickness was derived from the calculated reaction counts. The calibration
curve was obtained at a tilted angle of 45Az.

2. Experiment

The sample rotation measurement was performed at ANNRI beam line in MLF of J-PARC. The
sample rotation system installed at the beam line was used to rotate samples. A 1B 90% enriched B*C
sample with an area density of 1.259 x 10~3atoms/b, a diameter of 10 mm and a thickness of 0.5 mm
was used for the test of the rotation system. A "C sample with a diameter of 10 mm and a thickness of
0.5 mm was used to derive the background events due to scattered neutrons. Neutrons were produced
from the spallation reactions coused by a 3-GeV proton beam shot to a mercury target of the MLF [4].
The neutron beam was collimated to a diameter of 13 mm at the sample position. A TOF method was
employed in this experiment with a neutron flight path of 27.9 m from the spallation source to the
sample position. y-rays emitted from the sample were detected by a Nal(Tl) detector.

IV. REesurts AND DiscussioN
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1. Simulation of Boron Sample Rotation

The ratio at each a tilted angle with different thicknesses were plotted in Fig. 3 and Fig. 4 respectively.
These results were fitted to the following equation.

1— e(cl—kczt)/cose
R = —gmren @

The energy dependence of the ratio changes with thickness and the tilted angle. The ratio at a thickness of
0.45 and a tilted angle of 45 degree was shown in Fig. 5. The boron calibration curve to determine the
boron sample thickness (Fig. 6) was derived from the result calculated at each thickness. In the
analysis, the area density value of the boron sample of 1.259 + 0.025 [10~3atoms / b] was obtained.
The calculation results of the first method to determine the boron sample area density is reasonable
agreement.

2. Rotation experiment of a boron sample

The TOF spectrum of '°B(n,a7)”Li reaction shown in Fig. 7 was obtained by using a sample rotation
system. In this analysis, blank background, the background events induced due to scattered neutrons at

the sample were subtracted. Correction for smaller sample size than the neutron beam was employed.
The ratio Y450 /Yo was obtained as shown in Fig. 8. The experimental results differ from the calculated
one. The applied correction seems insufficient. T his d isagreement i s p ossibly c aused b y system
asymmetry or system axis misalignment. A larger boron sample than the neutron beam is necessary in
the future work.
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Figure 7: TOF spectrum of the \°B(n,a-y)”Li reaction Figure 8: Reaction yield ratio

V. SuUMMARY

In order to reduce systematic uncertainties of neutron capture cross section measurement, a new
method using a sample rotation system were proposed to determine a sample atomic area density for a
neutron energy spectrum. The calibration curve for the area density of the boron sample can be obtained
by using Monte Carlo calculation code. A test measurement to determine the boron area density were
conducted. The experimental result were different from the calculated result. We plan to use a larger
boron sample than the neutron beam to test the sample rotation system in the future.
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Neutron beam intensity for nuclear data measurement is increasing. The qualities of cross section
measurement of radioactive nuclides were significantly improved. In neutron capture cross section
measurement, the number of the incident neutrons is necessary to derive the neutron capture cross
section. However, conventional neutron detectors do not have fast response to adapt high counting
rate measurement with spallation neutron sources. To avoid possible failure of a proton pulse counting
method and make measurement with ANNRI more robust, an additional neutron beam monitor is
under development. A plastic scintillator with a thin °Li layer is adopted for a detector. A test detector
system was built to study the feasibility of the present method. Test experiments demonstrated that
the new detection system was able to detect neutrons from the spallation neutron source.

I. INTRODUCTION

The qualities of cross section measurements of radioactive nuclide were significantly improved with
high intensity neutron beams. It has been difficult to measure neutron-induced reaction cross sections
of radioactive nuclides due to large background of the decay gamma-rays from radioactive samples. In
recent years, with the advent of spallation neutron sources, the qualities of cross section measurement
were significantly improved. The Japan Proton Accelerator Research Complex (J-PARC) was started in
operation in 2008 and its beam power has been increased year by year [1]. To measure neutron-induced
nuclear data using the high intensity neutron beam from the J-PARC spallation neutron source, the
Accurate Neutron Nucleus Reaction Measurement Instrument (ANNRI) was built in the Materials and
Life Science Experimental Facility (MLF) of J-PARC.

In neutron capture cross section measurement, the number of the incident neutrons is important
physical quantity. To normalize the detected gamma-ray yield to the number of the incident neutrons,
the neutron count is usually monitored by with a neutron detector. However, in measurement with
ANNRI, the number of proton beam pulses injected into the spallation target has been used instead of
direct neutron monitoring. This method is based on the assumption that the number of proton beam
pulses is proportional to the number of incident neutrons. This assumption is mostly plausible but
could fail when the conditions of the proton accelerator or the neutron source change. To avoid possible
failure of the proton pulse counting method and make measurement with ANNRI more robust, an
additional neutron beam monitor is under development.

II. DETECTOR DESIGN

To develop a neutron beam monitor for ANNRI, there are two requirements. Fast time response
adapts very high intensity neutron beam and low gamma-ray sensitively reduces background. In order
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to fulfill the requirements, a thin sheet-type plastic scintillator combined with a thin °Li layer on an
aluminum film is adopted for the present neutron monitor. The incident neutrons react with °Li and
the ®Li(n,t)*He reaction occurs. The emitted particles, tritons and alphas, are detected with the plastic
scintillator. The short ranges of tritons and alphas allow for using a thin plastic scintillator film, and the
thin detector leads to low gamma-ray sensibility. Another requirement for fast detection is achieved by
the fast response property of plastic scintillator with 3.7 ns decay time. Simulation studies using Monte
Carlo simulation code PHITS [2] were performed to optimize the detector design, especially thickness
of the °LiF layer. In Fig. 1, the concept of the detector system is shown schematically.

@ 1 SLiF foil
‘ Plastic
neutron —— scintillator
00 —mb o Scintillation
o0 light
@ triton
. a particle

PMT Aluminum

Figure 1: Detector geometric design.

I[II. EXPERIMENTS

A test detector system was built to study the feasibility. LiF was deposited on an aluminum film by
a vacuum deposition method. The LiF layer was thin enough for tritons and alpha particles to penetrate
and reach the plastic scintillator. °Li was isotopically enriched 95%. The photomultiplier tube was
HAMAMATSU R1306-22ASSY. Test experiments were carried out at ANNRI. The detector was placed
at a flight length of 29.62 m from the spallation neutron source. The beam power was about 500 kW.
The pulse height (PH) and the time-of-flight (TOF) were acquired. TOF measurement was started by a
signal from the J-PARC accelerator and stopped by PMT signal. In addition to measurement with the
LiF foil, measurement without the LiF foil was conducted for background evaluation. Measurement
time with °Li was about 11 min.

As shown in Fig. 2, pulse-height (PH) spectra are shown. The spectra were normalized with the
number of proton pulses. In Fig. 2, the °Li(n,t)*He reaction was successfully observed as a strong peak
in the region from 22 ch to 36 ch. In Fig. 3, time-of-flight spectra are shown. Difference between the
spectra with and without LiF is observed in the TOF region from 400 to 35000 ys that corresponds to
the thermal neutron region. The peak of the resonance of °Li(n,t)*He at 250 keV was also observed
in the TOF region from 7 to 9 us. The neutron energy spectrum was derived from TOF spectrum by
dividing the detected neutron counts by the reaction rate calculated from the 6Li(n,t)*He cross section.

To evaluate the system performance, the present results were compared with neutron spectra mea-
sured with different methods in previous experiments [3]. In Fig. 4, the neutron spectrum (red) mea-
sured in this work was compared with a neutron spectrum (black) at 27.9 m obtained detecting 478 keV
gamma-rays from the '°B(n,a)”Li reaction placing a '°B sample [3]. The neutron spectra agree well in the
thermal neutron region but the present neutron spectrum is slightly higher than the previous mea-
surement in the higher energy region, and deviates from 10 eV. The difference comes from insufficient
subtraction of background that is mainly gamma-ray from the neutron source. The background sub-
traction must be improved in the future development. Statistical error was 0.68 % at 6 meV. Figure
5 shows another comparison of the present results (red) with a TOF spectrum (black) measured with
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a Li glass detector in a previous experiment [4]. The beam power of the previous experiment was 200
kW. A Pb filter with a thickness of 5 cm was inserted upstream to reduce the gamma flash from the
neutron source while no Pb filter was used in the present experiment. Detector paralysis caused by the
gamma-flash occurred in the previous experiment. Detector paralysis leads to count loss observed in the
TOF region from 3 to 20 us in the previous experiment. On the other hand, detector paralysis did not
occur and significant count loss did not appear in the present system, despite no use of the Pb filter. This
experiment was successfully measured without detector paralysis at fast TOF region.
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Figure 2: Pulse height spectra with and without LiF.
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Figure 4: Comparison of neutron spectra of the present work with the previous measurement by Rovira et al [3].
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Figure 5: Comparison of TOF spectra of the present work with the previous measurement by Terada [4].

IV. SumMmmARYy

A new neutron monitor system was designed and built. Signal from the ®Li(n, t)*He reaction was
clearly observed. Neutron spectrum was derived from TOF spectrum in data analysis. Statistical error
was 0.68 % at 6 meV. In the future plan, this system will be used as an incident neutron monitor
in nuclear data measurement. Moreover, application to other nuclear cross section measurement is
planned.
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Abstract
An absolute epi-thermal neutron (0.5 eV ~ 10 keV) flux intensity detector and a fast neutron (10 keV~1
MeV) flux intensity detector were designed and developed for Boron Neutron Capture Therapy
(BNCT). After fabricating the detectors, in order to test the performance of the epi-thermal and fast
neutron detectors, verification experiments were conducted at KUR [1], Kyoto University and FNL
facility [2], Tohoku University, respectively. As the result, the epi-thermal neutron flux intensity could
be measured with an error of 3.9 % after theoretically correcting the high energy neutron contribution.
The fast neutron flux intensity could also be measured accurately, that is, the experimental and calculated

values agreed well within the statistical uncertainty.

1. Introduction

BNCT is a promising cancer therapy which kills tumor cells while suppressing exposure dose to normal
tissues. Normally, the neutron field of BNCT, which is produced by a nuclear reactor or an accelerator, has
an energy distribution spreading within thermal, epi-thermal and fast neutron regions. Because epi-thermal
neutrons are generally used for BNCT, we must measure the epi-thermal neutron flux intensity to evaluate
the therapeutic effect and patient’s exposure dose. In addition, we also have to evaluate the exposure dose of
the fast neutrons that may be harmful to the human body. However, it is quite difficult to know such
intensities directly and accurately, because there is no suitable neutron spectrometer and no activation
material covering epi-thermal or fast neutrons separately. The objective of this work is hence to develop
new detectors to precisely measure the absolute integral flux intensities of epi-thermal (0.5 eV ~ 10 keV)

and fast neutrons (10 keV ~ 1 MeV).

2. Design
2.1 Design of epi-thermal neutron detector

The followings are design requirements for the epi-thermal neutron detector. (1) It should have flat
sensitivity for epi-thermal neutrons and no sensitivity for thermal neutrons and fast neutrons. (2) It should
be as small as possible not to distort the neutron field. (3) It should be available in a strong neutron field.

Therefore, we decided to employ the foil activation method. In previous
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research [3, 4], it was considered to adopt a spherical shape as the detector, but to make the
sensitivity flat in epi-thermal energy region, we adopted a rectangular shape detector shown in Fig. 1 [5].
The epi-thermal neutron detector controls its sensitivity by using Cd thermal neutron absorber and
polyethylene neutron moderator (P.E.). An activation foil is positioned in the center and the foil is covered
with P.E. moderator surrounded with a Cd sheet to cut thermal neutrons. As for the calculation method,
we used MCNP5 as neutron transport calculation tool and JENDL-4.0 as evaluated nuclear data library [6].
The design procedure consists of two processes. One is to fix the activation foil and P.E. moderator
thickness to make the sensitivity flat to epi-thermal neutrons. The other is to design the Cd thickness to cut

over 70 % of the sensitivity for 0.1 eV neutrons. The design goal is that fluctuation in the sensitivity to epi-

thermal neutrons is to be within 10 %.

Cd
P.E

0.1 mm
—>
1em (polyethylene)
activation foil

Fig. 1 Design calculation model.

292JN0s uoJinapn
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As the design result, 'Ga (n, y) 7*Ga reaction was selected as the activation reaction and the shape of the
detector was fixed to be a rectangular polyethylene (5.52 cm?®) covered with a cadmium sheet of 0.0025 cm
in thickness. Fig. 2 shows the finally designed detector’s sensitivity. The blue line shows the sensitivity of
this detector. The green region is the epi-thermal neutron region, and the red line is the average sensitivity
in that region. The fluctuation of the production yield of 7>Ga for epi-thermal neutron is 8.4 % and the

shielding rate of 0.1 eV neutron is 74.6 %. However, this detector is a little sensitive to fast neutrons.
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Fig. 2 Sensitivity of epi-thermal neutron detector.
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2.2 Design of fast neutron detector

To clarify the fast neutron contribution, we develop the fast neutron detector. To extract only fast
neutrons, the fast neutron detector consists of two sub-detectors, and the fast neutron flux is
estimated from the difference in sensitivity between the two sub-detectors. A fast neutron detector controls
the sensitivity by using cadmium, B4C and polyethylene. The shape of one of the two is a cube covered with
polyethylene with a side of 4.4 cm (P.E. type) and the other is a cube covered with B,C with a side of 4.6
cm (B4C type) as shown in Fig. 3. For both, GaN foils are covered with Cd sheets to eliminate thermal

component.

Fig. 3 Prototype fast neutron detectors.

However, in order to reduce the sensitivity to thermal and epi-thermal neutrons, the sensitivity of B4sC
type was subtracted from that of P.E. type multiplied by a factor of A = 1.3. Here, the
multiplication factor A was calculated so as to make the following equation to have the minimum value.
Also, Fig. 4 shows the sensitivity of the fast neutron detector. The blue line shows the sensitivity of
this detector. The green region is the fast neutron (10 keV~1 MeV) region, and the red line is the average
sensitivity in that region.

10keV
(A% Yo (B) = Yiac(E))” (1)

E=0.01eV

where Yp i (E) and Yp,c(E) are the calculated 7>Ga production yields for P.E. type and B4C type, respectively.
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Fig. 4 Sensitivity of fast neutron detector.

3. Experiments
3.1 Validation experiment of epi-thermal neutron detector

In order to test the performance of the epi-thermal neutron detector, a verification experiment was
conducted at KUR, Kyoto University. After the experiment, we can deduce the epi-thermal neutron

flux intensity ®,,; [n/cm?/sec] by following equation:

epi

Q

Pepi = ¥ (1= e 70)

(2)

: L tion_at . : o
where Q[Bq] is radioactivity of 2Ga, Y [———=—2""__] {5 72Ga production sensitivity, A [1/sec]
source_neutron/cm?

is decay constant of 2Ga and t; [sec] is irradiation time.

In the test, sufficient activity of ?Ga can be induced only a short period irradiation.

Measurement conditions are shown in Table. 1. There are ®Ga and 7'Ga in natural Ga. Since this
detector uses "'Ga (n, y) "?Ga reaction, only the radioactivity of "2Ga (834 keV) was measured with
the HP-Ge detector. The radioactivity immediately after irradiation of 7?Ga was 1.31 kBq [7].
Therefore, the epi-thermal neutron flux intensity is estimated to be 1.75 X 108 [n/cm?/sec] by using
Eq. (2). The nominal value of the epi-thermal neutron (0.5 eV<En<10 keV) flux intensity is given
to be 1.52x 108 [n/cm?/sec] by KUR. Because this detector is a little sensitive to fast neutrons, a
small discrepancy is seen between the experimental value and the nominal value.

To investigate the contribution from fast neutrons, we carried out a correction calculation by
MCNP5. As a result, the amount of activation by fast neutrons was estimated to be 50 Bq when
simulating with the same system as the experiment. Removing the contribution from fast neutron,
the radioactivity becomes 1.26 kBq. Then, the epi-thermal neutron flux intensity is finally estimated

to be 1.69 X 108 [n/cm?/sec] by using Eq. (2). It shows an excellent agreement with the given value
by ~10 %.
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Table. 1 Measurement conditions

Measuring Equipment HP-Ge detector
Photon Peak Detection Efficiency

(834 keV) 0.00384
Irradiation Time 10 min
Cooling Time 26 min
Measurig Time 55 min

3.2 Validation experiment of fast neutron detector

In order to test the performance of the fast neutron detector, a verification experiment was
conducted at the FNL facility, Tohoku University. Three types of experiments were performed by
changing the applied voltage of proton and the beam current. After the experiment, we can deduce

the fast neutron flux intensity @, [n/cm?/sec] by following equation:

@ =A><QPE—QB4C
fast =y x (1 — e~Ah)

(3)

where A [-] is multiplication factor, Qpg [Bql is 7?Ga radioactivity of P.E.type, Qgsc [Bql is *Ga

reaction_atoms

radioactivity of B4C type, Y [ ] is ?Ga production sensitivity, A [1/sec] is decay

source_neutron/cm?

constant of 7?Ga and t; [sec] is irradiation time.
Table. 2 shows the experimental fast neutron flux intensities obtained by using the prototype
detector compared to the calculated values. From this table, the fast neutron flux intensity could be

measured accurately.

Table. 2 Estimated fast neutron flux intensity.

Measurement Conditions Fast Neutron Flux

Proton Applied Voltage Beam Current  Experimental Calculated C/E
[MeV] [MA] Value Value
Q) 2.5 5 7.15 X 106 6.41 X10° 0.856
@ 2.65 7.8 9.34 X 106 9.25 X 10° 0.99
©) 2.8 2.5 2.84 % 10° 3.26X10° 1.148
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4. Conclusion

Neutron flux intensity detectors for epi-thermal and fast neutrons were developed and
experimentally tested at KUR, Kyoto University and FNL facility, Tohoku University, respectively.
As a result, the epi-thermal neutron flux intensity in the neutron field for BNCT in KUR could
experimentally be estimated with a good accuracy of 10 % error. The fast neutron flux intensity
could also experimentally be estimated accurately in FNL of Tohoku University.

In the future, we will conduct a verification experiment of fast detector at KUR. And thereafter we

would like to conduct experiments in a real neutron field of Accelerator-Based Neutron Sources
(ABNS) for BNCT.
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The neutron elastic scattering reaction cross section data commonly show smaller in backward
angles compared to those of forward angles when the energy of incident neutron is high. However, in a
high neutron flux field, such as fusion reactor, the back-scattering reaction cross section is known to
become not negligible. Practically, until now, there were differences reported between experimental and
calculated values of neutron benchmark experiments using a DT neutron source (deuterium-tritium),
which focused on back-scattering phenomena like a gap streaming experiment to verify the prediction
accuracy of neutron streaming passing through narrow gaps while scattering. For this problem, we
developed a benchmark method for large-angle scattering cross sections and has carried out experiments
to measure the large-angle elastic scattering cross section of iron for the last few years. The benchmark
method was successfully established based on activation reaction of Nb having a large activation cross
section at around 14 MeV. However, Nb foil takes a long time to obtain the enough number of counts
due to the long half-life (10.2 day) and low detection efficiency of the decay gamma-ray. In this study,
to find a more suitable activation foil, we examined possible nuclides having appropriately short half-
lives, not so high gamma-ray energies because high detection efficiency is essential, large activation cross
sections, and not too low threshold energies of nuclear reaction. The optimization was carried out by
calculating and comparing the number of counts per reaction per nuclide for all nuclides listed in
JENDL/AD-2017.As a result, we have found that '’ Au(n,2n)'*Au was the most suitable reaction giving

us the largest number of counts in an acceptable short experimental time.

1. Introduction

As shown in Fig. 1, The neutron large-angels scattering reaction cross section data with high energy
neutron. This difference is not negligible in neutronics designs of high neutron flux fields in such as
fusion reactor. Therefore, it is necessary to measure back-scattering cross sections of Fe, Li, C, B etc. to
be used in the fusion reactor design. For this problem we designed the experimental system to extract the
contribution of large angle scattering reaction. [1] The benchmark method was successfully established
based on the activation of Nb foil normally used to characterize DT neutron sources. [2] However, Nb
foil takes a long time to obtain the enough number of counts due to the long half-life of about 10 days
and the low detection efficiency of the decay gamma-ray (energy of the decay gamma-ray = 934 keV).
In this study, to solve this problem, we examined possible activation nuclides having appropriately short

half-lives, not so high decay gamma-ray energies because high detection efficiency is essential, large
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cross sections. And not too low threshold energies are required for the accuracy of benchmark

experiments.

2. Benchmark experiments

Basic structure of the experimental systems and neutron transport paths we consider in benchmark
experiments are shown in Fig. 2. A shadow bar is installed to prevent neutrons from directly incident on
activation foil, which detects neutrons, from a neutron source. Possible paths that a neutron can transport
and contribute to the activation of the foil are numbered from 1 to 7. Path 1 is the neutron path via the
shadow bar. Path2 is the neutron path via the shadow bar and the sample. Path 3 is the backscattered
neutron from the sample, which is an object to be extracted. Path 4 is the neutron path via the wall and
shadow bar. Path 5 is the neutron path via the wall and the sample. Path 6 is the neutron path via the wall.
Path 7 is the neutron path via the shadow bar and the wall and the sample.

The benchmark experiments are conducted in four experimental systems for extracting the
contribution of large angle scattering reaction. Figure 3 shows the four experimental systems, two of
which are with a thin shadow bar with and without the target, i.e., sltc and slc, and the rest two of which
are with a thick shadow bar with and without the target, i.e., s2tc and s2c. Figure 3 also shows relation of
the neutron transport paths that contribute to activation of the foil in each of the four systems. The
contributions of paths 1, 4, and 6 are the same for sltc and slc, and for s2tc and s2c, because they depend
on the size of the shadow bars, but not depend on that of the sample. That of path 5 is the same for s2tc
and sltc, and for slc and s2c, because it depends on the presence of the sample. Therefore, calculating
sltc-s2tc-(slc-s2c), we can estimate the amount of activation by neutrons through paths 2, 3 and 7. Those
of paths 2 and 7 does not cancel each other out. However, they are relatively a rare event, because the
transporting neutron through the paths experiences a large number of scatterings. It means the
contributions of paths 2 and 7 show less than path 3 largely. We thus regard the two contributions as the
experimental error of the present benchmark method. By comparing the amount of activation obtained by
the experiment with MCNP simulation (the Monte Carlo simulation) [3], the correctness of the
backscattering cross section of the nuclear data can be verified. As an example, the result of a benchmark

experiment with the iron sample is detailed in Ref. [2].

1o — JENDL-4.0
—ENDF/B-VI In 2011
: %
T — JEFF-3.3FENDL3.1
3
o 04 —ENDF/B-VE in 2018
T
=
3
0.01
0.001

0 20 40 60 80 100 120 140 160 180
Angle (degree)

Figure 1 Angular distribution of neutron elastic scattering reaction cross section of *°Fe at 14
MeV. [4-8]
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Figure 2 Basic structure of the experimental ~ Figure 3 Four experimental systems and neutron

systems and neutron transport paths we consider  transport paths that contribute to activation for
in benchmark experiments. [1] each system. [1]

3. Method to optimize

At present, we need about one week to complete the benchmark experiments and another one week
to finish measurement of the activation foils, in case of Nb foil is employed. To reduce the irradiation
and measuring time, calculations of the number of counts for possible activation reactions were
carried out for all nuclides stored in JENDL/AD-2017 using following equation:

Count = Nj ofn@ dE X % Xfxgxlxex(l—eM)xe M x(1—e M) xDT (1)
E

where N, o, f,, ¢, 4, f, g, I, € ti, tc, tm DT represent the number of atoms, cross-section
[cm?] [9], factor of neutron self absorption [3], flux on foil calculated by MCNP with Fe sample
[/cm?/source neutron], decay constant [/s] [10], self shielding factor [11], isotopic ratio [12],
gamma-ray emission ratio [10], gamma-ray detection efficiency, irradiation time [s], cooling time
[s], measurement time [s] and neutron intensity [/s] (=5 X 10%), respectively. Consequently,
candidate activation nuclides showing the highest accuracy (the largest number of counts) were
found. To prevent the error of the count number from being dominant, we searched for an activation
foil that can obtain 10,000 counts in the shortest time.

Since the present benchmark experiments are conducted in OKTAVIAN facility of Osaka
University, Japan, there are constraints on the present calculation as follows. The maximum
irradiation time per day is 8 hours, and in the case of consecutive day’s experiment, the cooling
time of 16 hours between irradiations is required. In addition, the maximum measurement time was
set to 5 days. And gamma-ray detection efficiency used the value when the decay gamma-rays are
measured at a distance of 3.1 cm from the detection window using germanium detector. The energy
of backscattered neutrons by the sample is about 8-14 MeV depending on kind of the sample
nuclides, because the incident neutron energy is 14 MeV. Even if the reaction threshold energy is
below 8 MeV, the reaction cross section may still be low for the backscattered neutrons. Therefore,
in this study, we do not take into account the threshold energy, i.e., the threshold energy condition
is set to 0-14 MeV.

4. Result

The number of counts of the decay gamma-ray from Nb foil and the one that can realize the count

number larger than 2,000 counts in the combination of irradiation and measurement are shown in Fig. 4.
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This figure shows the increase in the number of counts measured for 1 to 5 days, when irradiation
continues for 1 to 4 days. As can be seen from Fig. 4, it is found that the most efficient activation material
to obtain 10,000 counts for the shortest irradiation and experimental period is gold using '*7Au(n,2n)*°Au
reaction. Table 1 shows a comparison of the threshold energy, cross-sectional area, half-life, gamma ray
energy and gamma ray emission ratio of '*°Au and °*"Nb. However, since '*°Au has multiple excited
state with a half-life of several minutes or more in Fig. 5 [13], it decays from two excited levels to the
ground state over time. Then the number of counts of the decay gamma-ray from ground state is expected
to be higher than estimation with Eq. (1).

Irradiation
1 day 2 day 3 day 4 day

- N + 107Ag(n,2n) 1%6mAg m2 T g.g h
Measurement. N = 30
1044 4da\)‘( R - o 4 197Ay(n,2n) 1%Au y y 1 <30 ns
3d AR . Lt
g L] e e
3 A E T T R B e Ay s
L T M T D M I 1 T 8.1s
1 A .t 1 93Nb(n,2n) 22"Nb g 6.183d
< . . 196
: a . +1236h(n,2n) 122Sh Au
10? :
Figure 4 The number of counts of nuclides whose Figure 5 The multiple excited
counts are larger than Nb foil. levels of '%°Au.
Table 1 Comparison of >™Nb and '*°Au.
92mNh 1962Ay  196mIAy  196m2A Y
Threshold energy [MeV] 9.1 8.1 8.2 8.7
Cross section at 14 MeV [barn] [8] 0.45 1.89 0.15 0.13
Half-life 10.1d 6.1d 8.1s 9.6h
Energy of emitted gamma ray [keV] 934 356 85 148
Emission ratio [%] 99 87 0.3 43

5. Formulation of foil activation method using gold foil

If the number of counts is represented by Eq. (1), reaction rate, || £ 0P dE, can be estimated from the
number of counts of experiments. Then the correctness of the backscattering cross section of nuclear data
can be verified by comparing the estimated reaction rate with the one calculated by the MCNP simulation.
In the case of gold, the number of counts cannot be expressed simply by Eq. (1) with the fact described
in Chap. 4. We thus need to formulate precisely to calculate the number of counts for gold in real
applications. The number of counts in the case of two days of irradiation as shown in Fig. 6 is expressed
by following equation:

CountzNAfRdEfogxIrxa, (2)
E
where R is a term that includes cross section and decay constant, irradiation time, measurement time, and

cooling time as shown in following equations. In these equations, gy, 0y, 05, 4g, 44, A, represent
cross sections of ground state, first excited state, second excited state, decay constant of ground state,
first excited state, second excited state, respectively.

A A
2 e_ﬂ'otm _ 0

R = (¢,A B,)(1 — e %otm D (1—— —
(paha ¥ @:B)(1 =) ¥ (2o ¥ e:D) (1 =275 Rz~ 20)

ehatn)  (3)

- 180 -



JAEA-Conf 2021-001

0'0+01+0'2+01+02 g,

7 (4)
4o A A=A
1 day irradiation i 2 day irradiation i
i til ti i
tel ¢ t t. |t
(P1 cl i (P1 cl (pz c :

Fig. 6 Summary of the experiments.
For 1 day irradiation, irradiate with flux ¢, for t;;, cool for t.; and then
measure the decay gamma-ray for t,,. For 2 day irradiation, irradiate with
flux ¢, for t;;, cool for t.; and irradiate with flux ¢, for t;,, cool for
t., and then measure the decay gamma-ray for t,,.

where A, B, C and D are given as below:

A= 0'(1 — e_AOtil) + 92 (1 — e—lztiz)e—lztcz + 92 (1 _ e—lztiz)e—lzfcz

Ao — 2z A =2,

2 (1 — e—lztiz)e—ﬂztm + 92 (1 — e_AZtil)e_AZtcl_lltil
Az =2

B = _|_0-(]_ — e—lotu)e—lotiz + 92 (1 — e—lztil)e—lztcl—lotiz
10— 17,

02 . ) 03 . .
+ 1 — e~ Aatin e—lz(tzz—tm—tcz) + 1 — e~ A2tin e_lz(tcl_tLZ_tCZ)
AO - AZ ( ) Al - AZ ( )

— % _ oAyt =yt __ 02 Py Ay (to—tin—tes)
C_Az(l e zzz)e 2c2,D_/12(1 e 211)3 2(le1—tliz—lc2

Recalculating the number of counts of °’Au(n,2n)'*®Au using Eq. (2), considering increment due to
decay of M Au and '"°™2Au, does not change significantly from Fig. 4 because g, is one digit larger
than o, and o,.

It is generally known that the nuclear data of the activation cross sections may have errors. Since
the errors of nuclear data of the activation cross sections (0,, 0y, 0,) cause the errors of R calculated
from MCNP simulation, it would be better to normalize g, 0y, g, with accurate re-measured values at
14 MeV experimentally. Since the number of counts of gamma rays emitted from '°™2Au can simply be
calculated by Eq. (1), 0, can be normalized accurately at 14 MeV. On the other hand, since the emission
ratio of gamma rays emitted from '*™ Au is small, the half-life is very short and the number of '™ Au
changes largely depending on the decay of '"®™2Au, the number of counts of gamma rays emitted from
9eml Ay cannot be expressed by Eq. (1). As a result, o; cannot be normalized easily. Similarly, the
number of '""Au changes irregularly due to existence of '"™Au and '"°™?Au, ¢, cannot also be
normalized easily. Therefore, we consider the following measuring procedure to utilize '°’Au(n,2n)'*°Au
in benchmark experiments.

First of all, paying attention to the fact that R can be represented by ¢, and o (including oy, oy,
and 03) as shown in Egs. (3) and (4), it can be seen that normalizing only ¢, and o can eliminate the
error of activation cross section in R. For normalizing o, cooling for 3 days after 1day irradiation. Then
196m2 Ay and 9™ Au almost decay and finally fall to the state of '°°Au. Therefore, '°7Au(n,2n)'*°Au can
be regarded as the virtual reaction in which '"®Au is just generated with the cross section o, and the count

number can be calculated by following equation:

Count= N, f @10dE x (1 — e Mtn)e~hota X fx gx I, X & (5)
E
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The virtual cross section value in Eq. (4), o, can thus be normalized and to be used in real benchmark

experiments in future.

The experiment to measure o, and o precisely in OKTAVIAN facility of Osaka University is

currently underway.

6. Conclusion
It was found from the theoretical examination that gold was the best activation foil to replace Nb

foil for the present benchmark experiment. In addition, the difficulty of using the reaction of '*7Au(n,2n)

due to the multiple excited levels, 1™ Au and '°°™Au, in the activated gold foil is successfully overcome.
After normalizing the cross section at 14 MeV at OKTAVIAN facility of Osaka University, the gold foil

activation method would be utilized for our benchmark experiments in future.
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Abstract

New nondestructive measurement technique has been developed with an AmBe neutron source to
evaluate the amount of water in concrete. A concrete wall is irradiated with fast neutrons to activate a gold
foil set on the concrete. By evaluating in advance the relation of the gold activity and water content by
calculations, we can determine the water content in the concrete, the water content of which is not known. In
this study, to validate the present technique, experiments were performed with concrete samples having
different water contents, which were made from only cement and water. It was confirmed from the
experiments that water content could be estimated by the present nondestructive measurement technique for
samples made of cement and water. Now we are examining the validity for concretes made of cement, water

and sand.

1. Introduction

Concrete is often used in nuclear facilities for radiation shield. Shielding performance of neutrons depends
mainly on water in concrete, because neutrons are mainly moderated by hydrogen atoms in water contained
in concrete. However, concrete loses its contained water as time passes. It can affect the ability of radiation
shield. We want to know water content in concrete for confirmation of the shielding performance of nuclear
facilities and for high-precision neutronics experiments. However, destructive methods to measure water
content in concrete are not suitable in nuclear facilities. So It is necessary to establish a new technique to
nondestructively determine water content in concrete.

In the present study, a new nondestructive measurement technique is developed to evaluate the amount of
water in concrete, and to validate the present technique experiments are performed with concrete samples

having different water contents, which are made from only cement and water.

2. Nondestructive measurement technique

It is known from previous studies that when a concrete sample is irradiated with neutrons, the neutrons are
moderated according to water content in the concrete. In other words, the number of fast neutrons moderated
to thermal neutrons is determined mainly by the amount of water in the concrete. By combining the property

explained above with the foil activation method, water content in concrete can be determined by the following
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procedure developed in the previous study [1].

As in an experimental system shown in Fig. 2.1, a gold foil and Am-Be neutron source are placed on
the concrete. The concrete is irradiated with fast neutrons by the Am-Be neutron source. Then, the
neutrons are moderated mainly by hydrogens in the concrete, moderated neutrons are leaking from the
concrete surface. The moderated neutrons enter the gold foil and activate it. Fast neutrons can be well
moderated, if the amount of water increases. As a result, the gold foil can be well activated. It means that
there should be a correlation between the water content in the concrete and the gold activity. In this study,
to make the calibration curve of gold activity to water content, series simulation calculations were
performed using MCNP5 [2], that is, gold activities are calculated for various concretes having various
water contents. Other conditions are as follows: Irradiation time is one day. The source intensity of Am-
Be is 2.4x10° n/s. The composition of the concrete used by calculation is shown in Table 2.1. From the
result, a calibration curve of the gold activity to the water content in the concrete was obtained.

Figure 2.2 shows the calibration curve obtained by the series simulations using MCNP5. Figure 2.3
shows an enlarged view of the calibration curve for the low water content region of 0 to 0.01 mol/cc. From
Fig. 2.3, as an exception concrete containing carbon which is a light atom (ANSI) and extremely high
density concrete (heavy concrete) deviate slightly from the trend of other concretes. However, for other
concretes, regardless of the density and composition, it can be seen that the gold activity changes depending
only on water content in the concrete. By using this calibration curve, it is possible to measure the water
content in a concrete wall, the water content of which is not known, with a gold foil and AmBe neutron
source. When the thickness of concrete is 40 cm or more, the activity of gold foil is constant regardless of
the thickness of concrete, so Fig. 2.2 can be used. On the contrary, when the thickness of concrete is 40
cm or less, the activity of gold foil changes depending on the thickness of concrete. Therefore, for

concrete with a thickness of 40 cm or less, it is necessary to create a calibration curve for each thickness.

Am-Be neutron source

Gold foil
(4 cmx4cm x0.05¢cm)

Concrete
/ (40 cm x 40cm % 40 cm)
-

Fig 2.1 Simulation system.
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Table 2.1 Composition of concretes. [3]

Ordinary concrete
Serpentinite concrete | Heavy concrete
JAERI ANSI JRR-4 (Wi%) (Wi%)
(Wt%) (Wt%) (Wt%)
H 0.416 0.208 0.894 1.916 0.45
C 0 5.582 0 0 0
(0) 50.74 49.339 50.534 50.415 31.392
Na 0 0 1.498 0.062 0
Mg 0.115 0.209 0.698 16.9 0.047
Al 0.446 0.511 5.501 1.28 0.199
Si 38.606 18.808 28.8 15.5 2.982
S 0.07 0.082 0.304 0.016 1.936
K 0 0 1.798 0.077 0
Ca 6.869 24.949 7.692 6.95 4.081
Ti 0 0 0 0.005 0
Mn 0 0 0 0.79 0
Fe 2.738 0 2.281 6.8 58.913
Ni 0 0.312 0 0 0
Total 100 100 100 100 100
density
2.05 2.33 2.24 2.275 3.35
(g/ce)
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Fig 2.2 Calibration curves of gold activity to water content.
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Fig 2.3 Calibration curves for low water content.

3. Experiment

In order to confirm the validity of the present technique, experiments were performed with four concrete
samples having different water contents, which were made from only cement and water, meaning they have
no aggregate. An example of the experimental system is shown in Fig. 3.1. Four concretes made very
carefully by ourselves have water contents as 0.0209, 0.0241, 0.0267 and 0.0272 mol/cc. As a way to know
the water content accurately, we measured the mass ratio of cement and water before mixing. Next, we mixed
cement and water, and we measured the mass of the concrete before it hardens. After that, the water content
in the concrete before solidification is measured by multiplying the mass and the mass ratio of water and

water before mixing. Finally, the difference between the mass of the concrete after solidification and the mass
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of the concrete before solidification is measured, and the difference is the amount of evaporation of water,
and the water content in the concrete is obtained by subtracting that amount. The densities of the four
concretes are 2.09, 2.05, 2.03, and 2.04 g/cc. The ratio of the amount of substance of four concretes is
shown in Table 3.1, 3.2, 3.3 and 3.4. The size of concretes is 40 cm in length, 40 cm in width, and 40 cm in
height. A gold foil and Am-Be neutron source were placed on the concrete as shown in Fig. 3.1, and a gold
foil was activated on each concrete by neutron irradiation with the Am-Be neutron source for one day. The
intensity of Am-Be source is 2.4x10° n/s. We measured the activation of each gold foil with a
germanium semiconductor detector. The gold activities obtained by the experiments were compared with

the predicted gold activities.

; . -]
Am-Be neutron source

- 40cm x 40cm X 40cm

AR AR

Fig 3.1 Experimental system.

Table 3.1 Ratio of the amount of substance in concrete 0.0209 (mol/cc)
element H @) Si Al Fe Ca Mg S Na K
Amount of 3187 4514 475 1.15 0.48 1546 0.60 0.37 0.08 0.11

substance (%)

Table 3.2 Ratio of the amount of substance in concrete 0.0241 (mol/cc)
element H @) Si Al Fe Ca Mg S Na K
Amount of 35.20 44.01 430 1.04 0.43 1398 0.54 0.33 0.08 0.10

substance (%)

Table 3.3 Ratio of the amount of substance in concrete 0.0267 (mol/cc)
element H O Si Al Fe Ca Mg S Na K
Amount of 37.68 43.17 396 096 040 1288 0.50 0.31 0.07 0.09

substance (%)
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Table 3.4 Ratio of the amount of substance in concrete 0.0272 (mol/cc)
element H O Si Al Fe Ca Mg S Na K
Amount of 3790 43.11 393 095 039 12.76 049 0.31 0.07 0.09

substance (%)

4. Results

Figure 4.1 shows the result of comparing the experimental value of the gold activity with the
calculated value. As a result, the calculated and experimental values agree well within the
experimental errors. In the next step, we plan to carry out experiments with real concretes with
aggregates, and thereafter measure a real concrete wall in our facility, OKTAVIAN. For that purpose, now we
are examining how to fix the real number of hydrogens in concrete for validation of the presently

proposed method.

250

Do
o
o

—_
(S}
o

theoretical

50

Activity of gold foil (Bq)

value

0 0.01 0.02 0.03 0.04
Water content (mol/cc)
Fig 4.1 Experiment result.
5. Conclusion
It was confirmed from the experiments that water content could be estimated by the present nondestructive
measurement technique for samples made of cement and water.
In the next step, we will confirm the validity for aggregate concretes, concretes containing carbon and

heavy concretes. Finally, we will apply to a real concrete wall in an actual nuclear facility.
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Abstract: Understanding the photoneutrons' production from high-energy photons plays an
important role in accelerators' shielding design. We measured the double differential cross
sections (DDX) for the (y,xn) with 16.6 MeV polarized photons on Pb, Au, Sn, Cu, Fe, and Ti
targets and observed the low-energy and high-energy components on the neutron energy spectra.
In this work, we present the first comparison between the DDXs from JENDL/PD-2016.1, used
in Monte Carlo simulation tools to evaluate dose rate. There is a disagreement between the
JENDL/PD-2016.1 and experimental data. The photoneutron's low energy component agrees with
the JENDL/PD-2016.1, while the high-energy component does not.

1. Introduction

In an electron accelerator, high-energy photons can be produced as bremsstrahlung radiations.
These photons can interact with surrounding accelerator components, and via the photonuclear reaction,
and produce secondary particles including neutrons. The double differential cross-section (DDX) of the
photoneutron is an essential quantity for radiation shielding and shielding calculation of the electron
accelerator design.

Until now, there are researches about photo-neutrons production in photonuclear reaction [1-4].
In the previous study of our research group [1], photoneutrons' energy spectra produced by the reaction
of 16.6 MeV polarized photons on the Pb, Au, Sn, Cu, Fe, and Ti targets were measured at various angles.
The low-energy and high-energy components were identified in the energy spectra [1]. The angular
distribution of the low-energy component showed isotropic, while the high-energy component showed
a dependence on the interaction angle between photon polarization and neutron emission [1].

The evaluated nuclear data library is used in simulation tools (such as PHITS, which is mentioned
in section 3) for shielding calculation and particle transportation. Comparison between the experimental
data and the evaluated data on DDXs of medium to heavy targets provides new information on photo-
neutron energy and angular distribution in addition to show contributions from evaporation and pre-
equilibrium processes separately.
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2. Experiment
The experiment was performed at NewSUBARU-BLO1, Hyogo, Japan. The details of our
experimental setup were mentioned in Ref. [1]. Figure 1 indicates a detector system and setup of

photoneutron measurement.

University of Hyogo Synchrotron

NewSUBARU e

Plastic

Figure 1. The experimental setup of the photo-neutron measurement

In this measurement, we determined the photoneutron production per incident LCS photon. We
placed a plastic scintillator, with 0.5 cm thickness and 10 cm? surface area, at 179.7 cm upstream from
the target to estimate the number of incidents LCS photons. The cylindrical-shaped targets of Pb, Au,
Sn, Cu, Fe, and Ti, with 1 cm diameter and 1-4 cm thicknesses, were prepared in this experiment. The
LCS photons interact with the prepared targets and generate neutrons. We placed six 12.7 cmx®12.7
cm" cylindrical detector filled with NE213 organic liquid scintillator at different angles 30°, 60°, 90°,
120°, 150° (horizontally), and 90" (vertically), with respect to the photon beam axis. The distances
from the target center to the detectors ranged from 60 to 90 cm. As the neutron detector was sensitive
to both photoneutrons and background gamma radiations, a pulse shape discrimination (PSD)
method was employed. The time-of-flight (TOF) technique was employed to measure the neutron
energy. A VME-based data acquisition (DAQ) system was set up to collect the tail and full charges of
NE213’s signals by using a QDC module and measure the time difference between the LCS photon
and NE213 detector by using a TDC module. The energy deposited in the plastic scintillator was also
measured by our DAQ.
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The neutron was distinguished from gamma events by a two-dimensional plot of time-of-flight vs ratio
of light outputs from slow and total gates (Slow/Total). Figure 2 displays neutron-gamma events
separation. Figure 3 indicates neutron-gamma time-of-flight spectra after neutron-gamma events
separation. An energy threshold of 0.25 MeVee employed in our data was determined by energy
calibration using gamma radiations of '*’Cs, ??Na, and *“’Co.

1

0.9

o
®

heutron

o
\l

=
(3

0.3F

Slow/Total
o
()]
lIlI][III|IIII|IIIIIIIII|IIIIIIIII[IIII

I 1 PR TR NN T T T, Y W |

5000 5500 6000 6500 7000
TDC channel [ch]

0

s

o
o

Figure 2. Separation of neutron and gamma events by using ratio of pulse heigh slow and total gates

"9 Au(y,xn)

—_
o
r

FWHM=0.83ns
ﬁ

T IIIHIIl
T

—
o
w

I \IIHIl

—
o
[

L I\IIII‘

Counts [/ch]

|
DAL TR TR TR
4500 5000 5500 6000 6500 7000
TDC channel [ch]

Figure 3. The neutron and gamma spectrum

We determined the efficiency of neutron detectors by measuring a >*?Cf source and the SCINFUL-
QMD simulation [7] to evaluate the total number of neutrons emitted from the target. The photon self-
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absorption factor inside the Au target was evaluated using the PHITS [8] simulation tool. With our setup,
we obtained a time resolution of 0.83 ns at gamma peak and a neutron’s energy resolution of less than
10%.

The experimental data was obtained by using the polarized photon. In this work, we presented the
DDXs, which were obtained by detectors at vertical 90 degrees and horizontal 60 degrees (H60) to
minimize the polarization effect of the photon.

3. Evaluated nuclear data library and PHITS calculation

In this work, the DDXs from the evaluated nuclear data library and PHITS calculation are
compared with the experimental data. The DDXs were extracted from JENDL/PD-2004 and
JENDL/PD-2016.1 library by our python-based software. The abundances of each target's isotopes were
considered in calculating the DDXs from the JENDL/PD-2016.1 library. Because we experimented
using the monoenergetic 16.6 MeV incident photons, the JENDL/PD-2016.1 DDXs of the incident
photon’s energy within 16 MeV — 17 MeV were taken average to yield the spectrum of the library that
should be compared to the experimental data.

We used PHITS to calculate the DDX of photoneutron produced by the 16.95 MeV photons
incident on the Au, Pb, Sn, Cu, Fe, and Ti, which were natural targets. This energy was equal to the
maximum energy used in the experiment. The targets were cylindrical in this simulation with both
diameter and thickness of 5 um to remove the self-absorption effect due to the target’s thickness. This
self-absorption effect was considered in the experiment normalizing the DDX with the photon and
neutron attenuation factors. The DDX was obtained on a detector cylinder, with both diameter and

thickness of 12.7 cm, placed at 90 degrees and 60 cm away from the target.

4. Result and discussion

Figure 4 shows DDXs obtained from the experiment, the evaluated nuclear data libraries, the
PHITS calculation for the Au target. The circles indicate the experimental data at horizontal 60° (H60),
and the squares are the data at vertical 90° (V90). The experimental spectra indicate the low and high
energy components.

The black and blue lines are PHITS results (version 3.16) and JENDL/PD-2004, respectively. The
PHITS code has used the reaction cross-section from JENDL/PD-2004 and the Generalized Evaporation
Model (GEM) to generate energy spectra. Different models predict the different DDXs, PHITS [9] has
used the GEM, while JENDL/PD-2004 [10] has used exciton model-based code, CCONE, to produce
the DDXs of photo-neutron. The both spectra are not consistent with the experimental spectra, the high-
energy component was not reproduced by the PHITS and JENDL/PD-2004. In addition to this, the slope
of the PHITS spectrum is lower than the experimental spectra.

The red line is the DDXs from JENDL/PD-2016.1. In this comparison, JENDL/PD-2016.1
produced the energy distribution in low energy, whereas this model cannot explain the high-energy
component.

A maximum neutron energy was determined by subtracting Qvane of the (y,xn) reaction from the
photon energy. The maximum energy of results from the evaluated nuclear data and PHITS calculation
are lower than the experimental data. The maximum energy in the JENDL and PHITS have been
calculated using exactly the Q-value of the photonuclear reaction. In the photo-neutron measurement,
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that was impacted by energy resolution of neutron and the incident photon. The comparison of other
targets is similar to that of Au.

In this comparison, PHITS simulation does not produce the high-energy component, in spite of
the good agreement in the low-energy region below 4 MeV. Besides, the evaluated nuclear data library

could not reproduce the high-energy region.

1x107 p ] I : : :
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Figure 4. Results of PHITS, evaluated nuclear data libraries and experiment for the DDXs of
197 Au(y,xn)

5. Conclusion

We compared the double differential cross-section from the evaluated nuclear data library
(JENDL/PD-2016.1) and the experiment. The results show disagreement between JENDL/PD-2016.1
and the experiment in high energy region. Thus, a model to reproduce the high energy component should
be included in the simulation. To develop a model of high prediction power, further measurement on

DDX is strongly desired for various targets and energies.
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To optimize the disposal of low-level radioactive wastes originating from the decommissioning of
nuclear facilities, required are 1) a reliable assessment of the radioactivity level by calculations and
measurements and 2) a rational estimate of uncertainties of those results for the classification of the
radioactive waste. We established a procedure to estimate uncertainties of a radioactivity concentration
required in the clearance verification by evaluating and propagating covariance of nuclear data properly.
For this aim, we estimated covariance of neutron cross sections of nuclides that account for over 90 % in
the sum of D/C of concrete materials and carbon steels. Here, D stands for the radioactivity concentration,
and C stands for the clearance level. The covariance of nuclear data was estimated by employing a
propagation of uncertainties of nuclear model parameters in the resonance and smooth regions by a
combination of nuclear model codes implemented in T6. Then, we developed a new method to calculate
uncertainty of the radioactivity by "Total Monte Carlo" method by connecting randomly perturbed ENDF-
6 format files generated by T6 to NJOY 2016, and random 1-group activation cross sections were inserted
to ORIGEN2 in ORLIBJ40. It was concluded that the uncertainty of the radioactivity due to that of nuclear
data for nuclides which dominate the XD/C is of the order of 0.12 to 1.2%, which is sufficiently smaller

than the uncertainty of the radioactivity originating from that of the neutron flux.

1. Background and Purpose

At present, more than 20 nuclear power plants are either in the process of decommission or planned
to be decommissioned in near future in Japan. Therefore, decommissioning will become an important
activity in nuclear industry, so the procedure must be standardized. Decommissioning of nuclear power
plants produces huge amount of low-level radioactive waste. Radioactive wastes with extremely low
radioactivity concentrations and therefore having negligible impact to general public are referred to as
clearance wastes. They can be reused and disposed of in the same way as general industrial waste with

the confirmation and permission of regulation authority. Promotion of clearance reduces the
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environmental burdens and hence accomplishes streamlining and facilitating decommissioning in a
proper way.

To be classified as clearance wastes, XD/C, sum of D/C by each specified nucleus, must be lower
than 1. Here, D stands for radioactivity concentration, and C stands for clearance level. In near future,
Nuclear Regulation Authority will stipulate that the uncertainty of radioactivity concentration must be
considered as a part of clearance procedure [1]. Therefore, it is required to establish a method to evaluate
the radioactivity concentration having rational uncertainty.

Uncertainty of radioactivity concentration depends on uncertainty of three factors, (1) nuclide
composition of material, (2) neutron irradiation condition and (3) nuclear data. Uncertainty of nuclear
data, namely, covariance data, was not considered in previous clearance studies. On the other hand, while
nuclear data library JENDL-4.0 that is frequently used for radioactivation calculation in Japan has nuclear
data for 406 nuclides, only 95 of them have covariance data. Evaluation of uncertainty of radioactivity
cannot be performed correctly without covariance data. For example, it is known that simple square sum
propagation of variance data gives underestimation of the uncertainty when the off-diagonal elements of
the covariance matrix are positive, while it gives overestimation when the off-diagonal elements are
negative. Accurate estimation of the uncertainty of the radioactivity is possible only when the full
covariance matrix is taken into consideration. For this reason, considering covariance data in uncertainty
evaluation is essentially important.

The purpose of this study is to establish a method to estimate the covariance data for nuclides without
covariance data in JENDL-4.0, and also to construct a method to quantitatively evaluate the effect of

uncertainty of nuclear data in the calculation of radioactivity by connecting to radioactivation calculation.

2. Developed evaluation method

As a method to quantitatively evaluate the influence of uncertainty in nuclear data, we developed an
evaluation method using the TMC (Total Monte Carlo) method, which incorporates calculations by the
nuclear data evaluation code group T6 [2]. Figure 1 shows our evaluation method.

T6 consists of 6 codes (TASMAN, TALYS, TARES, TEFAL, TANES, TAFIS) and produces
nuclear data library. In this study, we used 4 codes in T6, TALYS, TARES, TASMAN and TEFAL (Table
1). T6 calculation generates perturbed cross sections in ENDF-6 format file. These files are denoted as
random files. TMC calculation is the process of performing radioactivation calculation using ORLIBJ40
with these random files as input, and then statistically processing the result.

As preparation of T6 calculation, (1) reproduction of cross section in JENDL-4.0 and (2) adjustment
of distributions of model parameters for random calculation are needed. For (1), resonance parameters in
JENDL-4.0 were used to calculate cross sections in the resonance region with TARES and parameters
including optical model parameters are adjusted manually to calculate cross sections in the continuous
region with TALYS. For (2), uncertainties of resonance parameters evaluated by Mughabghab [3, 4] were
employed in the resonance region. Uncertainties of negative resonances were adjusted to reproduce
uncertainty of the thermal cross section. On the other hand, TALYS improves parameter distributions for
each random calculation based on Bayesian Monte Carlo (BMC) method. The posterior distribution
obtained by the BMC method starting from a uniform distribution given as the prior distribution was used
as the parameter distribution in the main calculation. After configurating the above setting, 1,000 random
files were produced by 1,000 random calculations as the main calculation.

In the TMC calculation, the random files were processed by NJOY2016 and then effective one-group
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cross section was generated for each random file using neutron flux data. Then, it was incorporated into
the one-group cross section library set ORLIBJ40, and ORIGEN2 was used to calculate the radioactivity.
This procedure was repeated for the number of random files, and the results were statistically processed

to obtain the mean value and standard deviation.
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Figure 1 Overview of developed evaluation method

Table 1 Codes in T6 used in this study

TALYS a nuclear reaction code to calculate cross sections in the continuous region.

TARES a code to generate resonance cross sections.

TASMAN | a code for production of covariance data using result of TALYS and TARES.

TEFAL a code for the translation of the nuclear reaction results from TALYS, TARES and
TASMAN into ENDF-6 formatted nuclear data libraries.

3. Calculation Result of Covariance with T6

The nuclides to be evaluated were selected by performing calculation of radioactivity by ORLIBJ40.
The assumed plant was Hamaoka unit-1. Evaluation position was located at 30 cm depth from the surface
of the concrete of the RSW (Reactor Shielding Wall) at the center height of the reactor core. Materials
were general concrete material (density = 2.3 g/cm?®) and carbon steel of primary containment vessel
(PCV) (density = 7.86 g/cm?). Material composition data and neutron flux data ware provided from Chubu
Electric Power Co., Inc. Figure 2 shows neutron flux at the evaluation point. Effective full power year
(EFPY) is 16.2 years. As a result of activation calculation, °°Co and '?Eu were found to be the dominant
radionuclides. Therefore, their parent nuclides, °Co and '’!'Eu, were selected as the nuclides to be
evaluated.

Random calculations were carried out by reproducing the cross sections of JENDL-4.0 for the

evaluated nuclides and adjusting the parameter distribution according to the procedure shown in Section
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2. The top graph in figure 3 shows perturbed *'Eu(n, y)'3?Eu cross sections generated T6. The bottom
graph in Figure 3 shows the relative standard deviation when the generated cross sections were grouped
by the VITAMIN-BG6 structure and statistically processed.

Figure 4 shows correlation matrix of (n, y) cross section of '>'Eu. In 1/v region, correlation is strongly
positive since the energy-dependence of the cross section is fixed. On the other hand, correlation is weak
and complex in resonance region. Correlation between continuous and resonance regions is zero because
TALYS and TARES are independent calculations of each other. Similarly, we also calculated correlations

between different reactions for calculations, including neutron transport calculation, other than this study.
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Figure 2 Neutron flux in the concrete 30 cm deep from the surface of the RSW at the center height
of the reactor core (VITAMIN-B6 structure)
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Figure 3 Perturbed '3'Eu(n, y)'3?Eu cross sections generated by 1000 times T6 calculation

and relative standard deviation
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Figure 4 Correlation matrix of (n, y) cross section of '3!'Eu calculated with T6

4. Evaluation of Uncertainty of Radioactivity

We calculated D/C uncertainty due to nuclear data by TMC calculation. Figure 5 shows calculated
D/C and relative standard deviation of that of dominant nuclides in concrete. From the result, A(D/C) of
%0Co is 0.12 % and that of '3?Eu is 1.2 %. Figure 6 shows similar calculation result in carbon steel (PCV).
From the result, A(D/C) of ®*Co is 0.12 %. These results are smaller than uncertainty due to neutron flux
data, which is dozens % [5]. Therefore, it can be concluded that the uncertainty due to nuclear data is not
major factor in the uncertainty of the radioactivity.

10! — 71— 0.20 10' — T 20
4015 .
= 1010 o {108
. = . =)
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4 0.05 .
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0 10 20 30 40
Cooling time (y) Cooling time (y)

Figure 5 D/C and relative standard deviation of D/C (A(D/C)) of dominant nuclides in concrete
(left: ®°Co, right: '>?Eu)
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Figure 6 D/C and A(D/C) of dominant nuclide, °°Co, in carbon steel

5. Conclusion

In order to contribute to the rationalization of the disposal of dismantled waste generated in the
decommissioning of nuclear power plants, we developed quantitative evaluation method of the
uncertainty in radioactivity due to uncertainty of nuclear data. Then, we applied our evaluation method
to Hamaoka unit-1 and evaluated the uncertainty of D/C of important nuclides in clearance verification,
%0Co and '’Eu.

Our evaluation method consists of T6 calculation and TMC calculation. T6 calculation generates
perturbed cross sections in ENDF-6 format file for data that reproduces JENDL-4.0. TMC calculation
is the process of performing activation calculation using ORLIBJ40 with generated cross sections as
input, and then statistically processing the result.

We applied developed method to Hamaoka unit-1 and calculated uncertainty of D/C of dominant
nuclides in concrete material and carbon steel. From the result, uncertainty of ®*Co due to nuclear data is
0.12 % and that of '32Eu is 1.2 %. They are smaller than uncertainty due to neutron flux data, which is
dozens %. Therefore, it can be concluded that the uncertainty due to nuclear data is not major factor in

the uncertainty of the radioactivity.
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Aiming at development of a compact neutron source for non-destructive inspection,
RIKEN Accelerator-driven compact Neutron Source-II (RANS-II), based on the p-Li re-
action with 2.49 MeV proton beam, has been under beam commissioning. As it is important
to assess the validity of neutrons at the RANS-II facility, radiation fields in a rather narrow
experimental room has been studied. The characteristics of neutron and ~-ray are calculated
by simulation with Particle and Heavy Ion Transport code System (PHITS). As a result, ex-
cept for a target station, neutrons and v-rays distribute widely in the hall. The scattered
radiation could be the major contributor to the background events in the future experiments.
Thus, a collimator is designed to suppress the background radiation. In this article, we report
the radiation fields in the RANS-II hall and the effectiveness of the collimator.

1 Introduction

RIKEN Accelerator-driven compact Neutron Source-II (RANS-II) has been under beam commis-
sioning to demonstrate specific performance of the system[1]. At the RANS-II facility, neutrons
are produced via "Li(p, n)”Be reaction with 2.49 MeV proton beam. Through the studies of neu-
trons generated at RANS-II, RIKEN has a prospect of realizing novel non-destructive neutron
inspection for infrastructures.

As prominent characteristics, RANS-II has the maximum neutron energy of 0.8 MeV, which
is lower than that of 5 MeV at RANS based on the Be(p, n)’B reaction with 7 MeV proton
injection[2]. Neutron at the RANS-II facility has extremely forward-favored angular distribution
with respect to the proton beam direction. Also, it should be emphasized that the RANS-II
system is installed in a relatively small space isolated by concrete shield with boron containment.
Accordingly, there should be quite large differences in neutronic performances between RANS-II
and RANS in terms of neutron spectrum and angular distributions. Prior to future experiments
at RANS-II, the simulation of radiation fields for neutron and v-ray in the RANS-II experimental
hall plays a critical important role for designing experimental set-up in low background.
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In this paper, we report characteristics of dose rate in the experimental hall. Major source
of background and adequacy of shielding are discussed in viewing requirement from future ex-
periment. Also we have preliminary designed collimators to provide neutron beam for the
experiments. The effect of collimator is discussed from quality of neutron beam profile as well
as reduction of radiation background in the hall.

2 Simulation

2.1 Cross section data and simulation code

We have performed simulations to characterize radiation fields of RANS-II with the use of Parti-
cle and Heavy Ion Transport code System (PHITS)[3]. To calculate neutron production via the
"Li(p, n)"Be reaction, Evaluated Nuclear Data File/B-VIL.0 (ENDF/B-VIL.0)[4] is employed.
The cross section of ENDF/B-VII.0 is shown in Figure 1. Neutron energy spectra at six angles
with respect to proton beam direction with ENDF/B-VIL.0 is depicted in Figure 2. We use
an angular width of +1.5° in the figure. According to Figure 2, characteristics of the maxi-
mum energy and the angler distributions of forward-favored are visible. Japanese Evaluated
Nuclear Data Library-4.0 (JENDL-4.0)[5] and Livermore Evaluated Photon Data Library ’97
(EPDL97)[6] is applied to calculate interactions of neutrons and 7-ray, respectively.
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Figure 2: Neutron energy spectra from 0° to
180° at 30° intervals with respect to the proton
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Figure 1: Cross section of "Li(p, n)"Be reaction
from ENDF /B-VII.O.
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Figure 3: Plan view of the calculation model for the RANS-II experimental hall. Accelerator
and target station of RANS-II are surrounded by concrete and partially colemanite concrete
with boron.
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2.2 Model for simulation

Simplified model of the RANS-II experimental
hall, accelerator, target station in PHITS is il-
lustrated in Figure 3. The size of the hall is
about 14 x 5.5 x 3.0 m®. An enlarged view proton

proton

e Air
of the target station is shown in Figure 4. The = re

I Pb
lithium(Li) target is made by depositing thin Li == 3_Poethylens
layer of about 100 pm on a 5 mm thick copper - zmw'e"e
substrate cooled by water in the target station. e

vacuum

The target station with all of the sides about

900 mm long has five layers, polyethylene(PE), éi:nlii;n ’
lead(Pb), borated polyethylene with 10 % weight ~350 -300 -250 -200
B20O3(BPE), lead and iron to reduce the radia- zlem

tion leakage. There is a hole with a 150 x 150
mm? cross section in the forward direction. Cal-
culations introduced in the following chapters

are performed with these systems.

Figure 4: RANS-II target station.
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Figure 5: Dose rate distribution of neutrons and ~-rays at the RANS-II hall. The T-Track tally
in PHITS is used. The mesh width for both x and z axis is 100 mm in the calculation.

3 Result and discussion

3.1 Dose rate distribution

We assume 100 pA for the proton beam current at the Li target. Dose rate distribution of neu-
trons and v-rays at the RANS-II hall is depicted in Figure 5. The dose conversion coefficient|[7]
in PHITS is utilized in Figure 5. Along the downstream of the beam line, the highest dose
rate of neutrons is shown. Except locations near the neutron production target and along the
proton beam direction, dose rate distribute uniformly. Around the side of the target station,
the dose rate is the order of 1.0 mSv/h and 0.1 mSv/h for neutron and ~v-ray, respectively. For
the neutrons, the dose rate is caused by the scattered neutrons with the down stream concrete
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walls. Dose rate of y-ray is mainly attributed to y-ray from the reactions between neutrons
and elements in the concrete. The ratio of the component scattered from the concrete walls
is about 90% for both neutrons and ~-ray at the region. The scattered neutrons and 4-rays
become background events in the future experiments. Suppression of the background radiation
is important. Therefore, we have a plan to install a collimator in the target station to reduce
the excessive spread of the neutron beam introduced in the following chapter.

3.2 Collimator

To suppress the spread of neu-

trons, it is intended to insert r . ! ! ]
a collimator in the downstream -750 | g
openings at the target station as - 4 W= Air
shown in Figure 6. There is a 800 E L - E:
cylindrical cavity at the center of = aso b ] m B_Polyethylene
the collimator. The length of the S, r ] Polyethylene
collimator is 530 mm. It is nec- Cann E | == Cu

. . 900 £ - E Alminium
essary to examine the influence - . HO
of the collimator’s material and 950 F //‘44_ detector vacuum
hole diameter for neutron sup- - o in simulationﬁ

. . . _ C | il I

pression ca'pamty. ‘The material 1000 " 400 “300 200
of the collimator is assumed to z [cm]
be PE or BPE. The hole diame-
ter is 10, 30 and 50 mm. At the Figure 6: Target station with a PE collimator.

downstream of the target station,

detectors in simulation are aligned along a surface perpendicular to proton beam direction. Sizes
of the detectors are 10 x 10 x 10 mm?® and 100 x 100 x 100 mm? at the central region and
outside region, respectively. x’ axis is defined as the axis along the detectors. The number of
neutrons is obtained by the T-Cross tally implemented in PHITS. The energy range for fast and
thermal neutrons is set from 1072 to 10> MeV and from 10~ to 10~7 MeV, respectively.
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Figure 7: Fast and thermal neutron flux at the downstream. The horizontal axis means the
value of x’. The vertical axis represents the flux of neutrons.
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The results of neutron flux are shown in Figure 7. The black line stands for the result without
the collimator. The red line means the outcome for the PE collimator with the 10 mm cylinder
hole. The other colors’ lines are similar to the red line. Because the PE or BPE collimator
has elements with small mass number, it is effective for neutron suppression. According to the
results of fast neutrons, the suppression ability for the PE collimator is a little greater than that
for BPE collimator. This is attributed to the greater amount of hydrogen in the PE collimator
than BPE one. For thermal neutrons, the BPE collimator has much stronger power than the PE
collimator due to boron effect. The result suggests that the BPE collimator is appropriate to
reduce the wide spreading of thermal neutrons. When the diameter of the collimator is 10 mm,
the number of neutrons is too suppressed to utilize for future experiments. The collimator with
30 mm hole is enough to provide sharp neutron beam because the fast and thermal neutron flux
are roughly to be less than 1/100 at the outer region from x’ = 15 compared with the value at
x’ = 0. Accordingly, we conclude that BPE collimator with 30 mm hole is suitable for neutron
suppression.

Because the v-rays’ attenua-

tion in materials depends on the . ! ! ! ]
mass number, significant effect ~750 | 7 .
for ~-ray of the BPE collimator - j -.ae
: 800 | o Bl
is not expected. To control - - N P
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. . r S| I Cu
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| | |
is fixed to be from 1079 to 102 ~1000 T o 300 200
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Figure 9: Neutron and ~-ray flux at the downstream.
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The calculation results with BPE + Pb collimator are depicted in Figure 9. The black, red
and green line stands for the result without the collimator, that with the BPE collimator and
that with the BPE + Pb collimator, respectively. According to the neutron result, the neutron
flux with the BPE and Pb collimator is a little greater than that of only BPE collimator due
to the reduction of BPE area of the collimator. On the other hand, great contribution for y-ray
flux is observed. Compared with the value at the point of x* = 0, y-ray flux drops by about 5%
at the external area from x’ = 15.

4 Conclusion

The distribution of neutrons and v-rays in the RANS-II experimental hall are acquired with
the use of PHITS. The interactions of neutrons and ~-rays are described by JENDL-4.0 and
EPDL97, respectively. Due to the openings at the downstream of the target station and small
experimental hall, neutrons and ~-rays spread widely in the hall. When the BPE and Pb
collimator is installed in the openings of the target station, The RANS-II facility can supply
sharp neutron beam with low background condition.
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Proton-induced nuclide production cross sections of ™'Lu target were measured at incident energies of 0.4, 1.3,
2.2, and 3.0 GeV by means of the conventional activation method. The targets were irradiated by the proton beam
generated from the 3 GeV Rapid Cycling Synchrotron of Japan Proton Accelerator Research Complex. Gamma-
rays emitted by the irradiated samples were detected by two high purity Ge detectors. The experimental data were
compared with model predictions to benchmark reaction models used in the simulation of particle transport in

matter, INCL4.6/GEM and INCL++/ABLAOQ7.

1. Introduction

For the design of high-energy accelerator facilities such as accelerator-driven transmutation systems (ADSs)
and spallation neutron sources, reliable assessment of radioactivity in target and structural materials requires
sufficiently accurate estimation of the production yields of radioactive nuclides. Although a great deal of effort has
been devoted to studying the spallation reactions from both the theoretical and experimental [1, 2] perspectives,
the prediction powers of theoretical models are still insufficient. As for the experiments, relatively large
uncertainties (~10%) in the experimental data make it difficult to improve the theoretical models. To obtain
accurate experimental data required for improving the theoretical models, we have conducted a series of systematic
measurements of nuclide production cross sections for various targets using the 3 GeV Rapid Cycling Synchrotron
(RCS) accelerator at the Japan Proton Accelerator Research Complex (J-PARC). Our previous experiments for Al,
Pb, and Bi targets [3,4] showed that a well-calibrated current transformer successfully reduced the uncertainty in
the beam current, which finally achieved approximately 3.6% as the minimum total uncertainty.

To improve theoretical reaction models, further experimental data are required in the GeV range where the
experimental data are insufficient. Recently, we have measured the nuclide production cross sections for Ho, Lu,
and Re at 0.4, 1.3, 2.2, and 3.0 GeV to meet the requirement. In this paper, we show preliminary results of "™Lu.
In addition, we compare the measured data with theoretical model calculations using INCL4.6/GEM [5, 6] and

INCL++/ABLA07 [7, 8].

2. Experiment

The sample foils were assembled in four stacks as shown in Figurel. In each stack, Ho, Lu, and Re targets
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were put in order of increasing atomic number. To prevent the products from escaping to the other target, Al foils
were inserted between samples. All foils were 25 mm x 25 mm square and 0.1-mm thick. Four sets of stacks were
enclosed in 0.1-mm-thick Al containers, and were fixed on movable stages in a vacuum chamber, which was
installed in the beam dump line. Each stack was inserted to the irradiation position, and irradiated by proton beam
with energies of 0.4, 1.3, 2.2, and 3.0 GeV. The beam profiles and currents were monitored by multi-wire profile
monitors [9] installed in the beam transport line. Typical irradiation time was approximately 100 seconds.

After the irradiation, gamma-ray measurement was performed with two high-purity Ge detectors. Energy
calibration and determination of detection efficiency of the detectors were performed with standard gamma-ray
sources '3’Cs, ®Co, "?Eu, and **' Am. The gamma-ray measurement was periodically performed with different
intervals ranging from 0.5 hours to 7 days. During the measurement, an acrylic spacer was placed between the

sample and the detector to keep the geometrical detection efficiency constant.

Al Al Ho Al Lu Al Re Al

Proton beam

All foils are 0.1-mm-thick

Figure 1. Schematic drawing of a sample stack.

3. Data Analysis
3.1 Determination of the number of protons

During the experiment, the total number of protons irradiated to the samples was monitored by the multi-wire
profile monitors. However, a part of protons transits without bombarding the sample because of the spatial expanse
of the proton beam. To determine accurately the number of protons that bombarded the sample foils, two-
dimensional activation distributions of the foils were taken by the FUJIIFILM BAS-SR2040 imaging plate. Here,
we assumed that the activation distribution is identical to the proton-beam profile. Figure 2 shows an example of
the activation distributions of Lu target irradiated by 3.0-GeV protons. The proton-beam profile is well
approximated by the two-dimensional gaussian:

N e [_ 1 {(x —w)? (- w) 2p(—p)(y - My)}l R

Znaxay\/l——pz 2(1-p% of oy Ox0y

where N, f, Wy, Oy, 0y, and p are the fitting parameters. By fitting the activation distribution, the number of

flx,y) =

protons that bombarded the sample, Nyjo¢0n, Were determined by

1
Nproton = Niotal proton X ﬁ f(x' y)dXdy’ )
foil
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where  Niorar proton = 2.30 X 10'* was measured by the current transformer. For this correction, typical

correction factor, Npyoton/Ntotal proton Was approximately 0.97.

|
! Felipeares Table 1. Number of protons bombarding the sample
i
. i Proton energy [GeV] Nproton
E
= 0.4 2.17X10"
1.3 2.26X10™"
2.2 2.26X10"
20 25 30
x [mm] 3.0 2.23X10"

Figure 2. Example of activation

distribution taken by an imaging plate

3.2 Cross section determination
Figure 3 shows an example of the gamma-ray spectrum for 3.0-GeV proton irradiation. The number of

products at time t after proton irradiation was obtained by

C(t, ty,)
Nyroduct (£) = m. 3)

where C(t,t,,) is the number of peak counts in a gamma line with the measurement time t,,, 4 is the decay
constant of the product nuclide, I, is the gamma intensity, and €, is the peak efficiency of the detector. Figure 4

shows some examples of decay curves obtained for >*Na and '7’Lu. The fitting curve is expressed by

Nproduct(t) = Nproduct(t = O)e_h; 4)

where the number of products at the end of proton irradiation, Npyoayee(t = 0), was determined as a fitting

parameter. Finally, the production cross section ¢ was obtained by

o= Nproduct(t =0) ‘ (5)

anroton

where n is the areal number density of target nuclei in the sample foil.

10" . 100 . ‘ ‘ t
3.0GeV p+ "Ly 3.0GeVp+ "Ly
— 400 [ ‘cooling time:38'h —_—
=10 N ‘ ' = 10°
s ‘ measurement time: 8. } — 10
2 ; : ) S
'T.ﬂ. 10 R é 108
Q e
©ag2l ... .. ™ a
® 10 5 107
E 2 10
3
108 Tl £
Z 10°} ]
L L o bl i e
10 . ‘ ‘ !
0 1000 2000 3000 4000 0 20 40 50 80 100
Gamma energy [keV] Cooling time [h]
Figure 3. Example of gamma-ray spectrum Figure 4. Example of decay curve fitting
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3.3 Correction for incoming and escape of reaction products

In the sample stack, Al foils were inserted to prevent the reaction products in the sample foil from escaping to
the other sample foils. However, light reaction products generated in the Al foil and other sample foils such as "Be,
22Na, and **Na may escape to the neighboring foils. In this work, the contribution of product escape was corrected
on the basis of the simulation by Particle and Heavy lon Transport code System (PHITS) [10]. All input parameters
were set to default values. For proton-induced reaction, the INCL4.6/GEM model was used. Particle transport of
the reaction products including "Be, ?’Na, and 2*Na was simulated by using the same sample stack geometry as in
the measurement. The simulation tallied the total number of the products of interest generated in the Lu foil (Ny,;-,)
and the number of reaction products which finally stopped in the Lu foil by ion transport among the reaction
products generated in the Lu and neighboring Al foils (Nstop, ). The latter number N, corresponds to
Nproauct (t = 0) in Eq.(5). The correction factor for the Lu foil was defined as Niopr = Npro/Nstop- In this work,
the correction was applied only for the "Be production. It should be noted that the corrections for ??Na and 2*Na

heavier than "Be were negligibly small (less than 1%).

Table 2. Correction factors for "Be produced in the Lu target

Proton energy [GeV] Neorr
0.4 0.52
1.3 0.80
2.2 0.97
3.0 0.99

4. Results and Discussion
4.1 Comparison with model predictions

Figure 5 shows the production cross sections of 'Be, **Na, **Eu, and '"’Lu. In the figure, the previous data
[11] are also plotted. The production cross sections of light nuclides, e.g. "Be and **Na, increase with increasing
incident proton energy. This could be because the residual nuclei generated after INC process have higher
excitation energy with increasing incident energy and are likely to emit nucleons and light ions including "Be in
the subsequent evaporation processes. The INCL4.6/GEM calculation generally reproduced the energy
dependence of the cross sections except for 2*Na. The INCL++/ABLAO7 calculation showed good agreement with
the experimental values for 2*Na, *8Eu, and !7’Lu. Both the two model calculations underestimated the production

cross section of "Be.

5. Summary and outlook

Nuclide production cross sections of ™Lu were measured by irradiation of 0.4, 1.3, 2.2, and 3.0-GeV protons
at J-PARC. In the report, we showed preliminary results of production cross sections for 'Be, ?*Na, ¥ Eu, and
172Lu. The present data is very useful for model improvement, because the cross section data of Lu target is very

limited. To investigate the prediction power of the above-mentioned models for "Be production, "Be production
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8 [— INCL4.6/GEM  ® .
—— INCL++/ABLAO7 61 _

Cross section [mb]

Proton energy [GeV]

Figure 5. Experimental production cross sections for 'Be, 2*Na, “*Eu, 'Lu produced by p + ™'Lu reaction and
model predictions by INCL4.6/GEM and INCL++/ABLAOQ7. The subscripts ind. and cum. represent independent
and cumulative cross sections. The experimental data were taken from [11]. The calculation results for >*Na by the
INCL4.6/GEM calculation was multiplied by 100. Our data shows statistical uncertainties, but included in the
maker.
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Figure 6. The "Be production cross sections for 2sMn, 27Co, 2sNi, 4Zr, and 71Lu measured at J-PARC and model
predictions by INCL4.6/GEM (a) and INCL++/ABLAO07 (b). The statistical uncertainties are included in the maker.
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cross sections of Mn, Co, Ni, Zr, and Lu measured at J-PARC [12] were compared in Figure 6. It was found that
the dependency of 'Be production cross sections on the target nuclide is weak. The model calculations
underestimate the experimental values as incident energy increases.

Model predictions with INCL4.6/GEM and INCL++/ABLAO7 were compared with the measured data to
validate their prediction powers. The INCL4.6/GEM generally reproduced the dependence of cross sections on
incident proton energy, but the calculated cross sections do not necessarily agree with the experimental ones. The
INCL++/ABLAO7 model successfully reproduced the experimental data except for 'Be production. The

description of the two models should be improved to reproduce the "Be production in the future.
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Abstract

COherent Muon to Electron Transition (COMET) is an experiment at J-PARC, which
will search for coherent neutrino-less conversion of a muon to an electron in a muonic atom.
The experiment will be carried out in two steps: Phase-I and Phase-II. In the Phase-I exper-
iment, the 3.2-kW 8-GeV proton beam irradiates a 70-cm long graphite target to produce
negative pions. The negative pions are captured in the magnetic field and delivered to
pion-decay and muon-transport sections. The Phase-1 experiment aims to detect the u~e
conversion events and measure the beam-related background events for the Phase-II experi-
ment. It has been planned that the maintenance by radiation workers would be conducted
after the 150-day operation and the following 180-day cooling. It is necessary to evaluate the
residual radiation dose for the safety of the workers during the maintenance. On this study,
we calculated fluxes of neutron, photon, proton and other charged particles in the beam
room during the beam operation and the residual activity after the cooling time by using the
Monte Carlo simulation code PHITS version 3.22 and DCHAIN-PHITS version 3.21. The
calculation results show that the design of components around the target and beam dump
needs to be improved to reduce the radioactivities after the cooling time.

1 Introduction

Coherent muon to electron transition (COMET') experiment is planning to search for the lepton
flavor violating process of u~N — e~ N in the field of an aluminum nucleus [1]. The Phase-
I experiment aims for the experimental sensitivity of 3.1 x 107°, which is a factor of 100
improvement from the current limit in SINDRUM-II [2] at PSI. Figure 1 shows the geometry of
the beam room. In the Phase-1 experiment, the 3.2-kW 8-GeV proton beam from the J-PARC
main ring irradiates the 70-cm long pion production target made of graphite for 150 days. The
energy loss of proton in the target is about 200 MeV. The components around the target are
highly activated by the secondary particles. The magnetic field with the maximum magnitude 5
T is generated by the capture solenoid (CS). The produced pions are captured and transferred
to the detection area by the magnetic field. The flange at the downstream of the beam has the
obround shape beam hole with the 14.3-cm straight sides and the semicircles of 10.0-cm radius.
Currently, it has been planned that the maintenance by radiation workers would be conducted
after the 180-day cooling. It is, therefore, necessary to estimate the effective dose rate for the
safety of the workers.

In this paper, we report the effective dose rate distribution calculated by the general purpose
Monte Carlo radiation transport code PHITS [3] version 3.22 and the decay chain analysis code
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Figure 1: Plan view of the beam room.

DCHAIN-PHITS [4] version 3.21. Because the result shows that the effective dose rate is too
high to work around the flange, we list the possible ways to reduce the radioactivity.

2 Simulation

First, neutron flux with kinetic energy of less than 20 MeV and production rates of radioactive
nuclides are estimated by using PHITS when the 8.0-GeV proton beam irradiates a 70-cm long
graphite target. The computational geometry and the magnetic field shown in Figures 2 and 3
are used. For the estimation of neutron production yields with kinetic energy of less than 20
MeV, JENDL-4.0 is used. For neutrons in the range of 20 MeV to 3 GeV and protons upto
3 GeV, INCL4.6 coupled with GEM is used. For neutrons and protons with kinetic energy of
greater than 3 GeV, JAM coupled with GEM is used. For electrons and photons, EGS5 is used.
We correct treatment of relativistic effect on transportation of charged particles in the magnetic
field in PHITS version 3.21. The correction has been merged into PHITS version 3.22. With
these data as input, DCHAIN-PHITS calculates radioactivity and gamma-ray spectrum at any
given time. Again, photon flux is calculated by PHITS, and then it is converted to effective dose
rate by using the conversion coefficient of AP irradiation based on ICRP103 as shown in Figure
4 [5].

3 Result

3.1 Particle fluxes during the beam operation

Figures 5, 6 and 7 show flux distributions of neutron, negative pion and negative muon during
the beam operation, respectively. High neutron flux of 2.0 x 10'% cm=2s! is estimated around
the production target and the dump. Pions and muons are transported to the detection area by
the magnetic field as expected. The maximum flux for the pion and the muon are 2x10% cm =25~}
and 7 x 107 cm 25!, respectively.

3.2 Residual activities

Figure 8 shows how the residual activities change over time in four regions (production target,
shield for CS, flange, and beam dump). The half lives of the nuclides shown in Figure 8 are
listed in Table 1. In the graphite production target, more than 10® Bq/cc of 1C exists right
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Figure 4: Conversion coefficient from the photon energy to the effective dose of AP irradiation
based on ICRP103.

after the 150-day beam operation. It decays with half life of 20 minutes. Therefore after cooling
time, *H and “Be are dominant. In the copper shield of CS, the radioactive isotopes of copper
with short half life are dominant at first, and the radioactive isotopes of cobalts and ®*Mn
are dominant after 180 days. In the flange and the dump, *Mn, °Fe and *°V are the main
radioactive nuclides.

3.3 Spatial distribution of dose rate

Figure 9 shows the effective dose rate distribution after the 150-day beam operation and the
180-day cooling time. The components along the proton beam line are strongly activated, and
therefore high effective dose rates are estimated around them. Around area marked as star in
the figure, where workers need to approach during the maintenance, the effective dose rate is
10 mSv/h. In front of the dump (marked as circle), the effective dose rate of 2.5 mSv/h is
estimated.
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Figure 5: Neutron flux distribution of the beam room.
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4 Discussion

The calculated effective dose rate is much higher than 100 p©Sv/h as tentative target around
area marked as star shown in Figure 9 in the beam room. The following options may reduce the
residual radioactivity.

First thing is to have a longer cooling time. Figure 10 shows decrease of the effective dose
rate in front of the flange over time. The main contributor to the effective dose rate from the
flange is ®*Mn with half life of 312 days, the effective dose rate, therefore, only decreases by half
in about a year.

Second thing is to make the beam window of the flange larger. As shown in Figure 11, high
proton flux exists around the beam window. A larger beam window makes these protons go
through without them interacting with the flange, which results in less activation. The size of
the beam window, however, cannot be increased unlimitedly. The further calculation needs to
be carried out in order to know the correlation the window size and the residual activity.

Third thing is to make the pion production target shorter. The amount of secondary particles
produced in the target are proportional to the energy loss in the target. The energy loss of the
primary beam is proportional to the length of the target. Therefore, a shorter production
target suppresses the residual activity. However, a shorter production target also results in the
undesired decrease in pion production.
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Figure 8: Residual activities of main isotopes from start of beam irradiation at (a) production

target, (b) radiation shield for CS, (c) flange, and (d) beam dump.

Table 1: The half lives of the nuclides
nuclide half life nuclide half life nuclide half life
°1Cr 27.7 days °6Mn 2.5 hours | ¥V 16.0 days
Mn 312 days %5 Fe 2.7 years | ¥V 330 days
e 20 minutes | "Be 53 days | °H 12.3 years
Hc 5730 days 64Cu 12 hours | %6Cu 5.1 minutes
62Cu 9.7 minutes | **Co 70 days 5TCo 271 days

With all available means, the design of the components needs to be optimized so as to
suppress the effective dose rate as much as possible. If the effective dose rate cannot be lowered
enough, a remote working is another possible option.

5 Summary

The effective dose rate distribution after 150-day beam irradiation by 3.2-kW 8-GeV proton
beam and 180-day cooling for COMET Phase-I experiment is estimated by PHITS and DCHAIN-
PHITS for the safety assessment. The results show that the residual radiation is too high for
people to work in the beam room. Three possible ways are indicated to suppress the residual

activity, but the further investigation is still necessary.

practical option.
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The use of a Sn-Pb alloy as an emergency in-core heat transport medium is being considered in the
design of a small modular reactor proposed by Toshiba Energy Systems & Solutions Corporation. However,
there exists no experimental data for the neutron cross sections of Sn-Pb alloy.

In the present study, the neutron total cross sections of Sn-Pb alloy were obtained from neutron
transmission measurements by the time-of-flight (TOF) method using the Kyoto University Institute for
Integrated Radiation and Nuclear Science — Linear Accelerator (KURNS-LINAC). The sample temperature
was changed from room temperature (solid) up to 300 °C (liquid). The total cross sections of the solid and

liquid states were compared with the evaluated data and the previous data of Pb and Sn.

Keywords: neutron total cross section, Sn-Pb alloy, time-of-flight, KURNS-LINAC, solid, liquid

1. Introduction

Recently, a small modular reactor (SMR), which has inherent and passive safety, has been receiving
attention all over the world. In Japan, a very small modular reactor, namely, MoveluX™ (Mobile-Very-Small
reactor for Local Utility in X-mark) [1] is being developed by Toshiba Energy Systems & Solutions
Corporation. MoveluX™ is a thermal reactor that uses calcium hydride as a neutron moderator and its heat
output is 10 MWth. As for the heat exhaust function in the core, some heat pipes are used, and heat can be
transported by using temperature differences. On the other hand, when the heat exhaust function of the heat

pipes is lost, an emergency in-core heat transport medium, instead, will carry the heat to the reactor wall by
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natural convection, and the core wall will be cooled by ambient air circulation. The use of a Sn-Pb alloy as
the emergency in-core heat transport medium is being considered.

Since the melting point of the Sn (60 wt%)-Pb (40 wt%) alloy is about 180 °C, the alloy is solid state
when the reactor is just started to work, and it becomes liquid state while the power increases, because the
core temperature reaches 660 °C in full power operation. Change of the state of the alloy during operation
will affect the core characteristics. In particular, the thermal neutron scattering cross section will change
between the solid and liquid states, because solid metal has a crystal structure and it causes the coherent
scattering effect, and when it melts the effect changes. Alloy also has a crystal structure and its orientation is
different from that of single element metal. The wavelength of a thermal neutron is close to the lattice spacing
of atoms in the crystal structure and the coherent scattering occurs. Therefore, the neutron cross section in
the thermal neutron energy region also differs due to the influence of coherent scattering by the crystal
structure and its orientation. However, there are no reports on experimental data for the neutron cross section
of Sn-Pb alloy in both solid and liquid states. In the present work, the thermal neutron total cross sections of
solid and liquid Sn-Pb alloy were measured and compared with the evaluated nuclear data of the free gas

model in JENDL-4.0 [2].

2. Experiment

The neutron total cross section measurements of Sn-Pb alloy were carried out by using the TOF method
at KURNS-LINAC. The experimental arrangement is shown in Figure 1. The KURNS-LINAC was operated
with a pulse width of 1 ps, a repetition rate of 50 Hz, and an average current of 28.4 pnA. The accelerated
electrons were incident on a water-cooled Ta-target [3]. Then, fast neutron were produced by the photo
nuclear reaction ( y , n). To obtain thermal neutrons, the Ta-target was set at the center of a water moderator
tank (20 cm in diameter). The neutron flight tube was used in the direction of 135 degrees with respect to the
LINAC beam line [4]. A °Li-galss scintillator detector, GS20, was used as a neutron detector. The flight length
between the Ta-target and the °Li-glass detector was about 12.1 m.

Concrete
Pulsed electron beam

/ BF, Counter
,,,,,,,,,,,,,, Op a:,
water,' / E) oY e
e o Sample
/135 Cod
—>!

Polyethylene-Boron 24.3cm

‘ 121m |

Figure 1: Experimental arrangement for neutron total cross measurement.

The specifications of the Sn-Pn alloy samples and the Al case are listed in Table 1. The Sn-Pb alloys
containing 60 wt% natural tin and 40 wt% natural lead were used. We prepared two types of samples in the
solid state, one is a re-solidified sample with 10 mm thickness contained in the Al case after melting, and the

other is a commercially available rod with 6 mm thickness. To reduce the effects of neutron scattering from
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the Al case, its thickness was reduced to 1 mm. The measurement times are listed in Table 2.

Table 1: Specifications of Sn-Pb alloys and Al case

Sn-Pb alloy (Sn : 60 wt%, Pb : 40 wt%) Al
liquid solid solid
Sample (in Al case) (in Alcase) (rod sample) Al case
Weight (g) 413.52 413.52 200.51 193.42
Size (mmz) 2750 2625 3835 4200
Thickness (mm) 10 10 6 1 (beam line)
Table 2: List of measurement times
Sample Measurement time (h)
liquid (300 C) 12.0
liquid (250 C) 12.0
&pr liquid (210 °C) 12.0
atloy solid (in Al case) 12.0
solid (rod sample) 9.0
Al case 12.0
Blank 9.0
Al case + res.filter 3.0

In the TOF method, the incident neutron energy was obtained by the following equation:
723 X L \?
E = (_) (1)
t
where, E is the incident neutron energy, L is the neutron flight length and # is the TOF. The neutron total cross

section a;,:(E) was obtained by the following equation:

Oror (E) = —lln (C5(E) = G5 (E)) /M5
tot T n (CO(E) — Co,b(E))/Mo

where, C,(E) and C,(E) are the neutron count rates with the sample existed (hereafter, called as “sample-

2)

in”) and not existed (hereafter, called as “sample-out”) measured by the °Li-glass detector. Cs,(E) and
Co,p(E) are the neutron background for the sample-in and sample-out. M; and M, are the neutron count
rates by the BF; detector to monitor neutron intensity fluctuation between measurements. n is the atomic
area density [atom/barn] of Sn-Pb alloy samples.

The y-ray background level was estimated from the pulse height spectrum of each measurement. Figure
2 shows the pulse height spectrum of the °Li-glass detector. As shown in Figure 2, the counts for 320-420 ch.
includes neutron and background y-ray counts. On the other hand, the counts for 220-319 ch. is only
background y-ray one. Then, the y-ray background level was evaluated from the TOF spectrum by interpolate
the corresponding pulse height normalized by each event. Figure 3 shows the results of evaluated y-ray
background of the TOF spectrum, comparing with the one with resonance filters (Mn, Co, Ag, In and Cd).
As shown in Figure 3, the evaluated y-ray background shows good agreement with the dips of In (1.46 eV),
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Ag (5.19 eV), Co (132 eV), and Mn (337 eV), which correspond to the large resonance peaks, respectively.

Then, it was confirmed that the present background evaluation method is appropriate.

10? 0.6
—=— Y-ray B.G.
‘,'... —— res. filter
10' N
]
2 I | l 2osf 4| Co-59
£ 100k Ny ' e L 1 Ju | 132eV
5 ~ IR Y >
% w5 i4
£ 2 ,l (M | Ag-109
S §oz2 i 5.19eV [||n-115 | 1
02 Mn-55 ¥ 1.46eV
337eV ¢ l
107 0
0 100 200 300 400 500 600 700 800 900 30 100 1000 3000
P.H. Channel TOF Channel
Figure 2: Pulse height spectrum of °Li-glass Figure 3: TOF spectra with resonance filters
detector. and evaluated y-ray background.

3. Results and Discussion

We will discuss the results of the measurements from three perspectives. The first perspective is the
effect of temperature of the liquid alloy. Figure 4 shows the neutron total cross sections of the liquid Sn-Pb
alloys with different temperatures. There are some small differences in the total cross sections between 210 °C
and other temperatures from 0.002 eV to 0.01 eV. This seems to be caused by the remaining crystal structure
in liquid at 210 °C, which is relatively low temperature. On the other hand, there is a little difference in the
cross sections between 250 °C and 300 °C. However, in the present study, it is difficult to say clearly that
there is a difference due to sample temperature in the liquid state. Before the experiment, we had considered
that the effect of the coherent scattering would disappear in the neutron cross section of the liquid state, and
the cross section would be almost close to the one with the free gas model. However, the effect of coherent

scattering still exists in the liquid state in the present study.

—+-210°C
s v 250°C| |
E % e 300°C
7 %iiiiriIngI % i_%iizif S
}g 71 %ﬂ"%ﬁ ExTviy sPEUSREREY Frpeasls agty

Total Cross Section (barn)

3.3
2x10 102 107"

Neutron Energy (eV)

Figure 4: Comparison of neutron total cross sections of liquid Sn-Pb alloy between temperatures
(210 °C, 250 °C and 300 °C).
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The second perspective is the effect of the solid/liquid sates on the neutron total cross sections. The
cross sections of the Sn-Pb alloy in the solid and liquid states, and the JENDL-4.0 data are compared in
Figure 5. The JENDL-4.0 data shows the neutron total cross sections of the Sn-Pb alloy calculated using the
Sb and Pb cross sections of the JENDL-4.0 with the weights of the atomic ratio of each composition. In the
solid state, the Bragg edges due to the crystal structure are observed in the neutron energy below 0.05 eV.
However, it turned out that the magnitude (or height) of Bragg edges in the liquid state decreased and widened
in the energy region. This would be caused by change of the crystal structure of the solid due to melting. In
comparison with the JENDL-4.0, although the measured data shows big difference in the low energy, they
show good agreement above 0.05 eV. This is because the influence of coherent scattering due to the crystal

structure is little above 0.05 eV.

E -~ Liquid
—— JENDL-4.0

ettt

Total Cross Section (barn)

1072 107" 10°
Neurton Energy (eV)

Figure 5: Comparisons between neutron total cross sections of Sn-Pb alloys
in the solid, liquid states and JENDL-4.0.

The third perspective is the comparisons in the solid state measurements. In Figure 6, the neutron total
cross sections of Sn, Pb measured in the past [5,6] and Sn-Pb alloys in the present measurement are shown.
The present Sn-Pb alloy measurements are the results of the two solid samples, the re-solidified sample and
the rod one (see Section 2, for detail). As seen in Figure 6, several Bragg edges are in good agreement between
the re-solidified and rod samples, Sn, and Pb from 0.002 eV to 0.05 eV. However, there are differences in the
Bragg edges between the re-solidified and rod samples. For the re-solidified sample, some Bragg edges of
Pb tended to disappear at 3.42 meV, 6.82 meV, and 17.1 meV. The neutron cross section of the material with
a crystal structure changes depending on its orientation. Therefore, this difference between the re-solidified
and rod samples would be due to the change in crystal orientation caused by melting. However, there is still

room for considering the reasons of the difference as further study.
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Figure 6: Comparison between the total cross sections of the rod sample (indicated as
“solid (rod)”), the re-solidified sample after melting (indicated as “Re-solid (in Al
case)”) of Sn-Pb alloys and the previously measured data of Pb and Sn.

4. Conclusion

We have performed the neutron total cross section measurements of the Sn-Pb alloy in solid and liquid
states using the TOF method at KURNS-LINAC. The measurement results were compared with the evaluated
data in JENDL-4.0 and the previous experimental data of Sn and Pb. The total cross sections of the solid and
liquid states were compared and changes in Bragg edges were observed in the energy range below 0.05 eV.
Comparing the total cross sections of the rod and re-solidified samples, it was confirmed that Bragg edges,
which is thought to be due to the crystal structure of Pb, was not observed in the re-solidified sample.

The present study shows important data for using the solid and liquid alloys as heat transport medium

in the core of a thermal reactor.
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The isotopic-production cross sections for high-radiotoxic nuclide °Sr on proton and deuteron at
104 MeV /nucleon were obtained in inverse kinematics at the RIKEN Radioactive Isotope Beam Factory.
The experimental data were compared with those obtained from calculations using the Particle and Heavy
Ton Transport code System. These were also compared with the existing data.

1 Introduction

The processing of spent fuels from nuclear power plants is a worldwide problem. The high-level
radioactive wastes are the by-products of the reprocessing of spent fuels, which contain minor actinides
and fission products. In this study, we focus on ?°Sr, which is the most radiotoxic nuclide in the fission
products (see Figure 1 and Table 1).

Table 1: Nuclides contained in the high-level radioactive waste and its half-life, toxicity, and content.

Nuclide Half-life [y] Toxicity [nSv/kBq] Content [kg/tHM]

™Se 29.5 x10% 2.9 0.006
990Gy 28.8 28 0.6
9B7r 15.3 x10° 1.1 1

PTe 21.1 x10* 0.64 1

07pd  65.0 x10° 0.037 0.3
1269y 10.0 x10* 4.7 0.03
1291 15.7 x108 110 0.2
135(Cg 23.0 x10° 2 0.5
137Cs 30.1 13 1.5
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Figure 1: Potential radiotoxicity per one ton of spent fuels from a pressurized water reactor (nuclear fuel
burnup: 45 GWd/tHM), after five years cooling, taken from Ref. [1].

There is a strong desire to develop nuclear transmutation technology using accelerator facilities to
reduce these harmful nuclides. The simplest way can be irradiating a neutron beam on the radioactive
waste. However, it is not well known how much and into which nuclide ?°Sr is transmuted in this reaction.
Therefore, it is essential to study the reaction cross sections to each nuclide from °°Sr in advance. From
this point of view, the inverse kinematics, i.e., incident *°Sr beam on light-particle targets, is an effective
method for identifying reaction products in the forward direction.

2 Experiment

The experiment was performed at the RIKEN Radioactive Isotope Beam Factory (RIBF) by using
the RIKEN Projectile-fragment Separator (BigRIPS) [2] and the ZeroDegree Spectrometer (ZDS) [2].
The setup is shown in Figure 2. The details of the experiment are given in Ref. [3]. The secondary
beam, including ?°Sr, was produced by in-flight fission of 238U at 345 MeV /nucleon on a 3-mm thick
9Be production target at the BigRIPS first stage. In the following second stage, the beam particles were
selected and identified event-by-event using the TOF-Bp-AFE method [4], as shown in Figure 3.

BigRIPS 1st Stage

Production target - -
Production / Separation

. 9Be (3 mm) 7DS Fl1
Fo Measurement \ /c: 2
\:\\\, Fs %,
IR F9
X s, &
> F2 F3 < & F7 F8 5
FI @z gz == F4 F6 NGz s-mmemme”
. Reaction targets
BigRIPS 2nd Stage N

CHaz, CDg, C (~200 mg/cm?)

Tagging

Figure 2: Schematic view of the RIKEN Projectile-fragment Separator (BigRIPS) and the ZeroDegree
Spectrometer (ZDS).
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Figure 3: Secondary beam particle identifications at the BigRIPS.

The beam particles bombarded at 104 MeV /nucleon to CHy (179.2mg/cm?), CDsy (218.2mg/cm?),
and C (226.0mg/cm?) reaction targets, which placed at the entrance of the ZDS. The residual nuclei
produced in reactions were identified in the ZDS with the same method as the BigRIPS. Because the
momentum acceptance of the ZDS is limited to +3 %, the experiment was carried out by using five
different momentum settings (A (Bp) /Bp = —9, —6, —3, 0, and +3 %) for each target to accept the
wide range of mass-to-charge ratio A/Q. Figure 4 shows an example of particle identifications after
selecting 9Sr (Z = 38, A/Q = 2.37) for the projectile and the A (Bp) /Bp = —6 % setting at the ZDS.
The reaction cross sections were deduced from the number of incident ?°Sr, the number of each residual
particle, and the thickness of the target. The backgrounds of carbon from CH; and CDs targets and
beam-line materials were subtracted by using the empty and carbon target runs.
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Figure 4: Residual particle identifications at the ZDS.
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3 Results and Discussion
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Figure 5: Isotopic-production cross sections of proton- (circles) and deuteron-induced (diamonds) reac-
tions and those obtained from the PHITS calculations (proton for solid, deuteron for dotted).

The data points above 1mb were obtained with good statistics. These were compared with the
calculations using the Particle and Heavy Ion Transport code System (PHITS) [5] as shown in Figure 5.
The Liége Intranuclear Cascade model (INCL4.6) [6] and the Generalized Evaporation Model (GEM) [7]
were employed in the calculations. It is seen that the calculation results were overestimated around
the mass number of the projectile. Few-nucleon removal reactions are not interpreted properly in the
INCL because momentum distributions of the nuclear surface are treated in a semiclassical way [8]. In
addition, even-odd staggering effects have appeared excessively for nuclides produced by emitting many
nucleons. This may be controlled to some extent by considering the competition between particle and
~-ray emissions, and the discrete energy levels, in the GEM.
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Figure 6: Results of proton-induced reaction cross sections at 104 MeV /nucleon (circles). For comparison,
those at 185 MeV /nucleon (crosses) [9] are also shown.
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Figure 7: Same as Figure 6, but of deuteron-induced ones (diamonds).

Figure 6 shows the incident energy dependences of the cross sections with proton-induced reaction. In
one-proton removal channel, which goes to 84:8586:87Rh at 104 MeV /nucleon, even-odd staggering effects
were observed distinctly. This has not been reported in the previous InPACT-related studies [3, 10].

Figure 7 shows the incident particle dependences of the cross sections with the total kinetic energies,
208 MeV for deuteron. The trends and orders of the cross section are in good agreement with 185 MeV
for proton. However, the deuteron-induced reaction is expected the initial reaction mechanism to change
drastically at lower energy [11], we would also like to obtain the reaction data for ?°Sr in the near future.
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Conclusion

The isotopic-production cross sections for high-radiotoxic nuclide ?°Sr on proton and deuteron at

104 MeV /nucleon were obtained in inverse kinematics at the RIBF. The experimental data were compared
with those obtained from the PHITS calculations. Some discrepancies to be improved still remain. In
proton-induced reaction cross sections at 104 MeV /nucleon, one-proton removal channel which goes to
84,85,86.8TR] observed even-odd staggering effects distinctly. More detailed analysis will be performed.
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Two kinds of y ray spectrum measurement are performed. The one is for a critical core of enriched
uranium (U) mocked up in Kyoto university critical assembly facility (KUCA). The other is for a U
sample of natural enrichment to obtain microscopic nuclear data at an accelerator neutron source facility
(KURNS-LINAC). In KUCA, discrete energy y rays from 2.9 to 5 MeV are observed above prompt
components. In KURNS-LINAC, also discrete energy v rays of resemble spectrum are measured in a
time-background region. By comparing the measured spectra to the numerical analyses of production and
decay of isotopes originated in fission of 233U, those discrete gamma rays are identified as those from

decay of short -lived fission products.

1. Introduction

Fission products (FPs) play significant roles in power reactors. For example, the delayed neutron
emissions from FPs mitigate power transient due to a reactivity insertion and the decay heat of FP may
initiate a severe accident if it is not removed due to the station black out. In these regards, production and
decay of FP must be predicted accurately. For those purposes, the data of the yield and the decay chains
of FPs have been evaluated and compiled in libraries such as JENDL/FPY and FPD-2011 [1]. Those
libraries have been developed based on y ray spectra measured with scintillators and validated against
measured decay heat [2,3]. However, they are seldom to be validated against isotopic data since y ray
data from short-lived FP are scarce.

Two kinds of experiments were conducted in the Kyoto university critical assembly facility (KUCA)
and the LINAC neutron source facility of the institute of integrated radiation and nuclear science, Kyoto
university (KURNS). In KUCA, y ray spectrum was measured with a highly purified germanium (HP-
Ge) detector for a critical core [4,5]. In KURNS-LINAC, U metal sample of the natural enrichment was

irradiated by neutrons of white spectrum and the emitted y rays from the sample were measured with the
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same HP-Ge [6]. In the two experiments, resemble y ray spectra were measured unexpectedly. In this
work, the measurement and numerical analyses for the discrete y rays are discussed to see whether the
measured data are feasible for the validation of the yield and the decay chains of FPs.

2. Critical experiment

Details of the critical experiments and the identification of FPs had already been presented [4, 5], so

only essential points are described. Schematic view of the set up is shown in Figure 1. The critical core
was mocked up with fuel plates of uranium (U) - aluminum (Al) alloy, of which ?*3U enrichment is 93
wt-%. The criticality is adjusted by the control rod position. 428 sheets of the plates were loaded into the
C-core tank of KUCA. The effective core size was about 28 cm x 38 cm x 57 cm. The fuel plates were
immersed in the light water. The core power was adjusted less than 4.6 mW. Outside the tank, a HP-Ge
detector of the 35 % relative efficiency was put. Between the fuel plates and HP-Ge, there was light water
layer of 60 cm thickness. By the arrangement, the neutron flux was well attenuated in the light water and
the transmission y rays were measured. y ray count rate of was 13 keps.
y ray pulse height spectra of good resolution were obtained [4, 5]. In the spectra, 2.223 and 7.724 MeV y
rays from radiative capture of hydrogen ('H) and ?’Al, respectively, are prominent. The spectrum in
energy region from 2.9 to 3.9 MeV is magnified in Figure 2. The base continuum component of the
spectrum is due to fission prompt y rays.

Above the continuum spectrum, discrete energy y rays are found. Distinct peaks are of the photo-
electric, the single escape, and the double-escape components of y rays from 2’ Al(n,y) reactions. However,
peaks of fewer count rates are observed. By comparison of the small peaks to the calculation described
in Section 4, the peaks are considered to be the components due to short lived FPs such as 37-3%Br, 3Kz,
90.90m.91R | 95.97.98y 136Te. Since 93 wt% ->35U metal fuel was used in the water, almost all the FP were
originated in fission of 2>3U. As for °°Rb, the y ray peak of 4136 keV is overwrapped >’Al(n,y) components.
However, they were confirmed by the measurement posterior to the critical operation. Instead, y rays of
half-life shorter than 1 minutes could not be measured posterior to (from one to three minutes) that due
to the statistical fluctuation. It is the advanced feature of the measurement under the critical condition to
enable detections of y rays from FPs of half-life shorter than 1 min (°7 *8Y, for example). Whereas, due
to the prompt components, the peak to base ratio was small.
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3. Microscopic Nuclear Data Measurement

The original purpose of the microscopic nuclear data measurement was to obtain y ray spectrum
from reactions of 2*U induced by neutrons of thermal and resonance energies. The energy of the incident
neutron is determined by the time of flight (TOF) of the neutron between the target and the sample.

At KURNS-LINAC facility, accelerated electrons were injected onto a tungsten (W) target and
bremsstrahlung rays were radiated. Then photo-nuclear reactions were induced, and fast neutrons were
emitted. The neutrons were moderated to the resonance and thermal energy regions in the light water
surrounding the W target. U metal sample was set effectively 11.3 m from the W target. The size of the
sample was 4 cm x 4cm and the thickness was 2.91 g/cm?. For the TOF measurement, pulsed neutron
source was used with frequency of 50 Hz. The same HP-Ge was set 5 cm from the sample. The detector
was shadowed from the neutron and the y ray flash from the W target with a collimator. The energy
dependent y ray detection efficiency was measured by detection of the y ray spectrum from the radiative
capture of 35Cl.

The TOF spectrum was shown in Figure 3. Events of the earlier TOF is generally induced by the
faster neutrons. The events induced by fast neutrons of energy greater than keV could not be measured
since influence by the y ray flash from the W target still remains in earlier TOF. The peak spectrum in
Figure 3 corresponds to the radiative capture at the resonance neutron energy. In the lower energy, broad
peak structure is found. It is called “thermal peak”. After the decay out of the thermal peak, flat
component is found, which is treated as the time background components for the original purpose. In the
present work, the y ray pulse height spectrum in the time background region was focused on. Figure 4
shows the pulse height spectrum. Since the time region was after the thermal neutron decays out, prompt
y rays from radiative captures and the fissions do not exist. Accordingly, this component was considered
due to decay of FP of half-life longer than 10 ms. By comparison of the peaks to the data in Figure 2, the
same y rays were measured although °’Rb, 3¥Br, and '*°Te are not observed. Generally, the counting
statistics is poorer in this time-background condition. Instead, the better peak to base ratio was given

thanks to the attenuation of the prompt y rays from the radiative capture and the fission reactions.
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Figure 3. Time of flight spectrum for estimation Figure 4. y ray spectrum at time background.
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0.72% of the metal sample was 2*3U and that was also irradiated by the thermal neutron. Accordingly,
a part or almost all FPs might be generated by fission of 2*U. However, it should be also noted again that
neutron flux in energy region higher than keV had never been characterized by the y ray flash.
Accordingly, there is a possibility that some FPs are generated by fission of 23U induced by neutrons
faster than the threshold energy (~MeV).

4. Comparison to Calculation

In the both measurements in KUCA and KURNS-LINAC, the neutron flux was low so that
radiative captures of produced FPs can be neglected. In such cases, the activities of FPs are determined
by the radioactive decay and the fission rate. In this work, it was assumed that all FPs were produced by
fission of 233U induced by the thermal neutrons. The depletion after the instant irradiation was calculated
by Bateman’s method [7] in an exact manner, based on the JENDL/FPY & FPD-2011 library. Then the
activity was integrated for time lengths of the neutron irradiation and of the y ray measurement. For the
critical experiments, the flux variation with time was also considered. For the microscopic data
measurement, fission rate was assumed as the continuous wave operation and the measurement time was
also continuous, in spite that the fission occurred periodically induced by the pulsed neutron source and
only y ray spectrum during the time background region was measured. Then using the data in
JENDL/FPD-2011, the number of emissions of the discrete y rays were deduced. The measured y rays
were identified by comparison to the calculated y rays of larger emission rates as shown in Figures 2 and
4.

Quantitative analyses were also performed. For the critical experiments, the y ray pulse height
spectrum was simulated with the MCNP-5 code [8] and the AcelibJ40 library [9] based on JENDL-4.0.
At first, the fission reaction distribution in each fuel plate was estimated by a neutron transport calculation
in the manner of the eigenvalue calculation. In the next step, the y rays of each energy shown in Figure 5
were transported from the fuel. The spatial distribution of the y ray emission is treated similar to that of
calculated fission reaction rates. In the calculation, the threshold energy of the y ray transport was set
1.6MeV outside the HP-Ge detector. Inside the detector, it was set down to 3 keV. For the tally, photon
- electron coupled transport was done and the pulse height response was calculated. The calculated count
rate for the pulse height was compared to the measured one in Figure 5.

For the microscopic data measurement, the experimental count rates were divided by the energy
dependent efficiency measured using the **Cl(n, y) reaction. The deduced ratio is considered proportional
to the number of photon emission. Then, the calculated one was compared to the deuced one in Figure 6.

In the both figures, the absolute values of C/E do not make sense since the absolute efficiency
was not known in the critical core and the continuous wave operation was assumed in the microscopic
data measurements. C/E for each y ray depends on FP and y ray energy. However, variation of C/E with
FP is resembled each other in the two measurements. That indicates significant part of the discrete energy
y rays were radiated from the same FP produced by the fission reactions of the same fissionable nuclide.
Accordingly, the two kinds of experiment are considered worth to be investigated further to obtain the

reference data for validating FP yield and decay data libraries.
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Figure 7 Contribution of other FPs to the count rate of target FP.

For the validation, additional measurements or improvements of the methods are required. For
the critical core in KUCA-C, experimental methods to determine the energy dependent y ray detection
efficiency is desired. Besides, analyses of the prompt components by the radiative capture and the fission
are mandatory. Whereas, for the microscopic data measurement in KURNS-LINAC, quantification of
neutron flux in energy region higher than 500 keV was required to see whether fission reaction of 2*3U
was significant or not. Besides, the numerical analysis of the production of FP in the pulse mode operation
and the decay of them in the time region posterior to decay out of the thermal neutrons must be achieved.
Another issue is the resolution of the HP-Ge detector. Various energies of y ray are radiated from FPs
produced by the fission of 23U. Consider a measurement of with a HP-Ge detector of a resolution of =+
5 keV. With the detector, y rays of energies within the error of =£5 keV is measured in a peak spectrum.
Based on the JENDL/FPY & DPF-2011, the contribution of the main isotope and the other isotopes are
calculated. As shown in Figure 7, considerable fraction of counts of a peak are attributed to the other
components. In that sense, validation of FP yield and decay data should not be focused only on a single

y ray but comprehensive set of evaluated FPs should be validated against the measured data.

5. Conclusion

- 235 -



JAEA-Conf 2021-001

At KUCA, y rays radiated from short-lived FP were measured in a critical core under the intense
background of prompt components of fission and radiative capture reactions. At KURNS-LINAC, they
were also measured for metallic U sample irradiated by white neutron source in the time region where
the thermal neutrons decayed out. The energy of the y rays and corresponding FPs were identified by
comparison of the measurement to the depletion calculations based on JENDL/FPY & FPD-2011 library.
y ray count rates and emission rates were numerically calculated and compared to the measured data of
KUCA and KURNS-LINAC, respectively. The ratio of the calculation to the measurement varied with
FPs. However, the trend of the ratio for the KUCA experiment is resemble to that for the KURNS-LINAC
experiment. The results indicate that the FP y rays produced by fission reaction of 23U induced by thermal
neutrons are the major components in the both measurements. The both measurement techniques are
superior in detection of short-lived FPs compered to measurements posterior to neutron irradiation.
Accordingly, the y ray spectroscopy for the critical core and that for a uranium sample posterior to decay
- out of the thermal neutrons are promising to give reference data to validate the FP yield and decay data.

For that, necessary improvements of the methods shall be conducted.
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