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In the symposium, tutorials " The Future of Nuclear Reactor Physics Experimental Research in Japan"
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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 76 participants. Each oral and
poster presentation was followed by an active question and answer session. This report consists of a total of
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1. 2022 Symposium on Nuclear Data - Programme
November 17 - 18, 2022

Thursday, November 17
Opening Address (13:30 - 13:40)
Convener: Tadafumi SANO (Kindai Univ.)

Retirement Memorial Lecture (13:40 - 15:00)

Convener: Osamu IWAMOTO (JAEA)

13:40 Some memories of relationship with Nuclear Data
Ken NAKAJIMA (Kyoto Univ.)

14:20 40-year experience in nuclear data

Satoshi CHIBA (Tokyo Tech.)
Break (15:00 - 15:30)

Poster Session (15:30 - 17:00)
Measurement and evaluation of DD neutron field characteristics for OKTAVIAN
Hikaru MATSUNAGA (Osaka Univ.)
Production cross sections of '®2Au in proton-induced reactions on natural platinum
Gantumur DAMDINSUREN (Hokkaido Univ.)
Preliminary experiment for measurement of radionuclide yield from nuclear capture reaction of
negative muon
Yuji YAMAGUCHI (JAEA)
Measurement of sample reactivity worth of calcium hydride in UTR-KINKI
Takashi KANDA (Kindai Univ.)
Cross comparison on neutron spectra with Liquid scintillator and Bonner Sphere Spectrometry
Eunji LEE (KEK)
New analytical model for momentum distribution on the spallation reaction in inverse kinematics
Riku MATSUMURA (Saitama Univ.)
Neutron Capture Cross Section Measurement of '*I and '?’T using ANNRI at MLF/J-PARC
Gerard ROVIRA (JAEA)
Measurement of heavy nuclide production cross section via the reaction between GeV proton and
natpp
Kenta SUGIHARA (KEK)
Experimental examination of activation detector for long-term DT neutron irradiation

Ryota EGUCHI (Osaka Univ.)
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Improvement of Benchmark Experiment with Gold foil for Large Angle Scattering Reaction Cross
Section at 14MeV Using Two Shadow Bars
Rio MIYAZAWA (Osaka Univ.)
The comparison of nuclear data and experimental results for photoneutron spectra on Ta, W, and Bi
targets for 17 MeV photons
Thuong NGUYEN (SOKENDAI)
Development of sample-added scintillation detector
Takaaki OGISO (Tokyo Tech.)
Study of GAGG scintillator as a neutron detector
Ren SAKAI (Kyushu Univ.)
Simulation of Developing Neutron and Gamma-ray Mixed Field based on D-D Neutron Source
Zixu XU (Osaka Univ.)
Design investigation of pencil-beam epi-thermal neutron source for validation of low-energy neutron
spectrometer
Yu FUJIWARA (Osaka Univ.)
Estimation of the total angular momentum of resonances using low- energy gamma-rays in
181Ta(n, v )'®Ta
Shiori KAWAMURA (Nagoya Univ.)
Theoretical study of low-excitation fission phenomena in unstable thorium isotopes
Wataru MIYASAKAI (Kindai Univ.)
Mean-field model dependence in heavy-ion nuclear reaction cross section calculation by
antisymmetric molecular dynamics
Yuta MUKOBARA (Tokyo Tech.)
Theoretical estimation of synthesizing neutron rich nuclei in superheavy mass region
Shoma NISHIKAWA (Kindai Univ.)
Study of fission with five-dimensional Cassini shape parameterization
Kazuki OKADA (Kansai Univ.)
Fission fragment yields of neutron-rich nuclei evaluated by the Langevin model calculation
Shoya TANAKA (RIKEN)
Extension of R-matrix code AMUR toward analysis on actinide nuclei
— A feasibility study on 233U —
Satoshi KUNIEDA (JAEA)
Processing of JENDL-5 photonuclear sublibrary
Chikara KONNO (JAEA)
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Friday, November 18, 2022

Tutorial (09:00 - 10:00)

Convener: Tadafumi SANO (Kindai Univ.)

09:00 The Future of Nuclear Reactor Physics Experimental Research in Japan
Kengo HASHIMOTO (Kindai Univ.)

Recent Topic (1) (10:00 - 11:30)
Convener: Jun-ichi HORI (Kyoto Univ.)
10:00 Conceptual Design Study of New Research Reactor at the Monju Site
Kazufumi TSUJIMOTO (JAEA)
10:30 Measurement of 100 MeV-range nuclear reaction data using the fixed field alternating gradient
accelerator at Kyoto University
Hiroki IWAMOTO (JAEA)
11:00 About Kindai Research Reactor
Tadafumi SANO (Kindai Univ.)

Lunch (11:30 - 13:00)

Recent Topic (2) (13:00 - 14:30)

Convener: Atsushi KIMURA (JAEA)

13:00 Research and development of alpha radiation nuclear medicine treatment using ' At
Takashi NAKANO (RCNP)

13:30 Production of medical radionuclides using electron linear accelerators
Takahiro TADOKORO (Hitachi)

14:00 Half-life change of orbital electron capture modified nuclide "Be
Tsutomu OHTSUKI (Kyoto Univ.)

Break (14:30 - 15:00)

Nuclear Data Section Award in 2022 (15:00 - 16:30)

Convener: Katsuhisa NISHIO (JAEA)

15:00 Measurement of neutron energy spectrum by 345 MeV/u 233U incident on a copper target
Kenta SUGIHARA (KEK)

15:20 Excitation energy dependence of total kinetic energy of fission fragments
Kazuya SHIMADA (Tokyo Tech.)

15:40 Measurement of fast neutron capture reaction of 2*Am

Yu KODAMA (Tokyo Tech.)
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16:00 Incident neutron energy dependent calculation of fission yield and prompt/delayed neutron yield of
251, 238 and 2%Pu

Shin OKUMURA (IAEA)

Closing Address (16:30 - 17:00)
Tadafumi SANO (Kindai Univ.), Yosuke IWAMOTO (JAEA)
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2. Some memories of relationship with Nuclear Data

Ken NAKAJIMA
Institute for Integrated Radiation and Nuclear Science, Kyoto University
Asashiro-Nishi 2-1010, Kumatori-cho, Sennan-gun, Osaka 590-0494, Japan
Email: nakajima.ken.5m@kyoto-u.ac.jp

I have had some involvement with nuclear data for 45 years, ever since I heard the term "Nuclear
Data" in the lecture of Nuclear Reactor Physics in my junior year of university. This paper describes

some of my memories of relationship with nuclear data.

1. First contact with Nuclear Data (1978-)

I think the first time I became aware of “Nuclear Data” was in the lecture of Nuclear Reactor Physics
in university. There, nuclear data was used mainly as the neutron induced nuclear reaction cross sections.
I didn't understand much about it at the time, but anyway, the nuclear reaction rate could be calculated
by multiplying the neutron flux by the nuclear data (the cross section). The nuclear data were evaluated
by experts, which meant that users of the nuclear data could obtain the reaction rate without knowing the
details of the nuclear reaction. Although it may be difficult for those who evaluate nuclear data, I had the
impression that it is very convenient for the users because they do not have to perform difficult
calculations.

Later, when I started to use nuclear data in my work, I found that I needed to put in a lot of effort in
their use, but my initial impression has not changed much. As one of the users, I cannot help but admire

the experts who measure and evaluate nuclear data and maintain nuclear data libraries.

2. Use of Nuclear Data at JAERI (1982-)
2.1. NUCEF Design Work

In 1982, I joined the Japan Atomic Energy Research Institute (JAERI) and was assigned to the
Criticality Safety Laboratory. At that time, the laboratory was designing a new experimental facility for
criticality safety (now called NUCEF [1]), which was to have two critical experimental facilities: the
steady-state critical experimental facility (STACY) to measure the nuclear characteristics such as critical
mass using solution fuel, and the transient critical experimental facility (TRACY) to conduct dynamic
experiments simulating a criticality accident. I was mainly in charge of the TRACY design (Fig. 1).

In the design of those facilities, the critical mass, reactivity coefficient, and kinetic parameters (the
effective delayed neutron fraction and prompt neutron lifetime) were calculated for various fuel
conditions, and the core shapes and dimensions and the operation control system were investigated. For
this purpose, it was necessary to perform nuclear calculations, and the SRAC code system, which was

under development at the time and was also used in the design of the modified JRR-3 reactor, was used
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as the nuclear calculation tool. In addition, the KENO-IV code, which was widely used as a Monte Carlo
code, was used for criticality calculations for complex geometries. For these nuclear calculations, the
JENDL-2 nuclear data library, which was the latest version at that time, was used. The nuclear
calculations require the atomic number density of the target material. Since there was no accurate atomic
number density evaluation formula for uranyl nitrate and/or plutonium solution, the fuel used in the
calculations, the Chemical Process Research Group of the Criticality Safety Laboratory conducted
experimental research and developed a new evaluation formula. In parallel with the nuclear calculations,
a new kinetic code for solution fuel systems, AGNES [2] was developed to evaluate the kinetic
experiments to be conducted using TRACY. The reactivity coefficients and kinetic parameters used in
the code were calculated by SRAC.

In the process of these design works, the NUCEF Construction Office was separated from the
Criticality Safety Laboratory, and the facility licensing and construction works were carried out mainly
by the NUCEF Construction Office. As a result, STACY and TRACY went critical for the first time in
February and December 1995, respectively. I have heard that the conceptual design work of NUCEF
started in 1981, so it took almost 15 years from the conception to the start of operation. During this period,
in addition to the update of the SRAC code, nuclear data were updated from JENDL-2 (1982: 82 nuclides
— revised in 1985: 181 nuclides) to JENDL-3 (1989: 171 nuclides), JENDL-3.1 (1990: 324 nuclides)
and JENDL-3.2 (1994: 340 nuclides). In principle, it is better to use the new data which reflects the latest
findings, but if the calculation results change during the licensing process, it is necessary to recheck the
validity of the safety review. Then the calculation environment should be maintained so that the results
obtained in the past can be reproduced. At the same time, it is also necessary to check the impact of
employing the latest findings in the safety review. Even if there is no significant impact, it is required to
keep quality control of past calculations.

2.2. TCA critical experiments

In parallel with the design and construction of NUCEF, various experiments on criticality safety and
nuclear characteristics of light water reactors were conducted in the Criticality Safety Laboratory using
the Tank-type Critical Assembly TCA [3] (Fig. 2), which simulates light water reactor cores. These
experimental data are used as benchmark data for nuclear data and contribute to improving the accuracy
of nuclear data.

In the late 1980s, a new reactor concept, the high-conversion light water reactor (HCLWR), attracted
worldwide attention. To improve the efficiency of nuclear fuel use, a high conversion ratio was achieved
by hardening the neutron spectrum with a tight-lattice core. In TCA, a series of critical experiments were
performed with several different tight-lattice cores. In these experiments, a new nondestructive method
of measuring a new spectral index called the modified conversion ratio was developed to investigate
spectral changes caused by the tightness of the lattice [4]. Later, this technique was used to measure the
modified conversion ratios of a series of fuel lattices in TCA to obtain spectral indices for a wide range
of spectral changes [5]. Other critical assemblies in Japan and abroad began to measure modified
conversion ratios using the same method, and the results were used as benchmark data for nuclear data.

Almost at this time, the continuous energy Monte Carlo code MVP, which had been under
development at JAERI, was released, allowing as build analysis of critical experiment systems. As a
result, direct verification (benchmarking) of nuclear data using critical experiment data became possible,

and the distance between reactor physics (experiment) and nuclear data (evaluation) seemed to become
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very close. Through benchmark calculations, I also began to participate in the nuclear data evaluation
activities conducted by the Japanese Nuclear Data Committee (JNDC). In this committee activity, I also
participated in the evaluation of the effective delayed neutron fraction (Befr), which is a quantity that
serves as a scale for converting the numerically calculated reactivity (in dk/k) to the experimentally
calculated reactivity (in $). If the value of Besr is inaccurate, a certain deviation (bias) will occur between
the numerical calculation and the experimental value. The TCA reactivity value also showed a certain
bias from the numerical calculation results. Therefore, we re-evaluated the Besr of TCA [6] and proposed
a new value for delayed neutron fraction, which was considered appropriate from the reactor physics side,
together with other experimental data [7]. The result was reflected in the revision of the nuclear data
library JENDL (JENDL-3.3). Although there was no tool to calculate Besr in continuous energy at that
time, and the multigroup approximation was necessary, but MVP was later improved, and this problem
was solved.

Besides above experiments, a series of MOX critical experiments conducted in the past at TCA,
which have measured critical mass in the same core geometry for about seven years. Since Pu-241 in
MOX fuel decays to Am-241 with a half-life of about 14 years, this long-term critical experiment data is
valuable for verifying the accuracy of Pu-241 or Am-241 nuclear data. Benchmark evaluations using this
critical experiment data show a trend of increasing effective multiplication factor (which should be
constant) with time [8] indicating that there is some problem with either (or both) of the above two
nuclides.

This trend was also observed in the MOX critical experiments in France, and is not a bias effect due

to the experimental setup. The latest nuclear data are expected to improve the situation.

3. Use of Nuclear Data at Kyoto University (2003-)
3.1. KUR Core Conversion to LEU

In 2003, I started to work at the Kyoto University Research Reactor Institute (now the Institute for
Integrated Radiation and Nuclear Science). My laboratory has been conducting the nuclear data
measurement using an electron linear accelerator (LINAC) and, it has been also in charge of the safety
management of the Kyoto University Research Reactor, KUR (Fig. 3). At that time, there was a news
report that KUR might be decommissioned due to the problem of its spent fuel treatment. However, it
was later officially decided to continue its operation, and the core would be converted from highly
enriched uranium (HEU) core to low enriched uranium (LEU) one. I was assigned to work on the licensing
process for the conversion of the KUR core.

Changing the fuel enrichment of a reactor means configuring a completely new core, and all
descriptions involving the core (and fuel) must be changed in its safety review. In the low-enriched fuel
design, instead of reducing the fuel enrichment, the fuel concentration is increased by employing the
silicide material, and then the nuclear characteristics, such as critical mass, does not change significantly.
But even so, the impact of the enrichment change cannot be ignored. In addition, the content of the KUR
installation application at that time only partially complied to the safety review guidelines for the water-
cooled test and research reactors established by the Nuclear Safety Commission. Therefore, the main part
of the installation application had to be completely revised.

In this safety review, nuclear characteristics of the new core were evaluated. In this evaluation, the
SRAC code system was used as the main calculation code, and JENDL-3.3, the latest nuclear data library

at that time, was used. As mentioned before, the new value was used for the delayed neutron fraction of
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JENDL-3.3, the calculated result of effective delayed neutron fraction was approximately 10% smaller
than that used in the previous version (highly enriched uranium system, ENDF-B/IV was used for the
nuclear data library). The smaller effective delayed neutron fraction means that the reactivity in $ unit
becomes 10% larger when the reactivity is input in dk/k unit, and as a result, the analytical results of
control rod mis-withdrawal events did not meet the limit value. Therefore, it became necessary to set a
new limit for control rod operation. Although the accuracy was improved by revising the delayed neutron

fraction, I experienced the magnitude of the impact of revising the nuclear data myself.

3.2. LINAC Experiments

As mentioned above, our laboratory has an electron linear accelerator, LINAC, and nuclear data are
measured using the time-of-flight neutron method. By using LINAC, we have started the project of
"Development of Nondestructive Methods Adopted for Integrity Test of Next Generation Nuclear Fuels"
with other organizations in 2014 [9]. This project was funded by the Ministry of Education, Culture,
Sports, Science and Technology of Japan (MEXT) for 4 years.

In the nondestructive measurement, we use the neutron resonance absorption reaction of the target
nuclide, and we can identify the nuclide and its concentration in the fuel rod. To obtain the accurate
results, the highly accurate nuclear data are indispensable. If we apply this measurement technique to the
advanced fuel, which will be used to transmute the high-level radioactive waste in fast reactor systems,
accurate nuclear data for various minor actinides and long-lived fission products are required. Therefore,

the improving of the nuclear data library should be continuously carried out.

4. Activities in the Japanese Nuclear Data Committee

When I started experiments on high conversion LWRs (around 1992) using TCA, I was asked to
introduce the experimental data in the Integral Test Working Group (WG) of the Japanese Nuclear Data
Committee (JNDC), which led me to become a member of this WG and to participate in benchmarking
activities for a wide range of critical experiments. Here, we provided experimental data on critical masses
and reaction rate ratios of various core at TCA, and they were used to validate JENDL. In addition to this
WG, there are many other technical subcommittees, WGs, and so on in JNDC. I also participated in some
of those groups as follows.

The Delayed Neutron WG was established in 1997 to review delayed neutron data and has been re-
evaluating the delayed neutron fraction based on experimental data from JAERI's critical assemblies,
FCA (Fast Critical Assembly), TCA, and VHTRC (High Temperature Gas Reactor Critical Assembly).
The results of the reevaluation are reflected in JENDL-3.3, as mentioned earlier. The WG also considered
a proposal from a U.S. researcher to increase the number of delayed neutron groups to nine, but in
consideration of the impact of this change, it was decided to maintain the existing six groups.

Furthermore, in 2006, the Quality Assurance Study Group was established to examine the quality
assurance of nuclear data, and after about three years of activities, the basic concept of quality assurance
for JENDL was compiled [10]. For JENDL to be widely used internationally in the future, it is necessary
not only to ensure the accuracy of nuclear data and the number of nuclides and reactions, but also to
ensure the quality assurance of nuclear data, and this activity is a pioneering step in this direction.

The Japanese Nuclear Data Committee was initially a generic name for the committee of JAERI and
that of the Atomic Energy Society of Japan (AESJ), called as SIGMA special committee. The activities

of the above-mentioned technical subcommittees, working groups, etc. were basically supported by
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JAERI. However, after the Japan Atomic Energy Agency (JAEA) was established as the result of
organizational reform of JAEA in 2005, a clear distinction between academic activities and JAEA’s
activity was required, and then the committee independent of the Society was established, which was also
called as JNDC. In 2010, the name of the committee was changed to the current "JENDL Committee"
and has continued its activities.

On the other hand, AESJ’s SIGMA special (ad-hoc) committee, which was established in in 1963,
(SIGMA special committee since 1965), has continued its activities to this day as the SIGMA
investigation committee (Investigation Committee on Nuclear Data) since 2019.

I am not an expert in nuclear data as mentioned so far, but since I have been participating in the
activity of JNDC for a long time, I have been chairing the JENDL committee since FY2017. JAEA
released JENDL-5 in December 2021, and since then, we have been conducting data validation and

dissemination activities, as well as studying the next revision of JENDL.

5. At the end

I have looked back on some memories that have something to do with nuclear data. Please forgive
me if some of them seem to have nothing to do with nuclear data.

In principle, nuclear data should converge to a single value at some point, but in reality this is not
the case, and nuclear data are reviewed and updated on a daily basis. It is necessary to continue this
activity to build a nuclear data library with higher accuracy in the future. For this purpose, the
development of research infrastructure and human resources necessary for nuclear data measurement and

evaluation are urgent issues.
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A part of my experiences during my career of about 40 years will be reviewed briefly. I have involved
in researches such as neutron scattering experiments and analysis in terms of dispersive optical model,
analysis of nucleon scattering data by the soft-rotator model, solution of a puzzle in statistical treatment
of nuclear data referred to as “Peelle’s Pertinent Puzzle”, development of JENDL Fusion File and JENDL -
3, 4 and 5, development of Quantum Molecular Dynamics (QMD), providing nuclear data to
nucleosynthesis such as neutrino cross sections and fission fragment yields, developing surrogate reaction
method with heavy-ion beams, theoretical treatment of nuclear fission with a set of variety of theories to
cover the whole process of nuclear fission, development of a transmutation system of LLFP with fast
reactors, and uncertainty qualification based on total Monte-Carlo method. In the reference section,
papers published in scientific and/or engineering journals in my whole career have been listed in the
inversely chronological order [1-214], excluding review articles and proceedings.

1. Introduction

Nuclear data is one of the most fundamental and therefore important fields in research and
development of nuclear energy systems. The field of nuclear data contains actually variety of subjects
such as 1) experimental activities, 2) theoretical activities, 3) statistical analysis including machine
learning, 4) compilation of knowledge and database, 5) evaluation, and 6) benchmark and studies on
impact to reactor properties. I have involved in researches in some of these subjects for almost 40 years.
Some of my recent activities will be briefly reviewed in this manuscript, but, unfortunately not all of
them.

Nuclear fission, which proceeds as shown in Fig. 1, is the most fundamental physics process underlying
nuclear energy, which is recognized widely as an important source of zero-carbon energy. Nuclear fission
makes the stable operation of nuclear reactors possible through a chain reaction mediated by fission
neutrons, generating heat at the same time due to its huge positive Q-value. Furthermore, nuclear fission
populates a number of radioactive fission products, and the treatment of the radioactive wastes is one of
the key issues in the utilization of nuclear energy. On the other hand, some of the fission products like
%Tc have been used as important radioactive materials for, e.g., medical applications. Moreover, nuclear
fission takes place in r-process nucleosynthesis in merger events of 2 neutron stars or between a neutron
star and a blackhole, which determines the abundance of medium to heavy nuclei through fission
recycling. Therefore, information on nuclear fission is crucial in accurate design of nuclear systems,
medical applications and in understanding origin of matter in the cosmos. Recently, it is also pointed out
that antineutrinos emitted by the J - decay of fission products can be used for precise understanding of
the neutrino oscillation, verification of sterile neutrinos, and also for remote monitoring of reactor status
for nuclear safeguards.

Nuclear fission has been studied for more than eighty years since its discovery. However, fundamental
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aspects of nuclear fission still remain to be a mystery due to its sophisticated nature as a large -amplitude
collective motion of systems including finite number of nucleons [16]. Indeed, we still cannot explain the
whole property of nuclear fission even for the n+233U reaction with sufficient predictive power, although
experimental data and/or empirical models have been applied for practical use. Such practical methods
may work properly in the case of well examined neutron-induce fission of 233U and ?3°Pu. In order to
develop a new system such as Accelerator-driven Systems (ADS) and Fast Reactors (FR) which may act
also as a transmuter of the TRU wastes, we need high quality nuclear data of minor actinides (MA), which
are fissile or fissionable nuclei. Experiments to obtain fission data for MA and long-lived fission products
(LLFP) have been performed in various facilities. However, it is still difficult to cover wide-variety of
fission data, such as fission fragment mass distributions (FFMDs), total kinetic energy (TKE), number of
prompt and delayed neutrons, decay heat, and emission of antielectron neutrinos from the fission products.
We have developed a comprehensive set of nuclear models which can reproduce and predict these
physical quantities related to nuclear fission.

In addition to the above fundamental approaches, we have worked also on the reduction of long-lived
fission products, research on the effects of uncertainty of nuclear data on properties of nuclear systems,
and the influence of nuclear data on the clearance problem of decommissioning by developing a
computational scheme of high-quality nuclear data. The aim of my work has been improvement of nuclear
data starting from fundamental researches to application, placing emphasis on fission-related nuclear data.

2. Fundamental studies for nuclear fission
Nuclear fission we consider is initiated by

absorption of neutrons by heavy nuclei like 235U @ . .\. Hisoceeaf neuieons

and ?*Pu, the process D in Fig. 1, which can be target nucleus

described by a standard method like the optical $7

model or the coupled-channels theory. @ € ) rormation of a compound nucleus
However, it is still difficult to describe the whole

feature of a nuclear fission process starting at @ M

and after with a single model due to the fact that ©) e

nuclear force is still unclear owing to its ay

complexity as a relativistic many-body problem @ r'yY ;\Ieur;f:?; ?icsi:isci;n(emission o

consisting of quarks and gluons, as well as a fact bt a,..)
prompt

that it consists of several parts which have neutrons

N Statistical decay of primany
fission fragments

completely different time scales ranging from ~
102° second (process @to @) to ~10° years ®

for process (®. Indeed, there is no theoretical . P

model which can simulate the whole process of

. . . -deca -deca
nuclear fission shown in Fig. 1. Therefore, we ey e

@ e~ B-ray, y-ray, anti-
7/ electron neutrinos

delayed neutrons

Fig. 1 Schematic view of nuclear fission process.

have developed different models depending on
our purpose. We have studied the fundamental B B
mechanism of nuclear fission at low excitation
energies with models such as a 4-dimensional
Langevin model, the Anti-symmetrized Molecular Dynamics, relativistic and non-relativistic density
functional theories to describe the process @ to @ in Fig. 1. As a result of this process, about 1,300
different primary fission fragments are formed at stage @ even from a single fissioning system, and we

need to specify the yield, distributions of kinetic energy, excitation energy and spin-parity to each of the
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populated fragment, which is a formidable task. Furthermore, we have used the Hauser-Feshbach theory
to describe the statistical decay of the primary fission fragments (process &) to lead to the population of
independent fission products and emission of prompt neutrons and vy -rays, and the gross theory of beta-
decay and summation method to investigate the final 3 -decay part (process (®) which leads to the
generation of delayed neutrons, decay heat, and emission of anti-electron neutrinos.

2.1. Fission properties studied by the Langevin equation

Langevin dynamical model can reproduce and predict not only the fission fragment mass yields but
also the total kinetic energies of the fission fragments of various actinides very accurately. In the Langevin
model, a nuclear fission process is regarded as a time-evolution of the nuclear shape of a compound
nucleus, which is formed via neutron absorption by a target in a neutron-induced reaction, following the
equation of motion under the friction force and the random force (so called the Langevin equation). The
Langevin equations are formulated as a set of coupled stochastic differential equations. We have
developed a 4-dimensinal Langevin model [27, 29, 30] by extending degree of freedom to describe a
realistic nuclear-shape leading to nuclear scission, and by introduction of quantal effects to the free energy,
the zero-point energy correction to each of the collective coordinate, and also by introducing microscopic
transport coefficients based on the linear response theory [46].

Figure 2 shows calculated mass distributions of fission fragments (black histograms) compared with
experimental data (red circles) at excitation of 20 MeV as representatives of compound nuclei populated
by neutrons. In contrast, Fig. 3 compares calculated mass-TKE correlation of fission fragments (left
panel) with experimental data (right panel). The gray histogram in the upper-left panel of Fig. 2 shows a
calculation without quantal effects yielding only 1-peak in mass distribution. These figures show how
our 4D Langevin model can describe known properties of nuclear fission by taking account of the quantal
effects properly into the thermodynamic approach represented by the Langevin equation. Verified by this
quantitative agreement, we have made a systematic calculation of fragments-mass vs. TKE correlation
for actinides as shown in Fig. 4 [19]. We notice that, starting from the left-bottom to the right-upper panel,
the TKE of the symmetric component makes a sudden jump to higher values at mass number of 250 to
254 which is an indication of transition of the symmetric mode from superlong to supershort mode.
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Fig. 2 Calculated mass distribution of fission fragments
(black histograms) compared to experimental information

(right circles).
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Furthermore, the dominant mode, shown by red
dots, moves from the asymmetric mode to the
symmetric mode at A=257 to 258, then moves back
to the asymmetric mode at 2°°Md to 2°*No, making
mass distribution to change from 2-peak structure
to 1-peak, then to 2-peak again. Such a “correlated
transition” of 2 physical quantities were effective in
understanding systematical and anomalous trends
in the fission mechanisms of actinide nuclei in a
unified manner.

Then, based on this success, we have extended
our calculation to superheavy nuclei [13]. A result
is shown in Fig. 5 for the fragment-mass vs. TKE
correlation of 2°*Og (Z=118). We can notice that
this correlation pattern is much more complicated
than that of the actinide region shown in Figs. 3 and
4. We have found that the shell of 2%Pb plays a
dominant role in the fission mechanisms of
superheavy nuclei to form the “superaymmetric”
component.

2.2. Application of Antisymmetrized Molecular
Dynamics (AMD) to study of nuclear fission
While we understood that Langevin model gives
rather accurate results to describe various properties
of nuclear fission, it is based on a macroscopic
approach, and it lacks full microscopic description
of the fission process, which is becoming a major
trends in this field. Then, we also have investigated
the fission reaction based on the Antisymmetrized
Molecular Dynamics (hereafter AMD). In AMD, a
nucleus can be microscopically described by a
Slater determinant consisting of Gaussian wave
packets chosen as variational functions to represent
single-particle states. AMD has been widely used to
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Fig. 4 Mass-TKE correlation of fission fragments for
a series of actinide nuclei arranged in increasing order
of Z*A' of fissioning nucleus starting from the

leftmost-bottom to the rightmost upper panel.
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Fig. 5 Predicted mass-TKE correlation of fission
fragments for 2*4Og at Ex=10 MeV.

study nuclear reactions and nuclear structures for light nuclei, but we are the only one group to apply

AMD to fission study. From this study, we expect to get aspects of nuclear fission that cannot be obtained

from the Langevin model.

In Fig. 6, we show snapshots of nucleon density distributions during the fission of 23U (= compound

nucleus of n + 23U reaction), where degree-of-freedom of 92 protons and 144 neutrons are explicitly

considered. We have adopted SLy4 effective interaction acting among nucleons, NN collision by Li-

Machleit parameterization, and the fission was initiated by a technique called “symmetric boost

mechanism”. By repeating such calculations, we can obtain distributions of isotopes, TKE and spin of

fission fragments.
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In Fig. 7, we plotted mass-TKE correlation of
fission fragments originated from 23¢U
compound nucleus. The color contour shows
data estimated from experimental information,

1950 fm/c 2370 fm/c

while circles are the results of AMD Fig. 6 Snapshots of time evolution of nucleon density
calculation, which corresponds to symmetric
fission mode. We notice that the AMD

calculation can describe the TKEs of I T | —

during fission of 23°U.

e . 220 - ——— 236
symmetric fission components quite accurately. | | & Presen
Through such simulations, we could draw __ 200
conclusions on the spin distribution and E 180
mechanisms of ternary fission in quantitative i
manner. = 160 [3
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laboratory are relativistic and non-relativistic . . 236
. . . Fig. 7 Fragment mass-TKE correlation of =°U.

density functional theories. These models can ) ] )

Color contour: experimental data, white circles:

provide detailed information on potential energy
AMD calculation.

surfaces as a function of nuclear deformations

and on fission barrier height. Nevertheless, there

is no effective interaction designed for nuclear fission itself. In our laboratory, we have investigated how
the pairing interaction affects the fission barrier height in both models, and found that about 20% increase
in the pairing strength drastically improves reproduction of fission barrier heights [3,5,7]. Our study on
the pairing interaction is based on a consideration including the pairing rotational energy, which confirms
the validity of our conclusions. Furthermore, we found that triaxiality has a dominant role in the height
of outer fission barrier.

3. Beta decay of fission products [22, 33, 42]

After prompt neutrons and gammas emitted from the fission fragments, the beta-decays of these nuclei
will occur. Anti-electron neutrinos (abbreviated as neutrinos for simplicity) produced by the beta-decay
process play a significant role in the surveillance and in-service inspection of nuclear power plants, which
can serve as a novel method of nuclear safeguards. They are also used to establish neutrino oscillations,
and such a study eventually leads to discovery of exotic particles such as sterile neutrinos.

We have studied the antineutrino spectrum from aggregate beta-decay of fission products based on
summation calculation and the gross theory. Figure 8 shows a comparison of antineutrino spectra emitted
from f -decay of *’Rb calculated by Gross Theory 2 (red line) and experimental data (triangles). We
have performed such calculations for about 1,000 FP nuclei, and constructed an original database. Then,
Fig. 9 compares aggregate and independent antineutrino spectra emitted from fission products populated
in the fission of thermal neutron + 233U system. The aggregate spectra are made by superposition of about
1,000 fission products. The calculation was done by using JENDL Decay Data Library 2011 and FPY
(Fission Product Yield) from FPY2011 and that in JENDL-5 (FPY2020). We notice that the difference
of the FPY data makes a difference in the neutrino spectra above 8 MeV, where only several nuclei like
9295Rb and *°Y, having large Qg values, contribute. Even though the calculation seems to reproduce the
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measured data, the accuracy of such a computational method must be further improved for practical
applications. Anyhow, we have established the basis of such a computational method.

Antineutrino spectra (fission™ MeV™)
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Fig. 9 Aggregate and independent neutrino spectra

Fig. 8 Comparison of antineutrino energy spectra emitted from fission products populated in fission of n
emitted from B -decay of Rb calculated by Gross + >°U system. The triangles are experimental data,

Theory 2 (red line) and experimental data (triangles). while the total and independent neutrino spectra are

shown by lines.

4. Evaluation of nuclear data and its impact on integral system

4.1. Development of fission yield data library for various applications

High precision nuclear data on the fission product yield (FPY) is necessary to evaluate the inventory
of radioactive materials in spent nuclear fuel, total decay heat from the fission products and their toxicity.
Historically, FPY data in JENDL have been borrowed from U.S. evaluation ENDF. Fortunately, a number
of measurements of fission product yields (FPYs) have been accumulated since the last major evaluation
was performed in ENDF library.

We have developed a FPY library based on the original evaluation method of experimental data, guided
by all the fundamental research on nuclear fission we have carried out [24]. Our FPY library contains not
only yields such as independent yields and cumulative yields, but also the covariance information on
uncertainty in each data. Recently, such covariance data has been necessitated significantly for V&V
(Validation and Verification) purposes. To develop the new library, we first gathered and evaluated
experimental data from EXFOR database, and then developed a semi-phenomenological FPY model
based on the recent knowledge of the shell effects including the even-odd staggering. The semi-
phenomenological model is necessary to estimate the FPYs where no measured data exist. Hauser-
Fechbach theory [28] was also applied to estimate unknown isomer ratios. The covariance was obtained
by a generalized least-squares analysis containing minimal physics constraints. In this manner, we
constructed a brand-new FPY library for the first time in Japan [12]. Our FPY library was adopted in
JENDL-5 as a national nuclear database.

4.2. Impact of uncertainty of nuclear data on integral system

The uncertainty in various quantities relating to nuclear reactors becomes necessary information.
Especially, the uncertainty in the evaluation for radioactivity due to neutron irradiation is strongly
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required by nuclear regulation procedures.

We have evaluated the uncertainty of the cross sections of some LLFP nuclides in JENDL-4.0 by use
of T6 code which evaluates the nuclear data employing the Bayesian Monte Carlo calculations [ 14]. Using
these methods, we have investigated the uncertainty of the neutron spectra after deep penetration and
found that the correlation of the total cross section and forward elastic angular distribution plays a crucial
role [9].
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In 2016, the Japanese government decided to decommission “MONJU” and to establish a new
research reactor by utilizing “MONJU” site. In 2020, the Ministry of Education, Culture, Sports, Science
and Technology (MEXT) concluded that a medium-power reactor (thermal power of less than 10 MW)
mainly for neutron beam applications would be most appropriate for a new research reactor using the
“MONIJU” site. The consortium consisted with Japan Atomic Energy Agency, Kyoto University, and the
University of Fukui was selected as the core organization for the conceptual design of the new research
reactor. The present paper describes the status of conceptual design study of new research reactor at
the Monju site that has been conducted mainly by JAEA.

1. Introduction

In December 2016, when the government policy to decommission “MONJU” was decided at the
Nuclear Energy Ministerial Meeting, it was decided to establish a new research reactor by utilizing the
"MONJU" site in the future. In response, Ministry of Education, Culture, Sports, Science and Technology
(MEXT) established a committee of external experts consisting of various stakeholders from FY 2017 to
FY 2019 to conduct a survey on a new research reactor, and selected several candidate reactor types in
May 2020. Specifically, (1) Medium-power reactor (thermal power of less than 10 MW, mainly for
research using neutron beams and highly versatile), (2) Low-power reactor (thermal power of about 500
kW, mainly used for nuclear engineering experiments), (3) Zero-Power critical experiment facility
(thermal power of about a few kW, mainly used for basic research and education) were selected as reactor
types that could be constructed by incorporating the latest technology based on existing reactors. After
hearing to the opinions of Fukui Prefecture and Tsuruga City, and through discussions at the Working
Group on Nuclear Research and Development, Infrastructure, and Human Resources of MEXT, in
September 2020, the most appropriate reactor type was selected as a medium power reactor (<10 MW)
mainly for neutron beam applications, from two perspectives: to realize functions suitable as a core center
for nuclear research and development and human resources development in western Japan and to
contribute to local development. Moreover, as a way to proceed with the study, it was recommended to

establish an organization consisting with research institutes and universities with knowledge, experience,
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and ability in the three aspects of "steady design, construction, and operation of the research reactor,"
"operation of the research reactor so that a wide range of related researchers can use it," and
"establishment of cooperation with related local organizations".

In order to effectively implement the study on the conceptual design and operation of the new
research reactor from the above recommendation, MEXT issued a public offering ("Study on the
conceptual design and operation of the new research reactor at the Monju site") and selected the
consortium consisted with Japan Atomic Energy Agency (JAEA), Kyoto University, and the University
of Fukui as the core organizations in November 2020. The roles of each organization are

JAEA : Design, construction, and operation of new research reactor,

Kyoto University : Operation of a wide range of utilization, and

University of Fukui : Building partnerships with local institutions.
The present paper describes the status of conceptual design study of new research reactor at the Monju
site that has been conducted mainly by JAEA.

2. Conceptual Design Study of Reactor Core
2.1. Design Targets

In the conceptual design study of the new research reactor, it is possible to refer to the knowledge
of existing research reactors such as JRR-3 of JAEA and KUR of Kyoto University, which have
knowledge and experience in construction and operation management. The goal of this project is to
maximize the performance as a medium-power reactor mainly for neutron beam applications. The basic
policies of this project are (1) increasing safety performance, (2) improving user convenience, (3)
ensuring operation stability, (4) exploring economical design, and (5) securing future potential. Figure 1
shows the relationship between the basic policy and typical items that should be specifically considered

when conducting a conceptual design study.

(Basic policy) (Specification)

Increase safety performance Simplify core submergence Open pool-type

Simplify decay heat removal

Neutron flux same as JRR-3

Improve user convenience » High neutron flux

Adjustability of neutron Effective moderator

spectrum
. B . Cold neutron source
Ensure operation stability » Enlarge operation cycle
High burnup Longer operation cycle
Explore economical design > Low cost of fuel Optimized core
Securing future potential Minimize of spent fuel Fuel with proven tech.

Fig.1 Relationship between the basic policy of the core concept study and specific study items

In order to concretize the core configuration of the new research reactor as a medium power reactor,
the maximum thermal neutron flux in the reflector and the available operation days were set as tentative

design targets to be achieved as follows.
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« Maximum thermal neutron flux : > 10'* n/cm%s (JRR-3:1.0~2.0X 10 n/cm?/s)
- Available operation days : > 400 days (JRR-3 : 370 days)

It is desirable to achieve as high thermal neutron flux as possible in the new research reactor whose
main purpose is to utilize neutron beams. In addition, since the number of days of sustainable operation
is directly related to the availability of the new research reactor, it is desirable to be able to maintain
operation for as long as possible without fuel replacement. These design targets were set with reference
to the performance of the JRR-3 (20 MW thermal power) currently in operation at JAEA. For the
maximum thermal neutron flux, the target was set to equivalent to that of the JRR -3 although the thermal
power of the new research reactor is half that of JRR-3. The operation days set here is the number of days
until the effective multiplication factor will fall below 1 in the burnup analysis, which is different from
the actual available operation days.

2.2. Core Configuration

In the consideration of the core design, core configurations with various fuel element numbers and
arrangements were assumed, and their respective neutron fluxes and burnup characteristics were analyzed.
The calculations were performed under the assumption using JRR-3 fuel element. Table 1 shows the main
parameters of the JRR-3 fuel element which is a typical MTR-type fuel element. Figure 2 shows the
schematic drawing of the JRR-3 fuel element. The JRR-3 core consists of standard fuel elements and

follower-fueled control rods, but in this study, it was assumed that the core consists entirely of standard
fuel elements.

Table 1 Main parameters of JRR-3 fuel element

Size 64x64x880 mm
Nuclear Fuel Us3Si,
235U enrichment 20 wt%
235U content 300 g
Uranium density 4.8 g/em?
Thickness 0.51 mm
Fuel meat Width 49 mm
Length 750 mm
Cladding Al alloy
Cladding thickness 0.38 mm
Thickness 1.27 mm
Fuel plate Width 60 mm
Length 770 mm
Number of coolant channel 16
Coolant channel thickness 2.40 mm (x15)

For the core configuration, we analyzed the neutron flux and burnup characteristics for each of the
assumed fuel numbers and fuel configuration pairs shown in Figure 3. In setting the core geometry, not
only the number of fuels is used as a parameter, but also the core outline is kept the same, as in x16, x17,
and Ce20, and the number of fuels constituting the core is adjusted so that only the effect of the number

of fuels can be considered. It is assumed that the coolant region of the fuel elements is filled with light
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water, and the outside of the core is surrounded by heavy water of sufficient thickness. The continuous
energy Monte Carlo codes MVPD and MVP-BURN were used for the calculations, and JENDL-4.0% was

used for the nuclear data.

0.051cmx6.2cmXx75cm
(20% enriched 235U)

o A Fuel plate core

(7igf\ \QFA/
|

& Aluminum cladding I

&P - ) \
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(@)
g1 7.62cm ‘

||l“
gy =

“-side plate
Cadmium wire
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]

|~
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Fig.2 Standard JRR-3 fuel element
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I:l Fuel element
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Irradiation hole)

—

X16 x17 ce20

Fig.3 Fuel element arrangement analyzed in the core concept study

The thermal neutron flux in the heavy water tank outside the core and the change of effective
multiplication factor due to burnup for each core configuration are shown in Figures 4 and 5, respectively.
Although the maximum thermal neutron flux became smaller as the number of fuel elements increased
and the core became larger, the maximum thermal neutron flux for all core geometries was found to be
about 10 cm from the core edge, which is higher than the target of 10'* n/cm?/s. On the other hand, as for
the burnup characteristics, it was also found that as the number of fuel elements increases and the core

becomes larger, the period when the effective multiplication factor falls below one increases, the number
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of days of operation becomes longer, the burnup rate of 2*3U increases, and the fuel can be used more
efficiently. Among the configured cores, 5x5 cores (25 fuel elements, 588 days of sustainable operation,
61% burnup) and ce20 cores (20 fuel elements, 416 days of sustainable operation, 55% burnup) met the
target of 400 days of sustainable operation.

Based on the above results, it was decided that the Ce20 core is the reference configuration which
has potential address a wide variety of needs because irradiation utilization will be available at the center

and the four corners of the core, and it is relatively more flexible than the 5x5 core.
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Fig.4 Comparison of calculated thermal neutron flux in heavy water tanks
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Fig.5 Change of effective multiplication factor (kefr) with burnup

3. Concluding remarks

In the conceptual design study of the reactor core, the maximum thermal neutron flux in the heavy
water reflector and the number of days of operation duration were set as the design goals to be achieved,
and a core configuration capable of achieving each goal was obtained. Based on these results, the fuel

elements, control elements, and reflector will be concretized to determine the basic specifications to
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proceed with the detailed design.

On December 23, 2022, JAEA was selected by MEXT as the main entity to implement the new
experimental research reactor project at the "MONJU" site from the detailed design stage onward. We
will continue to work with Kyoto University and the University of Fukui to steadily proceed with the
project, while gathering a wide range of opinions from related organizations and gaining the
understanding of the local community, following the schedule as shown in the Fig.6

Detailed design I, 11 Construction works and
Co:ce_ptual Inspections Operation
esign
Geological survey

| P | eem | e | Fom-

Organization of utilization needs. Consideration of human resource
Facility utilization development, facility utilization management and cooperation with

local organizations
management etc.

Reactor core design I

Utilization facility design and
Layout

Conceptual design Detailed design I

100 m borehole 200 m borehole
Geological survey investigation investigations

Fig.6 Tentative Schedule for construction and operation of the new research reactor at Monju site
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data using the fixed field alternating gradient
accelerator at Kyoto University
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Abstract

For the research and development of accelerator-driven systems (ADSs) and fundamental
ADS reactor physics research using the Kyoto University Critical Assembly combined with
the fixed-field alternating gradient (FFAG) accelerator, we are conducting experiments on
100 MeV-range nuclear reaction data using the FFAG accelerator at Kyoto University. This
paper presents an overview of the experiments.

1 Introduction

Spent fuel from nuclear power plants is radioactive and toxic for a long period of time, even tens
of thousands of years. From the viewpoint of effective utilization of energy resources, Japan’s
basic policy is to reprocess the spent fuel to recover plutonium (Pu) and uranium (U) and
reuse them as fuel. The high-level radioactive liquid waste (HLW) produced in the reprocessing
process will be vitrified and disposed into a stable bedrock formation several hundred meters
underground. It is of social significance to reduce the toxicity of HLW as much as reasonably
achievable and to reduce the burden of geological disposal. As one of the solutions to this
problem, Accelerator-Driven System (ADS) has attracted attention and is being researched and
developed around the world.

Figure 1 shows the concept of the ADS proposed by the Japan Atomic Energy Agency
(JAEA). This system is a combined reactor system that combines a 1.5 GeV high-intensity
proton accelerator and a subcritical core to efficiently perform transmutation while keeping the
core subcritical. The core is loaded with nuclear fuel containing minor actinides (MA) such
as neptunium (Np) and americium (Am), which have particularly high radio-toxicity among
HLW, and is surrounded by a liquid lead-bismuth eutectic (LBE) alloy. The LBE is used as a
coolant to extract the heat generated from the nuclear fuel during operation, and also serves as a
target or spallation neutron source to supply spallation neutrons generated by nuclear reactions
(spallation reactions) using high-energy protons to the core.

Figure 2 shows the time behavior of the potential radiotoxicity of radioactive waste [1]. If
Pu and U are recovered from the waste and MA with high potential radiotoxicity are separated
and burned in ADS, the toxicity can be reduced to several hundred years, which is expected to
make a significant contribution to solving the problem of negative legacy.

In the research and development of ADS using spallation neutrons, it is important to improve
nuclear reaction models that describe spallation reactions. In particular, the yield of spallation
neutrons, their energy distribution (spectrum), and angular distribution obtained by the nuclear
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Figure 1: Concept of ADS proposed by JAEA.

reaction model calculation are essential information for evaluating the nuclear performance of the
ADS, such as transmutation efficiency and proton beam current. In addition, the beam window,
which forms the boundary between the proton injection region and the core region, is irradiated
by high-energy protons and produces gases such as helium and hydrogen inside the material.
Accurate prediction of gas production and irradiation damage in the beam window, which is
exposed to severe thermal conditions, is important to ensure its performance and integrity in
the design. In addition, it is necessary to accurately evaluate the induced radioactivity of the
spallation target and constituent materials and the shielding performance of neutron shields, and
nuclear reaction models that describe these fundamental processes play an extremely important
role.

At Kyoto University, a series of experimental studies simulating ADS has been conducted
using the Kyoto University Critical Assembly (KUCA) coupled with the FFAG (Fixed Field
Alternating Gradient) accelerator; the nuclear reaction model is being verified in this framework
[2]. On the other hand, in the actual ADS, which assumes deeper subcriticality than the subcrit-
ical regime that can be tested in KUCA, the contribution of spallation reactions to the neutron
energy spectrum increases, so that more accurate nuclear reaction model analysis is required for
nuclear performance evaluation and demonstration experiments.

Due to the importance of nuclear reaction models in ADS nuclear design, measurements
of the double-differential cross section (DDX) of neutrons and charged particles and the neu-
tron yield of neutrons emitted from a thick Pb target (i.e., thick target neutron yield, TTNY)
have been measured intensively by research institutes around the world, and the nuclear reac-
tion models have been refined and benchmarked by the International Atomic Energy Agency
(IAEA) [3]. However, despite these efforts, the reaction mechanisms of neutron-production DDX
and TTNY and high-energy fission in the tens to 100 MeV region have not yet been predicted
with satisfactory accuracy even by the latest nuclear reaction models. In this background, we
are planning to measure neutron-production DDX and TTNY for ADS components (Fe, Pb,
and Bi), fission fragment distribution and fission neutron number in high-energy fission of Pb
and Bi using the FFAG accelerator, which can accelerate protons in the 100 MeV region. The
experimental data obtained from these measurements will be compared with the nuclear reaction
model (theoretical model) in order to improve the statistical accuracy of the nuclear reaction
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Figure 2: Reduction of potential radiotoxicity of spent fuel by ADS (partitioning and transmu-
tation) technology, plotted based on Ref. [1].

model.

2 Experiment

The experiments were conducted in the experimental hall where the FFAG accelerator is installed
in the Innovation Research Laboratory of the Institute for Integrated Radiation and Nuclear
Science, Kyoto University. A series of experiments on TTNY and DDX have been completed, and
experiments on high-energy fission of Pb and Bi are planned. Figure 3 shows the experimental
setup for the TTNY and DDX measurements. In each of these experiments, a disc-shaped target
is placed in a vacuum chamber on a different beamline, and a neutron detector is positioned
at a specific angle of 5-120 degrees from the proton beam injection axis, about 2-7 m away
from the target (Figure 4). After the target and neutron detector were set up, the target was
irradiated with a 107-MeV proton beam accelerated by the FFAG accelerator for 1-4 hours to
detect neutrons and gamma rays emitted from the target during irradiation.

In the TTNY measurements, Fe (beam window component), Pb, and Bi (spallation target
component), which are the main components of ADS, were used as targets, and their thickness
was 30 mm so that they were longer than the range for 107-MeV protons (i.e. 16.1 mm, 15.9
mm, and 18.5 mm for Fe, Pb, and Bi, respectively). The target thickness for DDX measurements
should be thin from a physical point of view, but for better statistics, 2-mm-thick Pb and 5-mm-
thick Bi were used to improve the accuracy. The diameter of the target was 48 mm to ensure
that the proton beam would enter the target with sufficient margin based on past beam profiles.

The beam repetition rate was set to the standard FFAG accelerator specification of 30 Hz.
The time width of the pulsed beam before the experiment was about 100 ns, but since a time
width of less than 10 ns is required to obtain high energy resolution for TTNY and DDX
measurements, the pulsed beam was shortened to ~8 ns (1o) by the bunch rotation method
and the kicker method [4]. The beam profile was checked by placing a fluorescent plate near the
target and using a CCD camera to observe the scintillation from the proton beam irradiation.
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Figure 3: Experimental setup of the TTNY and DDX measurements.

This check was performed before each TTNY and DDX measurement at each measurement
angle.

In order to measure neutron energy spectra with high detection efficiency over a wide energy
range from several hundred keV to 107 MeV, we used a compact EJ-301 with a diameter of 8
mm and a PMT (HAMAMATSU H3164-12) that can handle a wide luminous flux band. In the
TTNY measurement, a 16 mm thick copper block was placed in front of the neutron detector
to prevent charged particles such as scattered protons from entering the detector. In the DDX
measurement, on the other hand, a VETO detector consisting of a light-guided plastic scintillator
and PMT with a thickness of 2 mm and a length and width of 100 mm was placed in front of
the neutron detector to eliminate charged particle events detected by the neutron detector.

Data acquisition (DAQ) during the measurement was performed using a multichannel dig-
itizer (Struck Innovative System, model No. SIS3316) with a field-programmable gate array
(FPGA). The pulse-shape discrimination (PSD) method was used to discriminate between neu-
tron and gamma-ray events detected by the neutron detectors, where two different gates (fast and
slow gates) were set and the integral amount of scintillation at each gate width was recorded
as a digital signal. The time-of-flight (TOF) method was used to derive the TOF spectrum
of neutrons based on the time information of neutron detection events obtained by removing
gamma-ray detection events by the PSD method. The contribution of room-scattering neutrons
was removed by the results of measurements using a shadow bar. Furthermore, the neutron
TOF spectra were converted to energy spectra based on relativistic kinematics by correcting for
detector detection efficiency, target-to-detector neutron attenuation, and other factors based on
analysis using the radiation behavior analysis code PHITS [5].

The energy spectra of TTNY and DDX for Fe, Pb, and Bi targets were obtained from
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this experiment. As an example, Figure 4 shows a comparison between the experimental data
of 107-MeV proton-induced TTNY for Pb and the nuclear reaction model analysis. The re-
sults of the analysis using the nuclear reaction models incorporated in PHITS (INCL4.6/GEM,
Bertini/GEM, JQMD/GEM, and JQMD/SMM/GEM [6, 7, 8, 9, 10]) and the evaluated nuclear
data library JENDL-4.0/HE [11] are described here. The energy distribution at high energies
is strongly forward, while at low energies, the distribution is isotropic and Maxwellian. This
is because the mechanism of neutron emission from nuclei is very different between the two
processes in nuclear reactions, which are described by the intranuclear cascade model and the
evaporation model included in nuclear reaction models, respectively. The TTNY and DDX data
obtained in this experiment cover a wide energy range from 700 keV to 107 MeV. Comparison
with the nuclear reaction models revealed that both models show a characteristic discrepancy
trend with respect to the TTNY measurements for Fe, Pb, and Bi (see Ref. [12] for details of
the TTNY measurements). The same trend was observed for DDX (see Ref. [13] for preliminary
results).

Pb TTNY
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9
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=
o
&

=
o
&

—— INCL4.6/GEM
—— JENDL-4.0/HE
—-- Bertini/GEM
JQMD/GEM
JQMD/SMM/GEM
<4 This work

=
o
4

Thick target neutron yields (n/sr/lethargy/p)

=
o
®

10° 10t
Neutron energy (MeV)

Figure 4: Comparison of energy spectra of 107-MeV proton induced TTNY for Pb. (Ref. [12]).

3 Summary and future work

Experiments on neutron production DDX and TTNY of ADS components and high energy
fission have been conducted and planned using the FFAG accelerator at Kyoto University. So
far, measurements of TTNY and DDX have been completed, and we have succeeded in obtaining
data that will contribute to the advancement of nuclear reaction models. In the future, we plan
to conduct experiments on high-energy fission of Pb and Bi.
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Abstract:

OKTAVIAN is a DT and DD neutron irradiation facility in Osaka University. However, DD neutron
source in OKTAVIAN has not been well characterized in terms of angular distribution of neutron intensity
and neutron energy distribution, though characterized neutron fields are essential for the applications such as
development and calibration of radiation detectors. Therefore, it is necessary to evaluate the DD neutron field
in OKTAVIAN.

In this study, we measured the angular distribution of DD neutron from 0° to 150° by 15° intervals, and
measured the total neutron production rate of OKTAVIAN by foil activation method with indium.
Experimental results were compared with calculated results derived using SRIM, Drosg-2000 and MCNP5,
and we discussed about the comparison of the present result with past cross section measurement result, the
accuracy of the neutron source term and the validity of the simulation methods. As a result, no significant
difference was found less than 135° between experimental and simulation values and at 150°, the simulated
intensity was smaller than the experimental result. In conclusion, we confirmed the accuracy of the derived
neutron source term and the validity of the simulation method and, revealed the total neutron production rate

by OKTAVIAN.

1. Introduction

OKTAVIAN in Osaka University has been used as DT and DD neutron sources for nuclear fusion reactor
research since 1981 [1]. Especially the DT neutron source using T(d, n)*He reaction has a strong intensity of
3 X 10'? neutrons per second at maximum and has been primarily used for fusion neutronics studies such as
various benchmark experiments including tritium breeding ratio measurements, and in addition for other
applications like boron neutron capture therapy (BNCT) and so on [2-3]. On the other hand, DD neutron
generated from D(d, n)*He reaction can be utilized for such as oil exploration, active neutron interrogation
for fissile materials, neutron imaging and so on [4-6]. However, the DD neutron field in OKTAVIAN has not

been well characterized in terms of angular distribution of neutron intensity and neutron energy distribution.
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Therefore, it is necessary to evaluate the DD neutron field in OKTAVIAN.

In this study, we measure the angular distribution for DD neutron by activation method using indium-
foil, and measure the total neutron production rate by OKTAVIAN. We also characterize the neutron source
term for Monte Carlo neutron transport calculation code using SRIM and Drosg-2000, and neutron transport
simulation is carried out to calculate the expected angular distribution of neutron flux intensity in real
experiment by MCNPS5. Finally, we compare the experimental results with the calculation results to confirm

whether the calculation results with the past nuclear data reproduce the present experiment.

2. Experimental method
2.1 Measurement method

In this study, DD neutron irradiated by OKTAVIAN was measured by foil activation method using
indium foil. The irradiated DD neutron activated indium foils according to nuclear reaction described as Eq.
1,

m+n- " +n'
WS — 151 +y (336 keV). (Eq.1)

After that, radioactivity of indium foil can be derived by measuring the number of 336 keV y-rays

emitted from the activated indium by a germanium detector. The number of measured y-rays count is

expressed in the following equation,

C,0, = No foti Jg 0(E)(E, t)g, dE - eMdt X e~ Mttt x (1 — e™Mm) X I, X f,, X fy X &,
where C, 9 is measured count of y-rays emitted from indium foil placed at 6, degrees, N, is the
number of *°In atoms in the foil, 1 is decay constant of '5In*, ¢; is irradiation time, t. is cooling time,
tm is measurement time, I, is y rays emission ratio, f» is self-shielding factor, f is self-absorption factor,
and ¢ is a detection efficiency of the germanium. We employed JENDL-5 [7] as a nuclear data library for
activation cross section o(E). @(E,t)g, is the time-dependent neutron spectrum, described as
@(E, t)g, = @9, X P(E)g, X f(t), where P(E)g, is neutron energy spectrum normalized as unity, f(t) is
time fluctuation factor of neutron production rate normalized as unity, and g, is neutron fluence during the

irradiation at 6, degrees. Finally, g, is derived as following equation (Eq. 2) .

Cyp,
@, = - Y (Eq.2)
No [, a(E)P(E)g, dE ;' f(t)ertdt x e=AEittd) x (1 — e~Am) X L X fo X fy X €

Finally, the total produced neutron intensity @, is calculated by integrating experimental neutron flux

angular distribution, as Eq. 3,

i=max 0
Do = Z f g, 2mr?sin6 do, (Eq.3)
i=1 2]

i-1

where 1 is distance between neutron source and measurement point.

2.2 Measurement procedure

The schematic experimental arrangement is shown in Fig. 1. We installed 11 indium foils, which were
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.o INDIUM FOIL
10 mmx 10 mm X 0.5 mm, on a polystyrene jig at 10 cm | DEUTERON BEAM | TIANUM TARGET] | DETECTORS

il

away from the center of the target from 0° to 150° by 15°

intervals.

™

In this experiment, we irradiated with DD neutron for
about 8 hours. Accelerated deuteron energy was 250 keV

and the deuterons were bombarded the deuterium-loaded

titanium target with 1 mA beam current to induce D(d, " [PowysTYRENE 16|

n)’He reaction. A time fluctuation factor of neutron Fig. 1. System of experiments

production rate f(t) was measured by an 233U fission chamber installed during the irradiation. We repeated
this irradiation experiment 3 times and measured radio-activities of these activated indium foils with
germanium detectors. Finally, we calculated the angular distribution of neutron flux intensity and total

neutron production intensity from these measured results.

2.3 Simulation of angular distribution of neutron flux intensity

After the experiment, we carried out a simulation of the real measurement to confirm validity of the
present experimental results, and to consider the better simulation methods.

At first, we calculated deuterium ions behavior in a titanium target by using the Stopping and Range of
Ions in Matter (SRIM) [8], which can calculate the deuteron path way and energy loss in the materials. Fig.2
shows an example of deuteron path ways calculated by SRIM, with 1000 deuterium ions for the incident
energy of 250 keV.

After that, we calculated a neutron source term, i.e., the angular [ lon Trajectories
distribution and the neutron spectra for each emission angle, considering
the deuterium ions behavior in a titanium target (Fig. 3). D(d, n)*He cross-
section and characteristics of produced neutron by the reaction was derived
by Drosg-2000 [9]. The DD neutrons emission angle 6 from the

deuterium beamline direction can be expressed in the following equation.

0=In—@l~n+e,

where n is the deuterium scattering angle, and ¢ is the DD neutron Fig. 2. Path way of deuterium

emission angle with respect to the incident deuteron beam axis. ions (1000pcs.) by SRIM
Finally, we calculated the angular distribution of neutron flux negiron
intensity in the real experiment by A General Monte Carlo N-Particle SRIM

250keV

transport code (MCNPS5) [10], and compared the experimental and

. . . . @HH\.W' 0o
simulation results. Since the present experimental data cannot be converted | B-on AR

E keV
(x,y,2) Drosg-2000

to cross section data due to lack of detailed target information such as

deuterium density, we normalized the calculated result by average @y Fig. 3. The simplified diagram
of the SRIM and Drosg-2000

value of three experimental results. .
combination
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Fig. 4. Angular distribution of neutron flux intensity of experiments and simulation by MCNP5

3. Results and discussion

Measured angular distributions of neutron flux intensity by 2
18 + 1957 A.S.Ganeev, 267 keV
experimental and simulation results are shown in Fig. 4. The e B
4 1957 V.V.Velkov, 500 keV
. . . . 4 1957 V.V.Volkov, 700 keV &
horizontal axis represents the measured angle in the laboratory Nk « 1m57VuNokow 1000kev 44
u i A ——Drosg-2000, 250 keV' A
A & ~—Fitted 248 keV =

system. Three dot series with error bars show the experimental

Cross section [mb/sr]

values of the neutron flux intensity in the present study. The

green solid curve means the average neutron flux of three

experimental values, and the red solid curve indicates the

Angle [degrees]

calculated values by MCNP5. As a result, no significant . .
Y g Fig. 5. D(d, n)*He differential cross-

difference was found at less than 135° (area (D) between values sections for each incident deuteron

energies in EXFOR, 250 keV in Drosg-

f iments and simulation. On the other hand, at 150° .
of experiments and simulation. On the other hand, a (area 2000, and 248 keV fitted,

2), the simulated intensity was smaller than the experimental
result. This discrepancy seemed to be caused by a reason: D(d, n)*He cross-section installed in Drosg-2000.
Fig. 5 shows D(d, n)*He cross-sections in Drosg-2000 (black solid curve) and measured DD cross
section in the past studies listed in EXFOR [11-14] (colored plots). This graph shows that measured DD cross
sections appears to have a symmetric curve with respect to 90° at lower deuterium beam energies. However,
the cross-section data in Drosg-2000 shows higher values in forward angles than in backward angles.
Therefore, we calculated new theoretical cross sections and used it to calculate the neutron angular
distribution again. In general, the angular distribution of the D(d, n)*He reaction products can be expressed
by as an expansion in terms of even Legendre polynomials, as shown in Eq. 4, because the projectile and
target are symmetric about the 90° center of mass angle.

do do(90°)
dcos® dcosf

[1+ Acos?(8) + Bcos*(6)], (Eq.4)

where A and B are the energy dependent asymmetry coefficients. In case of OKTAVIAN deuteron beam,
which has about 250 keV energy, A was 1.32+ 0.04 and B was 0.43 + 0.05 [15]. After that, we

calculated D(d, n)*He cross sections by using Eq. 4 as shown in Fig. 5, the solid brown curve. Absolute values
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of cross section were adjusted so that the 90° value corresponds to ~ _ a0 Experiment
(2021/11/24)

D(d, n)*He cross section at 90° in Drosg-2000. The newly derived Z30
cross sections with the Legendre polynomials showed smaller value £ 20 -

in the forward angle and larger in the backward angle than the cross £ 10 [

sections calculated with Drosg-2000, and had good agreement with 0 e

the experimental results by A.S. Ganeev [12] near the 250 keV of a0
incident deuterium energy. g |

@
New-built neutron source term calculated with the new cross- £ 2° [

sections is shown as the solid blue curve in Fig. 4, and this result ;‘5 -
showed a good agreement with present ex perimental values than o e T
the previous simulation result at more than 150 degrees. Therefore, T z; }Eg . Bperiment3
we confirmed that the current experimental results are reasonable gz-s Z
@ 20 ¢
compared to previous experimental results by using this theoretical E L5t
=] L
cross section data calculated from Legendre polynomials. g :,Z A
Finally, we revealed the DD neutron production intensity of * I

Time
OKTAVIAN. We used the black dotted fitting curve shown in the Fig. 6. Time fluctuation of neutron

Fig. 4 as @g,, combining experimental data less than 150° and intensity for each of the three

experiments

calculated new values above 150°. Fig. 6 shows the time fluctuation — a0
of neutron intensity, @, X f(t), for each experiment, and Fig.7 s 8%
shows the histogram of the generated neutron intensity from these 2 0 s %%

° o o
results. We found that OKTAVIAN can generate DD neutrons with £ o j &%&L

R ‘ le9

2.0

(2.0£0.1) X 10° n/mC in average. 0.0

: 4.0
Neutron intensity [n/mC]

Fig. 7. Histogram of neutron
4. Conclusion intensity

In this study, we measured the angular distribution of DD neutron flux intensity from 0° to 150° by 15°
intervals, and compared with numerically calculated result by SRIM, Drosg-2000 and MCNP5 to examine
the agreement of the present result with cross section past experimental results, the accuracy of neutron source
term and the validity of simulation methods. As a result, no significant difference was found less than 135°
between results of experiments and simulation. Also we found that DD neutron intensity was (2.0+0.1) X
10° n/mC by OKTAVIAN. On the other hand, at 150°, the simulated intensity was much smaller than the
experimental result and found the probability that cross-section data in Drosg-2000 have some problem. In
order to consider this problem, we derived theoretical DD cross-sections from the Legendre polynomials,
and performed neutron transport calculation again. As a result, the newly produced cross sections were
reasonable in comparison with previous experimental results, and a good agreement was found with the
present experimental values. Therefore, we found that the current experimental results were valid compared
to past experimental results by using theoretical cross section data calculated from Legendre polynomials.

In the future, we will investigate a new method to measure neutron intensity for angles larger than 150°,
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and evaluate the accuracy of DD reaction cross section values in the whole emission angles. And in future

we will also investigate the method to measure the DD neutron spectrum.
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The production cross sections of the "Pt(p,x)'*®¢Au reaction were measured at the AVF cyclotron
of the RIKEN RI Beam Factory. The stacked-foil activation technique and high-resolution y-ray
spectrometry were adopted to derive the cross sections. The derived cross sections were compared with

experimental data studied earlier and with the theoretical calculation in the TENDL-2019 library.

1. Introduction

The radionuclide '"®¢Au has a half-life of 2.6941 d and is a beta emitter (8: 100%, <Ez-> = 312.5
keV) [1]. '9%Au is widely used for therapy in nuclear medicine [2,3]. There are several production routes
for '%%¢Au production. One of the possible production routes is the proton-induced reaction on platinum
targets. In this study, we focused on the proton-induced reaction on "™Pt targets. Two previous
experimental studies were found in the literature survey [4,5]. However, their data show large
uncertainties and discrepancies. Therefore, we measured the excitation function of the "Pt(p,x)!*2Au
reaction. The result was compared with earlier studies and theoretical calculation in the TENDL-2019
library [6].

2. Experimental method

The experiment was performed at the AVF cyclotron of the RIKEN RI Beam Factory. The stacked-
foil activation technique and high-resolution y-ray spectrometry were adopted to measure the cross
sections.

The stacked target consisted of pure metallic foils of "™Pt (20 pm thick, 99.95% purity, 100x100
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mm size), and "*Ti (5 pm thick, 99.6% purity, 50x100 mm size), which were purchased from Nilaco
Corp., Japan. The "Ti foil was used for the "Ti(p,x)**V monitor reaction to assess beam parameters and
target thicknesses. The size and weight of the foils were measured to determine the average thicknesses.
The derived thicknesses of the Pt and "'Ti foils were 39.2 and 2.24 mg/cm?, respectively. The foils
were cut for the size of 10x10 mm to fit a target holder, which served as a Faraday cup. Twenty-five sets
of Pt-Pt-Ti-Ti foils were stacked into the target holder.

The stacked target was irradiated with a proton beam for 30 min. The incident beam energy was
measured by the time-of-flight method [7] and found to be 30.1+0.1 MeV. The energy degradation in the
stacked target was calculated using stopping powers derived from the SRIM code [8]. The average beam
intensity was 101 nA, which was measured by the Faraday cup.

vy rays emitted from each irradiated foil were measured by a high-resolution HPGe detector (ORTEC
GEM-25185-P). The detector was calibrated by a multiple y-ray emitting point source. The spectra were
analyzed by dedicated software (Gamma Studio, SEIKO EG&G). The dead time was kept less than 4.7%
during the measurement.

Cross sections of the "Ti(p,x)**V monitor reaction were determined to assess the beam parameters
and target thicknesses. The cross sections were derived from measurements of the 983.5-keV vy ray (I, =
99.98%) emitted with the ¥V decay (T2 = 15.9735 d). The result was compared with the TAEA
recommended values [9,10] in Fig. 1. The derived excitation function of the "Ti(d,x)*V reaction was in
good agreement with the JAEA-2007 recommended values. The measured beam parameters and target
thicknesses without any correction were used to determine the cross sections of the "Pt(p,x)'*%¢Au
reaction.

450 : : : - .

400 54 "atTi(p,x) "V 1
__ AalE ‘ — IAEA-2007 |
€ 300} - IAEA-2018
= D This work
5 250
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8 200
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Fig. 1. The excitation function of the "Ti(p,x)**V monitor reaction with the recommended
values [9,10].

3. Result and discussion

The cross sections of the ™Pt(p,x)!°%8Au reaction were derived from the measurement of the
411.80205-keV v line (I, = 95.62%) in the decay of '°®2Au. The derived cross sections are shown in Fig.
2 in comparison with the previous experimental data and the theoretical estimation of the TENDL-2019
library. Our result is consistent with the previous experimental data within the uncertainty although the
data by Tarkanyi et al. (2004) deviated at 17-23 MeV. The TENDL-2019 data show a similar trend to the
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experimental cross sections while its peak position is slightly lower.

10
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Fig. 2. Excitation function of the "Pt(p,x)!*8¢Au reaction with the previous experimental data [4,5] and
the TENDL-2019 data [6].

4. Conclusions

The excitation function of the "Pt(p,x)'?3¢Au reaction was measured up to 30 MeV. The well-
established methods, the stacked-foil activation method and y-ray spectrometry were used for the cross-
section measurement. The derived cross-section data of the "Pt(p,x)!°2Au reaction is consistent with the
data of Tarkanyi et al. (2004) [4] and Showaimy et al. (2019) [5] within the uncertainty.
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We have performed a preliminary experiment to check applicability of existing methodology to
taking comprehensive data of radionuclide yields from nuclear capture of a negative muon (u~) for
wide range of target atomic number. The radionuclide yields per stopped u~ are obtained by
spectroscopy of y-rays and X-rays from targets of ?’Al, *°Co, '*'Pr, and 2%°Bi using high-purity
germanium detectors. It is confirmed that the methodology can be applied to obtain the comprehensive
data.

1. Introduction

A negative muon (n°) is known to be captured by a nucleus, 4N(u-, v,) z_4N", after the muon
cascades down to 1s state of the muonic atom with emitting characteristic X-rays called muonic X-rays
and Auger electrons. The nuclear capture reaction competes with the p~ free decay (W™ — e+ Vg + v,)
and is dominant for the nucleus with atomic number Z > 12. After the nuclear capture, a highly excited
nucleus is produced because a part of the muon mass of 106 MeV/c? is converted to the excitation
energy, and is deexcited with emitting neutrons, y-rays, and sometimes charged particles to reach a
stable nucleus or a radionuclide. In this way, an irradiated sample by a large amount of p~ can be
activated.

Materials and Life Science Experimental Facility (MLF), J-PARC provides intense pulsed p~ beam
for various researches such as non-destructive isotopic analysis, negative muon spin rotation and
relaxation (L~ SR), and so on [1-3]. To handle irradiated samples properly at MLF, it is necessary to
estimate radioactivity of the irradiated samples accurately for the sake of radiation safety. Recently, an
activation calculation code based on particle transport simulation by Particle and Heavy Ion Transport
code System (PHITS) [4] has been established to estimate radioactivity of the irradiated samples at
MLF. Because reliability of the estimated radioactivity relates to radiation safety of MLF, PHITS
calculation needs to be verified for radionuclide production in targets with wide range of Z.

To verify the calculation results, comprehensive experimental data of radionuclide production from
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nuclear capture of p~ are required for wide range of target Z. However, most of the experiments were
performed to take only the data of the target of interest for their specific purposes. It is also known that
there exist discrepancies between experimental data and calculation results by PHITS. Therefore, we
have started to measure the yield of radionuclide from nuclear capture of pu~ for wide range of target Z.
In this paper, we report on the preliminary experiment performed at MLF to check applicability of

existing methodology to taking comprehensive data of radionuclide yield for wide range of target Z.

2. Experiment
The experiment was performed at D2 area of

L
muon science facility in MLF. The plan view of l Beam window

the experimental setup is shown in Figure 1. A

pulsed p~ beam was generated by a 3-GeV proton 65
165 cm

beam on a 20-mm-thick graphite target and was |
provided through decay muon beamline (D-line).
. . . HPGe detector "'\""“\10;%\ T
Incident negative muons from the D-line were for Xrays 50 cm 2 e HPGe detector
extracted through the thin Kapton beam window / for y-rays
Target

at D2 area with momentum of 35 MeV/c. The

extracted negative muons flew in the air and  Figure 1. Plan view of experimental setup.

stopped in a target. Incident negative muons with 35 MeV/c come
The targets used in this experiment are listed ~ from the upper side of this view.

in Table 1. They were square-shaped plates thick
Table 1. List of targets.

Size  Thickness Purity

enough to stop incident negative muons and were

selected from monoisotopic elements for

Target
simplicity of the measurement and analysis. Each [mm] [mm] (%]
target was irradiated for about 10 hours at AL 50%50 2.0 99
u~ beam intensity of 3x10° s! to measure the ¥Co  50%50 1.0 99.9
radionuclide yield per stopped . Py 25%25 1.0 99
The yield of radionuclide and the number of *¥Bi  60x60 1.0 99.9

stopped p~ were obtained by y-ray and X-ray

spectroscopy, respectively. The y-rays from radionuclides and muonic X-rays were measured in-beam
using high-purity germanium (HPGe) detectors (ORTEC GMX Series) with a 51-mm diameter window.
Two detectors were applied because the detection time distribution was different between y-rays and
muonic X-rays due to the pulsed beam. The HPGe detector for muonic X-rays was placed at 50 cm far
from the target to avoid pile-up of the signal. The detector for y-rays was closer to the target than that
for muonic X-rays to obtain y-ray spectra efficiently. The y-rays from radionuclides with half-life longer
than typically 15 hours were measured off-line using a lead-shielded HPGe detector. To calibrate the
absolute energy scales for the HPGe detectors, measurement of y-rays from '3?Eu check source was also

performed.

3. Analysis

The energy spectra measured in-beam and off-line y-spectroscopy for 2’Al target are shown in
Figure 2 and Figure 3, respectively. In Figure 2, y-rays from radionuclides produced by p~ nuclear
capture are clearly observed at 844 and 1014 keV (?’Mg), and 1809 keV (*°Na). Background peaks from
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Figure 2. Energy spectrum measured in-beam Figure 3. Energy spectrum of y-rays measured
y-spectroscopy using *’Al target. The identified off-line for 1 hour after irradiation of 27Al
radionuclides are shown. target. The single and double escape peaks

from the 2754-keV y-rays from 2*Na are also

shown.

natural radionuclides are also observed such as 2%TI, 228Ac, 21“Bi, and “°K because the HPGe detector
used in-beam measurement was not shielded. In Figure 3, y-rays from 2*Na are clearly observed at 1369
and 2754 keV in addition to those from *’Mg at 844 and 1014 keV.

The yield of radionuclide produced by pu~ nuclear capture Y was obtained by

Y =pT,. = {(47‘[9__1)&‘__11 '_1 (e'_”teff)'_lTi;_rlCYTirr for in—be?am 0
AmQ ™D e 7 (e M) TGy Tirr for off-line,
where p is production rate, T is irradiation time, (2 is
solid angle, [ is emission rate of the y-ray of interest, and 800 — T T T 1
u is attenuation coefficient. The effective thickness of Zgg
the target for photons z.fr is expressed by o
£

@ 3.

where frange 1S range of incident p~ in the target. The net ng I i

count of the y-ray of interest C, was obtained by fitting

840 842 844 846 848

using Gaussian functions. A typical example of the
Energy [keV]

fitting is shown in Figure 4. The correction for cooling
Figure 4. Fitting result for the peak at

o Tost T 844 keV from ?’Mg in Figure 2. Black
r NT((Z\ T 7T line: Observed spectrum. Red line:
oz (@) -G e | |

where T is half-life, Tosr is the period from irradiation

Teor 18 Written as

2 fitting curve using Gaussian function.

The net count C,is obtained by

stop to measurement start, and 7ms is measurement time. integrating the shaded area.

The detection efficiency of the HPGe detector ¢ was obtained by particle transport simulation using
PHITS. The geometry of the system for the simulation is shown in Figure 5. The origin corresponding
to the target position is defined as the photon source position. The photon source has Gaussian spatial
distribution in x and y directions and is rotated 70° around y-axis. The Gaussian functions for x and y

directions are independent each other and are assumed to have oy = 6.7 mm and o, = 11.7 mm. Photons
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Figure 5. Geometry of the system for the Figure 6. Model of the HPGe detector.
simulation. Photon flux is also drawn with

color cluster plot to show the photon source

position.

from the source enter the HPGe detector on z-axis through its thin entrance window. The model of the
HPGe detector is shown in Figure 6. The HPGe detector is a coaxial detector and has a beryllium
window with a diameter of 51 mm and a thickness of 510 pum in front of the crystal. The Ge crystal has
0.3-um-thick ion implanted and 700-pm-thick lithium diffused dead layers. The obtained efficiency ¢ is
shown in Figure 7 as a function of photon energy. The photon energy range of 25 to 2800 keV was
chosen in the calculation according to the energy required for the analysis.

The X-ray energy spectrum from 340 to 460 keV for 27Al target is shown in Figure 8. KX-ray
peaks are clearly observed from 2p—1s to 6p—1s in this figure. The number of stopped p~ /.- can be

obtained by
L = (4nQ2 e~ (e 1 Cx, @)

where Ckx is sum of net count of the KX-rays. However, KX-rays from heavy targets cannot be
measured efficiently because they have high energy of several MeV. Thus, [, for ''Pr and 2”Bi

targets was obtained, assuming that /,- is proportional to the number of protons on the graphite target,

T T 107 g 5 T \1 — T T T T 3
1 3 II‘J ’ 6p — Is]
' s
2 10’ E ‘l“| S5p—1s |}
E E . i I‘| ‘I Ip—1s; dp _>|~,]S J,i
3) L i
e 0.1 ¢ o) E Iy f o)A
= @) & WW*’V’N”"'M’WH‘VA“W«WM.“ W«med ral x«f '.1'\@
10! 3 E
001 E— EE— ' 0: I 1 1 1 1
10 * * * * : *
10! 10° 10° 340 360 380 400 420 440 460
Photon energy [keV] Energy [keV]
Figure 7. Detection efficiency of the HPGe Figure 8. Energy spectrum of X-rays for 27Al
detector calculated by PHITS. The efficiency target in the range of 340 to 460 keV. KX-ray
in 25 to 2800 keV is shown. transitions are shown from 2p—1s to 6p—1s.
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by
¢
L-=—1I,- (5)
e HC
where ¢ is the number of protons on the graphite target. The symbols with the index C are reference
values obtained using a 3-mm-thick carbon target. The number of stopped p~ in the C target /.-, c was
obtained from Equation (4).

4. Results and discussion

Typical results of radionuclide yields per stopped p~ are shown in Figure 9. The present data are
consistent with the data by Heisinger et al. [5] within experimental uncertainties.

The present data include not only statistical uncertainty but also systematic uncertainties of solid
angle and detection efficiency. The estimated uncertainty of solid angle ranges 8%-16% because the
target was set on the detector at zero distance for off-line measurement while was set away from
detectors in-beam. The estimated uncertainty of detection efficiency is 8% from the simulation. The
uncertainties of solid angle and detection efficiency can be reduced by y counting using a check source.

In Figure 10, calculation/experiment (C/E) values are shown to compare present data with
calculation results by PHITS ver.3.20. Although PHITS results tend to underestimate present data,
further data covering wide range of target Z with lower uncertainty are needed to discuss the

discrepancy in detail and to verify the calculation results more accurately.

101 T T T T T T T T 3 2 \ e B
: l;’rl?ﬁ%nst L7773 [ 27, i 59Coi““Pr 3209]3i
0 _Heisinger (2002) _ | L : ! !
_ 10 FEIN 9o 5 l41p, | 209, 15| | | | =
= VK. -
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Radlonuchde Radionuclide

Figure 9. Radionuclide yields per stopped Figure 10. Calculation/experiment (C/E)

p~. Shaded bar: Present data. White bar: value of the radionuclide yield in Figure 9.
PHITS3.20 results. Black bar: Heisinger et Calculations are PHITS3.20 results and
al. [5]. experiments are present data.

5. Summary

We performed the preliminary experiment to check applicability of existing methodology to taking
new data set of radionuclide yield for wide range of target Z. It was confirmed that present data obtained
using existing methodology were consistent with data by Heisinger et al. Present data were also
compared with calculations by PHITS3.20. Although discrepancy between present data and PHITS

calculation was observed, further data covering wide range of target Z with lower uncertainty are
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needed to discuss the discrepancy in detail and to verify the calculation results more accurately.
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Abstract

Experimental measurements were performed for produced high-energy neutrons when the
24 GeV/c proton beam hit a copper target at the CHARM facility in the East Hall of the
CERN proton Synchrotron. Neutron energy spectra after concrete and steel shields were
measured with a liquid scintillator and a Bonner sphere spectrometer under an identical
shielding configuration. The light output distribution of the liquid scintillator and a set of
count rates of the Bonner sphere spectrometer based on the 3He proportional counter was
converted into the neutron energy spectrum using the unfolding method with a calculated
response matrix for each instrument, respectively. An initial guess of the neutron energy
spectrum for unfolding was obtained by the PHITS code. The neutron energy spectra were
derived to inter-compare the difference between two measurement methods.

1 Introduction

Production of neutrons is an unavoidable consequence of operating high-energy accelerator
facilities. The neutrons have a wide energy range, from thermal to beam energy. From the
viewpoint of radiation protection, neutron spectrum after penetrating a shield is important
in the shielding design of high-energy accelerator facilities. Monte Carlo codes can provide an
estimation of neutron spectrum in accelerator facilities even for complicated shielding structures.
However, accuracies of the codes for the high-energy neutrons generated by the high-energy
beam, especially above 1 GeV, are not well evaluated since comparable experimental data are

*Present address: Hirslanden Private Hospital Group, Radiation Oncology Institute, Lausanne Switzerland
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scarce [1]. Therefore, the lack of experimental data in the high-energy region requires new
experimental data with a simplified shielding structure.

For high-energy neutrons, a liquid scintillator and a Bonner sphere spectrometer (BSS)
are widely used as measurement methods. The scintillator has an energy response of up to a
few hundred MeV, but the efficiency decreases with neutron energy. In order to detect high-
energy neutron, mostly a larger volume detector is used. This requires to increase the detection
threshold to avoid large counting rate, resulting in the rejection of lower energy neutrons. On
the other hand, the BSS has a wide energy response from thermal up to 20 MeV. To extend the
upper energy range up to a few hundred MeV, concentric spherical shells of copper and lead are
used to add (n, xn) reactions in the higher energy region. However, the BSS cannot provide the
neutron energy spectrum without an initial guess spectrum.

In this study, with the use of the unfolding method, we experimentally derived the neutron
energy spectra, including high-energy neutrons above 10 MeV, obtained by two measurement
methods under the identical shielding configuration. The neutron spectra were measured by
using different shielding materials of concrete and steel. The initial guess neutron spectra were
derived using the Monte Carlo code, PHITS [2], by introducing each shielding condition.

2 Experiment

2.1 CHARM Facility

Material Detector

Barite concrete
test block

1600 |

2000 | |

400

Marble

2400

Iron beam
24 GeV/c Dump

‘/ Cu Target
Proton -

| 1290

Figure 1: Schematic cross-sectional view of the CHARM facility.

Figure 1 shows an example of the experimental setup for concrete 40 cm in thickness of the
CHARM facility in the east hall of CERN.

The facility received pulsed 24 GeV/c proton beam from the CERN proton synchrotron
(PS) with an intensity of 1 x 10 to 5 x 10! protons per pulse and a pulse length of 350
ms. The protons hit a cylindrical copper target of 8 cm in diameter and 50 c¢cm in length in
the irradiation room. The protons passing through the target were stopped by an iron beam
dump. The irradiation room was surrounded by concrete and iron shield, except for the beam
path and the entrance. The beamline was 129 cm in height from the floor. The bulk shielding
structure above the ceiling of the irradiation room consisted of a 10-cm-thick marble, a 40-cm-
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thick iron slab, and concrete blocks with a total thickness of 360 cm. In the direction above
the target, a hole duct called material test location is created (see Fig. 1). Here, one can freely
configure any shielding materials made of concrete and steel. The neutron detectors were placed
on the top position of the material test location by using metal grating. Densities of concrete,
barite concrete, iron, and marble materials are 2.4, 3.35, 7.2, and 2.71 g/cm?, respectively. The
experimental setup for the steel with 40 cm was obtained by replacing concrete blocks shown in
figure 1. The concrete and steel blocks have cross-sections with 77.2 cm x 77.2 cm and 78 cm
x T8 cm, respectively. The densities of concrete and steel blocks used as material test blocks
were 2.23 g/cm?® and 7.77 g/cm?.

2.2 Neutron detector

p— e,
NE213 Liquid organic scintillator
(12.7 cm in diameter, 12.7 cm in length)

i

- " > “ Bonner Sphere Spectrometer
Front face Veto plastic scintillator (VETO1) 3He proportional counter
(

15 cm x 15 cm in area, 0.6 cm in thickness) with 5in. polyethylene moderator |

Upstream Veto plastic scintillator (VETO2)
(15 cm x 15 cm in area, 0.3 cm in thickness)

Figure 2: Picture of neutron detector set-up. The liquid scintillator (Left) and the Bonner
sphere spectrometer (Right) were installed as the neutron detector. Two concrete blocks with
20-cm-thickness were used to fix the metal grating.

Neutrons were measured using the neutron detectors, an NE213 liquid organic scintillator
and a BSS, placed on a metal grating positioned on the top roof. A picture of the detectors
is presented in figure 2. The liquid scintillator was filled in a cylindrical-shaped aluminum
container 12.7 cm in both diameter and length. The scintillator was supported by an acrylic
structure, at 5 cm above the surface of the metal grating. In the 5 cm space beneath the NE213
detector, an NE102A plastic scintillator of dimensions 15 x 15 x 0.6 cm was inserted as a VETO
detector (VETO1) to remove charged particle events. Another NE102A plastic scintillator of
dimensions 15 x 15 x 0.3 ¢m surrounded the NE213 detector as an additional VETO detector
(VETO2). The BSS consisted of a 3He spherical proportional counter and 7 types of moderator.
The moderators were a spherical shape that was made of polyethylene (PE, 0.95 g/cm3) with
diameters of 3 inch, 4 inch, 5 inch, 7 inch, 9.5 inch, and 2 types of polyethylene with inner metal
shells. The polyethylene with inner metal shell has 3 layers with 4-inch-diameter PE sphere
and 5-inch-diameter inner metal shell (Cu or Pb), and 7-inch-diameter PE shell. The BSS was
placed at 40 cm (to the detector center) from the top surface of the metal grating using an
aluminum supporting frame.

Output signals from the neutron detectors were fed to a data acquisition system consisting
of standard NIM and VME modules. The signals of BSS are passed through a pre-amplifier
and an amplifier. The number of *He(n,p)T reactions was recorded from pulse height spectra
for each moderator. On the other hand, data of QDC values of the scintillator, and two veto
detectors were recorded event-by-event.
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3 Data Analysis - Unfolding method

3.1 Liquid Scintillator

Analysis on the experimental data obtained by the scintillator is basically the same as the
previous study [1]. Only a brief data analysis is described in this section. The data were pro-
cessed by the following procedures prior to spectrum unfolding: 1) extraction of neutron events
through event selections; 2) calibration of the channel to light output. After these procedures,
the light output distributions for the neutron events could be obtained.

Figure 3(a) shows examples of response functions for the scintillator. The response function
was obtained using a SCINFUL-QMD [3], which was modified by Kajimoto et al. [4]. Source
neutrons were isotopically emitted to the surface of the scintillator. The neutron energy region
between 0 and 1 GeV was divided into 200 steps in a linear interval. A tally with the same
shape and size as the scintillator used in the experiment was applied to the calculation. With
the response functions, the neutron energy spectra were derived by unfolding method using an
iterative Bayesian algorithm [5] in the RooUnfold package [6].

10_1 T rrreey LR SR S 7 oo g T g e
10 ey bare 3in f
a0 ey 6l 4in. 5in. | 1
P 100 MeV/ | ——7in.——95in. ! |
L 4in.+Cu+7in. if
— 500 MeV 5¢ - —-4in.+Pb+7in|1" ]

1072

1074

Response function [cm?]

107k

Scinful-QMD 0 =

10707°1077107°107*107" 10" 10° 10°
Neutron Energy [MeV]

Response function [n/MeVee/neutron]

1078
10° 10" 102

Light Output [MeVee]

(a) Response functions of the scintillator ~ (b) Response functions of the BSS [7]

Figure 3: Calculated neutron response functions.

3.2 Bonner Sphere Spectrometer

Figure 3(b) shows the response function of BSS for conditions of bare, five polyethylene
moderators, and two polyethylene with inner metal shell moderators [7]. The response function
was obtained using the MCNP6.2 Monte Carlo code [8] in the energy range from 107! to 10°
MeV. The JENDL4-HE library was used for the neutron energy range below 150 MeV. Above
150 MeV, the MCNPG6.2 default physics model was used in the simulation. The geometry was
identical to the detailed structure of the facility. Neutron energy spectra were obtained from
its response function and initial guesses by using unfolding code, MAXED [9]. Initial guesses of
neutron energy spectra for unfolding were calculated by the PHITS code (ver. 3.28) [2] using
the default nuclear data library and physical model.
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4 Result and Discussion
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Figure 4: Comparison of experimental results of neutron spectra for same thickness between
different materials of concrete and steel and calculations results.

Figure 4 shows the experimental neutron spectra obtained by the liquid scintillator and
the BSS. The experimental data from the scintillator were obtained from 10 to 400 MeV. The
experimental one from the BSS and calculation results (initial guesses) were obtained in the
energy region from 10719 to 10* MeV. Statistical uncertainties were only displayed. The spectra,
were different for the same thickness of 40-cm-thick between different materials of concrete and
steel. For the BSS, the initial guesses, which are the same as calculation results, overestimate
the unfolded spectra. However, the shape of unfolded spectra for the BSS has a good agreement
with the initial guesses. This means that the initial one is a critical part of the unfolding process
and can affect the shape of the final results.

Figure 5 shows the detailed comparison of experimental results and calculation ones. The
experimental data from the BSS were interpolated into the same energy interval for the liquid
scintillator. The results between the liquid scintillator and the BSS are different within the
factors of 3.5 for concrete and 2.5 for steel in the energy region from 10 to 400 MeV. The
experimental data from the liquid scintillator tend to overestimate the experimental one from
the BSS for the energy region below 150 MeV. Above 150 MeV, this trend is reserved.

5 Summary

In this study, experimental measurements were conducted on the spectra of neutrons that
penetrate concrete and steel shields, when a proton beam of 24 GeV /c was incident on a copper
target at the CHARM facility in the East Hall of the CERN Proton Synchrotron. The neutron
spectra were measured to compare results obtained by the liquid scintillator and the BSS. The
neutron spectra were calculated using the PHITS Monte Carlo code with default data library
and physics model under a detailed structure of the facility. The results between the liquid
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Figure 5: Comparison of experimental results of neutron spectra for the high-energy region
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scintillator and the BSS are different within the factors of 3.5 for concrete and 2.5 for steel in
the energy region from 10 to 400 MeV.
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We proposed a new analytical model that reproduces the momentum distribution of residual nuclei
produced by the secondary beam, such as “OSr at 104 MeV /u, impinging on a target using an inverse
reaction kinematics. It is expressed in a simpler form than the conventional ones and is found to reproduce
an asymmetric tail that appear at the low momentum side. This will allow us to more precisely evaluate
transmission efficiency of the produced residual nucleus through a dedicated in-flight separator, which is
important for deriving the production cross sections.

1 Introduction

In general, when measuring reaction cross sections, it is not enough to just measure the yield after
the reaction. The final result is obtained after several corrections, such as the beam transmission and the
effect of the charge fluctuations when the beam passes through the detectors, and so on. As the beam
transmission, i.e., the momentum/angular acceptance of the spectrometer, is evaluated, the momentum
distribution on the dispersive focal plane becomes important. The shape of the longitudinal momentum
distribution is known to be asymmetric during projectile fragmentation reaction at the lower incident
energy as shown in Fig. 1.

"\ o
@ - , / 3 TOF-Bp-AE

\ Measurement
D

Objective nuclei >

p [MeV/c]

Distortion

Figure 1: Schematic illustration of the spallation reaction and the associated distorted momentum dis-
tribution using the inverse kinematics method.

Reference [1] theoretically considers that the tail on the low momentum side is due to the momentum

shift of the outgoing two nucleons inside an attractive potential caused by the residual nucleus. And
the cutoff on the high momentum side is due to the phase volume effect reflecting the energy and
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momentum conservation. One of the models to reproduce such a momentum distribution is the Goldhaber
equation [2]. The width of the momentum distribution o is defined by

K(A-K)
- - 1
a 00 A1 ) ( )
where A is the mass number of the projectile, K is the mass number of the spallation-reaction product,
and oy is known to be about 90 MeV /c. Refs. [3,4] states that while the high momentum side is mostly
reproduced in Eq. (1), the tail on the low momentum side is a problem.

Therefore, Tarazov [5] introduced the following asymmetric coefficient,

Olow _1=1— Uhigh7 (2)

g g

o =

which reproduces the different widths of the left and right sides of the momentum distribution. In
LISE™T [6], the o given by the model in Refs. [2, 7, 8] is used. Note that this value has been exper-imentally
verified to be acceptable up to 30% according to Ref. [4]. However, it is difficult to understand why the

division into cases is required to reproduce a single physical quantity. Thus, we attempted to devise a new
analytical model.
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2 Experiment

The series of experiments [9-12] were performed at the RIKEN Radioactive Isotope Beam Factory
(RIBF) by using the RIKEN Projectile-fragment Separator (BigRIPS) [13] and the ZeroDegree Spec-
trometer (ZDS) [13]. An experimental setup is shown in Figure 2. The details of the experiment are
given in Ref. [10]. The secondary beam, including “°Sr, was produced by in-flight fission of 238U at
345 MeV /nucleon on a 3-mm thick Be production target at the BigRIPS first stage. In the follow-
ing second stage, the beam particles were selected and identified event-by-event using the TOF-Bp-AE
method [14].

Production target

PPAC
" ‘Be (3 mm) Bla Fil
 FO b PPAC o=
Q\ F5 {J(id gr,\g PPAC f/‘f.
—— a F10 PPAC
\\‘5\ 2 F3 /’f‘d__:‘\%\ F7 R i
Fl Q@ gne= =7 F4 F6 NSz t-meme”
PPAC Reaction targets
s CHj, CD3, C (~200 mg/cm?)

Figure 2: Schematic view of the RIKEN Projectile-fragment Separator (BigRIPS) and the ZeroDegree
Spectrometer (ZDS).

The beam particles bombarded at 104 MeV /nucleon to CHy (179.2mg/cm?), CDy (218.2mg/cm?),
and C (226.0 mg/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 3 shows an example of particle identifications after
selecting °Sr (Z = 38, A/Q = 2.37) for the projectile and the A (Bp) /Bp = —6 % setting at the ZDS.
The production cross sections for each isotopes were deduced from the number of each residual nuclei
normalized by the number of incident secondary °Sr particles using the thickness of the targets. The
backgrounds of carbon from CHs and CDs targets and beam-line materials were subtracted by using the
empty and carbon target runs. Figure 3 right shows that momentum distributions (solid curves) using
Eq. (1, 2) with parameters optimized for 86Sr. This expression, however, can not reproduce the data for
other residual nuclei. Thus, we need to create a new expression to describe momentum distribution with
a simple formula.

200
il [
Y
38— Sr 150
' Rb
36— Kr
Zr1 | Br 100
34~  Se
32— 50
30—
saaa el egea ko paddl o acps lap g P g a1 g0 .
205 21 215 22 225 23 235 24 245 4

A/Qrs-Fi1 FOX [mm]

Figure 3: Left) Residual particle identifications at the ZDS. Right) Measured momentum distributions
are compared with calculated ones when optimized for the 86Sr spectrum.
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3 New analytical model

In order to reproduce the momentum distribu-
tion of 104 MeV /u incident energy data, the newly
devised model function is introduced as:

3)

where o is a newly introduced parameter. This
changes the o of the Gaussian and produces asym-
metry. The function is intuitive and easy to under-
stand.

o(p)=o0+a (p—p),

Behavior of the model

Figure 4 shows a momentum distribution after
the reaction with the CHy target and the blue dot
line are the fitting results using Eq. (3). It seems to
reproduce the asymmetry well for all nuclides. The
o’ obtained from fitting ranged from 0.056 to 0.093.
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Figure 5: Asymmetric parameter o/ obtained from
the fitting shown in Fig. 4 plotted against mass
number A.

This is actually one value that appears to have
the possibility of being reproduced. Although there
is some fluctuation for each nuclide, we obtained
o’ =0.0738+0.0057 using a weighted average. The
result is overlaid on the red line in Fig. 4. The
o’ value is obtained from the data of CHy target,
thus the parameter includes the effects of interac-
tion both with carbon and hydrogen. Still, using
the data of pure carbon target, we can extract the
o’ value for hydrogen target. Similarly, o’ value for
deuteron can be obtained. In addition, we would
like to discuss whether this asymmetry is due to
the reaction or simply to the energy loss, based on
experimental data.
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Advanced approach

Even for particles that are somewhat cutoff by the momentum acceptance of the spectrometer, the
central and sigma value of momentum can be inferred from other nuclides with full acceptance because
of its linearity, and the yield can be reproduced to a certain extent. If only the rise on one side could
be determined, the original momentum distribution might be reproduced. This is measured with five
patterns of magnetic field settings as described in Chap. 2, which leads to a reduction of statistical errors
for particles in overlapping regions.
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Figure 6: Left) As can be seen from Fig. 3 right, 87Sr deviates slightly from the momentum acceptance,
but the model function introduced this time can reproduce the original statistics. Right) The vertical
axis is the production ratio, normalized by the number of incident “°Sr beam.

We have counted its yield in the A (Bp) /Bp = —3 % setting, where 87Sr is definitely within the momen-
tum acceptance, but by using this method, the yield in the A (Bp) /Bp = —6 % setting is found to agree
within the error.

4 Conclusion

We devised a new analytical model to reproduce the momentum distribution. In spite of the simplicity
of the function, in contrast to the conventional method, the proposed expression can well reproduce the
distribution with higher accuracy. The value of ¢’ is almost constant within the error, and the introduction
of one value is sufficient to reproduce the momentum distribution of the isotope in this incident energy
region. Note that this value may only be dominant for C within CHs, so we are considering a method to
extract the momentum component of only H by some method such as subtraction. In the future, we plan
to analyze the energy dependence of o/ at other energies, as it may be an important physical quantity
involved in the reaction.
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Abstract

Neutron capture cross section measurements for 12°I and 27 have been conducted at the
Accurate Neutron-Nucleus Reaction measurement Instrument (ANNRI) of the Materials and
Life science Facility (MLF) in the Japan Proton Accelerator Research Complex (J-PARC).
Neutron time-of-flight experiments were performed to determine the cross sections of 21
from 10 eV to 1 keV and of '?7I from 0.01 eV to 1 keV. For 271, the present preliminary
results agree within uncertainties with JENDL-5. In the case of 1?1, 16 s-wave resonances
could be confirmed and their cross sections were found to be comparable with those of
JENDL-5.

1 Introduction

Reducing the long-term accumulation of high-level nuclear waste (HLW), mainly constituted by
minor actinides (MAs) and long-lived fission products (LLFPs), is one of the most important
challenges regarding the management of nuclear waste. To achieve this goal, nuclear transmuta-
tion has been proposed to convert the HLW into short-lived nuclei. While the main focus is on
the development of Accelerator-Driven Systems (ADS), a transmutation facility for MAs, several
solutions have been proposed for LLFPs involving the use of nuclear reactors [1, 2]. For LLFPs,
nuclear transmutation can only be achieved through the neutron capture reaction, meaning that
an accurate characterization of the neutron capture cross section is of the utmost importance.
Moreover, for the majority of LLFPs such as '?°I, 26Sn, 93Zr and ™Se, in most of the neutron
energy region between thermal to keV energies, neutron capture cross sections have scarcely
been measured. Hence, to accurately predict nuclear characteristics in transmutation reactors
for LLFPs, further experiments are required to extend the present knowledge of the capture
reaction of LLFPs from the thermal to keV neutron energies.

Todine-129, a LLFP with a 15.7 million years half-life, is one of the targets for transmutation
due to the fact that it is soluble and has low absorption to underground materials, which causes
problems in long-term geological disposals compared to other LLFPs [2]. Being soluble also
makes the handling of 2?1 complicated, which is one of the main reasons why the experimental
data for the neutron capture cross section of 1?%I is so scarce. Only two experimental data sets
using the time-of-flight (TOF) method are available, those of Noguere et al. [3] and Macklin [4],
which cover the neutron energy range from about 1.6 and 72 eV, respectively. These data are

,74,



JAEA-Conf 2023-001

complemented by several other experimental data at the thermal energy using the activation
method [5, 6, 7, 8, 9].

In the present work, preliminary results of the neutron capture cross section of '*’I from 10
eV to 1 keV measured at the Accurate Neutron-Nucleus Reaction measurement Instrument (ANNRI)
of the Materials and Life science experimental Facility (MLF) in the Japan Proton Accelerator
Research Complex (J-PARC) are presented. Moreover, since the '>’I sample con-tained about
15.4% in mass concentration of '?’I, the neutron capture cross section of '*’I was also measured
using a separate sample with 100% abundance of '>’I and preliminary results are also included.

2 Experimental Setup

The experiments were performed at the ANNRI beamline of the MLF facility in J-PARC. Pulsed
neutrons were generated by the Japanese Spallation Neutron Source (JSNS) in MLF using the 3 GeV
protons of the J-PARC facility, in which the protons were shot in double-bunch mode every 40 ms and
with a beam power of about 700 kW at the time of the experiment. In the experiments, prompt capture
y-rays were detected using a Nal(Tl) detector installed in the experimental area 2 of the ANNRI
beamline. The Nal(Tl) detector was situated at a 90° angle with respect to the neutron beam axis and a
neutron flight path of 27.9 m. Further information about the time-of-flight experimental setup can be
found elsewhere [12].

The '*° sample employed in this experiment amounted to 404(1) mg in mass, with a 20 mm
diameter and a 4.1 mm thickness. This sample contained !>’ with an isotopic abundance of 84.6%
alongside 15.4% of 21, in the form of sodium iodide (Nal) and encapsulated in a Ti case with a 30 min
diameter and 0.4 mm-thick walls. A thorough sample analysis performed by Segawa er al. [11]
determined that the sample had been damaged and contained an empty space amounting to
approximately 17%. Hence, in the present experiment, to avoid irradiating the empty space in the
sample, the smaller neutron collimator of 7 mm in diameter was employed. A dummy sample replica of
the Ti case was used to derive the sample-dependent background induced by the Ti case. However, the
dummy sample contained the same amount of Nal to that in the '>°I sample but with a 100% isotopic
concentration of '?’I, meaning that the dummy sample contained 6.5 times more !>’ compared to the
1291 sample. Moreover, to measure the neutron capture cross section of 1271 and, at the same time, to
accurately determine the effects of 27T in both the '*°I and dummy samples, an 27T sample with a mass
of 562.7(1) mg with a 100% isotopic abundance of '2’I was also measured in the present experiments.
The incident neutron flux was derived with a boron sample enriched with '°B up to 90% with a diameter
of 10 mm and a thickness of 0.5 mm. The '°B(n, «)Li reaction emits a lone y-ray with the energy of
478 keV, making events from this reaction easy to isolate. An '*’Au sample with a mass of 609.7(1)
mg, a diameter of 20 mm and a thickness of 0.1 mm was employed to normalize the neutron capture
cross section results using the saturated resonance technique. Finally, the sample-dependent
backgrounds due to scattered neutrons for the '2°I, 1?7, boron and '’ Au samples were determined by
using a carbon sample.

3 Data Analysis

The experimental results were analyzed offline by means of the pulse-height weighting technique
(PHWT) [10]. The '?°T and '?I neutron capture yields were derived by applying the PHWT and a
weighting function that takes into account the sample characteristics and detector efficiencies. In the
present work, the weighting functions for the 2T and '*’I samples were obtained with Monte-Carlo
simulations with the SG code [13].
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3.1 Neutron Flux

The shape of the incident neutron flux was derived by gating the 478 keV ~-rays emitted from
the 1°B(n, a)"Li reaction measured with the boron sample, after removing the energy-dependent
influence of the 1°B(n, a)7Li reaction rate using the Monte-Carlo code PHITS [14]. The incident
neutron flux from 10 meV to 1 keV determined in the present experiment is shown in Fig. 1.
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Figure 1: Incident neutron flux from 10 meV to 1 keV.

3.2 Background Subtraction

In order to accurately isolate the quantities of interest in the present experiment, namely the
the neutron capture yields of the 12T and 27 samples, several layers of detrimental background
and noise had to be removed.

For the case of the 271 sample, the background was constituted by the sample-dependent
background, mainly caused by neutrons being scattered at the 271 sample, and the sample-
independent background. As mentioned in section 2, the carbon sample was employed to es-
timate the contribution of the events caused by neutrons scattered at the measured samples.
This is a commonly used technique since the neutron elastic scattering is the dominant reac-
tion in carbon and has a flat energy-dependence up to 500 keV. Hence, the neutron capture
yield of the 271 sample was obtained by removing the sample-dependent background, using the
carbon sample measurement and taking into account the relative differences in both mass and
cross section between 271 and carbon, and the sample-independent background with a ”blank”
measurement in the no-sample condition.

For the '2°T sample, however, the situation was much more complicated. Since the amount
of 27T in the 2 sample was not equal to that in the dummy sample, the dummy sample could
not be directly employed to remove the influence of the Ti case. Thus, the neutron capture yield
of 1271 sample was utilized to remove the influence of the 271 neutron capture events measured
with the dummy sample and isolate the influence of the Ti case. This removal was performed
together with corrections using the PHITS code to account for the influence of the Ti case that
increased the neutron capture yield of 27T in the resonance region, as can be clearly seen in Fig.
2. The events induced by the Ti case were then removed in the '2°T sample measurement using
the dummy sample measurements, after removing the neutron capture yield of the 271 sample.
Moreover, the influence of 271, which was contained in the '2°I sample with a 15.4% isotopic
abundance, was also removed using the neutron capture yield of the 271 sample. Finally, in a
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procedure analogous to the analysis of the 1271 sample, the sample-dependent background due
to neutron scattered at the '2°I sample and the sample-independent background were removed
using the carbon sample measurement and a no-sample measurement, respectively.
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Figure 2: Simulated neutron capture yield ratio between the dummy and the '?7I samples in
the TOF range between 100 ps and 10 ms, which is from 40 meV to 400 eV in neutron energy.

3.3 Cross Section Calculation

Preliminary results for the neutron capture cross section of 2T and 271 were determined by
dividing the neutron capture yields, which were corrected from the self-shielding and multiple
scattering effects using the PHITS code, by the incident neutron flux.

For both samples, the results were normalized using the saturate resonance technique with
the 7 Au sample. The thickness of the 7 Au sample was 0.1 mm, enough for the first resonance
to be completely saturated. By means of this technique, the neutron capture cross sections were
determined as follows:

YI(En)CI(En)

where o7(E,,), YI(E,), C1(Ey), St and Ny, stand for the neutron capture cross section, neutron
capture yield, the correction factor for self-shielding and multiple scattering, the area density,
and the normalization factor, for either '2°T or 271, with ¢, (F,) as the incident neutron flux.
Moreover, for 2?1, the area density was corrected using the results found in a thorough analysis
by Segawa et al. [11]

UI(En) = Nsat

4 Preliminary Results

Preliminary results for the neutron capture cross sections of 12°I and 27T were determined using
the formulations explained in section 3.3. The neutron capture cross section of 271 compared
to the broadened data of JENDL-5 [15] are shown in Fig. 3. As can be seen, the present results
agree within uncertainties with the results from JENDL-5.
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Figure 3: Preliminary results for the 27T neutron capture cross section from 0.01 eV to 1 keV
compared to the broadened data of JENDL-5.

For 29T, the preliminary results are displayed in Fig. 4 in comparison to the data from
JENDL-5. In the energy region between 10 eV and 1 keV, 16 s-wave resonances could be
identified. Since most of the resonances for 2°I occur above 100 eV, these resonance appeared
in a doublet structure due to the influence of the double-bunch mode. Nonetheless, the present
data was found to be comparable with the cross section data of JENDL-5 once corrected with
the resolution function of the ANNRI beamline. The resonance parameters of JENDL-5, except
for those of negative resonances, were taken from the work of Noguere et al. [3], in which the
resonance parameters were determined from a combined analysis of neutron capture yields and
transmission data measured at the GELINA facility. Such consistency of cross sections between
the present experiments and JENDL-5 indicates that the present data are reasonable with the
data of Noguere et al., in spite of performing complicated subtractions of components of 1271
and Ti case from the yield data of the 2?1 sample. Unfortunately, small resonances in JENDL-5
could not be confirmed due to a high background level around 5 b.
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Figure 4: Preliminary results for the '2°T neutron capture cross section from 10 eV to 1 keV
compared to the broadened data of JENDL-5.
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S Summary

The neutron capture cross sections of 2T and '?’I were measured at the ANNRI beamline of MLF in J-
PARC from 10 eV to 1 keV and from 0.01 eV to 1 keV, respectively. For '?’I, the present preliminary
results provide agreement within uncertainties with the data in JENDL-5. In the case of '?°I, in the
present preliminary results 16 s-wave resonance could be identified that are comparable with those of
JENDL-5. The present data are expected to be consistent with the data of Noguere et al., performed at
the GELINA experimental facility.
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Abstract

Nuclide production cross sections are fundamental to estimate the v-ray dose rate. Thus,
we started the cross section measurement via the reactions of GeV proton incidence on
various targets. This paper presents the measured cross sections via the ***Pb(p,X) reactions.
Comparisons among present data, calculated results, and evaluated nuclear data library are
also reported.

1 Introduction

These days, various applications with neutrons are paid much attention, e.g., boron neu-
tron capture therapy|[l, 2] and accelerator-driven neutron source[3, 4, 5, 6]. Accelerator-Driven
System (ADS)[7, 8, 9, 10] for the transmutation of nuclear waste is one example of such appli-
cations. In the design of the ADS facility, it is of great importance to ensure safety for radiation
workers and neighbors. Thus, precise evaluation of the residual v-ray dose rate by the reactions
among primary protons, target of neutron production (Pb-Bi eutectic), the beam window, and
accelerator components is required. The nuclide production cross section is key information
to estimate the -ray dose rate. These days, nuclear reaction models such as Liege IntraNu-
clear Cascade (INCL)[11] followed by Generalized Evaporation Model (GEM)[12] in Particle
and Heavy Ion Transport code System (PHITS)[13] and evaluated nuclear data libraries such
as Japanese Evaluated Nuclear Data Library High Energy file 2007 (JENDL/HE-2007)[14] are
utilized to derive the y-ray dose rate. However, the prediction accuracy of the models should
be confirmed in advance because the applicability of the models is not completely understood.
There are references for the cross sections via the "'Pb(p,X) reaction with GeV proton inci-
dence[15, 16]. In previous studies, monitor reactions were utilized to determine the intensity
of the incident protons. Because the increase of uncertainty due to the monitor reactions was
inevitable in previous studies, more precise measured data are desired currently.

*Present address: High Energy Accelerator Organization (KEK), Oho, Tsukuba, Ibaraki 305-0801, Japan and
The Graduate University for Advanced Studies (SOKENDAI), Hayama, Kanagawa 240-0193, Japan
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Then, we started a series of experiments at Japan Proton Accelerator Research Complex (J-
PARC)[17, 18], where a high-precision current transformer with 2% uncertainty is equipped. In
the past, the cross section with smaller uncertainties was successfully obtained using several GeV
protons and Al, Ni, Zr, Mn, and Co[19, 20, 21] at J-PARC by means of the activation technique.
Here, we measured the nuclide production cross sections with GeV protons and " Pb which is
used as the target of neutron production. This paper presents the heavy nuclide production
cross sections via the "*Pb(p,X) reaction. In addition, present data were compared with the
results by nuclear reaction models and JENDL/HE-2007 to confirm the prediction accuracy.

2 Experiment

Our experiment was carried out at a beam
dump line[22, 23| near the extraction port
from the 3 GeV Rapid Cycling Synchrotron
(RCS)[22] at J-PARC. The vertical plane view = R -
is illustrated in Fig. 1. The experimental pro-
cedure, such as sample setting, proton beam Chamber Bea;ij\;=
irradiation, and ~-ray measurement of the
activated samples, were followed in previous Figure 1: Vertical plane view of the beam dump
studies[19, 20, 21]. Due to the limited space, 1|ipe at J-PARC.

a procedure is explained briefly.

The proton beam was supplied from the RCS to **Pb sample as shown in Fig. 1. The proton
energies were 0.4, 1.3, 1.5, 2.2, and 3.0 GeV. For 0.4-, 1.5-, 3.0-GeV protons, the irradiation time
and the incident particle number were applied to 75 seconds and 8.6 x 10'3, respectively. Those
for 1.3- and 2.2-GeV protons were 100 seconds and 1.1 x 10, respectively.

The "Pb targets were inserted in the
place of “The chamber” in Fig. 1. The tar- F3 Gev p + b ]
get foil, Al, Ce, Pb, and Al in order from up- - 201pp

15Dy 331.17 keV
stream, were used for 0.4-, 1.5-, 3.0-GeV pro- 226.92 keV

Proton beam direction

tons. For the case of 1.3- and 2.2-GeV protons, § :

the Al, Si, Pb, and Al foil were applied. For 3 192Hg |

both experiments, the size and weight of the 10° | 2192 kev131Re 127Cs 7

Pb target was 25 mm x 25 mm x 0.22 mm = 3607 keV  411.95keV
Energy [keV]

and 1.4 g, respectively.

After the proton irradiation, the ~-ray
spectra were obtained with High-Purity Ge
(HPGe) detectors. The measured ~y-ray spec-
trum for 3 GeV proton incidence on "'Pb is
shown in Fig. 2. A variety of peaks were ob-
served in Fig. 2.

Figure 2: ~-ray spectra by the HPGe detector.
The horizontal and vertical axes are ~v-ray en-
ergy [keV] and pulse height of each 7-ray energy
[-], respectively.

3 Results and Discussion

We let references[19, 20, 21] explain the way of data analysis due to the limited space.
Heavy nuclides production cross sections obtained in this work are tabulated in Table 1. The
statistical error, ambiguity of fitting parameter, projectile proton number, branching ratio of the
~-ray energy used in our analysis, and intensity of the standard v-ray sources were taken into
account as the total uncertainty of present data. In this study, we measured 49 cross sections
of 12 nuclides and 5 proton energy points. For '92Hg by 0.4-, 1.3-, 3.0-GeV proton incidence,
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202mph by 3.0-GeV proton incidence, and 2%3Bi by 1.3-GeV proton incidence cross sections, the
uncertainty about 9%, 13%, and 15%, respectively, are greater than that of the previous results
by Yu. E. Titarenko et al.[15]. Therefore, we successfully acquired about 90% of the data with
smaller uncertainty compared with preceding studies.

Table 1: Nuclide production cross sections of the reactions for "®Pb with 0.4-, 1.3-, 1.5-, 2.2-,
and 3.0-GeV protons. Type “i” and “c” represent independent and cumulative cross sections,
respectively. The branching ratio of used «-ray energy (£,) is denoted in the parenthesis below
each E,. The total uncertainty (1o) is written in the parenthesis below each cross section.

. E Cross section (1o Uncertainty) [mb
Nuclide ke Tyee T G1GwV 13 Gov §.5 GV 2.2 cy;ze\[/ :]),.0 GeV
206 B4 803.1 c 6.243 d 6.20 3.18 3.00 - 3.44

(99.0%) (0.22) (0.11) (0.11) - (0.14)
205B4 1043.75 c 14.91 d 9.79 4.44 3.71 4.15 3.83
(7.51%) (0.37)  (0.19)  (0.14)  (0.32)  (0.51)
203Bj 820.2 c 11.76 h 13.24 5.60 4.28 - 3.90
(29.7%) (0.94) (0.84) (0.23) - (0.29)
203pp 279.2 c 51.92h  55.87 32.48 31.78 - 19.08
(80.94%) (1.89) (1.51) (1.35) - (1.18)
202mpy, 786.99 i 3.54 h 17.74 12.45 10.84 9.59 8.73
(49%) (1.23) (0.92) (0.84) (2.06) (1.12)
201p, 331.17 c 9.33 h 55.59 24.27 22.87 - 14.26
(77%) (4.69) (2.05) (1.94) - (1.37)
200pp 147.63 c 21.5h 53.14 20.12 - - -
(38.2%) (3.21) (0.98) - - -
202 439.51 c 12.31d 23.57 16.96 16.80 18.73 13.09
(91.5%) (0.85) (0.58) (0.59) (0.84) (0.88)
201 167.43 c 3.0421d  81.55 43.45 43.98 - -
(10.0%) (2.95) (1.59) (1.52) - -
203Hg 279.2 c 46.610 d 247 3.58 3.44 3.40 2.91
(81.56%) (0.08) (0.12) (0.15) (0.27) (0.09)
192Hg 274.8 c 4.85 h 54.60 23.98 22.21 - 10.30
(52%) (4.56) (2.02) (1.86) - (1.16)
196 Ay 355.73 i 6.1669 d  2.93 3.22 3.18 - 2.04
(87%) (0.14) (0.15)  (0.153) - (0.15)

Figure 3 shows the excitation functions of 206Bi, 203Pb, 201Ph, 202T], 203Hg, and "6 Au with
INCL/GEM, JENDL/HE-2007, and preceding studies[15, 16, 24, 25, 26]. For overall trends,
most of present data is consistent with the preceding results. For 2°°Bi production, INCL/GEM
shows better agreement with present data than JENDL/HE-2007. The average ratio of calcula-
tion to experiment (C/E) is 1.01. On the other hand, JENDL/HE-2007 shows an overestimation
of the present data by 28% in average.

The chart for average C/E values between INCL/GEM and the present data is shown in
Fig. 4. According to Fig. 4, better reproducibility or underestimation by roughly to be 30%
is clearly seen for the production of Bi and Pb nuclides. On the contrary, overestimation by
approximately twice is confirmed for T1 and Au nuclides production cross sections except for
201T], INCL/GEM might have weakness in describing the reactions of several proton emissions
compared with those of less than one proton emission. However, it should be noted that further
investigation is required to acquire this evidence.

,82,



JAEA-Conf 2023-001

Fy ‘ Ca :
i 7 r 2L This work 7
natPh (pp,X)206Bi J L — INCL/GEM .
. cumulative _ —— JENDL/HE-2007
O [ - o i
% Y.QJu+(2015)
E £ *  M.Gloris+(2001)
.5 10 %% . .5 102 - O Yu.E.Titarenko+(2009) |
k) L ] © L (
0] F i o} L
w + ] (45} L
n L 2% This work ~ n L
2 | — INCL/GEM | 3 |
5 —— JENDL/HE-2007 5
F % M.Gloris+(2001) g Fnat 203
+ M.Gloris+(1996) Curnt)LJ(lgfi(\Z e Pb
O Yu.E.Titarenko+(2009)
10 L - 10 & Ll =
107" 1 107" 1
Proton Energy [GeV] Proton Energy [GeV]
T ‘ T T T T ‘ T T T T T L ‘ T
" 2% This work : \ nath(p').()ZOZT[ - This work |
. NCLGEM cumulative — INCL/GEM 1
— . —— JENDL/HE-2007
o) —— JENDL/HE-2007 : a ¥ Y.QJu+(2015) 7
£ X Y.QJu+(2015) £ % M.Gloris+(2001)
c X H.Yashima+(2004) c 5 + M.Gloris+(1996)
.g 107 F O Yu.E.Titarenko+(2009) o 10 E X H.Yashima+(2004)
3] F © C O Yu.E.Titarenko+(2009}]
D L o} B 4
wn F ) L
o - o
S | o Bte b gt
natpp (p,X)20Pb ’5@ %
cumulative X
10 & L] - 10 L —
107" 1 10”" 1
Proton Energy [GeV] Proton Energy [GeV]
T T T UL
I 2L This work natPp(p,X)203Hg : | 2L This work natPh(p,X)19Au
— INCL/GEM cumulative — INCL/GEM independent
a' -~ JENDLME-2007 1 g9 I —— JENDL/HE-2007 )
[S 3 Y.QJu+(2015) e % Y.QJus015)
‘E' *  M.Gloris+(2001) 'E' T
S 10 O YuETitarenko+(2009) -4 & 10 © YuETiarenko+(2009) =
5 C ] © c ]
D F a D F b
wn - % = N = i
» L | » L ]
" 173
S 2
S | %ff v o |
17@3&‘ L] — 10 L] -

107

1 1
Proton Energy [GeV] Proton Energy [GeV]

Figure 3: Excitation functions of 206Bi, 203Pb, 201pb, 20271, 203Hg and ' Au with INCL/GEM,
JENDL/HE-2007, and previous results which are taken from EXFOR. The horizontal and verti-
cal axes of all of the graphs represent the proton energy [GeV] and the nuclide production cross
section [mb], respectively. The red and black markers stand for present data and preceding
results, respectively. The blue and pink lines mean the results of INCL/GEM and JENDL/HE-
2007, respectively.
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Figure 4: Chart for average C/E values between INCL/GEM and the present data. Red-,
green-, and blue-filled boxes represent overestimation, better accuracy, and underestimation,
respectively.

4 Conclusion

We measured heavy nuclides production cross sections via the " Pb(p,X) reaction for 0.4-,
1.3-, 1.5-, 2.2-, and 3.0-GeV proton incidence at J-PARC. In this work, we successfully obtained
the 49 nuclides production cross sections. The uncertainty of most of the present data was
smaller than those in the preceding studies. Additionally, present data were compared with
INCL/GEM and JENDL/HE-2007 to confirm the prediction accuracy. Through the comparison,
it is absolutely found that they have room for improvement.

We will continue the data analysis for lighter nuclides production cross sections. Furthermore,
we pursue the key to improve the prediction accuracy of nuclear reaction models.
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Currently, fusion reactors are expected to be future energy resources. And a lot of fusion neutronics related
experiments have been conducted so far for the neutronic design. However, improvement of nuclear data is
thought to be still needed for the development of fusion reactors. To solve this problem, we established a new
benchmark experimental method to verify large angle scattering cross section. However, the previous
benchmark experimental system using Nb as a neutron detector by employing **Nb(n,2n)*’Nb reaction
required a lot of time for irradiation and measurement. In this study, the feasibility of the benchmark method
using 'Au (n,2n) '*®Au reaction instead of niobium reaction was examined. The gold reaction has a larger
reaction cross section and a shorter half-life, and was expected to become a better method for benchmarking
large angle scattering cross section of nuclear data.

In the new benchmark experimental method with gold foil, reaction rates of '°’Au (n,2n) '°°Au need to be
calculated. However, because 'Au (n,2n) 'Au has two excited levels with long half-lives, it is impossible
to calculate the exact reaction rates. Therefore, an appropriate experimental procedure using gold foil was
examined by numerical simulations. After that, benchmark experiments of large-angle scattering cross
section using Au were performed for tungsten, and the results were compared with the performance of the
conventionally obtained result with Nb foil.

As a result of the numerical simulations, it was found that benchmark experiments can be analyzed by
summing up the ground state '®Au production cross section and two excited levels '"®Au production cross
sections to be as the total production cross section of ' Au. These apparent reaction rates were confirmed to
be almost the same as the theoretically exact values. Also, as a result of the benchmark experiments, it shows
that the measurement time required to obtain the same statistical accuracy can be reduced by a factor of at

least 2 compared to the conventional method with Nb foil.

1. Introduction

For high energy incident neutrons, the large angle scattering cross section is usually not so important
because it is much smaller than the forward scattering cross section. However, in high-intensity neutron fields
such as fusion reactors, it cannot be neglected in neutron transport calculation due to gap streaming
phenomenon in the blanket and so on. Actually, disagreement between calculated and experimental values
has been reported in benchmark experiments at Fusion Neutronics Source (FNS) at Japan Atomic Energy

Agency by Ohnishi et al., and uncertainty in the large-angle scattering cross section has been pointed out [1].
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Figure 2 Comparison of Au and Nb activation cross sections

In fact, as shown in Figure 1, the elastic scattering cross sections of tungsten (1#*W), which is planned to be
used in fusion reactor diverters, show different magnitudes especially for large scattering angles [2-4].
Usually, benchmarking of elastic scattering is carried out by integral experiments. However, at backward
angles, it is difficult to carry out the benchmark experiment due to small cross sections for backscatter. In
response to this problem, the author's group developed a benchmark method for large angle scattering cross
sections using shadow bars [5.6]. The benchmark experimental system has so far employed niobium foil as
an activation detector by **Nb(n,2n)°’Nb reaction. However, in the measurement using niobium foil, it was
A
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Figure 3 Excited levels in ¥7Au(n,2n)
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problematic that it takes a very long time to measure and sufficient y-ray counts for proper evaluation may
not be obtained for some experimental systems. To solve this problem, it is considered to use gold foil instead
and the activity of '°’Au (n,2n) '"°Au is used for the evaluation, because this reaction has a larger activation
cross section than niobium reaction as shown in Figure 2 and its half-life of '?°Au produced by '*’Au (n,2n)
19 Au is about two times shorter than that of ®>Nb produced by **Nb(n,2n)*’Nb [7]. However, '°°Au generated
in the reaction has two excited levels with long half-lives as shown in Figure 3 and it is impossible to calculate
exact reaction rates [8]. Therefore, the objective of the present research is to examine the feasibility of
measurement with gold foil. This research is expected to shorten the measuring time for benchmark
experiments and to obtain stable y-rays counts. Benchmark experiments of large angle scattering cross
sections of tungsten were also performed using gold foil, and the obtained results were compared with the
conventional benchmark experiments with niobium foils to evaluate the feasibility of the experiment using

gold foil.

2. Methods and Theories
The present benchmark experimental method using two shadow bars is described in this section. The
benchmark experimental system consists of four irradiation experiments, including the two systems shown
in Figure 4 and two systems for each in which the target sample is removed. The large angle scattering cross
sections are benchmarked by subtracting the reaction rates obtained for each of these four experimental
systems. The reaction rate is calculated by Equation (1).
Reaction rate(RR) = % fE o pdE (D
Na is the number of foil atoms, V' is the volume of foil, o is the activation cross section of foil, ¢ is the
neutron flux at foil. As shown in Figure 5, the three components of the experimental system are the shadow
bar, the wall, and the target, so as in Figure 5 there are seven paths available through which neutrons can
transport before reaching the activation foil. Path 3 in Figure 5 is the path of interest, by which neutrons are
scattered in the target with a large angle, and the nuclear data libraries can be benchmarked by comparing the
obtained reaction rates in this path between experiments and simulations [5]. If the respective four systems
are named S1TC, S1C, S2TC, and S2C, the path contributions that neutrons can take in each system can be
expressed as described in Figure 6. The reaction rate of path 3 is thus obtained from the reaction rates of

these four irradiation experiments by Equation (2).

6cm
150 cm
L P
55cm 50 cm
e S e, T = 15 cmd
DT neutron source g
Shadow bar Z
Neutron detector |
- Target

— 113 cm

—

Figure 4 Two types of experimental system for benchmark
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In this case, the reaction rates of paths 2 and 7 are very small compared to path 3, so they are treated as
evaluation errors.

Normally, the reaction rate can be expressed by Equation 1, but as described in Section 1, the exact reaction
rate cannot be calculated in the benchmark experiment if using gold. Therefore, in the present study we
assumed that the gold activity could be evaluated by the apparent reaction rate in Equation 3, and tried to
verify whether it could approximate the real value with an acceptably small discrepancy by using MCNP[9].

Reaction rate(RR) = %IE(Q + 0, + 0y) pdE 3)
In the equation, 0 is the cross section of ground level production in Figure 3, o 1 is the cross section of the
excited level with the half-life of 8.1 s, and 0 is the cross section of excited level with the half-life of 9.6
h. Specifically, the accuracy of this approximation was evaluated by calculating the relative error between
the numbers of 1°°Au excited by the apparent activation cross section in Equation 3 and the exact activation

cross section as shown in Figure 3.

3. Results

Figure 7 shows the discrepancy of the number of excited '°Au by the apparent cross section in Equation 3
compared to the result by the exact activation cross section for the irradiation and cooling time. This figure
shows that the relative error is less than 0.4% regardless of these times, and is sufficiently small compared to
the error in the y-ray counts. Therefore, it was found appropriate to evaluate the number of excited '*°Au by
the apparent reaction rate by using Equation 3.

Based on these results, benchmark experiments with a tungsten target were conducted using a gold foil. In
the experiments, the dimensions of the foil were 2 x 2 x 0.25 ¢cm?®. A niobium foil was additionally used
together with the gold foil to compare the experimental results and performance with that of the niobium foil.
The shape of the niobium foil was a cylinder with a height of 0.5 cm and a diameter of 1.5 cm. The
experimental results are shown in Table 1. The simulation results were calculated using the nuclear data
libraries, JENDL-4.0, ENDF-B/VII, and JEFF-3.3.
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for given statistical errors for S2TC.
As shown in the results, it is found that C/E values which mean the uncertainty of large angle cross-section
data show no significant difference between those using niobium and gold foils. Also, the final experimental
results deduced with Equation 1 are larger than the simulation ones. This result suggests possible

underestimation of the large angle scattering cross section in the nuclear data libraries. It is also presumed

that large difference observed between the experimental and simulation values in the four experimental

Table 1 ”Au (n,2n)!%Au and *Nb(n,2n) %>Nb Reaction rates in the tungsten target experiments

[10-° reaction/source neutron/cms3]

SlTC SZTC SlC SZC SITC_SZTC'(SIC'SZC) C/E

Experimental Result 51.25 12.44 33.92 20.58 25.48
Experimental Relative Error (%) 4.18 231 3.93 5.81 11.02

Au JENDL-4.0 27.13 9.95 20.67 16.9 13.41 0.53+0.06

ENDF-B/VIII 22.62 10.44 20.67 16.9 8.41 0.33+0.04

JEFF-3.3 28.78 10.25 20.67 16.9 14.76 0.57 +£0.06
Experimental Result 9.12 251 5.65 3.17 413
Experimental Relative Error (%) 4.25 3.10 451 5.58 12.2

Nb JENDL-4.0 4.48 1.45 3.12 2.66 257 0.62+0.08

ENDF-B/VIII 3.19 1.39 3.12 2.66 1.34 0.32+0.04

JEFF-3.3 4.32 1.39 3.12 2.66 2.47 0.60+0.07
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systems are due to the fact that the calculation system does not take desks supporting the shadow bar,
accelerator itself, etc. into consideration. Figure 8 shows the ratio of required measurement times of Nb to
Au for given statistical errors of y-ray counts for the irradiation experiment of the S2TC system, which is
expected to have the smallest number of counts. It shows that the measurement time required to obtain the

same statistical accuracy by gold foil can be reduced by a factor of at least two compared to niobium foil.

4. Conclusion

In this study, improvement of benchmark experimental method for large angle scattering reaction cross
section at 14MeV was conducted, because the previously used benchmark experimental method employed a
niobium foil with **Nb(n,2n)*’Nb reaction, and in this case, it required a lot of time for the irradiation and
measurement. We employed gold foil instead of niobium, because the reaction products by it has a larger
reaction cross section and a shorter half-life compared to reaction products by niobium foil. As a result of
numerical and experimental analyses, it was found that benchmark experiments could be properly performed
using gold foil as a detector regardless of the irradiation and cooling time. Moreover, the measurement time
can be reduced by a factor of at least two compared to the conventional method with niobium. In the future,

benchmark experiments will be conducted for carbon and other nuclides using gold foil.
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The photoneutron energy spectra obtained from nuclear data and theoretical calculations were
compared with the experimental data for 17 MeV photons on Ta, W, and Bi targets. The results of PHITS
code, CoH3; code, JENDL/PD-2016 nuclear data, and TENDL-2019 nuclear data were included for this

comparison.

1. Introduction

High-energy photons are primarily produced as bremsstrahlung by electron accelerators. Secondary
neutrons can be emitted via photonuclear reactions from the interactions between these photons and
accelerator components. Data of photoneutron yield, energy, and angular distribution are fundamental
parameters for the shielding design of electron accelerators.

So far, several studies have been conducted on neutron emission in photonuclear reactions [1, 2, 3].
Our group recently measured the photoneutron spectra for 17 MeV linearly polarized photons at angles
ranging from 30° to 150° on Ta, W, and Bi targets. The results consist of low-energy and high-energy
components. The angular distribution of the low-energy component was isotropic, whereas the high-
energy component was dependent on the interaction angle between photon polarization and neutron
emission.

The measured data are important for benchmarking the nuclear data and theoretical calculations.
Thus, in this study, the experimental results on Ta, W, and Bi targets irradiated by 17 MeV photons were
compared with photoneutron spectra obtained by the theoretical codes of PHITS [4] and CoH3 [5], and
nuclear data libraries of TENDL-2019 [6], JENDL/PD-2016 [7].

,92,



JAEA-Conf 2023-001

2. Experiment

Our experiment was carried out at NewSUBARU facility, BL-01, Hyogo, Japan. Figure 1 shows the
experimental setup of the photoneutron measurement, as mentioned in [1]. The mono-energetic,
horizontally polarized photon beam was produced by the collision of a polarized laser source and 1 GeV
electron at the backscattering angle. The beam was adjusted to inject into the center of the target. Targets
were cylinders with 1 cm thicknesses for Ta and W and 2 c¢cm for Bi. A 5-mm-thick plastic scintillator
was placed upstream of the target to estimate the number of incident photons. Six liquid scintillation
detectors (NE213, 5¢ x 5 in) were positioned at 30°, 60°, 90°, 120°, and 150° horizontally and 90°
vertically to the photon beam direction. Because of the high sensitivity of NE213 to photoneutrons and
gamma in the background, the pulse shape discrimination (PSD) technique was used. The time-of-flight

(TOF) method was applied for obtaining the photoneutron energy spectra.

r

Plastic scintillator L

. 1 peerey
~Incident photon beam

oy ot I |
r ’

Figure 1: The experimental setup of photoneutron measurement [1].

To acquire data, a system including a charge-to-digital converter (QDC) module, a time-to-digital
converter (TDC) module, and a VME controller was prepared, which was identical to that used in previous
experiments [1, 2]. The QDC module recorded the tail and total charges of the output signals from NE213,
and the TDC module recorded the time difference between the incident photons and signals detected by
NE213. A two-dimensional plot of the charge ratio of the tail and total signals, defined as the PSD
parameter, and time-of-flight was used to distinguish photoneutrons and background gamma, as shown
in Figure 2. Events with light yield greater than 0.25 MeVee - equivalent to half of the '3’Cs bias, were
selected. Figure 3 shows the neutron-gamma time-of-flight spectra after neutron and gamma separation.
The neutron detection efficiency of the detectors was calculated using the SCINFUL-QMD simulation
[8] with correction of the neutron measurement from the 23>Cf source. The attenuation of the photon beam
due to the target thickness was evaluated using the PHITS code.

The experimental data showed the polarization effect of the incident photons same as previous
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experiment [1, 2]. Hence, in this paper, we only reported the photoneutron spectra at the vertical 90°
position (V90) for comparison, to exclude the polarization effect.

3. Theoretical calculations and nuclear data libraries

In this work, the photoneutron spectra from the theoretical codes of PHITS and CoHs and the
nuclear data libraries of TENDL-2019 and JENDL/PD-2016 were compared with the measured data. We
used PHITS version 3.27 with the default mode and the same geometry as the experiment. The detection
regions were simulated as cylinders with a size of 5 x 5 in, without NE213 liquid in volume. The same
geometry as that of the PHITS code was used to obtain neutron spectra using TENDL-2019 nuclear data
libraries instead of the default reaction models. The neutron spectra from JENDL/PD-2016 were directly
derived using the ENDF-6 reader program [9]. Neutron spectra were obtained using the CoH3 code in the
double-differential calculation mode without considering the experimental geometry. Because the results
obtained from the CoH3 code and JENDL/PD-2016 nuclear data library are whole neutrons emitted on a
plane perpendicular to the incident photon beam direction, their magnitude must be adjusted for

comparison with experimental data.
1
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4. Result and discussion

Figure 4 shows the photoneutron energy spectra obtained from the experiment, PHITS default
calculation, CoH3s code, and nuclear data libraries of TENDL-2019 and JENDL/PD-2016 for W, Ta, and
Bi targets. The red circles indicate the experimental data at a 90° angle perpendicular to the polarization

direction with respect to the incident photon. The measured spectra consist of low- and high-energy

components.
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Figure 4: Photoneutron energy spectra for 17 MeV photons on W, Ta, and Bi targets.

All the theoretical calculations and nuclear data underestimate the experimental data. They show
approximately identical results below 4 MeV, and a noticeable difference in the region above 4 MeV. The
slopes of the PHITS default calculation (black solid lines) are the lowest among all the results. The PHITS
results with the default model contain only the low-energy evaporation component that originates from
the Generalized Evaporation Model (GEM) [10] for 17 MeV photons. The calculations using the
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CoHs code are close to the experimental data for Ta and W, but low for Bi. The green and blue solid lines
representing the results extracted from the TENDL-2019 and JENDL/PD-2016 nuclear data, respectively,
are similar for Bi. However, for Ta and W, the spectra obtained by TENDL-2019 are higher than those
obtained by JENDL/PD-2016.

5. Conclusion

We compared the photoneutron energy spectra from the nuclear data libraries of TENDL-2019 and
JENDL/PD-2016, theoretical calculations of PHITS and CoH3s, and measurements. The results showed
significant differences among the theoretical calculations, nuclear data, and experimental data in the high -
energy region. Thus, all theoretical models and nuclear data must be improved to accurately describe the

photonuclear reactions.
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15. Study of GAGG scintillator as a neutron detector
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In order to use the GAGG scintillator as a neutron detector, the signatures of neutron detec-
tion were investigated. Various conditions were simulated using PHITS to determine the size of
GAGG scintillator. The response characteristics when neutrons of some energy are incident on
the GAGG scintillator are simulated by changing the thickness of the GAGG scintillator from
0.1 to 100 mm. We also investigated the neutron energy dependence of the GAGG scintillator
by changing the incident neutron energy from 1 meV to 10 MeV. Furthermore, the size of the
GAGG scintillator was determined from the simulation results, and the response to thermal
neutrons was measured.

1. Introduction

In recent years, there is a need for improved nuclear data on high-energy neutron-induced
fission of actinides [1]. For example, improving the data of prompt neutrons will contribute to
nuclear applications [2]. Even in thermal neutron detection, *He does not exist naturally and is
very expensive and its price has continued to rise due to changes in nuclear security policies in
the United States, making it difficult to obtain 3He in recent years [3,4]. For these reasons, it is
necessary to explore for new neutron detectors.

The GAGG scintillator emits a large amount of light and is excellent as a gamma-ray detector,
and is used in single-photon emission tomography SPECT, gamma cameras. Gd, a constituent
element of GAGG, has isotopes with fairly large capture cross-sections for low-energy neutrons.
Among them, "5Gd and '5"Gd have particularly large cross sections for thermal neutrons of
60,740 b and 253,700 b, respectively as shown in Fig. 1, and natural abundance ratios of 14.8
% and 15.7 %, respectively. The reaction transition of each isotope can be expressed as follows,
and the Q values are 8.1 and 7.9 MeV, respectively. For neutrons above 100 keV, signals due
to inelastic scattering can also be expected for neutron detection. For these reasons, it may be
used as a neutron detector.

15Gd + n —156 Gd* 1% Gd + ~ (1)
BTGd +n -8 Gd* -1 Gd + ~ 2)

Our purpose is to verify the performance of the GAGG scintillator as a neutron detector.
We would like to detect neutrons in the thermal neutron region and neutrons above 100 keV.
For that purpose, we first analyzed the response of the GAGG scintillator to various energy
neutrons using the 3D Monte Carlo code PHITS [6]. Thermal neutron irradiation experiments
were also carried out to investigate the thermal neutron response of the GAGG scintillator.
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Fig. 1 Neutron capture cross section of Gd isotopes in JENDL-4.0 [7].

2. Simulation of r neutron responses of GAGG scintillator

2.1 Calculation condition

PHITS ver.3.27 was used as the simulation code. JENDL-4.0 [7] was used for neutron
reactions, and EGS5 [8] was used for electron, positron, and photon transport. In this section,
we discuss the response dependence of the GAGG scintillator on the GAGG scintillator thickness
and the incident neutron energy. The area of the GAGG scintillator is fixed at 2 x 2 ¢ m?. The
number of histories was set to 6 x 106.

The response was simulated for incident neutron energies from 1 meV to 10 MeV and GAGG
scintillator thicknesses of 0.1 mm, 1 mm, 1 cm and 10 cm. The obtained calculations are
the neutron flux in the GAGG scintillator, the spectrum of neutrons and photons in the GAGG
scintillator, and the energy distribution due to particles such as electrons imparted to the GAGG
scintillator.

2.2 Results

From neutron flux, t he n eutron r eaction r ate w as c alculated by d ividing t he n eutron flux
exiting the GAGG scintillator by the neutron flux entering the GAGG s cintillator. The detection
efficiency wa s calculated by taking th e sum of el ectrons im parted wh en ne utrons of a certain
energy were incident on the GAGG scintillator from the deposit energy distribution. The neutron
flux and the energy distribution of electrons imparted to the G AGG scintillator for 1 meV to 10
MeV neutrons were summarized for each GAGG scintillator thickness, and graphs of the neutron
reaction rate and detection efficiency were dr awn. These are shown in Fi gs. 2 and 3. In both
figures, it can be inferred that the resonance part of the capture cross section is reflected in the
range of about 1 eV to 1 keV.

In addition, from the results shown in Figs. 2 and 3, for thermal neutrons, the thickness
of 0.1 and 1 mm shows a certain sensitivity, but compared to 1 cm and 10 cm, the sensitivity
to neutrons with energy higher than 1 eV is much lower. Therefore, we determined that the
optimum thickness of the GAGG scintillator was approximately 1 cm.
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Fig. 2 Neutron reaction rate. Fig. 3 Detection efficiency.

el

Thermal neutron irradiation experiment

Using the GAGG scintillator, thermal neutrons measured before measuring fast neutrons.
Cadmium difference method was used to investigate the response to thermal neutrons.

3.1 Data acquisition and circuit system

The dimension of GAGG scintillator used in this experiment has an area of 2 x 2 cm? and a
thickness of 1 cm. This scintillator was wrapped in PTFE tape to improve light collection. The
PMT used in this work was a HAMAMATSU H6410. We used four 2°2Cf neutron sources. At
the time of measurement, the total source intensity was 7.1 MBq.

All v ray and neutron data were acquired with a DT5742 CAEN digitizer. The PMT bias
was 2002 V. Logic signals of a CFD were used as fast triggers when recording waveforms. We
set the CFD threshold at the lower limit of -30 mV. This circuit system is shown in Fig. 4.

HV
2002 V

PMT

Digitizer

Divider —=F2l—Waveform Ej
PC

GAGG scintillator

Fig. 4 Circuit system.

3.2 Experiment preparation

The detector was calibrated using the 7 rays from 24! Am, 1°9Cd, and '3"Cs. The photopeaks
of 221 Am, 199Cd, and '37Cs are 59.5, 88 and 661.7 keV, respectively.

The neutron sources used in this work were produced from four 2°2Cf sources discribed above.
In order to irradiate the GAGG scintillator with thermal neutrons, the distance from the source
to the scintillator was set at 16 cm, and a polyethylene block with a thickness of 10.4 cm was
placed between them. In addition, a 5 cm thick lead was placed in front of the scintillator to
shield 7 rays from the ?*2Cf sources.
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However, in this system, higher energy neutrons

above 100 keV came to the GAGG scintillator in ad-

dition to thermal neutrons. Therefore, we investigated 20 x 20 x 0.1 kbm3

the response due to thermal neutrons by using the Cd o neutloogsoume Cd board|
difference method. In this method, measurements were - ~——  +Region of
taken for the same amount of time with and without 'g N eAGe
the Cd plate, and thermal neutron data are obtained =

from the difference. Figure 5 shows a system in which VQO > 1’0 B
a 10.2 cm thick polyethylene block, a 5 cm thick lead 10, lead! block
block, and a 2 mm thick Cd plate are placed between the

source and the GAGG scintillator. In addition to the b

two systems mentioned above, we calculated the neu- z [cm]

tron spectra irradiated to the GAGG scintillator using
PHITS, assuming that nothing is placed between the
source and the GAGG scintillator, which is shown in
Fig. 6. The light blue line is the neutron spectrum
when nothing is placed between the source and the de-
tector, the brown line is the neutron spectrum when a
polyethylene block and a lead block are placed. The yellow lines represent the neutron spectrum
when a Cd plate is added to the brown line system. It can be seen that most of the thermal
neutrons have been captured by Cd plate.

Fig. 5 Simulation system when a 2
mm thick Cd plate is placed between
polyethylene and lead

T
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Fig. 6 Comparison of neutron spectra in the GAGG region.

3.3 Results
3.3.1 Energy calibration of gamma-ray sources

Waveform data were collected using gamma-ray sources : 2! Am, 99°Cd, and '37Cs. Figure
7 shows a comparison of the amount of light yield calculated from each waveform data for each
~ ray source. Energy resolution is approximately 22.5 % at 59.5 keV, 19.5 % at 88 keV, and 6.3
% at 661.7 keV. An energy calibration curve is shown in Fig. 8.
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3.3.2 Thermal neutron measurements

We acquired the waveform data for 30 minutes for cases with and without the Cd plate. In
Fig. 9, the brown line is the data measured in the system without the Cd plate, the yellow line
is the data measured in the system with the Cd plate, and the blue line is the data obtained
from the difference between them. The combined 1st excited state to ground state transitions
for 156Gd and '"®Gd at 84.6 keV is the most prominent feature. In addition, two higher energy
features are also observed at 263 keV and 454.1 keV.

The 84.6 keV peak is the combination of the 88.9 and 79.5 keV ~ rays from the first excited
states of °Gd and '"®Gd, which cannot be separately resolved. In Fig. 9, we also observe a
v peak at 263 keV, this is a result of the rotational band structure of both Gd and *®Gd in
which the 44 state de-excites in sum-coincidence through the 2+ state to the ground state.

104

—— without Cd

— with Cd

—— Difference between without Cd and with Cd
103

Number [-]

10!

0 50000 100000 150000 200000 250‘000
Light Yield [a.u.]

Fig. 9 Light yield spectrum obtained by taking the difference between the data without the
Cd plate and the data with the Cd plate.
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Summary

To investigate whether GAGG can be used as a neutron detector, we calculated the response

using PHITS and measured the response to thermal neutrons. From the simulation results, it
was found that the optimum thickness of the GAGG scintillator for neutron spectroscopy using
the TOF method is approximately 1 cm.

Based on these results, we carried out the thermal neutron irradiation experiment using 1

cm thick of GAGG scintillator. For thermal neutrons, three useful signals for neutron detection
were confirmed. In the future, we plan to measure the TOF spectrum using the 2*2Cf neutron
source and verify its performance as a detector for fast neutron components.
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Abstract: In the treatment field of Boron Neutron Capture Therapy (BNCT), secondary gamma-rays are
easily produced during neutron irradiation. In the BNCT project of Osaka University, a material-filtered
Radio-Photoluminescence Glass Dosimeter (RPLGD) was developed to measure neutron and gamma-ray
doses separately. In this study, to validate the material-filtered RPLGD for BNCT, various types of F-
dominant, E-dominant, and T-dominant fields were designed by using a D-D neutron source. This paper

provides valuable reference n-y mixed fields for developing radiation dosimeters for BNCT.

1. Introduction
1.1. Boron Neutron Capture Therapy

Boron Neutron Capture Therapy (BNCT) is a promising and rising technique for cancer therapy. In
BNCT [1], boron-10 compounds are concentrated in a tumor by boron delivery agents. After exposing a
patient to thermal or epithermal neutrons, the tumor could be destroyed selectively in an effective manner
without damaging adjacent normal tissue [1]. In recent years, accelerator-based BNCT systems were
widely proposed and developed in many countries [2]. The neutron beams produced by accelerators
include contributions of secondary gamma-rays, as well as fast, epithermal, and thermal neutrons [1].
Because neutron and gamma-ray have different biological effects on human bodies [3], it is essential to

measure the neutron and gamma-ray doses separately and simultaneously.

1.2. Objectives

Previously, researchers developed and measured different n-y mixed fields for radiation experiments.
F. Ferrulli, et al. [4] developed an n-y mixed field with an Am-Be source (1.5 mSv/h) and a '3’Cs source
(up to 60 uSv/h) to characterize a fast neutron dose rate detector. Yi-Chun Lin, et al. [5] measured the
gamma-ray and neutron dose rates for BNCT at two reactors (THOR and HFR). Ryo Ogawara, et al. [6]
measured the absorbed dose contribution of thermal neutrons, fast neutrons, and gamma-rays at an

accelerator-based mixed field (p-Be source, Polyethylene moderator). However, there were few standard
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n-y mixed fields with adjustable gamma-ray to neutron dose ratios, classifications of dominant neutron
energy, and wide energy ranges of gamma-ray.

In the BNCT project of Osaka University, a liquid Li based neutron source is now planned to be
developed [7], and a material-filtered method of Radio-Photoluminescence Glass Dosimeter (RPLGD)
was proposed to separately measure neutron and gamma-ray doses for treatments [8]. However, there was
no standard n-y mixed field for the authors to do validation experiments of the material-filtered RPLGD.
In this study, various types of n-y mixed fields were designed by using a D-D neutron source (2.5 MeV)
at OKTAVIAN in the authors’ laboratory, as an alternative to cover the energy distribution of the p-Li
neutron source (0.6 MeV) [7].

2. Simulation setup and methods
2.1. Irradiation assembly

The irradiation assembly to generate n-y mixed fields is shown in Figure 1. Source neutrons
(isotropic, 2.5 MeV) were produced based on D(d,n)*He reaction. After the source neutrons penetrate the
moderator, gamma-rays are produced to generate an n-y mixed field. The moderator was 40 cm in
diameter and 0-70 cm in thickness. The calculations were performed by Monte Carlo N-Particle Code 5
(MCNP5) [9] based on ENDF/B-VIILO [10]. The number of source particles was set to 10°. The radiation
fluxes and doses were calculated by F4 and F6 tallies, respectively. Six materials were considered to
compose the moderator: Al (2.70 g/cm?), Fe (7.86 g/cm?), Pb (11.34 g/cm?), Polyethylene (PE) (0.93
g/cm?), CF, (2.20 g/cm?), and AlF; (2.88 g/cm?). By changing the material, combination, and thickness

of the moderator, the radiation dose level and energy spectrum of the mixed fields were adjusted.

t=0~70 cm

——»

Moderator-2

R

cm [|— n-y mixed field

Moderator-1

D-D neutron source:
2.5 MeV

Figure 1. Irradiation assembly to generate n-y mixed fields.

2.2. Gamma-rays produced at a neutron-generating target

When D-D source neutrons are produced and penetrate a neutron-generating target, gamma-rays are
produced by capture and inelastic scattering reactions, which should be evaluated as a contaminant of the
total gamma-ray flux. Therefore, the moderator should be thick enough to absorb the gamma-rays
produced by the target. As shown in Figure 2, the model of the neutron-generating target at OKTAVIAN
[11], in the authors’ laboratory, was simulated to examine the behavior of the gamma-rays emitted from
the target. The layers of the neutron-generating target were 0.01 cm Ti+ 0.1 cm Cu + 0.24 cm H,O + 0.1
cm stainless steel (304). 1, is defined to evaluate the shielding ability of each material to absorb the
gamma-rays emitted from the target:

Fg

- (1

b
Femim

Ne =

where Fg, is the gamma-ray flux produced at the target, and Fg,  is the total gamma-ray flux. When
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1, reaches 0%, the contribution of gamma-rays produced at the target is removed theoretically. The
results of 1, of Al, Fe, Pb, CF,, and AlF; are shown in Figure 3. As the thickness increases, 1, of Al,
Fe, Pb, CF», and AlF; declines and saturates at approximately 1%, 0%, 0%, 5%, and 3%, respectively.
19 cm Fe and 12 cm Pb were determined as a minimum thickness to remove the contribution of the
gamma-rays emitted from the target.

Fg,,: total gamma-ray flux

Neutron
source

F¢,: gamma-ray flux

Neutron-generating target | produced at the target

Stainless at OKTAVIAN

steel

Moderator
(304)

Figure 2. Schematic illustration of calculating gamma-ray flux.
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Figure 3. Evaluation of contribution of gamma-rays produced at the neutron-generating target.

3. Results and discussion
3.1. Neutron and gamma-ray doses
The gamma-ray to neutron dose ratio 74 is defined as:
D

Na = D_Z> (2)
where D, is the gamma-ray dose, and D, is the neutron dose. In this study, ny; was controlled in
between 0% and 200% (D, <Dy, D, = D,, D, > Dy). The combinations and thicknesses of the
moderators were set to: Fe (19 cm) + PE (0-8 ¢cm), PE (0-24 cm) + Fe (19 cm), Pb (12 cm) + PE (0-14
cm), PE (0-47 cm) + Pb (12 cm), CF> (42-60 cm), and AlF; (47-65 cm). The results of D, Dy, and nq4
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are shown in Figure 4. In Figure 4 (a), D,, is attenuated, as the thickness of the moderator increases. In
Figure 4 (b), D, is enhanced with the increasement of the thickness of PE, e.g., Fe (19 cm) + PE (0-7
cm) and Pb (12 cm) + PE (1-10 cm). In Figure 4 (c), n,; ascends rapidly and approaches 200%, by
increasing the thickness of PE. Because 'H(n,y)*H reactions produce more gamma-rays [12], PE is an
effective material to increase 174. For CF; (42-60 cm) and AlF3 (47-65 cm) as a single-material moderator,
Ng 1s below 80.5%.

1071 4 107" 4
~—Fe (19 ¢cm) + PE (0-9 cm) ~—Fe (19 c¢cm) + PE (0-9 cm)
~— PE (0-24 cm) + Fe (19 cm) ~— PE (0-24 cm) + Fe (19 cm)
——— Pb (12 cm) + PE (0-14 cm) ——— Pb (12 ¢m) + PE (0-14 cm)
10715 o ~ " «— PE (0-48 cm) + Pb (12 cm) ~— PE (0-48 cm) + Pb (12 cm)
. CF, (4260 cm) 10715 4 + CF, (42-60 cm)
Sy - AIF, (4765 cm) - AIF, (47-65 cm)
1071 4 o, P a0
—~ ; ’ —~ 10-1&‘ 4 j
> >
9 107, 9
= >
[m] O g7
10778
1071% 4 : e -,
(a) (b) :
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«~—Pb (12 em) + PE (0-14 cm) - PE (0-48 cm) + Pb (12 cm)
200% — —CF, (42-6? cm) AIF, (47-65 cm)
150% A
=
[m]
-—
o 100% -
n
o
=
50%
©)
0% “':i“”;”“;'“A;“rv; T T T T T T

10 15 20 25 30 35 40 45 50 55 60 65
Total thickness (cm)

Figure 4: (a) Neutron dose, Dy; (b) Gamma-ray dose, D,; (¢) Gamma-ray to neutron dose ratio, 1g4.

3.2. Mixed field of neutron and gamma-ray

Neutrons produced in the n-y mixed field were divided into three energy groups: (i) fast (0.01-2.5
MeV), (ii) epi-thermal (5x107-0.01 MeV), and (iii) thermal (< 5x1077 MeV) neutrons. Then the n-y mixed
fields were classified into three types: (i) Fast (F) -dominant, (ii) Epithermal (E) -dominant, and (iii)
Thermal (T) -dominant fields.

3.2.1. F-dominant field

The results of F-dominant field are summarized in Table 1. n,; ranges from 2.5% to 188.1%.

Because Fe has large cross-sections of (n,y) reaction at thermal energy [12], PE + Fe is a suitable
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combination to generate F-dominant fields, and PE (0-24 cm) + Fe (19 cm) provides: n,; from 15.5 to
188.1%, proportion of fast neutron from 88.0% to 99.8%, and gamma-ray energy in 0-10.1 MeV.

Table 1. Characteristics of F-dominant fields

. Gamma-ray to neutron dose ratio, | Proportion of | Gamma-ray energy,
Material
Na fast neutron MeV
PE (0-8 cm) + Pb (12 cm) 2.5-3.2% 51.6-100.0% 0-7.3
Pb (12 cm) + PE (0-8 cm) 2.8-68.5% 48.5-100.0% 0-7.3
Fe (19 cm) + PE (0-4 cm) 15.5-100.9% 48.6-99.8% 0-10.1
PE (0-24 cm) + Fe (19 cm) 15.5-188.1% 88.0-99.8% 0-10.1

3.2.2. E-dominant field

The results of E-dominant field are summarized in Table 2. 1, ranges from 39.4% [CF; (42 cm)]
to 80.5% [AlF3 (65 cm)], and it is difficult to enhance 1, by increasing the thickness of the material.
Besides, the contribution of the gamma-rays emitted from the target remained 5.6% and 3.2% on average

for CF, (42-60 cm) and AlF3 (47-65 cm), respectively.

Table 2. Characteristics of E-dominant fields

Material Gamma-ray to neutron dose ratio, Proportion of Gamma-ray energy,
Na epithermal neutron MeV
CF> (42-60 cm) 39.4-67.7% 54.4-72.8% 0-7.3
AlF3 (47-65 cm) 71.3-80.5% 56.0-80.6% 0-9.0

3.2.3. T-dominant field

The results of T-dominant field are summarized in Table 3. n; ranges from 5.9% to 195.1%.
Because Pb has large cross-sections of (y,absorption) reaction [12], PE + Pb is a suitable combination to
suppress 74 to generate T-dominant fields, and PE (13-47 cm) + Pb (12 cm) provides: 1, from 3.8%
to 183.6%, proportion of thermal neutron from 49.4% to 66.6%, and gamma-ray energy in 0-6.1 MeV.

Table 3. Characteristics of T-dominant fields

Gamma-ray to neutron dose ratio,

Proportion of

Gamma-ray energy,

Material
N4 thermal neutron MeV
Pb (12 cm) + PE (12-14 cm) 143.7-195.1% 48.3-52.8% 0-6.8
Fe (19 cm) + PE (7-8 cm) 158.2-182.8% 49.4-54.6% 0-10.1
3.8-183.6% 49.4-66.6% 0-6.1

PE (13-47 cm) + Pb (12 cm)

3. Conclusion

In this study, various types of n-y mixed fields were designed to provide standard n-y mixed fields

for validation experiments of the material-filtered RPLGD for BNCT. To remove the contribution of the
gamma-rays emitted from the target, 19 cm Fe and 12 cm Pb were determined as a minimum thickness
to suppress 7, to approximately 0%. PE was an effective material to adjust n; between 0% and 200%.

The material combinations to generate n-y mixed fields were recommended: (i) PE (0-24 cm) + Fe (19
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cm) for F-dominant fields; (ii) CF2 (42-60 cm) and AlF3 (47-65 cm) for E-dominant fields (n, was not
neglectable); and (iii) PE (13-47 cm) + Pb (12 c¢m) for T-dominant fields. These results indicate that the
moderation method by using a D-D neutron source is feasible to generate standard reference n-y mixed
fields for developing RPLGD for a p-Li neutron source based BNCT system.
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We have developed a spectrometer to measure the energy spectrum in the epi-thermal neutron region
(0.5 eV~10 keV). Although the validation experiments of this spectrometer were carried out, there was a
discrepancy between the measured and simulated values so the effectiveness cannot be confirmed. We
considered that this discrepancy was attributed to neutron incidence from the side of the detector and it
was found that a pencil-beam neutron source was required to improve the measurement accuracy.

In this study, we tried to design the beam performance by introducing a "Pre-collimator" to the original
beam shaping assembly using Monte Carlo Simulation. Since the previous method could not simulate
beam-neutrons, i.e. neutrons generated in a very forward direction, a new method that is separating the
calculation into two stages was introduced. As a result, we succeeded in dramatically improving the error
of the MCNP calculation from 43% to 2% compared to the previous studies.

Based on this calculation method, design calculations were performed for the pre-collimator to
determine four parameters. As a result, the parameters of the pre-collimator were polyethylene as the
material, 70 cm in thickness, 1.4 cm as the collimator hole diameter, and 300 cm as the distance from the
assembly. Finally, the beam performance was confirmed by calculating the radial and horizontal flux
distributions. The results showed that the designed neutron source has excellent performance up to 40 cm

from the exit of the pre-collimator.

1. Introduction

Boron neutron capture therapy (BNCT) is attracting attention as a next-generation cancer treatment.
BNCT uses epi-thermal neutrons and it is possible to selectively treat only cancer cells. Using this
advantage, it is expected to treat refractory cancers such as glioblastoma, and recurrent cancers [1].
Currently, developing an accelerator-based neutron source (ABNS) for BNCT is underway, and
evaluating the characteristics of the neutron field generated by the accelerator is one of the issues [2].
One of the characteristics is the energy spectrum in the epi-thermal neutron region (0.5 eV ~ 10 keV). It
is necessary to assess treatment effects such as exposure dose. However, there is no accurate method to
measure it.

We have been developing a new measurement method with a *He position-sensitive proportional counter.
Figure 1 shows our position-sensitive proportional counter. Using this detector, signals about where

neutrons react with the *He can be obtained [3]. *He has a large (n,p) reaction cross-section at low energy
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and as shown in figure 2, the cross-section is proportional to the neutron energy [4]. Therefore, low-
energy neutrons react in the shallow of the spectrometer, and high-energy neutrons are detected in the
deeper places of the spectrometer. As a result, we can measure the distribution of the positions where
neutrons react with He regarding the depth of the spectrometer. We define this information as “Depth
distribution, y (r).” Then, we calculate the response rate to monochromatic energy, which is regarded as
a “response function, R.” The energy spectrum can be obtained based on the following equation (1);

Yi =Ry x; (1
y;i is the depth distribution, R;; is the response function, and x; is the energy spectrum. To solve
equation (1) is “spectrum unfolding,” and we apply Bayesian estimation as a method to solve [5].

We confirmed that this method could be used to measure the neutron energy spectrum from the thermal
region up to 1 keV [6]. Figure 3 shows the experimental system for the validation by Osawa et al.[6]
Figure 4 shows the validation results. y (r) was obtained as shown in Figure 4 (a), and it was converted
to the energy spectrum was estimated. Compared to the simulation value (shown in figure 4 (b)), there
was a discrepancy and we concluded that the reason was the large influence of neutrons incident from the
side surface of the detector. To correctly and accurately validate the spectrometer, a pencil-beam type

low-energy neutron source is necessary, and we carry the design in the present study.

"’E

Figure 1: Presently employed position sensitive proportional counter
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2. Methods
2.1. Improvement of calculation Method

Though an attempt to make a pre-collimator was carried out in a previous study, the beam characteristics
remained issues [8]. In the previous study, the entire calculation was conducted by SSW/SSR options in
MCNPS5. The SSW/SSR option can be used to reduce the calculation time substantially for a complex
geometry very large system or system in which large particle attenuation is expected. The mechanism is
as follows; first, an SSW surface is defined at an exit of the epi-thermal column, and all the transport data
of neutrons passing through the exit surface are stored for all the neutron histories. Next, the neutron
information obtained by the SSW option is connected to the SSR surface at the entrance surface of the
spectrometer (inside the collimator), and calculations between the right-hand side of the epi-thermal
column and spectrometer are carried out.

However, under certain conditions, this method has been found to have limitations. For instance, we
set a large space between the epi-thermal column and the spectrometer. In this case, only neutrons having
very small emission angles at the epi-thermal column surface can reach and contribute to the spectrometer.
Figure 6 shows the energy spectrum of neutrons for various emission angles at the column surface. These
are made by the transport data stored by the SSW option. As shown in Figure 5, the epi-thermal neutron
spectrum in the very forward direction (cos 6 > 0.99) cannot be reproduced well. If the calculation is
carried out by this stored transport data in SSW, few neutrons can reach the detector in the design
simulation depending on the distance between the epi-thermal column and pre-collimator. Therefore, we
employed the following two steps instead of the use of the SSW/SSR option.

Step 1: Calculate the energy and angular distributions of neutrons on the exit of the epi-thermal column.
Step 2: Set the source on the exit surface and carry out the neutron transport calculation through the pre-
collimator to the spectrometer under the following source term conditions.

I. Neutron energy distribution: Neutron energy spectrum calculated in Step 1.

II. Emission angle distribution: Precisely calculated emission angle distribution.

III. Set bias in the emission angle. To obtain accurate calculation results without underestimating the
reaction rate, the optimum range of emission angle was determined by calculating the reaction rate with

3He in various emission angle.
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Figure 5: Neutron spectrum at the exit of the epi-thermal column for various emission angles

- 111 -



JAEA-Conf 2023-001

2.2. Design Model

Figure 6 shows an image of the experimental system for the verification experiment of the present low-
energy neutron spectrometer. Compared to the experimental system in the previous study (figure 2), we
added a shielding material between the epi-thermal column and the spectrometer with a collimator. We
named it a "pre-collimator”. Then, we thought of the following four parameters in the design simulation,
i.e., (1) material, (2) width, (3) hole diameter, and (4) distance to the epi-thermal column. As a simulation
code, MCNPS5 [7] was employed. Also, we used JENDL-4.0 [4] as the nuclear data library for the design
calculations. In the design, we set three design goals for beam performance;
L. "The ratio of neutrons detected as A component (R ) should be 99% or higher"
II. "The number of neutrons detected as the A component (N,) should be 10,000 counts or higher.
II. “The ratio of neutrons detected as B component (Rg) should be 0.1% or less

In this study, we categorize the neutron detected by the *He counter into three categories, 4, B, and C,

as shown in Figure 7.
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Figure 6: Image of the experimental system
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Figure 7: Three possible paths of neutron passing through the detector
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3. Results
3.1. Comparison with SSW/SSR

Figure 8 illustrates the angular flux distribution at the exit of the epi-thermal column calculated in
MCNP. Third-order Legendre polynomial approximations were performed from this data, and the very -
forward emitting neutrons are produced at the exit of the epi-thermal column with this equation. Using
this angular distribution and energy spectrum shown in figure 5, the design calculation was carried out.
Then, figure 9 shows the reaction rate at the detector for the emission angle under the following
conditions: (1) polyethylene, (2) 50 cm, (3) 2.5 cm, and (4) 100 cm. This result meant that while the
reaction rate was underestimated in the condition that the emission angle was limited to very forward
only, gradually the neutrons no longer affect the reaction rate. In this study, the optimal emission angle
was determined the cos 8 = 0.995. To demonstrate the validity of our proposed calculation method, the
neutron flux as a function of the distance from the collimator exit was calculated in each case.
Typically, in the present result, the neutron flux intensity decreases smoothly as the distance from the
source increases. However, the SSW/SSR method shows an unexpected fluctuation in the intensity
distribution. This is because the amount of the accumulated transport data with the SSW option is limited,
e.g., the number of histories accumulated is not so large compared to the one required in the connecting
calculation. Consequently, the reliability of the SSW/SSR method is questionable, especially in the
present design case. More practically, we compared the results obtained by our method and the SSW/SSR
method for the number of particles reaching the detector and its statistical error with MCNP. While only
3.0 X 107 particles reached the detector assuming 10'° particles in SSW/SSR method, 3.3 x 10*
particles reached the detector for 107 particles in our method. In addition, the statistical error of
MCNP calculations is significantly improved to approximately 2% compared to nearly 40% for
SSW/SSR. Therefore, this method was thought to be able to perform the current design calculations
accurately.

3.2. Pre-collimator design

Table 1 shows the designed four parameters and the performance, the values of Ry, N4, and Rg of the
pre-collimator [9]. The presently designed epi-thermal neutron beam met the design target I and III.
However, the design goal II was not met. It would be possible to satisfy the condition by extending the

irradiation time.

3.3. Beam performance

In order to investigate the performance of the designed beam, we calculated the horizontal flux
distribution from the pre-collimator exit and the radial distribution from the center of the pre-collimator.
Figure 11 illustrates the results. X in figure 11 (b) meant the distance from collimator. As for the
horizontal flux distribution, this neutron source has good beam performance with little reduction in the
range from 10 cm behind the pre-collimator to 40 cm backyards. Sharp reduction by 10 cm behind the
pre-collimator was considered that it was attributed to the cadmium sheet set at the exit of the pre-
collimator. From the radial flux distribution, the spread of neutron was found. This information should

be investigated by the experiment.
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4. Conclusion

We have designed a pencil-beam neutron source for the validation experiment of the low-energy neutron
spectrometer, especially in the epi-thermal neutron region. By installing a pre-collimator, we realized
reducing the effect of neutrons incident from the side surfaces of the detector to less than 1%. In the
future, we will conduct validation experiments using the designed neutron beam to demonstrate the
effectiveness of the new epi-thermal neutron spectrometer. Furthermore, we plan to apply the neutron
beam designed in this study to BNCT and a wide range of other fields.
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Abstract

The total angular momentum, J, of resonances is one of the most important parameters
in low energy nuclear reactions. In this study, J of resonances were estimated by taking the
ratios between low-energy gamma-rays in 1 Ta(n,v)!82Ta reaction. This method is based on
the Spin-Memory Effect (SME), in which the spin information of the resonance state remains
in the lower levels. In this study, J of 17 resonances were estimated with good accuracy from
neutron capture reaction measurement at J-PARC MLF ANNRI. Furthermore, the difference
in intensity ratios between 270-keV and 403-keV gamma-rays due to J, SME, was confirmed,
even though it did not appear in the theoretical value of CCONE. This result suggests that
there are unknown transitions.

1 Introduction

A nucleus is a very complex system dominated by strong nucleon-nucleon interactions. In 1936,
the compound nuclei model was proposed by Bohr to explain phenomena in neutron capture re-
actions [1]. A nuclear reaction through the compound nuclei are often understood by a statistical
model, especially the Random Matrix Theory (RMT). According to RMT, the distributions of
neutron width and partial gamma width of resonances follow the Porter-Thomas distribution [2].
Verifying whether the partial gamma widths follow the Porter-Thomas distribution will give a
better understanding of what nuclides and what conditions RMT can be applied to. In order to
examine that, the total angular momentum, J = I +1/2 where I is the spin of a target nucleus,
of s-wave resonances must be determined precisely.

Nuclear data libraries have been used in various fields such as reactor physics and nuclear
physics. Thus more accurate data has been required. However, experiments have been associated
with difficulty in determining J in many resonances. Since gamma-ray transitions between
excited levels are limited by the law of conservation of the angular momentum, the J of the
resonances could be directly determined from the primary gamma-ray transitions. However,
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in fact, the intensity of primary gamma-rays may be weak or absent in the spectrum of a
resonance because of the Porter-Thomas fluctuation for partial gamma width. Therefore, there
is the potential for difficulty to identify the selected high-energy gamma-rays and to estimate J
of resonances.

Several methods have been proposed to estimate J of resonances from a gamma-ray spectrum
without using primary gamma-ray transitions [3-5]. A method was to compare the intensity
ratios of appropriately chosen pairs of low-energy transitions in the gamma-ray spectrum of a
resonance [5]. This method is based on the Spin-Memory Effect (SME) proposed by Huizenga
and Vandenbosch [6]. SME means that the spin information of an initial resonance state re-
mains, even if there are many intermediate excited levels in the cascade transitions. This effect
appears as differences in low-energy gamma-ray spectrum. If a transition where SME exits is
selected, the intensity ratio of two transitions can be grouped around two different average values
corresponding to J of resonances.

Olejniczak et al. [7] suggested that the larger spin difference between two excited levels
emitting low energy gamma-rays, stronger SME appears. They also indicated that the SME is
stronger for nuclei closer to the atomic number of Z = 50, namely magic number. In this study,
J of resonances of ¥1Ta (Z = 73) was estimated from the intensity ratio of 403-keV to 270-keV
gamma-rays, which are emitted from same spin but different parities, in the 8! Ta(n,v)'®2Ta
reaction. According to Olejniczak et al., SME is predicted to be weak because the atomic
number of Ta is far from the magic number and the spin difference between adopted levels is
small. Nevertheless, a difference of the intensity ratios was observed, and J of resonances of
181Ta was estimated. The results were compared with Riehs et al. [8] and CCONE [9].

2 Experiment

The experiment was performed with the time-of-flight (TOF) method at the Accurate Neu-
tron-Nucleus Reaction Measurement Instrument (ANNRI) of the Material and Life Science Ex-
perimental Facility (MLF) in the Japan Proton Accelerator Research Complex (J-PARC) [10].
At ANNRI, a high-intensity pulsed neutron beam with 6-mm diameter and a Ge-detector array
covering a large solid angle with high resolution were used. Metalic natural Ta sample with
dimensions of 6 mm X 6 mm X 2 mm was set at a 21.5 m flight path.

3 Analysis

The resonance energy was taken from JENDL-5 [11], and the gamma-ray spectra from reso-
nances were obtained by gating the TOF spectrum at each resonance. Figure 1 shows the TOF
spectrum of 81Ta(n,v)'®2Ta reaction. The obtained gamma-ray spectrum in the low gamma-
ray energy region of 4.28-eV resonance (751 us in TOF) is shown in Figure 2. The background
was determined with connecting both sides of the tail for the gamma-ray peak. The integral of
the entire peak minus the integral of the background was defined as net-counts. The value of J
was estimated from the ratio of the net-counts between the 270-keV and 403-keV gamma-rays.
The ratios of the net-counts between the 270-keV and 403-keV gamma-rays were defined as
R = Sp/S,, where S, and S, are the net-counts of the 270-keV and 403-keV gamma-rays, re-
spectively. The detection efficiency at 270-keV (403-keV) was defined as €, (€) and the intensity
as I, (Ip), the net-counts was expressed S, = €, - I, (Sp = € - I). Since the net-counts depend
on the detection efficiencies for each gamma-ray energy, the absolute value of the intensity ratio,
R is affected by detection efficiency. However, since only the intensity ratios of two groups,
J = 3 and 4, defined as Q = (Ry)/(R3), where (R4) and (R3) are the weighted averages of the
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net-count ratios for the resonances estimated as J = 4 and 3, are considered in this analysis, a
correction for the detection efficiency was not required.
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Figure 1: TOF spectrum measured with the metallic natural Ta sample. Many resonances were
observed and labeled with the values of their energies taken from JENDL-5 [11].

N
S

g

Q
L T I L O L L L L L %
S [ [ | [ [ I

Counts/keV

®
S

403 keV:

23
3

270 keV

»
S

Iy
S

I S | | I Lo o by |

150 200 250 300 350 400 450 500 550 600
Gamma Energy [keV]

—o

Figure 2: The gamma-ray spectrum in the range of 100 keV to 600 keV emitted from 4.28-eV
resonance.

4 Results and Discussion

The ratios of the net-counts between the 270-keV and 403-keV gamma-rays, defined as R, are
plotted for each resonance in Figure 3. The red line in Figure 3 indicates the average value of all
ratios. The average value (R) was 1.24 +0.01. The error in (R) results from the constant fitting
of the ratios. The obtained ratios were clearly separated into two groups. We estimated J of
the resonance relative to the average value. This estimation was based on the result that J of
the 4.28-eV (10.36-eV) resonance was determined with good precision to be 4 (3) [13]. Table 1
displays the estimated J, compared with evaluated data of JENDL-5 and ENDF /B-VIIIL.0 and
the result of Riehs et al. [8]. Since the errors for 35.9-eV, 57.53-eV, 82.92-eV, and 91.4-eV
resonances crossed the average value, J of these resonances could not be fixed. The estimated
J was mostly consistent with the study of Riehs et al. [8] and JENDL-5 [11]. However, some
differences with ENDF/B-VIIL.O [12] were observed. In this study, J of 17 resonances were
estimated with good statistical accuracy and suggestions were given for J of 4 resonances by
using the method based on SME.

The weighted averages of the resonances estimated as J = 4 and J = 3 were defined as
(R4) and (R3) and shown in Figure 3 with the blue and green lines, respectively. (Ry) =
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Table 1: Assignment of J for '8'Ta+n resonances. Number in parenthesis represents the
results from the ratios whose error crosses the average value.

Resonance Energy J

[eV] JENDL-5 [11] ENDF/B-VIIL.O [12] Riehs et al. [8] Present Work
4.28 4 4 4 4
10.33 3 3 3 3
13.83 4 4 4 4
20.29 3 4 3 3
22.72 3 3 (3) 4
23.93 4 3 4 4
30.03 3 4 3 3
34.21 4 3

35.14 3 4 3 3
35.91 4 3 4 (4)
39.12 4 4 4 4
49.11 3 3 3 3
57.53 4 4 (3)
59.05 4 3

63.10 4 4 4 4
76.84 4 3 4
77.61 4 4

78.89 3 3

82.89 4 4 4 4
85.10 3 3 (3) (3)
85.60 4 4

89.58 3 4 4
91.38 3 4 (3)
96.95 4 3

99.27 3 4 3 3
103.5 3 3

105.5 3 4 3 3
115.0 4 3 4 4

1.32£0.01 and (R3) = 1.12+0.01 were obtained. In order to compare the results with theoretical
values and to quantitatively describe the strength of SME, @ = (R4)/(R3) was used, and
@@ = 1.17+£0.01. Furthermore, expressing the ratio of difference |(R4) — (R3)| from their average
value ((R4) + (R3))/2 in percentage, SME = 200|Q — 1|/(Q + 1) = 15.8% was obtained. This
SME value is small, compared to those (27%-32%) of Olejniczak et al. [7]. This may be ascribed
to the small spin differences between transition levels. Despite the fact that 181 Ta is a nuclide
with Z = 73, whose atomic number is far from the magic number, and the gamma-rays of
270-keV and 403-keV are transited from the same spin state, a weak SME appears. This result
suggests that the SME appears regardless of the atomic number of the nuclide and the spin state
of the gamma-ray taking the intensity ratio.

It is interested in comparing the obtained results with the values calculated with a theoretical
model. In order to do this, the Hauser-Feshbach statistical model code CCONE was utilized [9].
In the CCONE code, excited level information was taken from RIPL-3 database and gamma-ray
strength functions were based on the generalized Lorentzian model for E1 radiation and the
Lorentzian model for M1 and E2 radiations. Excited states of J = 3 and 4 were generated close

- 118 -



JAEA-Conf 2023-001

=S5,/S,

—

| o—
—o—
—
—
o
—

—le—

Ratio of net-counts ; R

L 2l
——
——
-

—e—
—e—

-
a w
|1I\I‘IIII|I\II‘IIlLI\I\lIII\l\IIIl\

PR T S T N R T NN SR SR NN S SRS BT S N |
20 40 60 80 100 120
Resonance Energy [eV]

0.9

o

Figure 3: Ratios of the net-counts of 270-keV and 403-keV gamma-ray for each resonance. The
red line indicates the average value of all ratios. The weighted average values (R4) and (R3) of
J =4 and 3 are shown by blue and green lines, respectively.

to the neutron binding energy of '®2Ta. Gamma-ray decays from each .J-state were calculated.
The resulting production cross sections of 403-keV and 270-keV gamma-rays were 23.9 and 42.7
mb for J = 3 and 15.3 and 27.5 mb for J = 4, respectively. The gamma-ray spectra in a
low gamma-ray energy region calculated with CCONE are shown in Figure 4. The ratio of
the 403-keV to 270-keV gamma-ray intensities was found to have the same value, 0.57 for both
J. Therefore, theoretical results indicate no difference in these gamma-ray intensities. But
the clear difference was observed in the present experimental result. This fact suggests that
there are unknown transitions to reach the two excited levels which emit 270-keV and 403-keV
gamma-rays. In the CCONE calculation the upper excitation energy of '¥2Ta was chosen to be
817 keV, above which missing levels and transitions increase. The number of adopted excited
levels may be too small to follow complicated gamma-ray transitions. This result can help to
construct a new validated level scheme.

Before concluding that SME of 182Ta is weak, it is necessary to examine SME with the other
low-energy gamma-rays in 1 Ta(n, v)!%2Ta reaction. In addition, SME of the other nuclei far
from magic number of Z = 50 should be examined with the same method.
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Figure 4: Gamma-ray spectra calculated with CCONE. The red and blue lines represent the
gamma-rays from J = 3 and J = 4 resonances.
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5 Conclusion

In this study, we estimated J of 17 resonances with good accuracy and also gave suggestions
for .J of 4 resonances up to 115 eV in ¥1Ta(n, 7)'2Ta reaction using the ratio between 270-keV
and 403-keV gamma-ray intensities from resonances. The obtained intensity ratios differed from
theoretical value of CCONE, and this fact suggested that there are unknown transitions. It is
also implied that SME appears independent of the atomic number and the spin state from which
the gamma-ray transitions occur. It is necessary to use other low-energy gamma-rays of 182Ta
and use other nuclei to verify SME further. The estimated J in this study will be used to verify
whether the partial gamma width follows the Porter-Thomas distribution.
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Abstract

The production yields of fission fragments close to the [ stable line cause asymmetric
fission with peaks in the heavier and lighter nuclei, but away from the 3 stable line, fission
becomes symmetric. For example, at mass numbers near 226, Thorium (Th) exhibits both
symmetric and asymmetric fission [1]. The reason why the fission mode depends on the ratio
of neutron to proton number has been investigated by various theoretical models. Even the
dynamical models, which have been very successful in the fission of neutron rich nuclei, have
so far not succeeded in describing symmetric fission phenomena in proton rich nuclei.

In this study, we use the dynamical model, which can successfully describe the fission
of Uraninm (U) and Plutonium (Pu) near the § stable line, to perform calculations for the
fission of unstable nuclei away from the § stable line. Based on the results, we will propose
a solution policy for the future development and evolution of the model.

1 Introduction

The nucleus is a quantum many-body system consisting of a finite number of nucleons. The
various forms of existence and abundant modes of motion exhibited by this quantum many
body system have not yet been fully elucidated, and nuclear structure theory, for which model
improvements and new models have been proposed, focuses on the static and time-dependent
dynamical properties of nuclei. One of the most important research topics is the dynamics of
approximate binding conditions of nucleon many body systems. In our laboratory, we have
been studying nuclear reactions by following the time evolution of the shape of nuclei with a
dynamical model[2].

The dynamical model used in this study defines the shape of nuclei in terms of three pa-
rameters: the two center of distance z, the deformation degree §, and the mass asymmetry «
(two center shell model), and uses the Langevin equation, one of the equations of motion. The
Langevin equation follows the time evolution of each trajectory by ordinary differential equa-
tions based on the fluctuation dissipation theorem, and is able to reproduce the actual width of
fission phenomena from the dissipative fluctuation term.

Our previous studies have shown that the dynamical models we use in our theoretical calcu-
lations reproduce experimental data for stable fission, such as uranium (Z2=92,U) and plutonium
(Z=94,Pu), and contribute to the explanation of fission phenomena[l]. However, we cannot re-
produce fission yields of experimental data for unstable nuclei[3]. The purpose of this study is to
reveal the cause of this problem by analyzing the unstable nuclei thorium (Z=90,Th) in detail.
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2  Framework

We use the fluctuation-dissipation model and employ the Langevin equations[4] to investigate
the fission process. The nuclear shape is defined by the two center parametrization [5,6], which
has three deformation parameters, z, §, and « to serve as collective coordinates: z is corresponds
to the distance between two potential centers, «v is a mass-asymmetry parameter defined by (A;-
A2)/(A1+A3) using fragment masses, A; and Ay. The symbol § denotes the deformation of the
fragments defined as 0 = 3(Rj — 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. [4].

We adopted the neck parameter e=0.35 following the empirical relation in Ref. [3]. The three
collective coordinates are abbreviated as ¢, ¢ = {z,d,a}. 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@b T) = Vinla) + " 5 + Veu(a.T), (1)
Vip(q) = Es(q) + Ec(q), (2)
Vsr(q,T) = Eey(q)@(T), (3)

Here, Vi p is the potential energy calculated with the finite range liquid drop model, given
as a sum of the surface energy Eg [6] 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 [7] 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 [ [4], with a moment of inertia at g, 1(q).

The multidimensional Langevin equations [4] are given as
% = (m_l)ijpi’ (5)
dp; av. 10

5= " aa  39g " pimk = (m71) e+ g R (1) ©

where i ={z,0,a} and p; is a momentum conjugate to coordinate g; . The summation is per-
formed over repeated indices. In the Langevin equation, m;; and v;; are the shape-dependent
collective inertia and the friction tensors, respectively. The wall-and-window one-body dis-
sipation [8-10] is adopted for the friction tensor which can describe the pre-scission neutron
multiplicities and total kinetic energy of fragments simultaneously [11]. A hydrodynamical
inertia tensor is adopted with the Werner-Wheeler approximation for the velocity field [12].
The normalized random force R;(t) is assumed to be that of white noise, i.e., (R;(t))=0 and
(Ri(t1)R;(t2))=26;0(t1 — t2). The strength of the random force g;; is given by the Einstein
relation ;T = >4 9ij9jk

3 Results

In the current situation, as a cause of the strong asymmetric fission, we have explained the
fission phenomena by confirming the dynamical trajectories and potential structures of 226Th
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nuclides. By looking at the structure of the z-a plane potential in the 22Th calculated in
this study as well, we are able to infer some fission phenomena. Figure 1 shows the z-a plane
potentials for § = -0.02, 0.22, and 0.40. When the deformation 4 is -0.02, an asymmetric fission
valley appears in the direction of the arrow. In other words, if the nucleus is spherical, it causes
asymmetric fission, which means that most of the fission trajectories split in a spherical shape
in the case of low excitation fission. In addition, when the deformations § are 0.22 and 0.40,
symmetric fission valleys appear, which fission in the direction of the arrow. In other words,
fission in the deformed state of the nucleus is symmetric fission.
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Figure 1: Comparison of z-o plane potentials at 226Th for 6 = —0.02,0.22,0.40

In the dynamical model calculations, we examined whether the transition between symmetric
and asymmetric fission is caused by these features by increasing the initial value of §y. By
increasing the deformation dy of the compound nucleus, at a certain point we obtain a trajectory
in which the nucleus fissions in a deformed state. Figure 2 shows the results of increasing the
deformation dy. This result confirms that symmetric fission occurs at high deformation, i.e., the
structure of the potential plane in Figure 1 determines to some extent the fission event.

4 Conclusion

In this study, low excitation fission of 26Th of nuclides far from 3 stable line, which ex-
perimentally shows the transition between symmetric and asymmetric fission, is calculated with
the dynamical model currently being developed to reproduce symmetric fission for proton-rich
nuclei, and we analyze to clarify the reason why symmetric fission is not observerd. The results
of the present analysis show that the dynamics model is the most suitable for the present study.
From the results of this analysis, the reason why symmetric fission phenomena cannot be rep-
resented, which is the problem of the dynamical model, is that the z-a plane potential in the
absence of deformation has only a structure that causes asymmetric fission, and that two fission
fragments split in a spherical shape at fission, in other words, they split without any deformation.
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Figure 2: Comparison of mass distribution at 22Th (E*=15MeV), at two center distance
2=0.65,1.00 with deformation §p=0.30-0.60 and mass asymmetry ag 0.05

To solve this problem, we can increase the probability of increasing deformation by making the
dynamical model independent[13], in which the two fragments have the same deformation (one
more degree of freedom in deformation), to reproduce symmetric fission (fission in the shape
shown on the left in Figure 3), or by using a different model for the nuclear structure (potential
plane). Alternatively, it is necessary to develop a model that describes a potential structure in
which symmetric and asymmetric fission of proton-rich nuclei exist simultaneously by using a
different model for the nuclear structure (potential plane) or symmetric fission (fission in the
shape shown on the right in Figure 3).

Figure 3: Nuclear shapes at 226Th, the left figure shows the shape of the nucleus when fissioned
symmetrically in a spherical shape, and the right figure shows the shape of the nucleus when
fissioned in a deformed state as seen in the dynamical model.
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1. Introduction and Background

The next double magic nucleus after the double magic nucleus lead (***Pb) proton number Z=82
and neutron number N=126 is predicted to be flerovium ***F1, Z=114 and N=184, and the "island
of stability " around this nucleus is predicted in the nuclear chart. In the synthesis of new elements,
it was assumed that the incident and target nuclei used in experiments would be stable nuclei. In
particular, it was experimentally impossible to use unstable nuclei as target nuclei. Therefore, it
was considered difficult to synthesize nuclei on the island of stability because of the insufficient
number of neutrons when it came to fusion between stable nuclei. In order to synthesize nuclei
around the island of stability, it is necessary to fuse unstable nuclei with an excess of neutrons,
but until now there has been no method to achieve this. Recently, however, a new method for
colliding unstable nuclei has been devised. This new method is called RUNBA [1]. Using
RUNBA, a method to synthesize nuclei located in the island of stability has been developed, and
it is expected to clarify whether or not the island of stability exists. If nuclei on the islands of
stability can be synthesized and fundamental physical quantities such as lifetime and mass can be
determined, this will provide important data for constructing and verifying the ultimate nuclear
theory. The goal of this study is to investigate and evaluate the evaporation residue nucleus cross
section of a reaction system in which our theoretical calculations using the dynamical model
synthesize the island of stability nuclei with unstable nuclei, now that the RUNBA project is
underway.

To calculate the evaporation residue cross sections for neutron-rich nuclei, we need to calculate
the survival probability. The survival probability is calculated and evaluated using a statistical
model. At that time, an error occurred in the statistical model. Currently, the calculation is based
on the mass table by P. Moller et al [2], but we found that a problem occurs in the superheavy
mass and neutron rich region. In the present work, we have improved the code and mass table to
apply the statistical model. We will further analyze the parameters in the code for the calculation

and make improvements.
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2. Theory and Method

There are several ways to parameterize the shape of the amalgamated system. This two-center
parameterization [3] is based on three important parameters are: the distance between two centers
z, the mass-asymmetry parameter «, and the neck parameter ¢. The dimensionless parameter z is

defined as follows,

= %o
z= BRcN (1)

where z, denotes the distance between two centers of the potentials, and Rcw is the radius of the

spherical compound nucleus. B defineas B = (3 + 6)/(3 — 26).

Fig. 1 Nuclear shape the two-center parametrization.

The mass-asymmetry parameter is defined as usual,

_ A-4A,
a= Aq+A, 2)

The Langevin equation uses potential energy, friction coefficient, and mass of inertia to derive
the probability Pcp. When the Langevin equation is solved for a large number of trajectories from
the coordinates of the contact point, the majority of trajectories go straight down the potential
slope to quasi-fission. However, a very small number of trajectories overcome the potential barrier
due to fluctuations caused by random forces and reach the compound nuclear region. The
probability of not causing quasi-fission, P-y , can be estimated by solving the Langevin equation
many times and calculating what percentage of all trajectories will reach the fusion region. In this

study, the multidimensional Langevin equation is used.[4]
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dq;

- (m™1)p;

3)

a “9q, 20q (m™ ) jkpjpr — vij(m™ D jipr + 9ijR; ()
L l

where g; is deformation coordinate and p; is momentum of g; . V is also the potential, and
m;; and y;; are the inertial mass and friction coefficient, R(t) represents a random force
fluctuation, and g;; is the strength of the random force. The shape of the nucleus (q;) was
determined by the two-center parameterization using three variables: z,, which corresponds to
the distance between the centers of distance; 0, the degree of deformation of the left and right

fragments; and o, the degree of mass asymmetry.

The third stage is a decay process. In this stage, it is important to know the survival probability
P,,,- and it can be calculated by statistical model [5],
®
r
Py = M1 o2 (4).
sur i 1"51’) +F§(z)

I, and [ are neutron evaporation width and fission decay width, respectively. From all the
probabilities in these 3 stages, we obtain the evaporation residue cross sections ogp

h?
2poEcm

Opr = 220l + D) Ty(Ecm, DPen(E™, DPsyy (E7, 1) (5).

E., and E* denote to the incident energy and excitation energy while uy and / are reduced mass
in the entrance channel and angular momentum, respectively.

To calculate ogp, there are some uncertain parameters in the model in each stage. Here, we
focus on the uncertainty in the third stage. In the equation (4) to obtain the survival probability
[5], Tn/Tf is calculated as follows,

I k 7. St.
Fn = cou(g ) Ayexp [2,/anE,*l -2 afE)’ﬁ]
f keou(saddle) - kyramers

Epn =Epne —Bn E)::Eint_Bf

h
kkramers = ;)1 (V 1+x2— x)

int

X=y/2w, (6).

T 2
keou(B2) = ﬁ] =o0;

~ 5 45
J=Jll+ EBZ +EBZ]
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Jo = %Angn
keou (B2 Eine) = (0f = 1)g(B) +1 for af >1
g(B2) = [1+ exp ((0.15 = B, /AB)] ™ (7)

Here, B, is neutron separation energy. The uncertain parameters include fission barrier height
0By, friction parameter y and level density parameter ac/an in eq.(6). In the superheavy mass
region, it is no determined which values to be used. We need to know the parameter dependence
of the survival probability and to see how these uncertainties influence the survival probability
and evaporation residue cross section. The collective enhancement factor keonn can be expressed as a

function of the quadrupole deformation parameter [3,.
3. Result and Discussion

In our studies so far, we used the mass table by P. Moller [2]. In this study, however, we created

our own mass table, which is named as shiba.dat.

First, we prepared the potential energy surface (map) in two-center shell model and searched the
position at the ground state. The shape of its ground state should be taken as the lowest value on
the potential energy map around the spherical region, as Moller's table did. However, if the lowest
points are selected automatically, the position may jump, sometime. Moller's table shows such a
tendency, for example, Z =112, N=194-195. This is thought to be the cause of the abnormal value

in the calculation of the survival probability.

In the decay process of the compound nuclei, the position of the ground state is not significantly
different among isotopes, that are continuously transferred by neutron emission from the
compound nucleus. To search the position of the ground states using the potential energy map,
we choose the position of the ground state, which does not change significantly between isotopes.
By this method, we create the mass table, shiba.dat. Using this mass table, we calculated the
survival probability and the evaporation residue cross section, which are shown in Figs 2 and 3.

The results confirm the improvement in survival probability and evaporation residue cross section.
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Fig.2 The evaporation residue cross section and survival probability for ¥Ca+2U—3%Cn by

P.Moller's mass table. (dbeta is P.Moller's mass table)
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Fig.3 The evaporation residue cross section and survival probability for **Ca+*U—*%¥Cn
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We changed the upper limit of neutron emission from 10 times to 20 times in our calculations.
Next, 2%Cn, we fixed at neutron separation energy (sepl = 4.87) and B, was varied in Fig.4.
B.= +22 is the result of calculating *%°Cn to match *°Cn. The results confirm the improvement in
survival probability. For fixed B,= 0.22, the survival probability was found to be abnormal. When
fixed to .= 0, the survival probability showed improvement. When 3, of collective enhancement
is fixed at 0.22 and B, = 0, the survival probability is confirmed to be abnormal. Four results

indicate the possible impact of collective enhancement.
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Fig.4 The calculation results of survival probability for ¥Ca+***U—3*%Cn , Ca+>¥U—?¢Cn
(***Cn do10 means 10 times the upper limit of the number of neutrons in ***Cn.
286Cn do20 means 20 times the upper limit of the number of neutrons in **¢Cn.)

The anomaly in survival probability is the effect of collective enhancement. In the code, we use
the mass table by P. Moller [2], and there are cases where the shell correction energies at the
ground state in neutron-rich nuclei are close to zero or even positive. Based on these analysis, we
discuss based on these analyses, and discuss the introduction of a dynamical model and the

modification of the mass table as solutions to the problem.
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Abstract

Nucleosynthesis by the rapid neutron-capture process (r-process) produces elements heav-
ier than iron via neutron-rich nuclides, observed in the solar system and stars with various
metallicities. In the r-process, fission plays a fundamental role through bridging heavy ele-
ment abundances with light element ones and by shaping the final r-abundance distribution.
Nevertheless, due to the difficulty of experimental approaches, most of the fission data avail-
able for r-process calculations are based on theoretical predictions with phenomenological
models. In this study, we focused on the transition of fission mode from asymmetric to sym-
metric in neutron-rich isotopes, which has been suggested in recent experiments for fermium
isotopes. We investigated the fission of neutron-rich nuclei by a theoretical calculation based
on the dynamical model and employed Langevin equations. Furthermore, we calculated fis-
sion fragment mass yields and prompt neutron emissions by combining Langevin calculations
with a statistical model.

1 Introduction

Nucleosynthesis by the rapid-neutron-capture process, the so-called r-process, represents for
cosmic origin of the heaviest elements (e.g., gold and uranium) beyond the iron-group peak.
Although several astrophysical scenarios that bring about the r-process have been proposed, the
mechanism itself is not completely understood (for a recent review, see [1, 2, 3]. One of the main
reasons is large uncertainties arising from the nuclear-physics properties of very neutron-rich nu-
clei, e.g., neutron capture rates and decay half-lives. To determine nucleosynthesis flows on the
r-process "path”; the 8-decay and the neutron capture (strongly depending on theoretical mass
prediction) are significant. Nuclear fission plays a key role of the termination of r-process path
toward heavier elements if the r-process flow is strong enough to reach actinides or transac-
tinides. Nuclear fission, therefore, plays an essential role under certain r-process environmental
conditions [4, 5, 6, 7], in particular, in very neutron-rich environments, e.g., neutron star merg-
ers, where the nucleosynthesis path is able to go into the very neutron-rich trans-uranium region.
The effects of fission are also significant to shape the r-process abundances due to the fission
recycling in which fission products become seed nuclei (A < 200) for the next r-processing
during a single nucleosynthesis process. Besides those effects, fission also has a key role as the
heating source of kilonovae at late times (~ 10 days to months), of electromagnetic transients of
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neutron star mergers [8, 9]. 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.

Fission product distributions are important for the r-process, but experimental data are not
available in the neutron-rich region. From this respect, we calculated in this study the fission
fragment mass distributions (FFMDs) of very neutron-rich nuclei. We adopt the Langevin
method [10], widely adopted in the study of low-energy fission. In addition, we have combined
Langevin calculations with a statistical model implemented in CCONE code [11] that calculates
particle evaporation from highly nuclear excited states to estimate post-neutron emission fission
product yields. This approach is a more realistic treatment than conventional methods.

2 Model

We use the fluctuation-dissipation model and employ Langevin equations to calculate the evo-
lution of nuclear shape with time [12, 13]. The nuclear shape is defined by the two-center
parametrization [14, 15], which has three deformation parameters, z, § and « to serve as collec-
tive coordinates, abbreviated as ¢ ={z, d, a}. The symbol z is the distance between two potential
centers, the symbol 0 denotes the deformation of the fragments, and o = (A1 — Ay) /(41 + A2)
is the mass asymmetry of the two fragments [12], where A; and Ay denote the mass numbers of
heavy and light fragments.

For a given value of the temperature of a system 7', the potential energy is defined as a sum
of the liquid-drop (LD) part and a microscopic (SH) part:

V(g,T) = Vip(q) + Veulq,T), (1)

Vip(q) = Es(q) + Ec(q), (2)

Vsu(q, T) = [AEgnen(q) + AEpair(q)|2(T), (3)
oT?

O(T) = exp (—;) (4)

Here, the potential energy Vi p is calculated with the finite-range liquid drop model [16], given
as a sum of the surface energy Fg and the Coulomb energy Ec. The microscopic energy Vsy at
T = 0is calculated as the sum of the shell correction energy A FEgqp1, evaluated by the Strutinski
method [17, 18], and the pairing correlation correction energy AEp,ir [19]. The shell correction
energy has a temperature dependence expressed by a factor ®(7') in which the shell damping
energy FEgy is chosen as 20 MeV [20] and a is the level density parameter [13, 21]. To define
the potential of the two-center shell model a neck parameter of €e=0.35 (0 <e<1) has been
regularly used. However, this value is not appropriate for heavier actinide nuclides as pointed
out in [22, 23]. To reproduce the experimental data, the value was systematically increased with
the mass of fissioning nuclides. A calculation was performed to determine the optimal values
leading to the best agreement with each FFMD. We adopt the optimal € values following the
empirical relation

e(A,) = 0.01007A, — 1.94, (5)

where A, is the mass of the fissioning nuclide.
The multidimensional Langevin equations [12] are given as

dg;

i (m™")ip;, (6)
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dpi ov 10 _ —
U og 587%(771 Yikpipke — vi(m ™) jeprk + 9i R (t), (7)

where ¢; ={z,6,a} and p; =m;;dg;/dt is a momentum conjugate to coordinate g;. In the
Langevin equation, m;; and +;; are the shape-dependent collective inertia and the friction ten-
sors, respectively. The wall-and-window one-body dissipation [24, 25, 26] is adopted for the
friction tensor. The normalized random force R;(t) is assumed to be that of white noise, i.e.,

(Ri(t)) =0, (Ri(ti)Rj(t2)) = 26;50(t1 — t2). (8)

The strength of the random force g;; is related to the friction tensor +;; by the classical Einstain
relation,

Z 9ikGjk = Yij L 9)

k

We calculated the charge distribution based on the unchanged charge distribution (UCD) as-
sumption. The charge distribution (charge density) remains unchanged during the whole fission
process, i.e., the charge density of the compound nucleus is maintained. By combining Langevin
calculations with a statistical model implemented in the CCONE [11], we calculated indepen-
dent yields and prompt neutron emissions. Excitation energy partitions for two fragments are
determined by the anisothermal model [27].

3 Results and Discussion
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Figure 1: (a) The calculated a pre-neutron emission fission fragment mass yield for 235U (E* =
15MeV) compared with experimental data for the thermal neutron-induced fission on 235U [28,
29, 30, 31, 32, 33]. (b) The calculated mass-dependent prompt neutron multiplicity compared
with experimental data [34, 35, 36]. (c) The calculated post-neutron emission fission fragment
mass distribution compared with JENDL-FPY /2011 [39)].

In this study, we choose the fission of a 226U compound nucleus (E* = 15 MeV), which is easy
to obtain enough statistics due to the properties of Monte Carlo calculations, and compare with
experimental data of thermal neutron-induced fission. Although the compound systems of the
calculation and experimental data are not identical, we think that this comparison is reasonable
with respect to the test of our calculation for the moment. In future work, we try to reduce
the compound excitation energy of 236U. Figure 1(a) shows the calculated fission fragment mass
distribution, compared with experimental data [28, 29, 30, 31, 32, 33]. The calculated result
shows a good agreement with the experimental data. However, the positions of the peaks are
slightly different and the mass-symmetric fission component is larger than in the experimental
data. This may be due to the higher excitation energy of the compound nucleus than thermal
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neutron-induced fission in the experimental data. The prompt neutron emission multiplicity was
calculated using the CCONE code with the results of the Langevin calculation as input data. It
is shown in Fig. 1(b). The result reasonably reproduces the sawtooth structure of experiment
data [34, 35, 36]. The calculated average number of the prompt neutron was 1.88, which is lower
than the experimental value of 2.43 [35]. This is thought to be due to discrepancies between the
calculation result and the experiment data of FFMDs or the calculation accuracy of the charge
distribution model (UCD) employed. Figure 1(c) also indicates that the CCONE calculation
for the neutron evaporation process successfully reproduces the post-neutron mass distribution.
The pre-neutron distribution represented by the double-humped shape is symmetric with respect
to mass number, and the symmetry is broken after the prompt neutron emission.
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Figure 2: Comparison of the calculated independent yield Y;(Z, A) with the experimental data.

We compare our calculated independent yield Y (Z, A) for several fission products with the
experimental data of Rudstam et al. [40] as shown in Fig. 2. This result is extremely important
in r-process calculations. Although it is not able to fit the experimental data precisely, especially
in the mass region from 115 to 130, the general tendency is well reproduced.
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Figure 3: The calculation results of FFMDs for 2°°U to 2°%U with the excitation energy of E*
= 7 MeV compared with the data from GEF code [38].

We perform a series of fission calculations for uranium (Z = 92) isotopes with 10-20 more
neutron-rich from the 3-stability line. The calculated FFMDs for 2°°U to ?°U are shown in
Fig. 3. We found that the fission fragment distribution changes from the two-peak feature
(mass-asymmetric fission) to the one-peak (mass-symmetric fission) with increasing the neutron
number. A similar trend which is the dramatic change of FFMDs for fermium isotopes [37] was

also observed in uranium isotopes in this calculation. This trend did not appear in the results
of the GEF model code [38].
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4 Summary

In the presented work, we have performed the fission calculations of 226U and neutron-rich ura-
nium using the dynamical model aiming at its application to r-process simulations. In this
study, we have combined Langevin calculations with the statistical model implemented in the
CCONE code to calculate prompt neutron emissions, and calculated fission fragment mass distri-
butions of neutron-rich nuclei. The calculated prompt neutron emission multiplicity reproduced
the sawtooth structure of experiment data. In the calculated FFMDs in neutron-rich uranium,
the dramatic change of fission mode was observed with increasing mass number. Such a sys-
tematic behavior can be significant to shape the final abundances of the r-process calculations.
Our results, including further improvements, are expected to contribute to understanding the
r-process. In future work, the mass number and charge distribution of fission fragments, kinetic
energy, prompt neutron number, lifetime, etc., which are necessary for numerical data avail-
able for r-process calculations, will be evaluated for each nuclide simultaneously, and a fission
database will be constructed.
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Abstract

The extension of an R-matrix code AMUR is now under progress for analysis of neutron
cross-section on heavier nuclei. This paper shortly summarizes recent updates in the code for the
theoretical calculation of the resonant cross-sections. In this work, with the preliminary version
of AMUR, let me also demonstrate a feasibility analysis to experimental neutron cross-
sections on 2**U which are stored in the EXFOR database. It was confirmed that the values of
the resonance parameters were successfully obtained through the fitting procedure, together with
their covariance data. It was also found that some characteristics of nuclear reactions could be
seen in correlation matrices of the cross-sections.

1 Introduction

The AMUR code [1, 2] is under development in JAEA for the cross-section evaluation in the
resolved resonance energy region. The code is based on the R-matrix theory [3] for calculation of
cross-sections and the Kalman filtering method [4] for the data-assimilation, which enables us to
obtain resonance parameter set from the measured cross-sections with its covariance matrix. The
code was initially designed for the analysis of the light-nuclei to narrow large differences of
cross-sections among evaluations in the world (e.g., on n+'°0 [1]). Indeed, it was applied to the
development of JENDL-5 [5] for a number of light-mass isotopes. It may be a positive idea to
extend applicability of the code toward the analysis of heavier nuclei including structural materials,
major and minor actinide nuclei.

The cross-sections of the radiative neutron capture reaction are very important for medium-and
heavy-mass nuclei in a number of practical applications. Those of the fission reaction are also
highly important for actinide isotopes in design of the reactors. However, it is unrealistic to fully
apply the R-matrix theory to calculation of those cross-sections due to lack of fundamental
information and huge number of the explicit channels. Therefore, we need to use an approx-
imated theories/formulae of R-matrix (such as of the Breit-Wigner or Reich-Moore types) to
calculate those cross-sections. The AMUR code is now being in progress to have a flexibility
which allows those approximated calculations for the resonance analysis. In this work, a test
analysis is performed for neutron cross-sections on 233U to see feasibilities of the updated version of
AMUR. The scope of this study includes estimation of covariance data both for the resonance
parameters and the cross-sections.
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2 Updates toward analysis of heavier nuclei

AMUR was initially developed for the analysis of the light-nuclei to narrow large differences
among the evaluated cross-sections, by making use of the theoretical constraints [1] from the R-
matrix theory. The code was also designed to analyze covariance data of the resonance
parameters and cross-sections, where both the experimental and theoretical knowledge were
reflected to the nuclear data evaluation [2]. We thought such an idea/approach could also be applied to
analysis of the heavier nuclei with AMUR, learning a number of experiences on the other codes
such as SAMMY [6] and REFIT [7].

Recently, the authors extended capabilities of the code toward the analysis of medium- and
heavy-mass nuclei to fully cover range of isotopes required for nuclear science and engineering. In
the theoretical part, AMUR is able to read a resonance parameter set stored in the ENDF-6 format
(MF=2, LRU=1) files, then it performs reconstruction of cross-sections with the Breit-Wigner
(LRF=1,2) or the Reich-Moore type formulae (LRF=3,7). That means the code is able to calculate the
radiative neutron capture and fission cross-sections with approximated/reduced R-matrix formulae.
The code is also able to perform the Doppler broadening with the free-gas approximation.
Therefore, AMUR is getting equivalent to the other resonance analysis and the processing codes in
terms of basic capabilities for calculating/reconstructing the cross-sections.

3 Test analysis on 23U and preliminary results

3.1 Resonance analysis

The 233U isotope was selected in this study because,

e Experimental data of the resonant neutron cross-sections compiled in the EXFOR database are
very limited for a number of the medium- and heavy-mass nuclei. Fortunately, a few of data-sets
were available for 233U in which the transmission, (n,y) and (n,f) cross-sections were given in the
same energy range, which allowed us to perform a consistent resonance analysis in terms of the
reaction channels.

e Until now, AMUR had not been applied to analysis on the actinide isotope. Thus it was a
good practice for AMUR to analyze fission cross-sections for the first time, as the 23°U
isotope is one of the well-known fissioning nuclei.

e It is physically interesting to see correlation matrices of cross-sections amongst all the
reactions involved, including the fission channel.

The experimental data analyzed in this work were those by Guber et al. [8] for transmission and by
Berthoumieux et al. [9] for the (n,y) and (n,f) cross-sections. According to literatures of those data, all
they were the time-of-flight measurements with very high energy-resolutions. Furthermore, corrections
for the multiple-scattering and self-shielding effects had also been made at least for the (n,y) and (n,f)
cross-sections. Therefore, in this test/preliminary analysis, only the temperature effect was considered
for the experimental correction in AMUR, viz., the experimental corrections are to be performed in
forthcoming in-depth studies.

The initial values of resonance parameters were taken from ENDF/B-VIIL.O [10] where all the
parameters were defined in the Reich-Moore formula (MF=2/LRF=3) for this isotope. The parameter
search was performed simultaneously for all the reactions up to E, = 20 eV. Figure 1 illustrates fitting
results for the transmission, (n,y) and (n,f) cross-sections. We have not yet made thorough comparisons
with other codes, however, this figure visually suggests AMUR is getting equivalent with the other
resonance analysis codes in terms of basic capabilities for the reconstructing cross-sections and the
fitting to those experimental data.
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Figure 1: Fitting results of AMUR to experimental data of the neutron transmission [8], (n,y) and (n,f)
cross-sections [9].

3.2 Resulting correlation matrices and uncertainty of cross-sections

The covariance matrix of all the resonance parameters was obtained during the fitting procedure
with the Kalman filtering method. Once we calculate sensitivity matrices of the parameter to cross-
sections, covariance/correlation matrices of cross-sections are deduced by the propagation law. Figure 2
illustrates correlation matrices obtained in this analysis for the total, elastic scattering, (n,y) and (n,f)
cross-sections. We see overall features of those plots are complicated because of the interference effects
on the resonant nuclear reaction. A very strong long-range correlation is seen in the elastic scattering
cross-sections. It is because that the shape elastic scattering process, which is calculated by the hard-
sphere model in R-matrix, always occurs over the energy range. More in-depth discussion may be
possible if we perform experimental corrections in the fitting procedure.

Figure 3 illustrates preliminary results on uncertainty of cross-sections which were propa-gated
from those of the resonance parameters. The values are around 1% on average, but they are
fluctuated due to constraints from the resonance t heory. Because there were no data points below 1
eV in the measurements I analyzed, uncertainties resulted in very large values for all the reactions.

4 Summary

The extension of an R-matrix code AMUR is now under progress for analysis of neutron
cross-section on heavier nuclei, in which approximated R-matrix theories are incorporated to
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Figure 2: Correlation matrices obtained in this analysis for the total, elastic scattering, (n,y) and (n,f)
cross-sections.

the code. Such an update enables us to perform resonance analysis of the neutron capture and
fission cross-sections, as a test analysis was demonstrated for the 233U isotope in this work.
Development of the code will be continued to have enough options for experimental corrections,
which may allows us in-depth studies not only for the evaluation of cross-sections but also for
estimation of their covariance data.

References

[1] Kunieda S, Kawano T, Paris M, et al. R-matrix analysis for n +'°0 cross-sections up to
E,=6.0 mev with covariances. Nucl Data Sheets. 2014;118:250.

[2] Kunieda S, Kawano T, Paris M, et al. Covariance of neutron cross sections for '°0 through
matrix analysis. Nucl Data Sheets. 2015;123:159.

[3] Lane AM, Thomas RG. R-matrix theory of nuclear reactions. Rev Mod Phys. 1958;30:257-353.

[4] Kawano T, Matsunobu H, Murata T, et al. Simultaneous evaluation of fission cross sections of
uranium and plutonium isotopes for JENDL-3.3. J Nucl Sci Technol. 2000; 37:327.

[5] Iwamoto O, Iwamoto N, Kunieda S, et al. Japanese Evaluated Nuclear Data Library version 5:
JENDL-5. J Nucl Sci Technol. 2023; 60:1-60.

- 141 -



Figure 3: Uncertainty of cross-sections obtained in this analysis for the total, elastic scattering,(n,y) and

JAEA-Conf 2023-001

o (barn)

=

Uncertainty {%)

E
|

1
MNeutron energy (eV)

(nf)

2

b
A

Uncertainty (%)
- 2
A 7

"~

o

5 1

Neutron energy (eV)

(n,f) cross-sections.

[6] Larson MN. Updated user’s guide for SAMMY: Multi-level R-matrix fits to neutron data

[7] Moxon MC, Ware TC, Dean CJ. Users’ guide for REFIT-2009-10 ; 2010. UKNSF; 2010

(8]

o (barn)

Uncertainty (%)

(; 2

(n,el}

I

.

B
:

+] 1
Neutron energy (eV)

ny)

AVAEN

Ay

15 20
Neutron energy (eV)

using Bayes’ equations ; 1998. ORNL/TM-9179/R4. Oak Ridge National Laboratory; 1998.

April. pp. 243. UK Nuclear Science Forum.

Guber KH, Spencer RR, Leal LC, et al. High-resolution transmission measurements of 233y
using a cooled sample at the temperature T= 11 K. Nuclear Science and Engineering. 2001;

139(2):111-117.

Berthoumieux E, Abbondanno U, Aerts G, et al. Simultaneous measurement of the neutron
capture and fission yields of 23°U. In: International Conference on Nuclear Data for Science and

Technology; 2007. pp. 571-574.

Brown DA, Chadwick MB, Capote R, et al. ENDF/B-VIIL.0: The 8th major release of the
nuclear reaction data library with CIELO-project cross sections, new standards and thermal

scattering data. Nuclear Data Sheets. 2018;148:1-142. Special Issue on Nuclear Reaction

Data.

- 142 -



JAEA-Conf 2023-001

23. Processing of JENDL-5 Photonuclear Sublibrary

Chikara KONNO*
Japan Atomic Energy Agency
2-4 Shirakata, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan
*Email: konno.chikara@jaea.go.jp

I modified NJOY2016.67 to produce photonuclear ACE files which can be used in MCNP6.2 and
PHITS3.27 and produced the ACE file of the JENDL-5 photonuclear sub-library. Simple test
calculations with the produced ACE file revealed that the produced ACE file had no serious problems.

1. Introduction

In order to use JENDL-5 [1], which was released in 2021, in MCNP [2] and PHITS [3], its ACE file
should be produced. The ACE file of the JENDL-5 neutron sublibrary was produced based on FRENDY
[4] and those of the JENDL-5 charged particle and photoatomic sublibraries were generated based on a
modified version of NJOY2016.65 [5], which is described elsewhere [6]. The remaining issue is to
produce an ACE file of the JENDL-5 photonuclear sublibrary. The current FRENDY cannot process the
JENDL-5 photonuclear sublibrary. The latest NJOY, NJOY2016.67, can produce the ACE file of the
JENDL-5 photonuclear sublibrary, but MCNP6.2 and PHITS3.27 cannot use the produced ACE file
because of an unsupported format. I have produced the ACE file of the JENDL-5 photonuclear sublibrary
which can be used in MCNP6.2 and PHITS3.27 by modifying NJOY2016.67.

2. Problems of NJOY2016

NJOY2016.67 converts the energy-angle distribution data of LAW=1 (continuum energy-angle
distribution) and LANG=1 (Legendre coefficients are used) in ENDF-6 files [7], which are adopted in
most of the nuclei in the JENDL-5 photonuclear sublibrary, to the energy-angle distribution data of
LAW=61 (tabular energy distribution) in ACE files. However MCNP6.2 and PHITS3.27 do not support
the LAW=61 format in photonuclear ACE files and cannot use it (The next version of MCNP, MCNP6.3,
will be able to use it but has not been released yet.). The conversion of the energy-angle distribution data
of LAW=1 and LANG=1 in ENDF-6 files to the energy-angle distribution data of LAW=61 in ACE files
was introduced in NJOY2016.66, which also includes other important revisions for photonuclear data
(Example : Some photonuclear libraries have MF6/MT18 with a neutron multiplicity equal to 1 instead
of nubar. In this case the neutron multiplicity is replaced with the nubar data.). NJOY2016.65 converts
the energy-angle distribution data of LAW=1 and LANG=1 in ENDF-6 files to the energy distribution
data of LAW=4 (angular distribution should be defined separately) with an isotropic angular distribution
in ACE files, which MCNP6.2 and PHITS3.27 can use, but it cannot produce complete ACE files of the
JENDL-5 photonuclear sublibrary because of any bugs.
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3. Modification of NJOY2016

I modified NJOY2016.67 only in the conversion of the energy-angle distribution data of LAW=1

and LANG=1 in ENDF-6 files on the basis of NJOY2016.65 to produce the ACE file with LAW=4 of the
JENDL-5 photonuclear sublibrary, which can be used in MCNP6.2 and PHITS3.27. I also modified
NJOY2016.67 to fix the following problems. The details of the modification are described elsewhere [6].

Heating number [MeVireaction]

The problem that NJOY2016.65 cannot produce the complete ACE file with LAW=4 of the
JENDL-5 photonuclear sublibrary still remained in NJOY2016.67. This problem occurred in the
conversion of the energy-angle distribution data of LAW=1 and LANG=1 in ENDF-6 files to the
energy distribution data of LAW=4 in ACE files.

Zero division in normalization of the probability density distribution in 2¥Bk, 24Cf, 233Cf, and
251F .

No support of the multiple interpolation in MF6/MT5 data in *He, °Li, "Li, °Be, '°B, and !'B.
Negative heating numbers in a lot of nuclei were set to 0.0 as shown in Figs. 1 and 2. This
modification was based on IAEA photonuclear processing [8].

Double counting problem of heating number for LAW=2 data of MF6/MTS5 in 3He.

20 : T . 3 . ————

—after modification — after modification
15 — before modification 2 — before modification
0 //

5 4/‘/

o

A\

Heating number [MeVireaction]

-1

0 10 20 30 40 50 0 1 2 3 4 5
Photon energy [MeV] Photon energy [MeV]
Fig. 1 Heating number of °S (whole). Fig. 2 Heating number of *°S (expanded).

The following NJOY2016 processing problems pointed out by TAEA [8] remain in the present

processing. Note that IAEA used the ACEMAKER code [9], which solves the problems but produces

ACE

files with LAW=61 data, for processing IAEA photonuclear data library (IAEA/PD-2019) [10].

The photofission delayed fission neutron data were neglected.

Relativistic conversion between the center of mass system and the laboratory reference framework
was not applied.

Inadequate treatment of LAW=4 data for MF6/MT5 in *H.

Inadequate treatment of LAW=2 data for MF6/MT5 in *He.

The first issue is not responsible to NJOY2016 because the ENDF-6 format does not support photofission

delayed fission neutron data. The other issues affect the heating number. While the effect of the second

issue

is only less than 5% [8], those of the third and fourth issues are very large as shown in Figs. 3 and 4,
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Fig. 3 Heating number of 2H. Fig. 4 Heating number of *He.

where TAEA calculates the heating numbers correctly with ACEMAKER. Note that the *H and 3He
ENDF-6 files in the JENDL-5 photonuclear sublibrary are almost the same as those in IAEA/PD-2019.
Thus I manually replaced the heating numbers in the 2H and *He ACE files of the JENDL-5 photonuclear
sublibrary with those of IAEA/PD-2019.

4. Test Calculations

I produced the ACE file of the JENDL-5 photonuclear sublibrary with the modified version of
NJOY2016.67. As a test I calculated angular neutron spectra produced from gold (1 cm ¢, 1 cm thick)
bombarded with 25 MeV photons by using MCNP6.2 and the following ACE files.

® JENDL-5 (Present production)
® JAEA/PD-2019 (7 Au:JENDL/PD-2016.1 [11], old official ACE file with LAW=4)

® TENDL-2019 (official ACE file) [12]
IEI10-35“‘ L LA R 10-75““ L LA R
o - 25 MeV photon 3 25 MeV photon
- 0 deg. ] - :L"LL 90 deg.
2 10t ® 107}
o | £
5 &
8 5 ] E -9
— =
F 10°} g 10}
L]
3 | 5 !
= 10°} EE,L:H% = 10
c 107 — JENDL-5 ® 10| — JENDL5 s
g —— IAEA/PD-2019 =z —— IAEA/PD-2019.1
> —— TENDL-2019 —— TENDL-2019
z10'8\\ 10'12‘ R R R A A
0 5 10 15 20 0 5 10 15 20

Neutron Energy [MeV]
(a) 0 degree

Neutron Energy [MeV]
(b) 90 degree

Fig. 5 Calculated angular neutron spectra produced from gold bombarded with 25 MeV photons.
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The calculated neutron spectra at 0 and 90 degrees are shown in Fig. 5. The spectra with JENDL-5
are almost the same as those with ITAEA/PD-2019, where the '*’Au file is that of JENDL/PD-2016.1
which is almost the same as that of JENDL-5. Thus the processing of the JENDL-5 photonuclear

sublibrary is considered to have no serious problems.

5. Conclusion

I produced the ACE file of the JENDL-5 photonuclear sublibrary with a modified version of
NJOY2016.67. The produced photonuclear ACE files can be used in MCNP6.2 and PHITS3.27. Note that
the heating numbers of ?H and *He were manually replaced with those of IAEA/PD-2019 because they
were too large. Test calculations indicated that the ACE file had no serious problems. The ACE file of
the JENDL-5 photonuclear sublibrary was released with other JENDL-5 ACE files from JAEA web site

[6] as an open source. Users can freely download and use it.
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