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Abstract

Neutron applications have been increasingly used in various fields not only limited
to scientific research but also in industrial and medical fields. The demand for
intense neutron sources is growing steadily. Recently, spallation neutron sources
and deuteron accelerator-based neutron sources have attracted attention to their
application potentials in various fields. For designing such neutron sources, more
accurate and reliable nuclear data are necessary. This thesis aims to measure
primarily two types of nuclear data: neutron production by deuteron-induced re-
actions and nuclide production cross section by GeV-protons. The former data are
employed to evaluate the performance of deuteron sources and shielding design in
structural materials whereas the latter data are required for assessing radioactivity
and shielding design in spallation neutron sources. In addition, this thesis aims to
benchmark some reaction models that are used to simulate the behavior of radia-
tion in the accelerator facilities.

The measurement of neutrons produced by deuteron-induced reactions was
conducted at the Center for Accelerator and Beam Applied Science, Kyushu Uni-
versity. The double-differential neutron yields for six materials (LiF, C, Si, Ni,
Mo, and Ta) by bombarding 6.7-MeV/u deuterons were derived using unfolding
the light output distributions measured by an organic liquid scintillation detec-
tor. The benchmark analysis of Particle and Heavy Ion Transport code System
(PHITS) and DEUteron-induced Reaction Analysis Code System (DEURACS)
was performed by comparing the measured neutron spectra with the predicted
spectra. The INCL4.6/GEM and JQMD/GEM implemented in PHITS disagreed
with most of the measured data. In contrast, DEURACS successfully reproduced
the experimental data for the C, Si, Ni, Mo, and Ta targets. Thus, this study con-
cludes that DEURACS is a promising calculation tool in developing basic nuclear
data necessary for designing deuteron-based neutron sources.

The nuclide production cross sections of the Mn, Co, Ni, and Zr targets were
measured by the conventional activation method at Japan Proton Accelerator Re-
search Complex (J-PARC). Cross sections of 115 reactions were measured, ten
of which were measured for the first time. The stable proton beam and well-
established beam profile-monitoring system of J-PARC and several precise cor-
rections reduced the experimental uncertainties to typically 5%. The excitation
functions were divided into three types depending on the product masses. The
cross sections for the light products increased with increasing incident proton en-
ergy. The cross sections for the medium-heavy products have a broad maximum
at approximately 1 GeV. For the heavy products, the cross section decreased with



increasing incident proton energy. The measured data were compared with pre-
dictions of spallation reaction models implemented in PHITS (INCL4.6/GEM,
Bertini/GEM, and JAM/GEM), and INCL++/ABLA07 version 6.28 and nuclear
data library JENDL/HE-2007. All the reaction models and nuclear data library
generally reproduced the dependency of the cross sections on the incident pro-
ton energy. To investigate the prediction capabilities of the reaction models and
data library, the mean square deviation factor was introduced. The JENDL/HE-
2007 exhibited the best reproducibility for the Co and Ni targets and relatively
good agreement for the Mn and Zr targets. However, even the JENDL/HE-2007
does not meet the requirement. Thus, further improvement of reaction models is
required for the development of spallation neutron sources.
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1 Introduction

1.1 Neutron Applications

The neutrons were discovered by James Chadwick in 1932 [1], [2]. After the inven-
tion of the nuclear reactor in 1942, the applications of neutrons have been extended
to various fields. Nuclear reactors have not only been used as the sources of energy
in developed countries but also for scientific research, industrial uses, and medical
treatment, as depicted in Fig. 1.1. Similar to X-ray diffraction, neutron diffraction
technique has been applied to perform structural analysis of materials. Because
X-rays interact with the electron cloud surrounding the atoms, X-ray diffraction
is effective for high-Z materials. On the other hand, neutron diffraction is par-
ticularly sensitive to low-Z materials, such as hydrogen and protein. In addition,
using the neutron’s magnetic moment (µn = −9.66× 10−27 J/T), neutron diffrac-
tion technique can be used for the magnetic imaging of materials.

Further, neutron-induced nuclear reactions are used in various applications. In
industries, high-quality semiconductors are manufactured using the neutron trans-
mutation doping technique [3]. In the medical field, medical isotope production [4],
[5] and boron neutron capture therapy (BNCT)[6] have been proposed.

In the nuclear energy field, the disposal of high-level radioactive waste is crucial.
The transmutation technique has been proposed as a solution, in which long-lived
nuclides are converted into stable or short-lived nuclides through nuclear reac-
tions. Transmutation using accelerator-based neutron sources are proposed [7] for
the transmutation of fission products. In Japan, the Accelerator-Driven System
(ADS) [8] has been proposed for the transmutation of minor actinides. The ADS
consists of a proton accelerator and sub-critical reactor(Fig. 1.1). The proton beam
is first injected into the spallation neutron target made of lead-bismuth eutectic.
The spallation and fission neutrons maintain the critical state of the reactor and
perform the transmutation of minor actinides that are loaded as nuclear fuel.
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Figure 1.1: Examples of neutron applications.
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1.2 Neutron Sources

A neutron is an unstable particle with a life time τn of approximately 15 min.
Thus, neutrons cannot be stored and must be generated via nuclear reactions.
As mentioned in Section 1.1, nuclear reactors have been widely used as neutron
sources for a long time. The first research reactor provided a thermal neutron flux
of approximately 107 neutrons/cm2/s. As nuclear technology advanced and the
use of neutrons in various fields increased, the neutron intensity of nuclear reactors
increased and the use of nuclear reactor was expanded to many countries.

However, after the Chernobyl nuclear power plant accident in 1986, the poten-
tial dangers of nuclear reactors were recognized globally. In addition, the instal-
lation of a nuclear reactor presents disadvantages such as high construction and
maintenance costs, and the inherent risks of possessing and using fuel. In Japan,
the number of reactors is small, but nowadays, e.g., Japan Research Reactor-3
(JRR-3) [9] and Kyoto University Research Reactor (KUR) [10] are available for
research.

In this situation, the use of accelerator-based neutron sources have increased.
This thesis focuses on the following two types of accelerator-based neutron sources.

1.2.1 Proton Accelerator-based Neutron Sources

Neutrons are produced in nuclear reactions caused by bombarding high-energy
protons on a target material. The incident proton beam must be accelerated up to
a few MeV or GeV by accelerators. If a light element (e.g., Li) is used as a target,
the neutron spectrum exhibits a sharp peak around the incident energy, as shown
in Fig. 1.2. This quasi-monoenergetic neutron source is suitable when certain
energy of neutrons is desired. However, neutron intensities are relatively small
(approximately 1011–1013 neutrons/s [11]). Conversely, an intense neutron beam
approximately 1017–1018 neutrons/s can be produced by spallation neutron sources
where hundreds of MeV or few GeV protons bombard heavy target materials, such
as Hg and W. However, the neutron spectra show no characteristic peak and the
neutron energy cannot be selected (Fig. 1.2).

There are many proton accelerator-based neutron sources in the world. In
particular, quasi-monoenergetic neutron source facilities are relatively compact
and installed in research institutes, universities, and hospitals [12]. In contrast,
limited numbers of spallation neutron sources are available all over the world,
e.g., Japan Proton Accelerator Research Complex (J-PARC) in Japan, Spallation
Neutron Source in the USA [13], European Spallation Source in Sweden [14], and
China Spallation Neutron Source [15].
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Figure 1.2: Neutron spectra of a (a) quasi-monoenergetic and (b) spallation neu-
tron source. The experimental data are taken from Refs. [16], [17].

1.2.2 Deuteron Accelerator-based Neutron Sources

Recently, deuteron accelerator-based neutron sources have been proposed as in-
tense neutron sources. The (d,xn) reactions on light targets, e.g., Li, Be, and C,
are used to generate a neutron beam. Figure 1.3 shows the comparison of the
neutron spectra generated by the (d,xn) and (p,xn) reactions for the Be target at
an incident energy of 40 MeV [18], [19]. The (d,xn) reaction yields approximately
10 times more neutrons at the characteristic peak than that of the (p,xn) reaction.
The (d,xn) spectra show a broad peak around half incident energy, providing the
selectivity of neutron energy by adjusting the incident deuteron energy. Addi-
tionally, the neutrons are emitted with forward-peaked angular distribution. This
poses as an advantage from the point of view of shielding of the facility.

Owing to these characteristics, deuteron accelerator-based neutron sources are
expected to widen the application fields. The International Fusion Materials
Irradiation Facility (IFMIF) [20] project was launched to simulate the intense
(∼ 1014 neutrons/cm2/s) neutron flux generated in fusion reactors for the irra-
diation testing of materials. In the IFMIF, 40-MeV deuteron beams are to be
used to generate approximately 14-MeV neutron beam by the Li(d,xn) reaction.
In addition, deuteron accelerator-based neutron sources are under construction
or will be constructed, e.g., the Neutron For Science [21] at GANIL and Beijing
Isotope-Separation-On-Line neutron-rich beam facility (BISOL) [22]. Recently,
medical isotope production [5] and boron neutron capture therapy (BNCT) using
a deuteron accelerator have been proposed [6].
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40-MeV deuteron

40-MeV proton

Be

Figure 1.3: Comparison of neutron spectra at an emission angle of 0◦ generated
by bombarding protons and deuterons on the Be target with an incident energy
of 40 MeV. The data are taken from Refs. [18], [19].

1.2.3 Other Neutron Sources

The neutrons can also be produced by some other methods. Historically, neutrons,
for the first time, were produced by the 9Be(α,n) reaction, where the α-particle
was emitted by the natural α-decay of 210Po [2]. The (α,n) reactions combines
with a α-decay nuclide and Be are also used as neutron sources, such as 242Cm/Be
and 241Am/Be. However, the neutrons can be produced by spontaneous fission
of transuranium nuclides. The most common nuclide is 252Cf [23] with a half-life
of 2.65 yr. This type of source provides a neutron spectrum with a Maxwellian
distribution, i.e., φ(En) ∝

√
En exp (−En/E0), where the constant E0 is 1.3 MeV

for 252Cf [23]. These neutron sources do not require an accelerator or any other
artificial equipment.

1.3 Status of Nuclear Data

As mentioned in Section 1.2, there are many types of neutron sources available
nowadays. The demand for intense neutron sources is expected to increase as
the neutron applications expand. This work focuses on the proton and deuteron
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accelerator-based neutron sources, particularly, the spallation neutron sources and
deuteron neutron sources, which are expected to be used in various applications
as the next-generation neutron sources.

The development of accelerator-based neutron sources requires comprehensive
understanding of nuclear reactions for determining the specifications, shielding
design, etc. In the accelerator facilities’ design, particle transport codes, such as
Particle and Heavy Ion Transport code System (PHITS) [24] and Geant4 [25], are
employed. These codes use nuclear reaction models and/or nuclear data libraries
to calculate the amount of radiations and radioactive nuclides generated in nuclear
reactions. To improve the accuracy of the simulations, the nuclear data involving
the neutron fluxes from target materials and nuclide production cross sections
plays a key role. The present status of the nuclear data is outlined below.

1.3.1 Data of Deuteron-Induced Reaction

Design of deuteron accelerator-based neutron sources requires the data of neu-
trons yielding from not only the target materials (e.g., Li, Be and C) but also from
structural materials (e.g. Fe and stainless steel). The list of nuclear data library
containing the deuteron-induced reaction is given in Table 1.1. TENDL [26] is the
general-purpose library that compiles the calculations based on the TALYS [27]
code. It covers incident energies up to 200 MeV and the target nuclides with a life
time longer than 1 s. However, as shown in Fig. 1.4, TALYS cannot treat deuteron
breakup correctly, and underestimates neutron spectra. The ENDF/B [28] is a nu-
clear data library provided by the International Atomic Energy Agency (IAEA).
It is available only for deuteron energies up to 5 MeV and the five target nuclides
(2H, 3H, 3He, 6Li, and 7Li).

Nakayama et al. developed a calculation code system dedicated to the deuteron
reactions, called DEUteron-induced Reaction Analysis Code System (DEURACS) [29].
The DEURACS successfully reproduces both the measured double-differential
cross sections (DDXs) for various target elements [30], [31] and double-differential
thick target neutron yields (DDTTNYs) for Be and C [29]. In 2021, the library
JENDL/DEU-2020 [32], which is based on a calculation by DEURACS, was pub-
lished. JENDL/DEU-2020 implements the data for target nuclides that are po-
tential candidates of neutron converter used in deuteron accelerator-based neutron
sources, i.e., 6Li, 7Li, 9Be, 12C, and 13C. However, validation of DEURACS for
heavy elements at low-incident energies has not been sufficiently performed.
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Table 1.1: Nuclear data libraries containing deuteron reactions.

Library Deuteron energy [MeV] Target nuclides

TENDL2019 0–200 Nuclides with τ ≥ 1 s
ENDF/B-VIII.0 0–5 2H, 3H, 3He, 6Li, 7Li

JENDL/DEU-2020 0–200 6Li, 7Li, 9Be, 12C, 13C
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Figure 1.4: Experimental and evaluated double-differential cross sections of the
12C(d,xn) reaction. The experimental data are taken from Ref. [30], and evaluated
data are taken from TENDL-2019 [26]. Note that the incident deuteron energy
for the experimental data is 102 MeV and evaluated data is 100 MeV.

1.3.2 Nuclide Production Cross Section Data for Spallation
Reactions

As for the spallation neutron sources, the DDTTNYs induced by GeV protons
from heavy elements are reproduced by spallation reaction models, e.g., INCL
model [33] relatively well. However, data on nuclide production cross section,
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which is necessary to evaluate the beam loss and the amount of activation of the
spallation target itself, are still insufficient.

There are many nuclear data libraries containing nuclide production cross sec-
tion by high-energy proton-induced reactions, e.g., TENDL-2019, ENDF/B-VIII.0,
JENDL-4.0/HE [34], and JENDL/HE-2007 [35]. Most of them cover incident en-
ergy up to 200 MeV or less whereas the JENDL/HE-2007 covers up to 3 GeV,
which is desired for the development of spallation neutron sources.

In previous studies, nuclide cross sections in the GeV region were systemati-
cally measured. In some of these works, a benchmark of spallation reaction models
was set. However, the existing models could not reproduce the experimental data
with sufficient accuracy, suggesting the necessity of improving the nuclear reaction
models. To improve the nuclear reaction model, further experimental data are
required.

Towards this, Iwamoto suggested an innovative approach to generate nuclear
data based on the Gaussian process regression [36]. This method generates nuclear
data using existing experimental data, and the generated data and their uncer-
tainties strongly depend on the accuracy of the experimental data. Therefore, the
expansion of accurate experimental data by such a method is needed in nuclear
data evaluation.

1.4 Objective

In the development of next-generation intense neutron sources, nuclear data play
a fundamental role. To ensure the data reliability and to contribute to the im-
provement of nuclear reaction models, the objectives of this thesis are as follows:

• To measure DDTTNYs with 6.7 MeV/u deuterons for six target elements
(LiF, C, Si, Ni, Mo, and Ta), and to compare them with the 6.7-MeV/u
triton data and some theoretical calculations

• To measure the nuclide production cross sections for four target elements
(Mn, Co, Ni, and Zr), and to validate spallation reaction models and nuclear
data library.

Neutron production data using low-energy deuteron-induced reactions are still
scarce particularly for the heavy targets and benchmarking of reaction models
has not been performed sufficiently. Thus, such benchmarks are rather important
for the development of deuteron accelerator-based neutron sources. The nuclide
production cross sections of spallation reactions are required for the assessment
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of radioactivity generated in the spallation neutron source. In this work, several
efforts were devoted to obtain the accurate cross section data.

This thesis consists of four chapters. In Chapter 2, the experimental procedure
and experimental results of the deuteron-induced DDTTNYs are detailed, and
validation of the theoretical calculations is performed. In Chapter 3, measurements
of nuclide production cross sections are described. Finally, the summary and
conclusions are presented in Chapter 4.
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2 Thick Target Neutron Yields from LiF,
C, Si, Ni, Mo, and Ta Bombarded by
6.7-MeV/u Deuterons

2.1 Introduction

The application of deuteron-based neutrons is expected to be extended in various
application fields, as mentioned in Chapter 1. Thus far, the DDXs and DDTTNYs
were systematically measured at Kyushu University, as listed in Tables 2.1 and
2.2. Theoretical analyses were performed using calculation codes such as PHITS,
TALYS [27], and DEURACS. DEURACS successfully reproduced the experimen-
tal data of DDX for a wide range of target atomic number. For the DDTTNY
data, however, the validation of DEURACS was performed only for the C target
at an incident energy of 4.5 MeV/u, and no validation has been reported for heavy
targets, i.e., Cu (Z = 29), Nb (Z = 41), and Ta (Z = 73). These elements are
also of interest to validate the shielding design of neutron sources as well as un-
derstanding the reaction mechanisms.

On the other hand, Drosg et al. have recently tackled neutron production with
triton irradiation, and measured the DDTTNYs for various target materials (H2O,
D2O, LiF, Si, Ni, Mo, Ta, W, Pt, and Au) using 6.7 MeV/u triton beams [37].
A triton has one more neutron than a deuteron, so tritons are expected to gen-
erate more neutrons than deuterons; however, no comparison of DDTTNYs from
deuteron and triton incidences has been reported since DDTTNY data of triton
incidence is only available because the triton beam production and handling is
difficult by its radioactivity. Additionally, theoretical calculations for the (t,xn)
spectra are not reported in Ref. [29]. Comparing the (t,xn) and (d,xn) data might
offer a better understanding of the nuclear reaction mechanism.

This chapter aims to measure DDTTNYs with 6.7 MeV/u deuterons for LiF,
C, Si, Ni, Mo, and Ta targets, then compare the measured data with the previous
(t,xn) spectra at the same incident energy per nucleon, and discuss the difference
in spectral characteristics and reaction mechanisms. Further, this study aims to
validate prediction capabilities of some calculation codes, including DEURACS
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Table 2.1: Data of double-differential cross sections of the (d,xn) reactions previ-
ously measured at Kyushu University [30], [31].

Incident energy Target Measured angle

51 MeV/u Li 0◦, 10◦

Be 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

C 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

Al 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

Cu 0◦, 10◦

Nb 0◦, 10◦

100 MeV/u Li 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

Be 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

C 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

Al 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

Cu 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

Nb 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

In 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

Ta 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

Au 0◦, 5◦, 10◦, 15◦, 20◦, 25◦

Table 2.2: Data of double-differential thick target neutron yields of the (d,xn)
reactions previously measured at Kyushu University [38]–[41].

Incident energy Target Measured angle

2.5 MeV/u C 0◦, 30◦, 60◦, 90◦, 120◦, 140◦

Al 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 120◦, 140◦

Ti 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 120◦, 140◦

Cu 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 120◦, 140◦

Nb 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 120◦, 140◦

4.5 MeV/u C 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 120◦, 140◦

Al 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 120◦, 140◦

Ti 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 120◦, 140◦

Cu 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 120◦, 140◦

Nb 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦, 120◦, 140◦

Ta 0◦, 15◦, 30◦, 60◦, 90◦, 120◦
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for the DDTTNYs over a wide range of atomic numbers, and to benchmark some
calculation codes for triton-induced reactions.

2.2 Deuteron-induced Reaction Processes

The deuteron is a weakly bound system consisting of a proton and a neutron with
a biding energy of 2.225 MeV. Owing to its weak binding energy, a deuteron can
be easily separated into a proton and a neutron when bombarding a nucleus. This
process is called deuteron breakup. Deuteron-induced reactions can be divided into
following reaction processes including the breakup process, as shown in Fig. 2.1:

• Elastic breakup (EBU)
The deuteron is separated into a proton and a neutron by the interaction
with the target nuclei. Each nucleon is emitted in forward directions with
kinematic energy with a peak approximately half the incident deuteron en-
ergy without excitation of the residual nuclei.

• Non-elastic breakup (NBU)
One nucleon of the incident deuteron interacts strongly and combines with
the target nuclei in the continuum or discrete states whereas the other pro-
ceeds with its original direction. Since the emitted particle does not interact
with the target nuclei, its energy distribution also has a peak around half
incident deuteron energy. When the residual nucleus transfers into a discrete
state, the other nucleon is also emitted with discrete energy.

• Pre-equilibrium process (PE)
Pre-equilibrium process is an intermediate process between the direct and
statistical decay processes. In this process, particles are emitted with rel-
atively high kinematic energy compared with the statistical decay process.
Because the equilibrium of compound nucleus has not been attained in this
process the angular distribution of the emitted particles is also forward-
peaked.

• Statistical decay (SD)
After the direct and PE processes, or the deuteron absorption, an equilibrium
compound nucleus is formed. In the de-excitation of the compound nucleus,
some particles including neutrons and γ-rays, are emitted isotropically.

These reaction processes are calculated using different models or methods de-
pending on the calculation codes. The details of the calculation models and meth-
ods used in this paper are given in the next section.
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Figure 2.1: Schematic view of deuteron-induced reaction processes
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2.3 Reaction Models

2.3.1 DEURACS

DEURACS is an integrated code system dedicated to deuteron-induced reactions,
which was developed by Nakayama et al. [29], [42], [43]. DEURACS consists of
several calculation codes based on theoretical models to describe the respective
reaction processes and has been successfully applied to (d,xp), (d,xn) reactions.
DEURACS describes double-differential cross section (DDX) of (d,xn) reaction by
incoherent summation of three components:

d2σ(d, xn)

dEdΩ
=

d2σEBU

dEdΩ
+

d2σNBU

dEdΩ
+

d2σPE+SD

dEdΩ
, (2.1)

where d2σEBU/dEdΩ, d2σp−STR/dEdΩ, and d2σPE+SD/dEdΩ are DDXs of elas-
tic breakup reaction, non-elastic breakup reaction, and the sum of PE and SD
processes, respectively. Each component is calculated as follows:

Elastic breakup

The elastic breakup reaction is calculated with the codes based on the Continuum-
Discretized Coupled-Channels method (CDCC) [44]. In CDCC calculations, a
deuteron is considered as a pair of a proton (p) and a neutron (n), and scattering
on a target (A) can be described by the A+ p+n three-body system. The infinite
number of breakups is truncated and discretized to a finite number of discrete
states with respect to its fragmentation and relative momentum and is introduced
to the coupled-channel equations.

According to Iseri et al. [45], the triple differential cross sections of neutron
emission for breakup process is expressed as

d3σEBU

dΩL
ndΩL

p dEL
n

=
2π

~
µi
Pd
|Tfi|2ρ(EL

n ), (2.2)

where dΩL
n and dΩL

p are the emission directions of neutron and proton, respectively,
EL
n is the neutron emission energy, µi is the reduced mass of the initial state, Pd is

the momentum of incident deuteron, Tfi is the transition matrix, and ρ(EL
n ) is the

three-body phase space factor [46]. Tfi is given in Ref [45]. The DDX for neutron
emission is given by integration Eq.(2.2) over proton emission angle:

d2σEBU

dΩL
ndEL

n

=

∫
dΩL

p

d3σEBU

dΩL
ndΩL

p dEL
n

. (2.3)
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Non-elastic breakup

The Glauber model [47] is used to calculate cross sections for deuteron absorption,
total reaction cross section, and DDXs for proton and neutron stripping reactions
to continuum state. The Glauber model is a semi-classical model including the
eikonal and adiabatic approximations.

The scattering matrix S is expressed as

S(bd) = exp [iχd(bd)], (2.4)

where

χd(bd) = − 1

~ν

∫ +∞

−∞
Vd(
√
b2d + z2)dz. (2.5)

Here, χd is the eikonal phase shift, bd is the impact factor of incidnet deuteron, ν
is the relative velocity between the incident deuteron and target nuclei, and Vd is
the deuteron potential.

Pre-equilibrium process

The DDXs for PE and SD processes are calculated with Comprehensive Code for
Nuclear-data Evaluation (CCONE) code [48]. In CCONE, PE process is calculated
using two-component exciton model [49]. Figure 2.2 describes the evolution of
the PE process of proton-induced reaction. The numbers in the diagram denote
the excitation states at time t as Q(pπ, hπ, pν , hν , t) where pπ (pν) are the proton
(neutron) number and hπ (hν) are the proton (neutron) hole number. The temporal
development of the system are described a master equation:

dQ(pπ, hπ, pν , hν , t)

dt
=

Q(pπ + 1, hπ + 1, pν , hν)λ
−
π (pπ + 1, hπ + 1, pν , hν)

+Q(pπ, hπ, pν + 1, hν + 1)λ−ν (pπ, hπ, pν + 1, hν + 1)

+Q(pπ − 1, hπ − 1, pν , hν)λ
+
π (pπ − 1, hπ − 1, pν , hν)

+Q(pπ, hπ, pν − 1, hν − 1)λ+ν (pπ, hπ, pν − 1, hν − 1)

+Q(pπ + 1, hπ + 1, pν − 1, hν − 1)λ0πν(pπ + 1, hπ + 1, pν − 1, hν − 1)

+Q(pπ − 1, hπ − 1, pν + 1, hν + 1)λ0νπ(pπ − 1, hπ − 1, pν + 1, hν + 1)

−Q(pπ, hπ, pν , hν)/τ(pπ, hπ, pν , hν),

(2.6)

where λ+π (λ+ν ) it the internal transition rate for proton (neutron) particle-hole pair
creation, λ0πν (λ0νπ) is the rate for the conversion of a proton (neutron) particle-
hole pair into a neutron (proton) particle-hole pair, and λ−π (λ−ν ) is the rate for
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Figure 2.2: Schematic diagram of reaction pathway in a proton-induced reaction.
Each state is characterized by a set of numbers corresponding to values of the
particles and holes: pπ, hπ, pν , hν .

particle-hole annihilation, and τ is the mean life time of exciton state.
The energy-differential cross section of particle k, dσPEk /dEk is calculated by

dσPE
k

dEk
= σCF

pmax
π∑

pπ=p0π

pmax
ν∑

pν=p0ν

Wk(pπ, hπ, pν , hν , Ek)Spre(pπ, hπ, pν , hν), (2.7)

where σCF is the composite-nucleus formation cross section, Wk is the emission
rate, and Spre is defined by

Spre(pπ, hπ, pν , hν) =

∫ τeq

0

Q(pπ, hπ, pν , hν , t)dt (2.8)

.

Statistical decay

SD is described by Hauser-Feshbach formalization[50]. Because three different
nuclei can be formed by absorption of a proton or neutron in the incident deuteron
itself, the DDX for SD is expressed using three components:

d2σSD
dEdΩ

= Rd

d2σCCONE
(d,xn)

dEdΩ
+Rp

d2σCCONE
(p,xn)

dEdΩ
+Rn

d2σCCONE
(n,xn)

dEdΩ
, (2.9)
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where Rd, Rp, and Rn are the formation fractions of individual compound nu-
clei, and d2σCCONE

(d,xn) /dEdΩ, d2σCCONE
(p,xn) /dEdΩ, and d2σCCONE

(n,xn) /dEdΩ are the DDXs

for (d,xn), (p,xn), and (n,xn) reactions, respectively. Each formation fraction is
calculated with the Glauber model.

2.3.2 TALYS

TALYS is a general-purpose reaction model developed by Koning et al. [27].
TALYS uses the exciton [51] and Hauser-Feshbach models to calculate the pre-
equilibrium and statistical decay processes. These models are also used in CCONE
as mentioned above. To consider the contribution of the deuteron breakup, TALYS
employs a simple model by Kalbach [52] as the following.

Breakup Reaction

The peak energy of ejectile generated in the A(a,b)B reaction, ε0, is given by

ε0 = −Ab
Aa

(
εa −Ba,b −

ZaZA
9.5

)
+
ZbZB
9.5

, (2.10)

where Ba,b is the binding energy in the projectile (2.225 MeV for deuteron) and A
and Z are the mass and atomic numbers, respectively. The energy distribution is
assumed by a Gaussian distribution with a width

Γ = 1.15 + 0.12Ea −
AA
140

, (2.11)

where AA is the incident energy in the laboratory frame, and Γ is in the unit of
MeV.

The energy-differential cross section of breakup process is given by

dσBU
a,b

dEb
= σBU 1

Γ
√

2π
exp

(
−(ε0 − Eb)2

Γ2

)
, (2.12)

where

σBU = Kd,b
(A

1/3
A + 0.8)2

1 + exp
(
13−Ea

6

) . (2.13)

For the (d,xn) reaction, the normalization factor Kd,n = 18.
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Angular Distribution

The angular distribution of the PE and SD processes can be calculated using phys-
ical models. However, the pre-equilibrium theory has some problems to describe
angular distribution because the model is based on a compound-like concept in-
stead of a direct one [53]. Thus, the angular distribution of the ejectile is given by
Kalbach’s empirical formula [54] instead of a physical method as follows:

d2σa,xb
dEbdΩ

=
1

4π

[
dσPE

dEb
+

dσcomp

dEb

]
a

sinh (a)
[cosh (a cos Θ) + fMSD(Eb) sinh (a cos Θ)],

(2.14)
where dσPE/dEb and dσcomp/dEb are the energy-differential cross sections of breakup
and PE processes, respectively and parameter a is given in Ref [52], and the multi-
step equilibrium ratio fMSD is given by

fMSD(Eb) =
dσPE

dEb
/

[
dσPE

dEb
+

dσcomp

dEb

]
. (2.15)

2.3.3 PHITS

In PHITS, deuteron-induced reaction is described by a two-step model, e.g., the
intra-nuclear cascade process and the subsequent evaporation process. For light-
ions such as deuteron and triton, the Liège intra-nuclear cascade (INCL) model [55]
and JAERI quantum molecular dynamics (JQMD) [56] models are available as the
intra-nuclear cascade process, and GEM [57] is used as the evaporation model.

INCL4.6

INCL model has been developed by the French Alternative Energies and Atomic
Energy Commission (CEA) [58]. INCL can treat the proton, neutron, deuteron,
light ions (triton, 3He, α), and pion as the incident particle. The target nucleons
are randomly given in Woods-Saxon and Fermi sphere distributions in positional
and momentum spaces, respectively.

JQMD

The JQMD model was developed by Niita et al. of Japan Atomic Energy Agency.
In the JQMD, the wave function of the i-th nucleon is expressed by

φi(r) =
1

(2πL)3/4
exp

[
−(r −Ri)

2

4L
+
i

~
r · Pi

]
, (2.16)
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where Ri and Pi are the central position and momentum vector of the i-th nucleon.
The time evolution is calculated by variational principle:

Ṙi =
∂H

∂Pi

, Ṗi =
∂H

∂Ri

, (2.17)

where H is the Hamiltonian of the system.

GEM

GEM describes the evaporation process after the intra-nuclear cascade process. In
the evaporation process, particles up to 28Mg are emitted in the de-excitation of
the residual compound nucleus. The probability Pj emitting particle j with energy
between ε and ε+ dε is expressed as

Pj(ε)dε =
(2Sj + 1)mj

π2~2
σinv(ε)

ρd(E −Q− ε)
ρi(E)

εdε, (2.18)

where Sj is spin, mj is mass, σinv(ε) is the cross section for inverse reaction, E
is the excitation energy, ρ(E) is level density, and Q is the Q-value of emission
of particle. The subscripts i, j , and d denote parent nucleus, emitted particle,
and daughter nucleus, respectively. The cross section for inverse reaction σinv(ε)
is expressed as

σinv(ε) =

{
σgcn(1 + b/ε) for neutrons
σgcn(1− V/ε) for charged particles,

(2.19)

where σg = πR2 is the geometric cross section, and V is the Coulomb barrier.
According to Ref. [59], the level density is expressed as

ρ(E) =
π

12

e2
√
a(E−δ)

a1/4(E − δ)5/4
for E ≥ Ex, (2.20)

and

ρ(E) =
1

T
e(E−E0)/T for E < Ex, (2.21)

where a = Ad/8 [MeV−1] is the level density parameter, and T is the nuclear
temperature, Ex = 2.5 +Ux + δ. Here Ux is defined as Ux = 150/Ad, and δ is given
in Ref. [59]. To connect Eqs. (2.20) and (2.21) smoothly, E0 is defined as,

E0 = Ex − T (log T − 0.25 log a− 1.25 logUx + 2
√
aUx). (2.22)

The decay width Γj is given by integrating Eq.(2.18) respect to emission energy
from Coulomb barrier V to maximum excitation energy (E −Q):
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Γj =
gjσgα

ρi(E)

∫ E−Q

V

(
1 +

β

ε

)
ρd(E −Q− ε)εdε. (2.23)

The branching ratio pj is given by

pj =
Γj∑
k Γk

. (2.24)

The particles are emitted in all directions uniformly in the center-of-mass system,
and directions are determined by random numbers.

ρ(E) =


π

12

e2
√
a(E−δ)

a1/4(E − δ)5/4
(E ≥ Ex)

1

T
e(E−E0)/T (E < Ex).

(2.25)

2.4 Experiment

2.4.1 Experimental Facility

The experiment was performed at the high energy experimental room in the Center
for Accelerator and Beam Applied Science, Kyushu University. The layout of the
facility is shown in Fig. 2.3. Negative deuteron ions (D–) are served by the ion
source and injected into an 8 MV Tandem Van de Graaf accelerator. In the tandem
accelerator, D– ions are accelerated up to a high voltage terminal where they pass
through a thin carbon foil, and stripped electrons then converted into positive
ions (D+). D+ ions are accelerated once again by the terminal and extracted at
the desired energy. The deuteron beam is then transported into the high energy
experimental room.

2.4.2 Neutron Detector

The neutron spectra were detected using an EJ-301 liquid organic scintillator [60]
that was optically coupled with a photomultiplier tube. Fundamental specifica-
tions of the EJ-301 scintillator are shown in Table 2.3. The physical and chemical
properties are identical to the NE-213, which has been widely used as a fast neu-
tron detector due to the excellent pulse shape discrimination (PSD) properties.

The scintillation mechanism of the detector is explained using the energy level
diagram of organic scintillator molecules as shown in Fig. 2.4. As radiation passes
through the scintillator, the valence electrons of molecules are excited and occupy
the π-molecular orbitals, which are called spin singlet (Si) or triplet states (Ti).
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Figure 2.3: Bird’s-eye view of the experimental facility.

The singlet states generally decay immediately (≤10 ps) to the S1 state without
emission of radiation (internal degradation) and the S1 state decays to the ground
state (S0) within a few nanoseconds with emission (fluorescence). For the triplet
states, a similar internal degradation occurs, which brings the system to the lowest
triplet state (T0). The T0 state, however, decays to the S0 state after delayed time
(phosphorescence) because this transition is highly forbidden by multiple selec-
tion rules. The excitation of the valence electrons varies depending on the energy
loss per unit length of incident particle. In an organic scintillator, a high-energy
loss produces a high density of excited molecules, which results in increased inter-
system crossings. These reactions hinder the singlet internal degradation, leading
to the enhancement of the slow component.

The PSD property arises from the fraction of the slow component of the scin-
tillation. When the fast neutron interacts with the scintillator, it recoils protons
while a γ-ray produces electrons. Because a proton loses higher energy per unit
length, the pulse generated by a fast neutron has a larger slow component. The
PSD technique is detailed in Section 2.4.3.
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Figure 2.4: Typical energy level diagram of a π-molecule.

Table 2.3: Property of EJ-301 detector taken from Ref. [60].

Components xylene (C8H10), naphthalene (C10H8)
Light output 78 % anthracene
Wavelength of maximum emission 425 nm
Decay times of first three components 3.16, 32.3, 270 ns
Mass density 0.874 g/cm3

Refractive index 1.505
Number of H atoms 4.82 × 1022 [cm−3]
Number of C atoms 3.98 × 1022 [cm−3]
Number of electrons 2.27 × 1023 [cm−3]

2.4.3 Experimental Procedure

The experimental procedure followed the procedure used in previous works at
Kyushu University [38], [39], [41]. Figure 2.5 shows the experimental setup of this
work. Using an 8 MV Tandem Van de Graaf accelerator, the 6.7-MeV/u deuteron
beam was aimed at a compact target chamber. The chamber had an inner diameter
of 260-mm with 4-mm-thick walls, and a 2-cm-high window covered with a 125-µm-
thick Mylar film to reduce the neutron scattering within the stainless steel walls.
The chamber was electrically insulated from the other experimental apparatuses,
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EJ-301 detector

30°(C, LiF)

2400 mm

0°
(LiF, C, Si, Ni, Mo, Ta)

Deuteron beam
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Target 500 mm

15°(C, LiF)
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300 mm

3.5°(C)

260 mm

2.4 m 

Deuteron beam

Target chamber
EJ-301

detector

Figure 2.5: Photograph (upper) and schematic (lower) drawing of the experimental
setup. The shadow bar in the lower drawing was placed only in the background
measurements.

acting as a Faraday cup to receive the deuteron beam current. The average beam
current was recorded with an ORTEC 439 digital current integrator (I.C.)

The LiF, C, Si, Ni, Mo, and Ta targets were mounted on an aluminum frame
and set in the chamber. The target thicknesses and ranges of the deuteron in
the targets are listed in Table 2.4. The targets were sufficiently thick to stop
the incident deuterons completely. The deuteron range was calculated using the
Stopping and Range of Ions in Matter (SRIM) code [61]. Emitted neutrons were
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detected using an EJ-301 liquid organic scintillator (5.08-cm in diameter × 5.08-cm
in length) that was optically coupled with a Hamamatsu R7724 photomultiplier
and placed 2.4 m from the target. The neutron spectra were measured at emission
angles listed in the fourth column.

Figure 2.6 shows a block diagram of the measurement circuit. The signals from
the detector were divided in two using a signal divider. If one of the split signals
reached a gate generator (G.G.) through a constant-fraction discriminator (CFD),
an gate signal for an analog-to-digital converter (ADC) was created. The other
split signal was then recorded by the ADC by integrating the electric charges
induced by the total slow and slow components of the signal. To prevent the
signals from reaching the ADCs while the CAMAC system was busy, a CFD logic
pulse initialized a veto signal. The veto signal was terminated by a pulse from
an output register, which is generated by CAMAC when the ADC acquires data.
The ratio of dead time of the data acquisition system to the measurement time
was estimated as the ratio of the number of ungated and gated events, which was
less than 20%.

To estimate the contribution of detected neutrons caused by scattering from
the floor and surrounding walls of the experimental room, additional background
measurements were performed for all the measurement conditions using an iron
shadow bar, 150-mm wide × 150-mm high × 300 mm thick. This bar was placed
between the targets and the detector, as shown in Fig. 2.5. The contribution
of background neutrons was subtracted in the analytical procedure described in
Section 2.5.1.

Table 2.4: Target thickness and the range of 6.7 MeV/u deuteron in the target.
The range of the deuteron was calculated using SRIM [61].

Target Thickness [mm] Deuteron range [mm] Measured angle

LiF 1.0 0.585 0◦, 15◦, 30◦

C 2.0 0.608 0◦, 3.5◦, 15◦, 30◦

Si 1.0 0.725 0◦

Ni 0.5 0.241 0◦

Mo 0.5 0.256 0◦

Ta 0.5 0.213 0◦
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Figure 2.6: Circuit diagram used in the measurements.

2.5 Data Analysis

2.5.1 Particle Identification

A conventional two-gate integration method was used for the particle identifica-
tion since the detector is sensitive to both γ-rays and neutrons. Figure 2.7 shows
the typical pulse shape of the EJ-301 detector caused by detection of γ-rays and
neutrons. The slow and total components of the pulse shape were derived by inte-
grating the slow and total components, respectively. As shown in Fig. 2.7, the pulse
shape of neutrons have a larger slow component than that of γ-rays. Thus, when
the total and slow components of each signal are plotted in the two-dimensional
plane, neutron and γ-ray events separate as shown in Fig. 2.8. However, neu-
tron and γ-ray events with low pulse height are not completely distinguished.
Neutron events with low pulse height were derived by following procedure: the
two-dimensional plot was vertically sliced at x = x0 as shown in Fig. 2.9. The
neutron and γ-ray events were fitted by two Gaussian distributions

f(x = x0, y) =
Nn√
2πσ2

n

exp

[
−(y − µn)2

2σ2
n

]
+

Nγ√
2πσ2

γ

exp

[
−(y − µγ)2

2σ2
γ

]
, (2.26)

where Nn, µn, σn, Nγ, µγ, and σγ are fitting parameters. This technique was ap-
plied for the pulse height range of 174 ≤ x0 ≤ 240. Neutron events were extracted
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down to 0.244 MeV electron-equivalent energy, which allowed the minimum neu-
tron energy of the experimental results to be 2 MeV.

total gate

slow gate

40 ns

150 ns

200 ns

γ-ray

neutron

Figure 2.7: Typical pulse shape of EJ-301 detector caused by neutrons and γ-rays.
The total and slow components were derived by integrating the pulse shape with
the total and slow gates, respectively.

2.5.2 Calibration of Light Output

The light output spectra of neutron events were converted into units of electron-
equivalent energies. For this calibration, standard γ-ray sources 137Cs and 60Co
were used. Additionally, calibration for the higher light output region was per-
formed by using γ-rays emitted by 12C(d,p)13C* and 12C(d,d)12C* reactions and
neutrons emitted by 7Li(d,n)8Beg.s. and 12C(d,n)13Ng.s. corresponding to the maxi-
mum light output.
Figure 2.10 shows the pulse height distributions obtained for two γ-ray sources
137Cs (662 keV) and 60Co (1173 and 1333 keV). In the pulse height distribution,
a Compton edge is clearly observed. According to Ref [62], the position of ob-
served Compton edge is affected by the detector resolution. The relationships
between the position of the ideal Compton edge, Ecomp, and the light output in
units of electron-equivalent energy where the number of count equals to the half
of maximum, L1/2, can be determined by

L1/2/Ecomp ∼ 1.03. (2.27)

The electron energy corresponding to Compton edge Ecomp is expressed by

Ecomp =

[
2hν

me + 2hν

]
hν, (2.28)
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137Cs bias 60Co bias

Figure 2.8: Two-dimensional plot of pulse integration with total (x-axis) and slow
(y-axis) components for the Ta target. The 137Cs (662 keV) and 60Co (1173 and
1332 keV) biases are also displayed.
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Figure 2.9: Pulse height distribution at x = 174 obtained for the C (left) and Ta
(right) targets. Neutron and γ-ray events were fitted by two Gaussian functions.
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where hν is the incident γ-ray energy and me = 0.511 MeV denotes the rest mass
energy of an electron.

For the calibration points of neutrons emitted in the (d,n) reactions, the max-
imum light output Lmax was used. The neutron energy emitted in a scattering
angle θ, En(θ), can be calculated by a non-relativistic kinematics formula

√
En(θ) =

(mdmnEd)
1/2 cos θ

mr +mn

+

[
mdmnEd cos2 θ

(mr +mn)2
+
mr {Q+ Ed(1−md/mr)}

mr +mn

]1/2
,

(2.29)
where md, mn, mr represent the rest mass energies of deuteron, neutron, and
residual nucleus, respectively, Ed is the incident deuteron energy, and Q is the
Q-value of the (d,n) reaction. The maximum light output can be reached when
the neutron transfers its total kinetic energy to a proton in the EJ-301 scintillator.
Thus, the kinematic energy of proton Ep can be approximated by Ep ∼ En. The
light output Lmax was calculated by the formula [63]

Lmax = L(En(θ)) = 0.81En(θ)− 2.8 [1.0− exp(−0.2En(θ))] . (2.30)

Figure 2.11 shows the calibration curve used in this work. Good linearity was
confirmed up to 7 MeV, which corresponds to neutron energy of 12 MeV. An
example of light output distribution is shown in Fig. 2.12.
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Figure 2.10: Fitting results of pulse height distributions obtained for the γ-ray
measurements of 137Cs (662 keV) and 60Co (1173 and 1333 keV).
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Figure 2.12: Light output distribution obtained for the foreground and background
measurements of the C target at an emission angle of 0◦.

2.5.3 Unfolding of Light Output Distribution

Neutron energy spectra were derived by an unfolding process of light output dis-
tributions using FORIST [64] and RooUnfold [65] codes. Here, a description of
the two unfolding codes is given.
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FORIST code

The FORIST code is an unfolding code based on the least-squares method. The
outline of unfolding with the least-square method is as follows. The measured
light output spectra M(L) is expressed as a folding of the desired neutron energy
spectra T (E)

M(L) =

∫
R(L,E)T (E)dE, (2.31)

where R(L,E) is the response function of the detector. The Eq.(2.31) must be
reduced to a matrix unfolding problem, which can be solved numerically:

Mi =

NS∑
j=1

RijTj, (2.32)

where Mi (i = 1, 2, · · ·NR) and Tj (j = 1, 2, · · ·NS) are the discretized light output
spectra and neutron energy spectra, respectively, and Rij is the response matrix.
The neutron energy spectra Tj can be uniquely determined if NS = NR, but this
way cases a large error on Tj owing to the propagation of errors on Mi and Rij.
To reduce the error, the FORIST code defines the chi-square value as

χ2 =

NR∑
i=1

wi

(
Mi −

NS∑
j=1

RijTj

)2

, (2.33)

where wi is a weight vector, defined as the set of inverse square of statistical
uncertainties on M . The minimum chi-square value satisfies ∂χ2

∂Tk
= 0 for any

k = (1, 2, · · ·NS), yielding

NR∑
i=1

wiRik

(
Mi −

NS∑
j=1

RijTj

)
= 0. (2.34)

Rearranging and dropping indices gives

T =
(
R†WR

)−1
R†WM, (2.35)

where R† is the transpose of R matrix. In this calculation, computer round-off
errors may result in large oscillations in the solution vector. Thus, the FORIST
code reduces the oscillations of the solution vector by constraining the least-squares
solution to be near zero.
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RooUnfold code

The RooUnfold code was designed to provide a framework for different unfolding
algorithms such as iterative Bayes [66], Singular Value Decomposition [67], etc.
Because the iterative Bayes method was used in this work, here describes the
outline of the unfolding technique.

The unfolded spectrum n̂(Ci) can be derived by the formula

n̂(Ci) =

NE∑
j=1

Mijn(Ej), (2.36)

where n(Ej) is the measured spectrum, unfolding matrix Mij is defined as

Mij =
P (Ej|Ci)n0(Ci)

εi
∑NC

l=1 P (Ej|Cl)n0(Cl)
. (2.37)

The P (Ej|Ci) is the NE ×NC response matrix, i.e., the probability for the n0(Ci)

being detected as n(Ej), εi =
∑NE

j=1 P (Ej|Ci) is the detection efficiency for n(Ci),
and n0(Ci) is the prior distribution, which is initially defined as flat distribution
and updated on subsequent iterations.

Response matrix

The response matrix of the EJ-301 detector used in the unfolding process was
obtained by the SCINFUL-QMD code [68], [69]. The SCINFUL-QMD is a Monte
Carlo simulation code, which treats the particle transport and nuclear reactions
in the scintillator. The simulation begins with the interaction of incident neutron
with a H or C atom in the scintillator. Table 2.5 lists the initial reaction channels
considered in the SCINFUL-QMD. The light outputs of emitted charged particles,
such as p, d, α etc., are calculated from kinematic energies of the particles using an
empirical formula [63]. Calculated response matrix used in the unfolding process
is shown in Fig. 2.13.

Table 2.5: Initial reaction channels considered in the SCINFUL-QMD code [68].

H(n,n) C(n,n) C(n,γ) C(n,α) C(n,3α) C(n,np)
C(n,2n) C(n,p) C(n,d) C(n,t) C(n,3He)
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Figure 2.13: Response matrix of the EJ-301 detector calculated with the
SCINFUL-QMD code [68], [69].

2.5.4 Uncertainty Analysis

Uncertainties in the experimental data include three major factors: the geometry of
the detector, the response functions of the detector, and the scattering of neutrons
in a thick target and the air. The first was estimated to be 2% as the uncertainty
in the determination of the solid angle of finite-size detector. The second was
estimated to be 17% [41], considering the effect of scattering in the aluminum
housing of the detector and the difference in the response functions calculated
by SCINFUL-QMD and CECIL [70] codes. The third was estimated to be 4%,
based on the neutron transport calculation using PHITS [24]. Contributions of
the other sources, such as the particle identification, subtraction of background
contributions, beam integration, and dead time corrections, were estimated to be
less than 1%.
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2.6 Results and Discussion

2.6.1 Comparison of Unfolding Codes

The unfolding results generally depend upon factors such as the calculation meth-
ods, unfolding codes, and the initial guess spectrum if the initial spectrum is
required. To investigate the dependency of the derived neutron spectra on the
calculation method, the neutron spectra were derived by two different unfolding
methods: the FORIST and iterative Bayes of RooUnfold. As mentioned in Sec-
tion 2.5.3, these two unfolding methods are mutually independent, and therefore,
one can see the dependency by comparing them.

Figure 2.14 compares the neutron spectra from the LiF, C, Si, Ni, Mo, and
Ta targets at an emission angle of 0◦ derived by the FORIST and RooUnfold.
Good agreement between the two unfolding code was confirmed for all the targets
except for the difference in the high-energy region. This difference is mainly due
to the treatment of statistical errors in the unfolding method. The FORIST uses
the weight vector defined as the inverse square of statistical errors on measured
light output distributions while the RooUnfold does not consider the statistical
errors. Since low statistics are obtained in the high-light output events as shown
in Fig. 2.12, a significant difference appeared in the high-energy neutron yields.

In the neutron spectra, some characteristic kinks were observed except for the
Ta target. Both the unfolding results for the light target elements have some kinks,
e.g., 5.5, 15, and 26 MeV for LiF and 5.5, 8.5, and 12 MeV for C etc. As is detailed
in Section 2.6.4, these kinks were caused by deuteron breakup or proton-transfer
reactions to discrete levels of residual nuclides.

Hereinafter, neutron spectra derived by the FORIST are represented as the
results of this work because good agreement of the two unfolding codes was con-
firmed.

2.6.2 Comparison with Previous Works

Comparison with time-of-flight results

To validate the unfolding results, the derived spectra were compared with pre-
ciously reported data. Figure 2.15 shows the neutron spectra form the C target
at emission angles of 3.5◦, 15◦, and 30◦ in this work compared with previous
data [71]. The data of Ref. [71] were measured using conventional time-of-flight
(TOF) method in similar conditions: the incident energy was 7.0 MeV/u and
emission angles were 3.5◦, 16.7◦, and 32.3◦. Although the measurement conditions
were slightly different, there was good agreement except for the difference in the
high-energy region. In the TOF spectrum of Ref. [71], three kinks were clearly
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Figure 2.14: Double-differential neutron spectra at an emission angle of 0◦ de-
rived by FORIST (least-squares method) and RooUnfold codes (iterative Bayesian
method).
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measured at 10, 11, and 13 MeV. These kinks corresponded to discrete levels of
the 13N, with the excitation energies of 3502 and 2365 keV and the ground state,
respectively, formed by the 12C(d,n)13N reaction. In the present study’s results,
however, only smoothed kinks were measured. This is due to the poor energy
resolution in the unfolding method compared to the TOF method.
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Figure 2.15: Comparison of double-differential neutron spectra from the C target
measured in this with the previously measured data [71].

Comparison with data at Kyushu University

Thus far, DDTTNY data of the (d,xn) reactions for the various target materials
have been measured using a deuteron energy of <5 MeV/u at Kyushu Univer-
sity [38]–[41], as listed in Table 2.2 of Section 2.1. These data were measured by
the unfolding technique, same as in this work. To investigate the dependencies of
DDTTNYs on the incident deuteron energy, the neutron yields of this work were
compared with previous data.

Figure 2.16 compares the DDTTNY spectra from the C target by bombard-
ment of deuterons with 2.5, 4.5, and 6.7 MeV/u. The neutron yield and maximum
emission energy increase as the incident energy increases. The kinks correspond-
ing proton-transfer reactions are clearly seen for the low-incident energies. One
plausible reason is that the probability of the residual nuclei transit to the higher
excitation states.

Next, the dependence of neutron yields on the incident energy was investigated
using the angle-differential neutron yields (ADNYs). The ADNYs were derived by
integrating the DDTTNY spectra over a neutron energy range, from 2 MeV to
the maximum emission energies. Figure 2.17 shows the ADNYs by bombardment
of 2.5-, 4.5-, and 6.7-MeV/u deuterons. The ADNY exponentially decreases as
the target atomic number increases, and decreases more steeply as the incident
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energy decreases. This is due to the decrease of reaction cross sections caused by
the Coulomb barrier of target nuclei.

2.6.3 Comparison with (t, xn) Spectra

Figure 2.18 compares both the (d,xn) and (t,xn) spectra at an incident energy of
6.7 MeV/u. As mentioned above, some characteristic bumps were measured in the
(d,nx) spectra, except for the Ta target. The (t,xn) spectra show monotonic de-
creases with increasing emission energy, and they have no characteristic shape like
that observed in the (d,xn) spectra. A likely reason is the difference in neutron sep-
aration energy between tritons (Sn = 6.26 MeV) and deuterons (Sn = 2.22 MeV).
Thus, triton dissociation does not occur easily at relatively low-incident energies,
and the contribution of triton breakup is expected to be less than that of deuteron
breakup.

Next, Figure 2.19 shows the ADNYs of the (d,xn) and (t,xn) reactions regard-
ing the atomic number of the target elements. Additional data for O (Z = 8), W
(Z = 74), Pt (Z = 78), and Au (Z = 79) were taken from Ref. [37] for the triton
incidence. The typical statistical uncertainties of our data are approximately 1.3%,
and those in Ref. [37] are less than 1%. For both incidences, ADNYs decreased
as the atomic number Z of the target increased. In the low-Z region, deuterons
generated more neutrons even though the total kinematic energy of deuteron was
smaller than that of triton, and deuteron breakup enhanced the neutron produc-
tion. In the high-Z region, however, the deuteron ADNYs decreased more steeply.
Section 2.6.4 provides a detailed discussion about deuteron incidence.

2.6.4 Comparison with Theoretical Predictions

PHITS

In PHITS, the deuteron- and triton-induced reactions are described by two-step
models, i.e., the dynamic and subsequent evaporation processes. Some reaction
models are implemented in the PHITS, e.g., INCL version 4.6 (INCL4.6) [33]
and JQMD as the dynamical process, and the generalized evaporation model
(GEM) [57]. To validate the PHITS predictions, the measured (d,xn) spectra
and the (t,xn) spectra of Ref. [37] were compared with the theoretical calculation
using PHITS version 3.02. The calculations were performed using INCL4.6 and
JQMD as the dynamic process, and GEM as the evaporation model. Hereinafter,
these models are referred to as INCL4.6/GEM and JQMD/GEM, respectively. In
the calculation, a natural abundance of targets listed in Table 2.6 were considered.

Figure 2.20 compares the (d,xn) spectra in this work with the PHITS cal-
culations. PHITS employed the MWO formula [72] to calculate the deuteron-
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Figure 2.18: Angle-differential neutron spectra by bombarding deuterons (red cir-
cle) and tritons (black square) with an incident energy of 6.7 MeV/u at an emission
angle of 0◦. The triton data is taken from Ref. [37].
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induced reaction cross sections. Moreover, the distorted wave Born approximation
(DWBA) calculation for the transition to discrete revels of the residual nuclei were
performed for the 6.7Li(d,n)7.8Beg.s. and 12.13C(d,n)13.14Ng.s. reactions.

Both calculations generally reproduced the spectral shapes. The INCL4.6/GEM
generally overestimates the magnitudes except for the C target. This is because
the INCL4.6 cannot treat the projectile breakup correctly, and therefore, the con-
tribution of the deuteron breakup seems to be overestimated. Conversely, the
JQMD underestimates the contribution of the deuteron breakup, and it under-
estimates the magnitudes of neutron spectra of all the targets except Ta. The
JQMD successfully reproduces the neutron spectra for the Ta target because the
contribution of deuteron breakup is much smaller than that of other targets.

The step-like structure was seen for the C target around 10 MeV. This structure
corresponds to the transition to the ground state of the residual, which was repro-
duced by the DWBA calculation. The calculation overestimates this component.
However, the unfolding method smooths the neutron spectra, as mentioned in Sec-
tion 2.6.2. Thus, the inconsistency may be caused by the low-energy resolution of
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Table 2.6: Natural abundance and Q-value of the (d,n) reaction of target materials.

element nuclide natural abundance [%] Q-value [MeV]

3Li 6Li 7.5 3.38
7Li 92.5 15

6C
12C 98.9 -0.28
13C 1.1 5.33

9F
19F 100 10.6

14Si 28Si 92.23 0.524
29Si 4.67 3.37
30Si 3.1 5.07

28Ni 58Ni 68.1 1.19
60Ni 26.2 2.59
61Ni 1.14 3.63
62Ni 3.63 3.89
64Ni 0.93 5.23

42Mo 92Mo 14.8 1.86
94Mo 9.25 2.67
95Mo 15.9 3.18
96Mo 16.7 3.40
97Mo 9.55 3.95
98Mo 24.1 4.28
100Mo 9.63 5.22

73Ta 181Ta 99.988 4.88

unfolding rather than the overestimation by calculation.
The ADNYs of calculation results were derived in the same manner as in Sec-

tion 2.6.2. Figure 2.21 shows the ADNYs for the C and LiF targets as a function of
emission angles. The INCL4.6/GEM reproduces the forward-peaked distribution
for both targets. The JQMD/GEM provides the flat distribution between emission
angles from 0◦ to 30◦. Because the deuteron breakup results in the forward-peaked
neutron emission, the INCL4.6/GEM reproduces this tendency. The JQMD is un-
able to reproduce the deuteron breakup for this low-incident energy reaction, as
shown in Fig. 2.20, and therefore, JQMD/GEM makes the flat distribution.

DEURACS

Theoretical calculations were performed using DEURACS [29], [42], [43], in which
the (d,xn) reaction is described by some reaction processes: elastic breakup (EBU),
non-elastic breakup (NBU), proton-transfer (p-TR), pre-equilibrium (PE), and
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Figure 2.20: Experimental and calculated double-differential neutron spectra by
bombarding 6.7-MeV/u deuterons at an emission angle of 0◦. The calculation was
performed using the INCL4.6/GEM (black) and JQMD/GEM (blue) models.
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statistical decay (SD) processes. The EBU component was calculated using the
CDCC [44]. The NBU and p-TR are proton stripping reactions to continuum
and discrete levels, respectively. The former was calculated using the Glauber
model [47], and the latter was calculated using the DWBA code DWUCK4 [73].
The PE and SD components were calculated using the CCONE code [48]. Note
that the p-TR component was calculated only for 12C(d,n)13Ng.s. in this work.

DDTTNYs (d2Y/(dEdΩ)) were calculated from DDXs (d2σ/(dEdΩ)) with the
following equation:
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Figure 2.21: Angle-differential neutron spectra from the C target at emission angles
of 0◦, 15◦, and 30◦. The lines were drawn to guide the eyes.
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Figure 2.22: Double-differential neutron spectra from the C target at emission
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Figure 2.23: Double-differential neutron spectra from the Si, Ni, Mo, and Ta
targets at an emission angle of 0◦. The lines denote the calculation results by
DEURACS, and the red line corresponds to the sum of individual components.

d2Y

dEdΩ
(Ein) =

∫ Ein

0

dEdN
d2σ

dEdΩ
(Ed)

[
dE

dx
(Ed)

]−1
D(Ed), (2.38)

where Ein is the incident deuteron energy, N is the atomic density of the target,
Ed is the deuteron energy at the target and dE/dx is the deuteron stopping power.
The natural abundance of the targets listed in Table 2.6 were considered by sum-
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ming the DDTTNYs of each isotope weighted by their natural abundances. The
attenuation rate of incident deuteron D is given by

D(Ed) = exp

[
−
∫ Ein

Ed

dE ′Nσr(E
′)

[
dE

dx
(E ′)

]−1]
, (2.39)

where σr is the deuteron total reaction cross section. The DDXs were calculated
in increments of 0.5 MeV of incident deuteron energy. Eq.(2.38) ignores neutron
scattering in the target material. The probability of the neutron scattering was
estimated to be less than 5%, so the effect was deemed negligible.

Figure 2.22 compares the measured and calculated DDTTNYs from the C tar-
get at emission angles 0◦, 15◦, and 30◦. The DEURACS calculation assumed that
the natural C target consisted of 12C alone. Each component of NBU+p-TR (blue
dashed lines), EBU (green dotted lines), PE+SD (violet dashed-dotted lines), and
the summation of them (red solid lines) are shown. DEURACS successfully re-
produced the measured neutron spectra. Further, the contribution of NBU+p-TR
was predominant at forward emission angles ≤30◦ and decreased with increasing
emission angle.

There were some discrepancies between the calculated and measured DDTTNYs.
First, the shoulder observed at approximately 8.5 MeV at 0◦ was not repro-
duced well by DEURACS due to the absence of the DWBA calculation of the
12C(d,n)13N1st reaction in DEURACS, which is assessed to contribute to the forma-
tion of the shoulder. Second, the maximum emission energies were underestimated
due to the lack of 13C(d,n)14Ng.s. reactions in the calculation. Finally, DEURACS
overestimated the shoulder observed at approximately 12 MeV at emission angles
of 15◦ and 30◦ in the experimental neutron spectra. The smoothing technique in
the unfolding procedure could smear the step-like structure.

Figure 2.23 shows the DEURACS predictions for the Si, Ni, Mo, and Ta targets.
The natural abundance of each target element was considered in the DEURACS
calculation. DEURACS successfully reproduced the neutron spectra for all targets,
and the EBU or NBU components seemed responsible for bumps in the spectra.
For the Si target, DEURACS underestimated the experimental spectrum greater
11 MeV due to the absence of the DWBA calculation. For the Ta target, the EBU
component was overestimated at approximately 7 MeV. This could be caused by
the lack of a closed channel in the present CDCC calculation implemented in DEU-
RACS as discussed in [74].

Figure 2.24 shows the ADNYs of each component calculated by DEURACS.
DEURACS successfully reproduced ADNYs for a wide range of Z. The NBU com-
ponent decreased more steeply with increasing Z than the other two components.
In the low-energy incidence, the proton-stripping reaction was suppressed because
the absorption of a proton in the deuteron was remarkably suppressed by strong
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Figure 2.24: Angle-differential neutron yields by bombarding 6.7-MeV/u deuterons
at an emission angle of 0◦. The lines denote the calculation results by DEURACS,
and the red line corresponds to the sum of individual components.

Coulomb repulsion between the proton and target nucleus [75], [76].

Calculation for (t, xn) Spectra

To validate the existing reaction models for triton-induced reactions, theoreti-
cal calculations were performed by INCL4.6/GEM, JQMD/GEM, TALYS, and
CCONE. We used PHITS [24] for the INCL4.6/GEM and JQMD/GEM calcula-
tions.

The experimental and calculated DDTTNYs are compared in Fig. 2.25. The
INCL4.6/GEM calculation considerably overestimated the neutron spectra for all
targets, while the JQMD/GEM calculation generally agreed with the experimental
spectra and underestimated neutron yields at approximately 6 MeV for the Si, Ni,
and Mo targets. Because JQMD cannot treat the breakup of incident particles
appropriately, the underestimation could be due to a lack of triton breakup.

The TALYS and CCONE calculations for DDTTNYs were performed using
Eq.(2.38), in which the DDXs were calculated in increments of 0.5 MeV of inci-
dent triton energy. We used the default values as the model parameters used in the
calculations. Both models roughly reproduced the experimental spectral shapes
but underestimated the magnitude in the high-energy region.

The ADNYs for the triton incidence were derived by integrating DDTTNYs
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Figure 2.25: Double-differential neutron spectra by bombarding 6.7-MeV/u tritons
at an emission angle of 0◦. The experimental data is taken from Ref. [37].
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Figure 2.26: Angle-differential neutron yields by bombarding 6.7-MeV/u tritons
at an emission angle of 0◦. The experimental data is taken from Ref. [37].

over neutron energies ≥2 MeV. Fig. 2.26 shows the experimental and calculated
ADNYs for the Si, Ni, Mo, and Ta targets as a function of atomic number Z.
As shown, experimental and all calculated ADNYs decreased with increasing Z.
Among the calculation models, JQMD/GEM and CCONE showed good agreement
with experimental results.

2.7 Conclusions

Six materials (LiF, C, Si, Ni, Mo, and Ta) were bombarded with 6.7-MeV/u
deuterons, and their DDTTNYs were measured. The measured neutron spec-
tra at 0◦ were compared with the previous data of triton incidence at the same
incident energy per nucleon. Some characteristic bumps were observed in the neu-
tron spectra of the deuteron incidence, whereas no such structure was seen in those
of the triton incidence. The angle-differential neutron yields at 0◦ were compared
as well. We found that deuteron can yield more neutrons from low-Z targets than
triton due to a large contribution from deuteron breakup, while the triton can
yield more neutrons from high-Z targets.

A benchmark of some calculation codes was performed. For deuteron incidence,
DEURACS successfully reproduced the neutron spectra for a wide Z target range.
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DEURACS showed that deuteron breakup plays a significant role, especially for
low-Z target materials, whereas EBU and SD processes were predominant for high-
Z targets. For the triton incidence, JQMD/GEM and CCONE generally agreed
with the experimental spectra. From these comparisons, the deuteron-induced re-
actions seem more suitable as neutron sources because the deuteron generates a
more intense neutron beam than the triton at the same incident energy per nu-
cleon whereas the deuteron generates less neutrons when bombarding structural
materials. Moreover, the deuteron is stable, and its handling is much easier than
the radioactive triton. From the benchmark of DEURACS with thick target neu-
tron yield data measured over a wide range of target atomic number, we conclude
that DEURACS is a promising calculation tool in developing basic nuclear data
necessary for designing deuteron accelerator-based neutron sources.
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3 Nuclide Production Cross Sections of
55Mn, 59Co, natNi, and natZr

3.1 Introduction

Reliable assessment of radioactivity in target and structural materials for high-
energy accelerator facilities, such as spallation neutron sources and accelerator-
driven transmutation systems (ADS) [77], requires detailed information on nuclide
production cross sections induced by high-energy protons. Over many decades, a
great deal of effort has been devoted to studying spallation reactions from both
experimental and theoretical perspectives. In the 1990s, nuclide production cross
sections induced by high-energy protons were measured for various target elements
by some researchers [78]–[81]. In Ref. [78]–[80], benchmark analysis of some re-
action models, e.g., HETC/KFA2 [82], LAHET [83], and CEM95 [84] were also
performed in the proton energy range up to 2.6 GeV. They concluded that the re-
action models used in their work could not reproduce the experimental data with
sufficient accuracy, and further improvement of reaction models is required.

For these situations, the J-PARC group launched a research program focusing
on the systematic measurements of proton-induced nuclide production cross sec-
tions for the material elements contained in the spallation target, proton beam
window, etc. The measured data for Al, Fe, Pb, and Bi [85]–[87] showed that the
experimental uncertainties were reduced due to the stable proton beam irradiation
and the well-established beam-profile monitoring system.

This work was conducted as part of the J-PARC program. The elements of
Mn, Co, Ni, and Zr were chosen as target materials, which are widely used as con-
stituent elements of structural materials of spallation neutron sources and the in-
sert matrix of the ADS minor actinide fuel. Benchmarks of the following spallation
reaction models were performed: INCL4.6/GEM, Bertini/GEM, and Jet A A mi-
croscopic model (JAM)/GEM, which are implemented in PHITS3.10, and another
reaction model INCL++ [88] combined with ABLA07 code [89] (INCL++/ABLA07).
In addition, the benchmark of evaluated nuclear data library JENDL/HE-2007 [35],
which is only available for proton energies up to 3.0 GeV, was performed.
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3.2 Reaction Models

The spallation reaction is well described by a two-step process, comprising the for-
mation of prefragments via the intra-nuclear cascade process and the de-excitation
process of the prefragments by the evaporation of light particles. The PHITS
code [24] possess some intra-nuclear cascade models, e.g., INCL4.6 [55], Bertini [90],
and JAM [91] for the proton-induced reaction, and GEM [57] as the subsequent
evaporation process. Recently, CEA group [58] converted INCL, which was origi-
nally developed in FORTRAN, to C++ version (denoted as INCL++) and made
some improvements [33]. The benchmark of these models has not been sufficiently
performed.

3.3 Experiment

3.3.1 Activation Method

Nuclide production cross sections were measured using a conventional activation
method. First, some pure element foils are irradiated by high-energy projectile.
After irradiation, the decay γ-rays emitted from the reaction products are mea-
sured using a γ-ray detector with high-energy resolution such as lithium-doped
germanium and high-purity germanium (HPGe) detectors. Because the γ-ray has
a unique energy corresponding to the excitation energy of the daughter nucleus,
one can derive the number of reaction products by investigating the measured γ-
ray spectra.

3.3.2 J-PARC

The experiment was conducted at J-PARC, which is located at Ibaraki prefecture
in Japan. Figure 3.1 shows the entire view of the J-PARC. The J-PARC is a multi-
purpose experimental facility with a 1-MW class proton beam power. The facility
consists of three major accelerators: the Linac, 3 GeV Rapid Cycling Synchrotron
(RCS), and 50 GeV Main Ring (MR). A negative hydrogen ion (H–) beam is
accelerated up to 400 MeV by the Linac, and injected into the RCS. At the RCS
injection point, the H– beam is converted into the proton (H+) beam using charge
stripping foils. The accelerated 3-GeV proton beam is simultaneously delivered to
the Material and Life Science Experimental Facility (MLF) as well as to the MR.
In the MLF, the proton beam bombard the muon and neutron targets consisting of
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Figure 3.1: Bird’s-eye view of the Japan Proton Accelerator Research Complex
(J-PARC). The picture is taken from Ref. [92].

carbon and mercury, respectively. After accelerated by the MR, the proton beam
is used in the hadron and neutrino experimental facilities.

3.3.3 Irradiation
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Figure 3.2: Schematic drawing of the irradiation system. Sample foils were set in
the vacuum chamber.

Two irradiation experiments were performed at a beam dump [93], [94] near the
beam extraction from the RCS. Both experiments were performed in the same
experimental setup, as shown in Fig. 3.2 The irradiation targets were set in the
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vacuum chamber installed in the beam line. The irradiation targets were assembled
in three or four sets of stacked foils. The cross-sectional drawing of the stacked foils
is drawn in Fig. 3.3. In each stack, the sample foils were stacked with increasing
the atomic number. High-purity element foils of Mn (760 mg/cm2, 99.95%), Co
(110 mg/cm2, 99.99+%), Ni (90 mg/cm2, 99%), and Zr (80 mg/cm2, 99.2%) were
supplied by Goodfellow Cambridge Ltd. The cross section data for the other foils of
Cr (600 mg/cm2), Ag (130 mg/cm2), and Ta (170 mg/cm2) are to be published. Al
foils (0.1-mm-thick) were inserted between the target foils to prevent light product
nuclides from entering the neighboring targets. All the stacked foils were enclosed
in 0.1-mm-thick Al containers as shown in (c) of Fig. 3.3, and fixed on movable
stages. The sample foils were inserted to the irradiation position for the respective
proton energies to fix the irradiation conditions.

Irradiation was performed at 1.3, 2.2, and 3.0 GeV for the Mn and Co targets,
and 0.4, 1.3, 2.2, and 3.0 GeV for the Ni and Zr targets. The proton beam was
accelerated up to 0.4 GeV by the LINAC. The 0.4-GeV proton beam was extracted
without acceleration by the RCS. The 1.3- 2.2-, and 3.0-GeV proton beams were
delivered from the RCS acceleration by changing the extraction timing of the kicker
magnet. Before proton irradiation, the proton-beam profile was monitored by a
multi-wire profile monitor [95], which was placed in the beam transport line, and
the beam position was adjusted to irradiate the center of the sample foil. The
number of protons irradiated onto the sample was monitored using an integrating
current transformer (Bergoz instrumentation, ICT-300-070-50:1-LD-H) [96]. The
proton beam had an approximate Gaussian shape with full width at half maximum
(FWHM) of 11 mm in the radial direction. As described in subsection 3.4.1, the
beam profile under each irradiation was accurately determined by the measurement
of the spatial activation distribution in the sample foil. The proton beam intensity
was 6.7× 1012 protons per pulse, with a repetition rate of 0.4 Hz. For each energy
value, the irradiation time was approximately 100 s, which corresponds to 40 pulses
of proton beam irradiation.

3.3.4 Measurement of Decay γ-rays

After proton irradiation, decay γ-rays from the irradiated samples were detected
by two HPGe detectors (CANBERRA GC2018). The γ-ray measurement was
periodically performed at different intervals as listed in Table 3.1 to obtain the
decay curves for products of interest. The sample foil was mounted on an acrylic
spacer, which was placed between the sample and the detector to maintain a
constant sample-to-detector distance during the γ-ray measurement. The distance
between the sample position and the HPGe head was selected to be 5 or 25 cm.
The 25-cm acrylic spacer was used to reduce the counting rate, resulting in a small
dead time correction. Figure 3.4 shows a typical γ-ray spectrum of the Co target
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Figure 3.3: Cross-sectional view of the stacked samples used for (a) Mn and Co,
(b) Ni and Zr irradiations, and (c) photography of the stack sample. The vertical
and horizontal scales are displayed in the lower left-hand corner.

measured at the second cycle of 3-GeV proton irradiation. The energy resolution
was good enough to identify each product (1.87 keV of full width at half maximum
for the 1332 keV γ-ray of 60Co).

Table 3.1: Typical cooling time (tc) and γ-ray measurement time (tm) used for the
analysis.

Cycle 1 2 3 4 5 6 7 8

Mn tc [h] 6.5 11 13 30 95 263 959 3384
tm [h] 0.17 0.25 2.0 8.0 24 72 168 168

Co tc [h] 5.9 10 11 21 71 191 766 3215
tm [h] 0.17 0.25 2.0 9.0 24 72 193 169

Ni tc [h] 10 26 79 240 720 2665 — —
tm [h] 0.5 2.0 8.0 24 59 168 — —

Zr tc [h] 9.2 22 63 192 600 2304 6864 —
tm [h] 0.5 1.9 8.0 24 59 192 111895 —

3.3.5 Calibration of Detector Efficiency

The peak efficiency of the HPGe detector was calibrated using the standard γ-
ray sources listed in Table 3.2. The relative uncertainty of activity was 2.5% for
all the radioactive sources. Sufficient measurement time resulted in a statistical
uncertainty of peak counts <1%. The coincidence-summing effect was considered
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Figure 3.4: Gamma spectrum obtained for the Co target irradiated with 3.0-GeV
protons.

using the correction factor (F S) given in Table 1 of Ref. [97]. The total efficiency
(εT ) was required to obtain the F S. However, the total efficiency could not be
derived by the γ-ray sources used in this work. Thus, an empirical peak-to-total
ratio (εP/εT ) was used. According to Ref. [98], the peak-to-total ratio is expressed
by

εP/εT = α ln εr + β, (3.1)

where, εr is the relative efficiency to the NaI detector, and α and β are calculated
by

α = exp [−1.11− 0.30 lnEγ]
β = exp [−7.97 + 3.31 lnEγ − 0.383(lnEγ)

2],
(3.2)

where Eγ is the γ-ray energy in the unit of keV.
Figure 3.5 shows the measured detection efficiencies with 5- (closed squares)

and 25-cm (closed circles) acrylic spacers. The peak efficiency εp(Eγ) for the γ-ray
energy (Eγ) was fitted by the following formula:
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ln εp(Eγ) =

{
a0 + a1 lnEγ + a2(lnEγ)

2 for Eγ < Eknee

b0 + b1 lnEγ + b2(lnEγ)
2 for Eγ ≥ Eknee,

(3.3)

where a0, a1, a2, b0, b1, b2, and Eknee are the fitting parameters. The fitting curve
was smoothly connected at the knee point, Eknee.

Table 3.2: Energy and gamma intensity of the standard γ-ray sources used for the
calibration of detection efficiencies.

Nuclide Energy [keV] Intensity [%]
241Am 59.54 35.9
152Eu 121.78 28.53

244.7 7.55
344.28 26.59
443.96 2.83
778.90 12.93
964.06 14.51
1408.01 20.87

137Cs 661.66 85.1
60Co 1173.23 99.85

1332.49 99.98

3.4 Data Analysis

3.4.1 Derivation of Production Cross Sections

The production cross sections were derived from the γ-ray measurements of the
irradiated samples by the following procedure. In this work, cross sections for
product nuclides with half-lives ranging from 1.8 h to 2.6 yr were derived. Since
the duration of sample irradiation (∼ 100 s) was much shorter than the half-lives,
the decay of the product nuclides during the irradiation could be neglected. Thus,
the activity of reaction product A at cooling time t is simply expressed by

A(t) = λN0e
−λt, (3.4)

where λ is the decay constant of the product nuclide and N0 is the number of
the product nuclides of interest at t = 0. If the half-life of the product nuclide is
comparable to that of the precursor nuclide, the activity is expressed by
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Figure 3.5: Measured and fitted peak-detection efficiencies with the 5- (black
square) and 25-cm (red circle) acrylic spacers. Total efficiency was calculated
using peak-to-total ratio [98].

A(t) = λ

[
N0e

−λt +Np
0

νλp

λp − λ
(e−λt − e−λpt)

]
, (3.5)

where ν is the decay probability of the precursor into the daughter, λp and Np
0 are

the decay constant and the number of products of the precursor nuclide, respec-
tively. In this work, Eq.(3.5) was applied only to the decay chain of 44mSc→ 44gSc.

The number of photo-peak counts obtained by the γ-ray measurement, C(t, tm),
is related to the activity, A(t), by the following formula:

C(t, tm) = Iγεp

∫ t+tm

t

A(t)dt, (3.6)

where tm is the measurement interval, Iγ is the gamma intensity of the product
nuclides, and εp is the peak efficiency of the HPGe detector. The number of
products at t = 0, i.e., N0 and Np

0 in Eqs.(3.4) and (3.5), were derived by the
least-squares method. The chi-square value was defined by

χ2 =
L∑
i=1

[
C(ti, tm,i)− Iγεp

∫ ti+tm,i
ti

A(t)dt

∆C(ti, tm,i)

]2
, (3.7)
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where L is the number of measurement points used for the fitting, ∆C(ti, tm,i) =√
C(ti, tm,i) is the statistical uncertainty of the peak counts, ti and tm,i are the

cooling time and measurement interval of the i-th measurement, respectively. Fig-
ure 3.6 shows the typical fitting results. The fitting was performed only for the
measurement points with relatively small statistical uncertainties.

Finally, the nuclide production cross section σ was obtained by

σ =
fabsfsecfescN0

nfbeamNproton

, (3.8)

where n is the areal number density of the target nuclei in the sample foil, and
Nproton is the number of protons irradiated on the sample. The correction factors,
fbeam, fabs, fsec, and fesc, are related to the number of protons actually bombarding
the samples, attenuation of γ-rays by self-absorption in the sample foils, contribu-
tion to nuclide production by the secondary particles, and incoming and escape of
light products, respectively. Each correction method is described in the following
subsections.
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Figure 3.6: Decay curves of (a) 41Ar and 38S and (b) 44mSc and 44mSc → 44gSc for
the Co target. Equation (3.5) was used only to fit the decay chain of 44mSc →
44gSc. The decay curves of the other reaction products were fitted using Eq.(3.4).

Proton number determination

The number of protons irradiated on the sample foil was corrected using the spatial
activation distribution in the sample foil measured using an imaging plate (Fuji-
FILM, BAS-SR2040). The detail of this method is described in Ref. [85]. Here, the
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Figure 3.7: Spatial activation distribution measured by an imaging plate. The
square indicates the foil area.

spatial activation distribution was assumed to identical to the proton-beam pro-
file. The activation distribution was fitted by a two-dimensional Gaussian function
given below:

f(x, y) =
N

2πσxσy
√

1− r2
exp

[
− 1

2(1− r2)

{
(x− µx)2

σ2
x

+
(y − µy)2

σ2
y

−2r(x− µx)(y − µy)
σxσy

}]
,

(3.9)

where N , σx, σy, µx, µy, and r are fitting parameters, and N satisfies N =∫∞
−∞

∫∞
−∞ f(x, y)dxdy. Using Eq.(3.9), the ratio of the number of protons actu-

ally bombarding the sample foils was determined by

fbeam =
1

N

∫
foil

f(x, y)dxdy, (3.10)

where the integration is applied over the target foil area. Table 3.3 summarizes
the correction factors, fbeam, derived for each target foil.
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Table 3.3: Correction factors (fbeam) of the sample foils.

Ep = 0.4 GeV Ep = 1.3 GeV Ep = 2.2 GeV Ep = 3.0 GeV

Mn — 0.966 0.979 0.966
Co — 0.980 0.984 0.974
Ni 0.990 0.993 0.995 0.974
Zr 0.990 0.993 0.995 0.974

Self-absorption

The self-absorption of γ-rays in the sample foils was also corrected. The correction
factor was calculated using the formula,

fabs(Eγ) =
µ(Eγ)ρd

1− e−µ(Eγ)ρd
, (3.11)

where µ(Eγ) is the mass absorption coefficient for the γ-ray energy (Eγ), ρ is the
mass density of the sample foil, and d is the target thickness. The mass absorption
coefficients were taken from the NIST-XCOM database [99]. The correction factor
fabs varied depending on the Eγ as shown in Fig. 3.8, ranging from 1.0 to 1.28.
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Figure 3.8: Correction factor for the self-absorption (fabs) used in the analysis.
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Secondary particles

Contributions of the secondary particles generated in the sample target to the
nuclide productions were estimated by particle transport simulation using PHITS
version 3.10 (PHITS3.10) [24]. The simulation was performed with the actual
geometrical configuration of the irradiated target sample and the default param-
eter sets of the physical models in PHITS3.10. Figure 3.9 shows the simulated
fluxes of the secondary particles produced by the primary 3.0-GeV proton beam
irradiation. The contribution of secondary protons and neutrons was considered
because these fluxes are much larger than the other secondary light ions, such
as deuterons, tritons, and α-particles. The contributions of the primary and sec-
ondary protons and secondary neutrons to the nuclide production were calculated
with the Liège intra-nuclear cascade model version 4.6 (INCL4.6) [55] coupled
with the generalized evaporation model (GEM), except for the production by neu-
trons with energy ≤20 MeV, where the nuclide production cross sections were
obtained from the JENDL-4.0 nuclear data library [100], [101]. In the simula-
tion, the numbers of nuclides produced by primary protons (Nprimary) and sec-
ondary particles (Nsecondary) were tallied. The correction factor was defined by
fsec = Nprimary/(Nprimary + Nsecondary) for the correction of each reaction product.
The correction factor (fsec) varied from 0.372 to 1.0. Notably, a fsec value of <0.9
is adopted for the following heavy products: 54Mn from Mn and 54Mn, 52Fe, 56Co,
57Co, 58Co, and 57Ni from the Co target, and 92mNb from the Zr target.

Incoming and escape of reaction products

In the sample stack, Al foils were inserted to prevent the reaction products in the
sample foil from escaping to the neighboring sample foils, as shown in Fig. 3.3.
However, light products, such as 7Be, 22Na, and 24Na, generated in the Al foil
and other target foils may escape to the neighboring foils. To consider the effects
of the incoming and escape of the light products, the particle transport of the
products, including 7Be, 22Na, and 24Na was simulated by the PHITS3.10 with
the same sample stack geometry as in the measurement. The simulation tallied
the total number of products of interest generated in the target foil, Npro, and
the number of products that finally stopped in the target foil by ion transport,
Nstop, which include the products generated in the target and neighboring Al foils.
The correction factor for the light products was defined by fesc = Npro/Nstop. The
correction was applied to only the 7Be production because the corrections for the
products heavier than 7Be, i.e., 22Na and 24Na, were negligible (less than 1%). The
result is listed in Table 3.4. In contrast, the corrections for the Mn target were
negligible because the Mn sample was much thicker than the other samples.
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Figure 3.9: Calculated fluxes of the secondary protons, neutrons, deuterons, tri-
tons, and α-particles in the (a) Mn and (b) Zr targets bombarded with 3.0-GeV
protons.
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Table 3.4: Correction factors (fbeam) of the sample foils.

Ep = 0.4 GeV Ep = 1.3 GeV Ep = 2.2 GeV Ep = 3.0 GeV

Mn — — — —
Co — 0.966 0.953 0.968
Ni 0.935 0.970 0.994 0.998
Zr 0.634 0.809 0.892 0.892

3.4.2 Uncertainties

The following sources of uncertainty were considered and included in the total
uncertainties of the measured production cross sections.

(1) Uniformity of target foil thickness: The target thickness was measured using a
digital micrometer at nine different points on each sample foil. The standard
deviation of the thickness was <3.3%.

(2) Nuclide production from the impurities contained in the target foils: The con-
tribution of the products produced from the impurities was considered. Be-
cause the contributions of impurities for Mn, Co, Zr were considerably small,
this uncertainty was considered only for the Ni target by the following proce-
dure: The cross section for the measured (including impurities) σmeas is related
with the true (without impurities) cross section σtrue by

σmeas = pNiσtrue +
∑
i

fiσi, (3.12)

where pNi = 0.99 represents the purity of the Ni target and fi denotes the
fraction of i-th impurities contained in the Ni foil. Because the maxima of the
impurity fractions are only available as shown in Table 3.5, the uncertainty
caused by the impurities were estimated as |1− σtrue/σmeas|.

(3) Statistical uncertainties of the γ-ray measurements: The statistical uncertainty
of the photo-peak counts was considered using the error propagation law.

(4) Proton number determination: The number of protons was measured by the
integrating current transformer, and the uncertainty was 2%.

(5) Detector efficiency: The uncertainty of the standard γ-ray source activity was
considered using the error propagation law. The uncertainty varied from 1.0%
to 7.0% depending on the γ-ray energy.
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(6) Dead-time and pile-up losses in γ-ray measurements: The dead time correction
was accomplished using the ratio of real-time to live-time of the HPGe detector.
The dead time was maintained below 14% by adjusting the foil-to-detector
distance, and the uncertainty arising from this correction was neglected.

(7) Nuclear data: The nuclear data used in the data analysis were obtained from
the Evaluated Nuclear Structure Data File (ENSDF) [102]. Only the uncer-
tainties of the decay gamma intensity greater than 1% were considered, and
those for the other nuclear data, such as half-lives and branching ratio of
product decay, were neglected.

Table 3.5: Impurities contained in the sample foils.

Target Impurities [ppm]

Mn Al = 0.58, Sb = 53, B = 0.6, Ca = 2.2, Cr = 0.44, Co = 0.86,

Cu = 26, Au < 0.5, Fe = 2.4, Pb = 15, Mg = 110, Mo = 2.5, Ni = 0.43

K = 1.8, Se = 250, Si = 9.1, Na = 1.1, Sr = 0.12, Ta < 5, Ti = 0.25

Sn = 1.1, Zn = 56

Co Al = 1, Bi < 1, Ca < 1, Cr = 2, Fe = 5, Mg < 1, Mn < 1, Si = 20,

Ag = 1

Ni Cu<2500, Fe<4000, Mg<2000, Mn<3500, Si<1500, Ti<1000, C<1500,

S<100

Zr Fe = 39, Hf = 2070, Cr = 10, O = 52, H = 1, N = 3, C = 4

The abovementioned sources of uncertainties were considered independent.
Thus, the total uncertainties quoted for the measured cross sections were eval-
uated according to the error propagation law following the same method employed
in Ref. [79].

3.5 Results and Discussion

In this work, 21, 27, 24, and 43 residual nuclides produced in proton-induced re-
actions on 55Mn, 59Co, natNi, and natZr, respectively, or totally 384 cross sections,
were measured. The numerical data are listed in Tables A.1–A.4. Among them,
the data of the following reactions were measured for the first time: 55Mn(p,X)38S,
55Mn(p,X)41Ar, 59Co(p,X)38S, natZr(p,X)28Mg, natZr(p,X)42K, natZr(p,X)43K,
natZr(p,X)44gSc, natZr(p,X)55Co, natZr(p,X)69mZn, and natZr(p,X)93Y reactions.

The measured data were compared with the previous data [78]–[81], [103]–[128]
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taken from the EXFOR database[129], model-based cross section calculations, and
evaluated data of nuclear data library JENDL/HE-2007 [35], [130], [131]. To com-
pare the calculated cross sections with the experimental results, cumulative cross
sections were calculated from the theoretical predictions because the calculated
cross sections are independent, whereas most experimental results are cumulative.
If a reaction product is the n-th nuclide in a decay chain, the cumulative cross
section, σcum

n , is calculated by the formula [132],

σcum
n = σind

n +
n−1∑
i=1

(σind
i

n−1∏
j=i

νj), (3.13)

where σind
i is the independent cross section of the i-th precursor nuclide, and νj is

the decay probability of the j-th nuclide into the (j+1)-th one.
Since a vast number of cross sections were measured, not all results are shown in

the next section. The results are shown by three mass regions, i.e., light (Aproduct <
30), medium-heavy (30 ≤ Aproduct . 0.9Atarget), and heavy (Aproduct & 0.9Atarget),
classified by incident energy dependence.

3.5.1 Excitation Functions

Cross sections for light reaction products

The lightest products measured in this work were 7Be, followed by 22Na, 24Na, etc.
The experimental results for these products are shown in Figs. 3.10–3.12. The
subscripts, “ind.” and “cum.,” in the residual nuclei indicate whether the cross
section is independent and cumulative.

The present data are generally consistent with the previous data taken from
EXFOR database within the experimental uncertainties. One can see that the ex-
perimental uncertainty of the present work is smaller than previous works, which
are typically >10%. This is because the cross sections were derived as the relative
value of monitor reactions, such as 27Al(p,X)22Na reaction, in the previous works.
The uncertainty of the monitor reactions increased the experimental uncertainties.
In this work, the cross sections were derived as absolute values, and total uncer-
tainties were reduced to typically <6%.

The experimental cross sections for 7Be, 22Na, and 24Na show similar energy
incident energy dependence: the cross sections increase as the incident proton en-
ergy increases, as shown in Figs. 3.10–3.12. The cross sections for 7Be and 24Na
take close values among the four targets, although the cross sections of 22Na from
natZr takes smaller value by about two. The calculated cross sections and evalu-
ated values successfully reproduced the incident energy dependence for all cases.
The INCL4.6/GEM and JAM/GEM generally underestimate the experimental
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Figure 3.10: Experimental, calculated, and evaluated production cross sections for
7Be production from the 55Mn, 59Co, natNi, and natZr targets.

cross sections for 7Be, 22Na, and 24Na. Because the light products are mainly pro-
duced in the evaporation processes, the GEM may underestimate the production of
light products. Conversely, the Bertini/GEM show relatively good agreement with
the experimental data. This may be due to the higher excitation energy formed
just after the INC process, compared with the INCL4.6 and JAM models. The
INCL++/ABLA07 generally underestimates the 7Be production, while it overes-
timates the cross sections for 24Na production. This may be because the ABLA07
uses an empirical formula to describe the intermediate mass fragment emission [89].
The JENDL/HE-2007 successfully reproduces the experimental cross sections with
some exceptions: cross sections of natNi(p,X)24Na and natZr(p,X)24Na reactions are
underestimated.
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Figure 3.11: Same as Fig. 3.10, but for 22Na production.

Cross sections for medium-heavy products

The experimental results for medium-heavy products (30 ≤ Aproduct . 0.9Atarget)
are shown in Figs. 3.13–3.16. The cross sections for these products have a broad
maximum between 0.4 and 1.0 GeV for the 55Mn, 59Co, natNi targets, and for the
natZr target, the maximum generally shift to higher incident energy. The maxi-
mum shifts to lower energies with an increase in the mass number of the reaction
products. The spallation models and JENDL/HE-2007 generally reproduce the
incident energy dependencies for medium-heavy products.

A large discontinuity can be observed in some excitation functions in Figs. 3.13–
3.16 around 250 MeV. According to Ref. [35], this discontinuity is due to the use
of different model codes in the cross section evaluation at incident energies less
than 250 MeV and above.
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Figure 3.12: Same as Fig. 3.10, but for 24Na production.

When focusing on the cross section of the same product, the cross section gets
smaller with increasing the target mass number. An example is the cross section
of 42K from 55Mn, 59Co, natNi, and natZr (Figs. 3.13–3.16). This is because the
heavier target must emit more nucleons and requires higher excitation energy to
produce the same products, and therefore, the production cross section decreases
with increasing target atomic number. The same is true for other products, e.g.,
43K, 47Ca, and 46Sc.

The reaction models and JENDL/HE-2007 show relatively good agreement
for the production of medium-heavy products. However, some discrepancies
were observed: the Bertini/GEM considerably overestimates the cross sec-
tion of 55Mn(p,X)47Ca, 55Mn(p,X)48Cr, and 59Co(p,X)47Ca reactions. The
INCL++/ABLA07 underestimates 55Mn(p,X)42K, 55Mn(p,X)46Sc, natZr(p,X)72As,
and natZr(p,X)84Rb reactions.
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Figure 3.13: Experimental, calculated, and evaluated production cross sections for
medium-heavy products from the 55Mn target.
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Figure 3.14: Same as Fig. 3.13, but for the 59Co target.
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Figure 3.15: Same as Fig. 3.13, but for the natNi target.
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Figure 3.16: Same as Fig. 3.13, but for the natZr target.
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Figure 3.17: Experimental, calculated, and evaluated production cross sections for
heavy products from the 55Mn target.

Cross sections for heavy products

Figures 3.17–3.20 show the experimental results for heavy products (Aproduct &
0.9Atarget). The cross section for the heavy products decrease with an increase in
the incident proton energy above 100 MeV. The model-based cross section calcula-
tions and JENDL/HE-2007 generally reproduce the incident energy dependencies
for the heavy products.

The present data generally consistent with most of previous data within the
experimental uncertainties. However, the incident energy dependencies of the
cross sections for 55Mn(p,X)54Mn, 59Co(p,X)58Co, and natNi(p,X)58Co reactions
are quite different between the present data and previously measured data [78],
[104], as shown in Fig. 3.17–3.19. In the previous work, a significant correction for
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Figure 3.18: Same as Fig. 3.17, but for the 59Co target.

the secondary particles were performed: as for the 55Mn(p,X)54Mn reaction, for
example, Fig.4 in Ref. [78] indicates that the ratio of the corrected cross section
to that of the non-corrected cross section for 2.6 GeV was approximately 0.25. In
this work, however, the corresponding correction, fsec as detained in Section 3.4.1,
is approximately 0.85. The large correction in Ref. [78] may be caused by the
rather thick target stack used in their experiment (between 9.35 and 15.6 g/cm2),
compared to those used in the present measurement (∼1.55 g/cm2).

The spallation models and JENDL/HE-2007 show relatively good agreement
for heavy products as well. However, cross sections for some reaction products
are failed to reproduce: the cross sections for 55Mn(p,p3n)52Mn, natNi(p,pX)56Ni,
and natZr(p,X)86Zr reactions are overestimated by all the spallation models used
in this work. The JENDL/HE-2007 successfully reproduces the cross sections for
55Mn(p,X)52Mn, 59Co(p,X)57Ni, and natNi(p,X)56Ni reactions. The JAM/GEM
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Figure 3.19: Same as Fig. 3.17, but for natNi target.

successfully reproduces the measured cross sections of the reaction products whose
atomic numbers are larger than the respective targets by one, i.e., 55Mn(p,X)52Fe
and 59Co(p,X)57Ni reactions.

Newly measured data

Among the measured data, the cross sections for 10 target/production combina-
tions were measured for the first time in this work. Figs. 3.21 and 3.22 show
the comparison of the measured data with the model-based cross section calcu-
lations and evaluated cross sections. It should be noted that the calculations
for natZr(p,X)69mZn and natZr(p,X)44gSc reactions were not available because the
spallation reaction models cannot treat the transition to isomeric states of product
nuclides and therefore, cannot distinguish between the ground and isomeric state
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Figure 3.20: Same as Fig. 3.17, but for natZr target.

of the products.
For these products, the spallation models and JENDL/HE-2007 roughly repro-
duce the incident energy dependencies. However, the INCL++/ABLA07 con-
siderably overestimates the cross sections of 55Mn(p,X)38S, 59Co(p,X)38S, and
natZr(p,X)55Co reactions. Moreover, all the calculations and JENDL/HE-2007
remarkably underestimate the cross section of natZr(p,X)28Mg reaction.

3.5.2 Deviation Factors

As discussed in Section 3.5.1, spallation reaction models and JENDL/HE-2007
library generally reproduce the incident energy dependencies of the production
cross sections. In this section, the benchmark analysis of the spallation reaction
models and the JENDL/HE-2007 is quantitatively performed by introducing the
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Figure 3.21: Experimental, calculated, and evaluated cross sections of reaction
products, which were newly measured in this work.
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Figure 3.22: Same as Fig. 3.21.

mean square deviation factor 〈F 〉. The deviation factor 〈F 〉 is defined in same
manner as in Ref. [133] by the following expression:

〈F 〉 = 10
√
R, (3.14)

where exponent R is defined by

R =
1

nr

nr∑
i=1

[log10(σcal,i/σexp,i)]
2 . (3.15)

Here, σexp,i and σcal,i denote the experimental data in this work and the calcu-
lated cross sections or the JENDL/HE-2007 data for the i-th reaction product,
respectively; nr denotes the number of the data points in this work included in
the calculation of 〈F 〉. Because the shape of the excitation functions differs de-
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Figure 3.23: Deviation factor 〈F 〉 of the 55Mn and 59Co targets calculated by
the INCL4.6/GEM, Bertini/GEM, JAM/GEM, INCL++/ABLA07, and evaluated
nuclear data library JENDL/HE-2007.
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wide range.

79



pending on the mass number of reaction products, as discussed in Section 3.5.1,
the deviation factor 〈F 〉 was calculated for the respective mass regions: A < 30,
30 ≤ A < 49, and A ≥ 49 for the Mn target, A < 30, 30 ≤ A < 52, and A ≥ 52
for the Co and Ni targets, A < 30, 30 ≤ A < 85, and A ≥ 85 for the Zr target,
as well as for all the reaction products (denoted as “A total” in Figs. 3.23 and
3.24). Notably, the calculations for 44gSc and isomers were not considered. The
numerical values of 〈F 〉 are listed in Table A.5. The factor 〈F 〉 assumes a value
close to one if the reproducibility of the calculation is good, and assumes a larger
value as the reproducibility worsens.

The calculated factors 〈F 〉 of the Mn and Co targets are shown in Fig. 3.23
and those of the Ni and Zr targets are shown in 3.24. The factor 〈F 〉 for the
INCL4.6/GEM provides relatively small values for the medium-heavy and heavy
products, A > 30. For the Zr target, a large discrepancy is seen for light nuclides,
A < 30, leading to a large 〈F 〉 for “A total.” The same is true for the Bertini/GEM
and JAM/GEM. This is because the production cross section for 24Na production
is remarkably underestimated, as shown in Fig. 3.12. The Bertini/GEM results
are in good agreement for the production of light nuclides for the Mn and Co
targets. Contrary, the Bertini/GEM agrees well for the medium-heavy and heavy
products from the Ni and Zr targets, and shows poor reproducibility for light
products. The JAM/GEM gives relatively small values for medium-heavy prod-
ucts for the Mn, Co targets. For the Ni and Zr targets, the JAM/GEM gives
relatively small values. The INCL++/ABLA07 exhibits poor reproducibility for
heavy products from the Mn and Co targets although it shows good agreements
for the Ni and Zr targets. The JENDL/HE-2007 library gives the lowest val-
ues for light products for the Mn, Co, and Ni targets. As for the 〈F 〉 of “A
total,” the JENDL/HE-2007 exhibits the best reproducibility for the Co and Ni
targets. Moreover, JENDL/HE-2007 also exhibits high reproducibility for the Ni
and Zr targets, for which INCL4.6/GEM and INCL++/ABLA07 exhibit the best
reproducibilities, respectively. The JENDL/HE-2007 library exhibits the best re-
producibility, its 〈F 〉 values of “A total” take values >1.4, which corresponds to
average deviation of >40% from the experimental data. These values still exceed
the required accuracy of 30% [134].

3.6 Conclusions

Nuclide production cross sections in proton-induced spallation reactions on Mn,
Co, Ni, and Zr were measured with proton energies between 0.4 and 3.0 GeV
at J-PARC. Due to the stable proton beam irradiation, the well-established beam
profile-monitoring system, and the proton number correction method by the imag-
ing plate, the systematic uncertainties could be reduced. The cross sections of fol-
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lowing reactions were measured for the first time: 55Mn(p,X)38S, 55Mn(p,X)41Ar,
59Co(p,X)38S, natZr(p,X)28Mg, natZr(p,X)42K, natZr(p,X)43K, natZr(p,X)44gSc,
natZr(p,X)55Co, natZr(p,X)69mZn, and natZr(p,X)93Y reactions. The present results
are consistent with the existing experimental data; however, some data were found
to be inconsistent. This inconsistency might be due to the large correction for the
secondary particles performed by previous work.

The incident energy dependence of the production cross sections differ depend-
ing on the mass number of reaction products: light (Aproduct < 30), medium-heavy
(30 ≤ Aproduct . 0.9Atarget), and heavy (Aproduct & 0.9Atarget) products. The cross
sections for the light products increase as the incident proton energy increase.
The cross sections for the medium-heavy products have a broad maximum, and
the maximum shifts to lower incident energy with an increase in the mass number
of the reaction products. For the heavy products, the cross sections decrease with
an increase in the incident proton energy.

The model-based cross section calculation by INCL4.6/GEM, Bertini/GEM,
JAM/GEM, and INCL++/ABLA07, and the evaluated nuclear data of JENDL/HE-
2007 successfully reproduce the incident energy dependences of the experimental
data. However, they disagree with the experimental data of some reactions. To
examine the prediction capability of the spallation reaction models as well as the
nuclear data, the mean square deviation factor [133] was introduced. As a result,
the INCL4.6/GEM and INCL++/ABLA07 indicated the best reproducibility over
a wide mass number range of residual nuclei for the Mn and Zr targets, respec-
tively. The JENDL/HE-2007 exhibited the best reproducibility for the Co and Ni
targets and showed good for the Mn and Zr targets. However, the deviation factor
for the total mass range (“A total”) exceeded 1.4, which corresponds to the devi-
ation of 40% from the experimental value. This value exceeds the required data
accuracy of 30%[135]. Thus, further improvement of data accuracy is required for
PHITS simulation and nuclear data evaluation in the GeV energy range.
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4 Conclusions and Future Works

4.1 Summary and Conclusions

The demands for intense neutron sources are expected to grow. The nuclear data
play a vital role in the reliable assessment of the facilities. This work focuses on
the deuteron accelerator-based neutron source and proton-induced spallation neu-
tron sources, which are expected to expand neutron application fields due to its
favorable characteristics.

In Chapter 2, double-differential neutron yields from LiF, C, Si, Ni, Mo, and
Ta targets were measured using 6.7-MeV/u deuterons. These data are necessary
for estimating the neutron yields from the target and the structural materials.
The measured data were compared with the previously measured data using the
6.7-MeV/u tritons. From the comparison, the (d,xn) spectra have some charac-
teristic bumps whereas no such structure was seen in the (t,xn) spectra. The
(d,xn) reaction generated higher neutron yields than the (t,xn) reaction for low-Z
targets. For low-Z targets, the contribution of deuteron breakup becomes larger.
Contrarily, the (d,xn) reaction yielded less neutrons for high-Z target. For high-
Z targets, the contribution of breakup of incident particle become less, and the
neutron yields from the (t,xn) reactions become greater because the total kinetic
energy is larger.

The measured (d,xn) data and the previous (t,xn) reactions were also compared
with the theoretical calculations. For the (d,xn) data, INCL4.6/GEM generally
overestimates the experimental values while the JQMD/GEM underestimate them.
This is because both the reaction models cannot treat deuteron breakup process
in an appropriate way. DEURACS, which is dedicated for deuteron-induced reac-
tions, successfully reproduced the experimental data for the wide range of atomic
numbers. By decomposing neutron spectra by each reaction process component,
theoretical analysis of the (d,xn) reaction was performed. For the light targets,
characteristic bumps in the (d,xn) spectra are caused by the non-elastic breakup
reaction. For medium-heavy targets, the statistical decay component is responsible
for the low-energy neutron emission, and the non-elastic breakup reaction is dom-
inant at high-energy neutron emission. For the heavy targets, the contribution of
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non-elastic breakup is negligible and the elastic breakup reaction, pre-equilibrium
process and statistical decay make a large contribution.

The benchmark analysis of PHITS (INCL4.6/GEM and JQMD/GEM), CCONE
and TALYS codes for the (t,xn) reactions were performed. INCL4.6/GEM over-
estimated the neutron spectra considerably for the heavy targets. TALYS roughly
reproduced the experimental spectra although it underestimated the magnitudes
of spectra. JQMD/GEM and CCONE showed relatively good agreement for Si,
Ni, Mo, and Ta targets. For the deuteron-induced reaction, DEURACS was only
the model that successfully reproduced the experimental spectra for the targets
with wide range of atomic number. DEURACS is considered a promising calcula-
tion tool in developing basic nuclear data necessary for designing deuteron-based
neutron sources.

In Chapter 3, the nuclide production cross sections were measured for Mn, Co,
Ni, and Zr targets with incident proton energies ranging from 0.4 to 3.0 GeV at
J-PARC. In total, the cross sections of 115 target/product combinations were mea-
sured. Among the measured data, the cross sections for the following reactions
were measured for the first time: 55Mn(p,X)38S, 55Mn(p,X)41Ar, 59Co(p,X)38S,
natZr(p,X)28Mg, natZr(p,X)42K, natZr(p,X)43K, natZr(p,X)44gSc, natZr(p,X)55Co,
natZr(p,X)69mZn, and natZr(p,X)93Y reactions. Due to the stable proton beam ir-
radiation, well-established beam profile monitoring system, and many efforts on
detailed analysis, the experimental uncertainties were reduced. The measured
data agreed with the previously measured data within experimental uncertainty
except for some discrepancies: cross sections of 55Mn(p,X)54Mn, 59Co(p,X)58Co,
and natNi(p,X)58Co reactions were quite different between the present data and
previous data. This disagreement is considered to be caused by the corrections
for the secondary particles generated in the target stack. This work used thinner
target stack than used in the previous studies. The correction made in this work
is smaller than those in the previous works. Therefore, our data are considered to
have more accuracy than the previous data. The measured data are useful for the
evaluation of nuclear data.

For the benchmark, the measured data were compared with model-based calcu-
lations by spallation reaction models (INCL4.6/GEM, Bertini/GEM, JAM/GEM,
and INCL++/ABLA07 version 6.28) and with the evaluated data (from the nu-
clear data library JENDL/HE-2007). All the reaction models and JENDL/HE-
2007 generally reproduce the incident energy dependence of the experimental data:
the cross sections for light products increase as the incident proton energy in-
creases, and those for the medium-heavy products have a broad maximum around
1 GeV, and those for the heavy targets decreases with an increase of incident
energy. However, some model prediction disagreed with the measured data by
a factor equal to or greater than two. To investigate the prediction capabilities
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quantitatively, the mean square deviation factor was introduced. The deviation
factor indicated that none of the calculated or evaluated data meets the require-
ment accuracy of 30%. Therefore, improved spallation reaction modes are required.

4.2 Suggestion for Future Work

This work validated the DEURACS prediction capabilities for DDTTNYs at an
emission angle of 0◦. The neutron spectra at an emission angle of 0◦ are very
important to evaluate the neutron source performance. However, the validation
at the larger emission angles is also needed for the dose assessment and shielding
design of deuteron accelerator-based neutron sources. Therefore, further measure-
ments of double-differential neutron yields or double-differential cross sections are
to be performed, and the validation of DEURACS should be performed.

In the experiment of nuclide production cross section, some corrections were
made using transport calculations by PHITS. It is very difficult to estimate uncer-
tainties caused by corrections done by PHITS calculation, e.g., nuclide production
by secondary particles, and incoming and escape loss of light products. For the
correction concerning secondary particle and incoming and escape loss, the energy-
angle-double-differential cross sections of proton, neutron and light products such
as 7Be are required.

For the reliable assessment of nuclide production yields for spallation neutron
source, improved spallation reaction models are required. Another approach is in-
terpolation of experimental data. In both cases, accurate experimental data play
fundamental and important roles. To improve the reaction models, optimizing the
physical parameters used in the models and more precise description of nuclear
reactions are necessary. To achieve these improvements, experimental data with
small uncertainties are essential. Therefore, further measurements of the accurate
data in J-PARC are desired for a wide range of target atomic numbers.
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potentialities of the Liège intranuclear cascade model for reactions induced
by nucleons and light charged particles,” Phys. Rev. C, vol. 87, p. 014 606,
1 2013. doi: 10.1103/PhysRevC.87.014606.

[56] K. Niita, S. Chiba, T. Maruyama, T. Maruyama, H. Takada, T. Fukahori, Y.
Nakahara, and A. Iwamoto, “Analysis of the (N, xN ′) reactions by quantum
molecular dynamics plus statistical decay model,” Phys. Rev. C, vol. 52,
pp. 2620–2635, 5 Nov. 1995.

[57] S. Furihata, “Statistical analysis of light fragment production from medium
energy proton-induced reactions,” Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms,
vol. 171, no. 3, pp. 251–258, 2000, issn: 0168-583X. doi: 10.1016/s0168-
583x(00)00332-3.
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A Nuclide Production Data

A.1 Cross Section Data

A.1.1 55Mn

Table A.1: Nuclide production cross sections of Mn by irradiation of 1.3-, 2.2-,
and 3.0-GeV protons. Types “i” and “c” represent independent and cumulative
cross sections, respectively. The uncertainty is given in the parenthesis below each
cross section.

Product Type T1/2
1.3 GeV

[mb]
2.2 GeV

[mb]
3.0 GeV

[mb]
7Be i 53.22 d 5.20 7.18 10.0

(0.13) (0.16) (0.2)
22Na c 2.6018 y 1.66 2.49 3.13

(0.04) (0.06) (0.07)
24Na c 14.997 h 2.61 4.05 4.66

(0.06) (0.08) (0.10)
28Mg c 20.915 h 0.374 0.520 0.590

(0.011) (0.013) (0.015)
38S c 2.84 h 0.0851 0.103 0.0934

(0.0079) (0.008) (0.0073)
41Ar c 1.83 h 1.26 1.29 1.31

(0.04) (0.03) (0.04)
42K i 12.355 h 6.15 5.66 5.79

(0.16) (0.14) (0.15)
43K c 22.3 h 2.42 2.20 2.41

(0.06) (0.05) (0.06)
47Ca c 4.536 d 0.166 0.163 0.192

(0.005) (0.004) (0.005)
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Table A.1 – continued from previous page

Product Type T1/2
1.3 GeV

[mb]
2.2 GeV

[mb]
3.0 GeV

[mb]
43Sc c 3.891 h 4.21 3.55 3.71

(0.18) (0.15) (0.15)
44gSc i 3.97 h 7.43 6.66 6.76

(0.19) (0.15) (0.17)
44mSc i 58.61 h 6.91 6.35 6.30

(0.17) (0.15) (0.15)
46Sc i 83.79 d 12.4 10.8 11.8

(0.3) (0.2) (0.3)
47Sc c 3.3492 d 5.38 5.11 5.45

(0.14) (0.17) (0.14)
48Sc i 43.67 h 1.40 1.35 1.49

(0.04) (0.03) (0.04)
48V c 15.974 d 12.9 11.6 12.2

(0.3) (0.2) (0.3)
48Cr c 21.56 h 0.276 0.237 0.250

(0.009) (0.008) (0.008)
51Cr c 27.704 d 28.6 26.4 30.2

(0.7) (0.6) (0.7)
52Mn c 5.591 d 4.99 4.97 5.55

(0.14) (0.13) (0.15)
54Mn i 312.2 d 52.0 52.5 62.7

(1.5) (1.4) (1.8)
52Fe c 8.275 h 0.0268 — 0.0230

(0.0025) (0.0020)
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A.1.2 59Co

Table A.2: Same as Table A.1, but for the Co target.

Product Type T1/2
1.3 GeV

[mb]
2.2 GeV

[mb]
3.0 GeV

[mb]
7Be i 53.22 d 4.77 6.71 9.28

(0.12) (0.15) (0.22)
22Na c 2.6018 y 1.44 2.37 2.94

(0.04) (0.06) (0.07)
24Na c 14.997 h 2.16 3.74 4.05

(0.09) (0.13) (0.17)
28Mg c 20.915 h 0.270 0.406 0.485

(0.007) (0.010) (0.011)
38S c 2.84 h 0.0607 0.0709 0.0770

(0.0055) (0.0050) (0.0078)
41Ar c 1.83 h 0.942 0.954 0.917

(0.027) (0.024) (0.027)
42K i 12.355 h 4.76 4.50 4.50

(0.12) (0.11) (0.11)
43K c 22.3 h 1.58 1.39 1.55

(0.04) (0.03) (0.03)
47Ca c 4.536 d 0.0908 0.0771 0.0894

(0.0035) (0.0027) (0.0027)
43Sc c 3.891 h 4.04 3.14 3.53

(0.16) (0.12) (0.14)
44gSc i 3.97 h 6.90 6.01 6.01

(0.16) (0.13) (0.13)
44mSc i 58.61 h 7.96 6.15 6.88

(0.17) (0.13) (0.14)
46Sc i 83.79 d 9.24 7.88 8.37

(0.20) (0.17) (0.18)
47Sc c 3.3492 d 3.39 2.99 3.17

(0.08) (0.07) (0.07)
48Sc i 43.67 h 0.703 0.646 0.661

(0.019) (0.016) (0.016)
48V c 15.974 d 13.4 11.5 11.6

(0.3) (0.2) (0.2)
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Table A.2 – continued from previous page

Product Type T1/2
1.3 GeV

[mb]
2.2 GeV

[mb]
3.0 GeV

[mb]
48Cr c 21.56 h 0.393 0.309 0.326

(0.012) (0.009) (0.010)
51Cr c 27.704 d 26.1 21.7 24.0

(0.6) (0.5) (0.5)
52Mn c 5.591 d 8.74 7.97 7.56

(0.24) (0.21) (0.20)
54Mn i 312.2 d 24.4 22.5 24.7

(0.06) (0.05) (0.05)
56Mn c 2.5789 h 5.81 5.97 6.07

(0.20) (0.19) (0.21)
52Fe c 8.275 h 0.134 0.103 0.103

(0.006) (0.04) (0.04)
55Co c 17.53 h 0.939 0.838 0.910

(0.054) (0.048) (0.053)
56Co c 77.236 d 6.52 6.05 7.08

(0.15) (0.13) (0.16)
57Co c 271.74 d 23.9 23.1 26.5

(0.6) (0.6) (0.7)
58Co i 70.86 d 50.9 50.8 57.5

(1.1) (1.1) (1.2)
57Ni c 35.6 h 0.172 0.148 0.159

(0.007) (0.006) (0.006)
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A.1.3 natNi

Table A.3: Same as Table A.1, but for the Ni target.

Product Type T1/2
0.4 GeV

[mb]
1.3 GeV

[mb]
2.2 GeV

[mb]
3.0 GeV

[mb]
7Be i 53.22 d 1.27 6.76 10.5 12.6

(0.10) (0.27) (0.4) (0.5)
22Na c 2.6018 y 0.274 2.12 3.36 3.88

(0.029) (0.09) (0.14) (0.14)
24Na c 14.997 h 0.166 1.72 3.12 3.06

(0.017) (0.12) (0.17) (0.18)
28Mg c 20.915 h — — 0.236 0.246

(0.016) (0.016)
42K i 12.355 h 1.03 2.53 2.59 2.32

(0.09) (0.15) (0.14) (0.14)
43K c 22.3 h 0.22 0.702 0.678 0.633

(0.02) (0.036) (0.029) (0.026)
43Sc c 3.891 h 4.18 6.79 6.12 5.35

(0.26) (0.39) (0.37) (0.33)
44gSc i 3.97 h 5.39 8.09 7.48 6.62

(0.24) (0.34) (0.32) (0.27)
44mSc i 58.61 h 5.60 8.11 7.92 6.73

(0.24) (0.32) (0.32) (0.24)
46Sc i 83.79 d 3.70 5.68 4.92 4.72

(0.16) (0.21) (0.19) (0.16)
47Sc c 3.3492 d 1.00 1.44 1.48 1.34

(0.06) (0.07) (0.07) (0.06)
48Sc i 43.67 h — 0.187 0.372 0.216

(0.035) (0.078) (0.032)
48V c 15.9735 d 20.3 20.3 17.0 16.2

(0.8) (0.8) (0.7) (0.6)
48Cr c 21.56 h 1.90 1.61 1.43 1.23

(0.09) (0.07) (0.07) (0.05)
51Cr c 27.704 d 41.1 32.1 27.8 26.8

(1.6) (1.2) (1.1) (0.9)
52Mn c 5.591 d 19.1 13.8 12.2 11.9

(0.8) (0.6) (0.5) (0.5)
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Table A.3 – continued from previous page

Product Type T1/2
0.4 GeV

[mb]
1.3 GeV

[mb]
2.2 GeV

[mb]
3.0 GeV

[mb]
54Mn i 312.2 d 16.9 13.5 12.3 12.2

(0.7) (0.6) (0.6) (0.5)
52Fe c 8.275 h 2.03 1.19 1.21 1.05

(0.12) (0.06) (0.09) (0.05)
55Co c 17.53 h 13.4 8.99 8.37 7.98

(0.9) (0.60) (0.56) (0.51)
56Co c 77.236 d 38.3 29.4 27.5 28.5

(1.6) (1.2) (1.1) (1.0)
57Co c 271.74 d 67.8 63.0 62.9 62.9

(2.9) (2.9) (2.7) (2.4)
58Co i 70.86 d 16.6 18.1 18.3 19.4

(0.7) (0.7) (0.7) (0.7)
56Ni c 6.075 d 2.61 1.81 1.67 1.76

(0.11) (0.08) (0.07) (0.07)
57Ni c 35.6 h 27.5 21.0 21.8 21.7

(1.4) (1.0) (1.1) (1.0)
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A.1.4 natZr

Table A.4: Same as Table A.1, but for the Zr target.

Product Type T1/2
0.4 GeV

[mb]
1.3 GeV

[mb]
2.2 GeV

[mb]
3.0 GeV

[mb]
7Be i 53.22 d 0.621 3.95 6.89 9.16

(0.048) (0.12) (0.20) (0.27)
22Na c 2.6018 y 0.229 0.476 1.06 1.67

(0.040) (0.036) (0.06) (0.07)
24Na c 14.997 h 0.167 0.686 2.11 2.91

(0.095) (0.100) (0.12) (0.16)
28Mg c 20.915 h — 0.502 0.561 0.610

(0.056) (0.064) (0.056)
42K i 12.355 h — 0.539 1.96 2.53

(0.130) (0.14) (0.14)
43K c 22.3 h — 0.931 — 1.03

(0.035) (0.03)
44gSc i 3.97 h — — 1.25 1.66

(0.08) (0.10)
44mSc i 58.61 h — — 2.16 2.62

(0.06) (0.07)
46Sc i 83.79 d 0.0341 1.52 3.39 4.01

(0.0071) (0.04) (0.09) (0.10)
47Sc c 3.3492 d — — 1.84 1.99

(0.06) (0.06)
48Sc i 43.67 h — — 1.00 0.786

(0.06) (0.028)
48V c 15.9735 d 0.0394 1.74 3.58 4.12

(0.0034) (0.05) (0.10) (0.10)
51Cr c 27.704 d — 4.50 7.86 8.60

(0.15) (0.23) (0.22)
52Mn c 5.591 d — 1.89 3.20 3.30

(0.07) (0.10) (0.10)
54Mn i 312.2 d 0.145 5.28 7.2 8.17

(0.012) (0.16) (0.2) (0.21)
55Co c 17.53 h — 0.243 0.463 0.380

(0.039) (0.034) (0.028)
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Table A.4 – continued from previous page

Product Type T1/2
0.4 GeV

[mb]
1.3 GeV

[mb]
2.2 GeV

[mb]
3.0 GeV

[mb]
56Co c 77.236 d 0.0435 1.92 2.46 2.58

(0.0053) (0.06) (0.07) (0.06)
57Co c 271.74 d — 6.17 7.68 8.07

(0.19) (0.23) (0.22)
58Co i 70.86 d 0.231 8.43 9.89 10.1

(0.009) (0.24) (0.27) (0.2)
57Ni c 35.6 h — 0.188 — 0.195

(0.011) (0.010)
69mZn i 13.756 h — 1.28 — 1.02

(0.06) (0.05)
66Ga c 9.49 h 1.54 8.03 6.56 7.27

(0.21) (0.68) (0.58) (0.79)
69Ge c 39.05 h 3.00 11.5 10.2 9.19

(0.35) (1.3) (1.2) (1.00)
72As i 26.0 h 8.29 19.1 15.2 13.4

(0.37) (1.0) (0.7) (0.6)
73As c 80.3 d 12.5 29.7 19.3 22.0

(0.4) (1.0) (0.6) (0.7)
74As i 17.77 d 2.84 5.27 5.06 4.78

(0.17) (0.31) (0.30) (0.27)
72Se c 8.40 d 2.10 5.58 3.66 3.78

(0.09) (0.27) (0.15) (0.15)
73Se c 7.15 h 7.49 12.8 — 8.99

(0.24) (0.4) (0.25)
75Se c 119.78 d 17.8 26.8 20.4 19.8

(0.5) (0.8) (0.6) (0.5)
77Br c 57.04 h 20.9 21.6 18.1 16.1

(0.8) (0.9) (0.7) (0.6)
76Kr c 14.8 h 3.10 3.30 2.53 2.20

(0.34) (0.37) (0.27) (0.24)
79Kr c 35.04 h 28.8 23.0 19.2 17.2

(1.3) (1.1) (0.8) (0.7)
81Rb c 4.572 h 46.7 26.8 25.4 20.2

(2.4) (1.3) (1.3) (0.9)
82mRb i 6.472 h 20.3 15.1 13.2 11.7

(0.9) (0.7) (0.6) (0.5)
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Table A.4 – continued from previous page

Product Type T1/2
0.4 GeV

[mb]
1.3 GeV

[mb]
2.2 GeV

[mb]
3.0 GeV

[mb]
83Rb c 86.2 d 58.0 38.4 29.6 31.8

(4.2) (2.8) (2.1) (2.3)
84Rb i 32.82 d 8.45 7.76 6.72 6.82

(0.35) (0.32) (0.28) (0.26)
83Sr c 32.41 h 42.6 25.7 21.4 20.6

(3.7) (2.3) (1.9) (1.8)
85Sr c 64.849 d 57.8 38.0 31.4 32.7

(2.9) (1.9) (1.6) (1.6)
86Y c 14.74 h 48.1 30.3 25.4 24.2

(1.4) (0.9) (0.9) (0.8)
87Y c 79.8 h 76.9 50.5 44.7 44.6

(2.3) (1.6) (1.3) (1.2)
93Y c 10.18 h 2.83 3.26 3.05 3.24

(0.65) (0.59) (0.61) (0.62)
86Zr c 16.5 h 11.7 5.00 4.89 4.21

(0.4) (0.17) (0.15) (0.12)
92mNb i 10.15 d — — — 0.204

(0.007)
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A.2 Deviation Factors

Table A.5: Deviation factor 〈F 〉 calculated using Eq.(3.14) for each reaction models
and JENDL/HE-2007 library. The Aheavy are Mn: 49, Co: 52, Ni: 52, and Zr: 85.
The bold numerals designate the best code.

A total A < 30 30 ≤ A < Aheavy A ≥ Aheavy

Mn INCL4.6/GEM 1.56 1.78 1.45 1.62
Bertini/GEM 1.77 1.33 1.82 2.00
JAM/GEM 1.80 1.57 1.34 3.18

INCL++/ABLA07 1.95 2.40 1.72 2.18
JENDL/HE-2007 1.59 1.24 1.55 2.00

Co INCL4.6/GEM 1.57 1.86 1.56 1.44
Bertini/GEM 1.72 1.33 1.81 1.73
JAM/GEM 1.74 1.67 1.53 2.05

INCL++/ABLA07 2.04 2.30 1.72 2.36
JENDL/HE-2007 1.40 1.14 1.47 1.39

Ni INCL4.6/GEM 1.82 2.82 1.50 1.68
Bertini/GEM 2.20 4.51 1.58 1.84
JAM/GEM 2.11 4.30 1.54 1.75

INCL++/ABLA07 1.96 2.39 1.69 2.04
JENDL/HE-2007 1.60 2.17 1.55 1.39

Zr INCL4.6/GEM 4.54 60.2 2.00 2.23
Bertini/GEM 4.07 28.9 2.56 2.05
JAM/GEM 6.14 101 2.94 2.23

INCL++/ABLA07 2.03 3.46 1.80 2.06
JENDL/HE-2007 2.25 5.46 1.79 2.31
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