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Abstract

This thesis has three purposes: one is to investigate the target nucleus dependence
of isotope-production cross sections by measuring isotope-production cross section
for 93Nb in p-, d-, and C-induced reactions at 113 MeV/nucleon, another is to
investigate the energy dependence of isotope-production cross sections by measur-
ing new isotope-production cross section for the long-lived fission product, 93Zr,
in p- and d-induced reactions at 50 MeV/nucleon, and the other is to perform
benchmark tests of the latest theoretical models and of the evaluated nuclear data
libraries using these two and previously measured data.

The measurement of the isotope-production cross section for 93Nb in p-, d-,
and C-induced reactions at 113 MeV/nucleon was performed at RIKEN RI Beam
Factory using the inverse-kinematics method with the 93Nb secondary beam and
the secondary targets, CH2, CD2, and C. Particle identifications of the secondary
beam and the reaction product were performed via the TOF−Bρ − ∆E method
to derive the isotope-production cross sections. The measured cross sections for
90Mo, 90Nb, 88.86Y produced by p-induced reactions were found to be consistent
with those measured by the conventional activation method. We performed bench-
mark tests of the reaction models INCL4.6, JQMD, and JQMD-2.0 implemented
in the PHITS, of CCONE code, and of the nuclear data libraries JENDL-4.0/HE,
JENDL/ImPACT-2018, TENDL-2017, and ENDF/B-VIII.0. The model calcula-
tions showed generally good agreement with the measured isotope-production cross
sections for p-, d-, and C-induced reactions. It also turns out that, among the four
nuclear data libraries, JENDL-4.0/HE provides the best agreement with the mea-
sured data for the p-induced reactions. We compared with the present 93Nb data
with the 93Zr data, that were measured previously by the same inverse-kinematics
method, with particular attention to the effect of neutron-shell closure on isotope
production in p- and d-induced spallation reactions. The isotopic distributions of
the measured production cross sections in the 93Zr data showed noticeable jumps
at neutron number N = 50 in the isotopic chains of ∆Z = 0 and −1, whereas
no such jump appeared in isotopic chain of ∆Z = 0 in the 93Nb data. From
INCL4.6/GEM calculations, we found that the jump formed in the evaporation
process is smeared out by the intranuclear cascade component in 91Nb produced
by the 93Nb(p, p2n) and (d, d2n) reactions on 93Nb. Moreover, for 93Nb, the dis-
tribution of the element-production cross sections as a function of the change in
proton number ∆Z is shifted to smaller ∆Z than for 93Zr, because the excited Nb
pre-fragments generated by the cascade process are more likely to emit protons
than the excited Zr pre-fragments, due to the smaller proton-separation energies
of the Nb isotopes.



The measurement of the isotope-production cross section for 93Zr in p- and d-
induced reactions at 50 MeV/nucleon was performed at RIKEN RI Beam Factory
using the inverse-kinematics method with the 93Zr secondary beam and the sec-
ondary targets, cooled gaseous H2 and D2. Particle identifications of the secondary
beam and the reaction product were performed via the TOF−Bρ − ∆E method
to derive the isotope-production cross sections. From the comparison among the
measured 93Zr data at 50, 105, and 209 MeV/nucleon, the broader distributions
of isotope-production cross sections were seen in the higher kinetic-energy cases.
Categorization of the experimental 93Zr data reveals that the total incident en-
ergy of around 200 MeV can be the best choice to reduce the long-lived prod-
ucts for nuclear transmutation of 93Zr between 50- and 200-MeV/nucleon energy
range. The model calculations using INCL4.6/GEM implemented in PHITS and
INCL++/ABLA07 showed overall agreement with the measured data for p- and
d-induced reactions. In the PHITS calculation, however, several discrepancies were
still seen as in the p- and d-induced reactions at 105 and 209 MeV/nucleon. Finally,
model analysis with the INCL++/ABLA07 and INCL++/GEM was performed
in order to investigate the cause of underestimation seen in the neutron-deficient
region of odd-atomic number isotopes. The model analysis reveals that the reex-
amination of level density used in GEM is required to improve underestimation
seen in the production cross sections calculated by PHITS.
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1 Introduction

1.1 High-Level Radioactive Waste

Treatment of high-level radioactive waste (HLW) is a crucial issue facing nuclear-
energy development. The operation of nuclear power plants produces large amounts
of spent fuels (an estimated 15,260 tons stored in domestic plants alone as of
September 2018 [1]). The spent fuels are stored and isolated from living areas
until the radioactivity decays; then, they will be melted with nitric acid and sep-
arated into uranium, plutonium, and other ingredients during reprocessing at the
Rokkasho Nuclear Fuel Reprocessing Facility, which has an annual capacity of
800 tons of spent fuels. After reprocessing, the remaining radioactive isotopes will
be vitrified as HLW. In Japan, it has been decided that the vitrified HLW will be
disposed of in a stable rock formation more than 300 meters underground. How-
ever, geological disposal has stagnated due to long-term radiotoxicity.

Radioactive isotopes contained in spent fuel can be categorized into two types:
Minor Actinoids (MAs), which are produced by several β decay processes after
neutron capture by uranium, and Fission Products (FPs), which are produced by
the fission of nuclear fuels and sequential decays of fission fragments. FPs having
half-lives longer than 100,000 years (e.g., 79Se, 93Zr, 99Tc, 107Pd, 129I, and 135Cs)
are called as long-lived fission products (LLFPs). These are listed in Table. 1.1,
together with their half-lives, neutron capture cross sections σn [2], and concen-
trations per ton of spent fuel [3]. Figures 1.1 and 1.2 show the time dependence
of the potential radiotoxicity of isotopes included in the spent fuel; it is apparent
that continuous risks of radiotoxicity exist for more than one thousand years for
MAs and for more than one million years for LLFPs. As mentioned above, this
fact can be a major obstacles to the progress of geological disposal.

1.2 Nuclear Transmutation

Nuclear transmutation has received much attention as a possible method of short-
ening the effective half-lives of LLFPs and of reducing their amounts by con-
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Table 1.1: List of isotopes included in spent fuel from PWR (bur-
nup: 45 GWd/tHM) [2, 3].

Nuclide half-life [y] σn [barns] amount [g/1tHM]
237Np 2.4× 106 633

MA 241Am 4.3× 102 - 411
243Am 7.4× 103 171
99Tc 2.1× 105 23.68 1052
129I 1.6× 107 30.33 242
79Se 3.0× 105 50.04 6

LLFP 93Zr 1.5× 106 2.24 958
FP 107Pd 6.5× 106 9.192 312

126Sn 2.3× 105 0.09 31
135Cs 2.3× 106 8.304 522
90Sr 29 0.01 635

137Cs 30 0.27 1488

verting them into short-lived and/or stable nuclei. Nuclear transmutation refers
to the transformation of one nuclide into another, for example, 93Zr (half-life:
1.5 × 106 years) can be transmuted into 92Y (half-life: 3.5 hours) via an (n, pn)
reaction. 92Y then transforms into 92Zr (a stable nucleus) via β decay. Another ex-
ample is the transmutation of 107Pd (half-life: 6.5× 106 years) into 108Pd (a stable
nucleus) via neutron capture (n, γ). Stable palladium isotopes are minor metals
for use in catalytic converters, fuel cells, and electronics. From these examples,
nuclear transmutation is able to not only reduce half-lives and radiotoxicity, but
also to recycle minor metals.

Since MAs have relatively large dose conversion factors and can be used as
nuclear fuel owing to their fissionable nature, nuclear-transmutation technologies
for MAs with next-generation reactors have been well-studied. Moreover, nuclear
transmutation of 99Tc and 129I via the next-generation reactors has been proposed
because they both have large σn as shown in Table. 1.1. Here several proposed
methods for nuclear transmutation of MAs, 99Tc, and 129I are introduced. The
first is an accelerator-driven sub-critical system (ADS), which is a combination of
an accelerator and a reactor core [4, 5]. The sub-critical system is kept by the
fission neutrons from the MAs surrounding a spallation target and by spallation
neutrons. The spallation neutrons are generated by proton-induced reactions in
the spallation target by using accelerated proton ranging from several hundred
MeV to several GeV. A highly safe system can be achieved because ADS stops
as soon as the proton beam does. Fast reactors are another candidate, since they
can induce nuclear fission via fast neutrons [6]. This method is proceeded with
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Figure 1.1: Time dependence of potential radiotoxicity of MAs included in spent
fuel generated in PWR (burnup: 45 GWd/tHM, after 5 years’ cooling); cited from
Ref. [3].

concept review without large effect on core characteristics.
While several studies on the nuclear transmutation of FPs and LLFPs have

been conducted [7, 8], no method has yet been established owing to difficulties
in measuring the fundamental nuclear data of FPs and LLFPs. It should be em-
phasized that LLFPs are also generated in the nuclear transmutation processes of
MAs.

1.3 ImPACT Program

A study on reduction and resource recycling of high-level radioactive wastes through
nuclear transmutation has been conducted [9] as part of Impulsing Paradigm
Change through Disruptive Technologies (ImPACT) Program. The goal of this
program is to investigate the optimum nuclear-reaction paths for five LLFPs (79Se,
93Zr, 107Pd, 126Sn, and 135Cs), for which there have been no options except geolog-
ical disposal. Another aim of this program is to develop ecological systems for the
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Figure 1.2: Same as Fig. 1.1, but for FPs cited from Ref. [3].

reuse of minor metals and other resources included in the recovered products. This
program consists of five projects: (1) study of technologies for separating LLFPs
from radioactive liquid waste; (2) measurement of fundamental nuclear data and
demonstration experiments of nuclear transmutation; (3) improvement of theoret-
ical models using the measured data; (4) development of nuclear-transmutation
system and elemental technologies such as accelerators; and (5) proposal of a
nuclear-transmutation concept. As a part of the project (2), we measured the
fundamental nuclear data of LLFPs in various nuclear reactions such as neutron
capture reaction, muon-induced reaction, and spallation reactions.

1.4 Spallation Reaction

We focus upon the spallation reactions induced by high-energy light particles such
as neutrons, protons, and deuterons with accelerators as a possible candidate for
the nuclear transmutation of LLFPs, due to their relatively small σn as shown in
Table. 1.1. Study of spallation reactions is particularly significant for the nuclear
transmutation of 93Zr, which has a small σn of 2.24 barns, regardless of the large
amount of 958 g/1tHM in spent fuel. In this section, a brief explanation of the
spallation reaction, nuclear-data-measurement techniques of spallation reaction,
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and a discussion of previous related works are presented.

1.4.1 Characteristics of Spallation Reactions

Spallation reactions refer to nuclear reactions with several secondary-particle emis-
sions. In general, such reactions are induced by relatively high-energy particles
ranging from several tens of MeV to several GeV. Spallation reactions play key
roles in fields of various applications, e.g., radioactive-isotope (RI) beam produc-
tion [10], ADS [4, 5], and spallation-neutron sources for material science [11].
Nuclear transmutation with accelerators is a possible use of spallation reactions.
Over the past few decades, numerous studies have been devoted to such reactions
in an effort to understand their mechanisms and to accumulate fundamental data
for such applications. The study of spallation reactions thus remains of interest
from the viewpoint of fundamental physics, as well as that of applications. To
understand the mechanisms, the energy spectra of emitted particles and the iso-
topic distributions of the remnant after the reaction are key factors. In particular,
the isotope-production cross sections play a key role in the study of the optimum
reaction pathway for nuclear transmutation, because the half-life distribution of
the reaction products can be deduced from the isotopic distribution. More stable
isotopes and less long-lived residues are ideal for the transmutation process.

1.4.2 Measurement Technique: Activation and
Inverse-Kinematics Methods

The activation method is conventionally used for measurements of isotope-production
cross sections. After irradiation of a target material, one can estimate the produc-
tion yields of residual nuclei produced in reactions by measuring the unique γ rays
that they emit. However, the production yields of stable nuclei, which play an
important role in the design of nuclear-transmutation system, cannot be measured
in principle. In addition, in the case of LLFPs, it may be difficult to fabricate
and handle radioactive targets. Recently, the inverse-kinematics method has been
used as a new measurement technique for nuclear reactions [12, 13]. In the inverse-
kinematics method, the target nucleus and the incident particle are interchanged,
that is, a heavy ion irradiates a light isotope such as hydrogen or deuterium. The
nuclear reactions in both the inverse and direct kinematics can be assumed to be
the same. Using the inverse-kinematics method, one can measure the production
yields of residual nuclei over wide ranges of atomic and mass numbers, including
stable nuclei, because residual nuclei are emitted in a forward direction and their
yields can be measured directly using a magnetic spectrometer. An additional ad-
vantage of the inverse-kinematics method is that the manufacture of targets made
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Figure 1.3: Overhead view of the RIKEN Radioactive Isotope Beam Fac-
tory (RIBF), excerpted from Ref. [18].

of rare isotopes like LLFPs is not necessary.
To measure the LLFP nuclear data using the inverse-kinematics method, an

energetic beam of LLFPs is necessary instead of a radioactive target. Such an
LLFP beam is available in the RIKEN Radioactive Isotope Beam Factory (RIBF).
Since 2008, RIBF has provided beams of all elements up to uranium, including
radioactive isotopes thanks to the progress of accelerating technology. The RIKEN
RIBF consists of several accelerators (RILAC, AVF Cyclotron, RRC, fRC, IRC,
and SRC), a superconducting radioactive-isotope-beam separator (BigRIPS) [14],
and several spectrometers (ZeroDegree Spectrometer [14], SAMURAI Spectrome-
ter [15], and SHARAQ Spectrometer [16] and OEDO [17]), as shown in Fig. 1.3.
An accelerated primary beam such as 238U or 136Xe is used to bombard a primary
target to generate a secondary cocktail beam via in-flight fission and/or spalla-
tion reactions. The isotopes targeted by researchers are separated and identified
at BigRIPS for study of their properties. Using this beam production process, a
secondary beam of unstable isotopes like LLFPs is available at RIKEN RIBF.
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1.4.3 Previous Works

Numerous works on spallation reactions by measuring isotope-production cross sec-
tions have been conducted for 208Pb [19, 20] using the activation method and for
48Ca [12], 56Fe [21–23], 136Xe [24–27], 197Au [28–31], 208Pb [32–36], and 238U [37–42]
using the inverse-kinematics method. Recently, studies of spallation reactions on
FPs (90Sr + p, d at 185 MeV/nucleon [43] and 137Cs + p, d at 185 MeV/nucleon [43])
and LLFPs (93Zr + p, d at 105 [44] and 209 MeV/nucleon [45] and 107Pd + p, d
at 50 [46], 118, and 196 MeV/nucleon [47]) have been also conducted at RIKEN
RIBF using the inverse-kinematics method as a part of ImPACT Program. In
these works [43–45, 47], benchmark tests of the theoretical models implemented
in the Particle and Heavy Ion Transport code System (PHITS) [48, 49] have been
performed. The PHITS calculations show generally good agreement with the mea-
sured data for FPs and LLFPs; however, several discrepancies are pointed out. To
confirm these discrepancies and extract insight to improve the reaction models,
further systematic measurements of isotope-production cross sections over a wide
energy range for various target isotopes are strongly required. In addition to the
theoretical models, similar benchmark tests of evaluated nuclear data libraries such
as JENDL-4.0/HE [50], TENDL-2017 [51], and ENDF/B-VIII.0 [52] are necessary
for the design of various applications.

1.5 Objectives

Taking into consideration these circumstances, it is necessary to systematically ac-
cumulate more fundamental nuclear data for the design of nuclear-transmutation
system, for a deeper understanding of spallation-reaction mechanisms, and to im-
prove theoretical models and evaluated nuclear data libraries. The purposes of
this work are therefore as follows:

• To investigate the target nucleus dependence of isotope-production cross
sections by measuring isotope-production cross section for 93Nb in p-, d-,
and C-induced reactions at 113 MeV/nucleon.

• To investigate the energy dependence of isotope-production cross sections by
measuring new isotope-production cross section for the LLFP 93Zr in p- and
d-induced reactions at 50 MeV/nucleon.

• To benchmark the latest theoretical models and the evaluated nuclear data
libraries using the above-mentioned measured data.

Comparison of the isotope-production cross section between the newly measured
93Nb + p, d reaction at 113 MeV/nucleon and the previously measured 93Zr + p, d

7



reaction at 105 MeV/nucleon provides information concerning how differences in
initial proton and neutron numbers affect the isotopic distributions of production
cross sections. As for the second objective, intercomparison among the 93Zr + p, d
reactions at 50, 105, and 209 MeV/nucleon yields the energy dependence of the
isotopic distribution of the production cross sections. Also, the data for 93Zr can
be used to discuss the optimal incident energy in nuclear transmutation from a
fundamental-data point of view. In addition, these data are useful for benchmark
tests of the theoretical models and the evaluated nuclear data. In particular, 93Nb
data enable us to benchmark the evaluated nuclear data libraries because 93Nb is a
stable isotope and many libraries store its data. These benchmarks provide many
feed-backs and fundamental knowledge to the models and the libraries. This work
may contribute to a spallation study in a relatively low energy range compared to
the previous works [19–30, 32–42] as well as to a systematic transmutation study
of 93Zr.

This thesis is composed of four parts including this introduction. Chapter 2
is devoted to work on the 93Nb + p, d, and C reactions at 113 MeV/nucleon. In
Chapter 3, a study on 93Zr + p and d at 50 MeV/nucleon is described, including
a systematic analysis of 93Zr data for the incident energy. Finally, the summary
and conclusions are presented in Chapter 4.
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2 Isotope Production in Proton-,
Deuteron-, and Carbon-Induced
Reactions on 93Nb at 113 MeV/Nucleon

2.1 Introduction

As mentioned in Chapter 1, isotope-production cross sections in p- and d-induced
reactions on 93Zr at 105 MeV/nucleon [44] and 107Pd at 118 MeV/nucleon [47]
were measured using the inverse-kinematics method at the RIKEN RIBF in order
to accumulate the basic data necessary for nuclear-waste transmutation as part
of the ImPACT Program. Comparisons among the measured 93Zr and 107Pd data
show noticeable jumps in the 93Zr data for isotopic distributions of the measured
cross sections for the production of Zr and Y chains due to the shell effect at a
neutron magic number of N = 50. This experimental result suggests the impor-
tance of shell closure in the description of p- and d-induced spallation reactions on
target nuclei near this magic number. It is worth emphasizing that the production
cross sections for stable residual nuclei such as 90.91.92Zr in the isotopic chain of Zr
cannot be measured by a conventional activation method. The inverse-kinematics
method thus has great advantages for systematic measurements of the isotopic
distributions of the production cross sections. Similar experimental data for nuclei
adjacent to 93Zr are required to confirm the effects of neutron-shell closure at N
= 50 upon isotope production in p- and d-induced spallation reactions.

In the 93Zr experiment, 93Nb, one of the isobars with A = 93, was included in
the secondary beam produced by the in-flight fission of 238U at 345 MeV/nucleon
due to interaction with a beryllium target. The proton and neutron numbers
in 93Nb are Z = 41 and N = 52, respectively, whereas they are Z = 40 and
N = 53 in 93Zr. It is interesting to see how the difference of a single nucleon
in the initial proton and neutron numbers influences the isotopic distribution of
the measured production cross sections. In addition, there is much experimental
data related to isotope-production cross sections from the conventional activation
method, because 93Nb is a stable nucleus that comprises 100% of the natural nio-
bium abundance, and nuclear data libraries up to 200 MeV are also available.
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Thus, new data for 93Nb provide useful checks on the consistency between the
isotope-production data measured by the two difference methods. Moreover, the
93Nb data can contribute to validation of the nuclear data libraries and of the reac-
tion models used in the work on 93Zr, namely, the Liége Intranuclear Cascade model
version 4.6 (INCL4.6) [53] and the Generalized Evaporation Model (GEM) [54] em-
ployed in the Particle and Heavy Ion Transport code System (PHITS) [48, 49], as
well as the CCONE code [55]. Moreover, isotope-production cross sections can be
extracted for the 93Nb + C reaction because carbon was used as a reaction target
in the inverse-kinematics experiment. New data on the 93Nb + C reaction can be
used to benchmark the JAERI Quantum Molecular Dynamics code (JQMD) [56]
implemented in PHITS, which is employed to describe the fragmentation reactions
induced by heavy ions. These models and nuclear data libraries are introduced in
Appendix A.

2.2 Experiment

The experiment was carried out at the RIKEN Radioactive Isotope Beam Fac-
tory (RIBF) using a cocktail beam including 93Nb and 93Zr secondary beams with
kinetic energies of 113 and 105 MeV/nucleon, respectively. The BigRIPS RI beam
separator [14] and the ZeroDegree Spectrometer (ZDS) [14] were also used in this
experiment. A 238U primary beam was accelerated up to 345 MeV/nucleon and
used to impinge upon a 3-mm-thick 9Be primary target installed at the entrance
of BigRIPS. RILAC, RRC, fRC, IRC, and SRC were used to accelerate the 238U
primary beam. The secondary beam containing 93Nb and 93Zr ions was produced
through in-flight fission of the 238U primary beam, and then separated and iden-
tified using BigRIPS. Then, the secondary beam impinged onto the secondary
targets CH2, CD2, and C located at the entrance of the ZDS. The residual nuclei
produced by nuclear reactions with the secondary targets were also identified at
ZDS in order to derive the isotope-production cross section. In this section, the
basic setups of BigRIPS and ZDS, the beamline detectors, secondary targets, and
the DAQ system are introduced.

2.2.1 Basic Setup and Experimental Procedure

BigRIPS and the ZDS were respectively used to analyze the incident 93Nb beam
and the reaction products in the present experiment. A schematic view of the
beamline is presented in Fig. 2.1. BigRIPS and ZDS comprise superconducting
triplet-quadrupole (STQ) magnets and dipole (D) magnets indicated by yellow
and blue blocks in Fig. 2.1, respectively. Focal planes are indicated by the symbol
F in which slits, degraders, beamline detectors, and targets are placed. BigRIPS
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Figure 2.1: Schematic view of the BigRIPS and ZeroDegree Spectrometer used in
the present experiment.

Table 2.1: Magnetic fields at each section of BigRIPS for 93Zr.

Section Bρ [Tm]
F0 - F1 5.9500
F1 - F3 5.0102
F3 - F5 4.9767
F5 - F7 4.0256

has a two-stage structure: secondary beams are produced and separated in the
first stage and particle identification is performed in the second stage.

Separation of the secondary beam was performed using D magnets and slits
equipped at some focal planes. The secondary beams with a certain magnetic
rigidity Bρ were extracted by adjusting the slit aperture and the magnetic fields
of the D magnets according to the following equation:

Bρ ∝ A

Q
βγ, (2.1)

where A/Q is the mass-to-charge ratio of the beam nucleus, β is the relative
velocity of the beam, γ is the Lorenz factor, B is the magnetic field of the D
magnet, and ρ is the magnet’s radius of curvature. The magnetic fields of the D
magnets and the apertures of the slits were optimized for the production of 93Zr,
as listed in Tables. 2.1 and 2.2, respectively. In addition, the secondary beam was
purified using wedge-shaped alminum energy degraders, as listed in Table. 2.2.
The secondary beam lost its kinetic energy through penetration of the energy
degraders. This loss depends on the horizontal positions, the atomic number Z,
and β of the incident secondary beam. By being injected into another D magnet
again, the beam was bent and the position downstream of the magnet depends on
Z and β of the secondary beam. Thus, the secondary beam was separated by its

11



Table 2.2: Apertures of slits and geometries of degraders.

Focal plane Slit [mm] Degrader [mm, mrad]
F1 L: −1.00, R: 1.00 thickness: 5, angle: 5.986
F2 L: −10.00, R: 10.00 -
F5 L: −30.00, R: 30.00 thickness: 3.5, angle: 4.20
F7 L: −6.00, R: 6.00 -

Table 2.3: Magnetic fields at each section of ZeroDegree Spectrometer.

Reaction target Section Bρ [Tm]
+3% 0% −3% −6% −9%

CH2, CD2, C F8 - F9 3.3943 3.2638 3.1965 3.0977 2.9988
F9 - F11 3.3662 3.2348 3.1701 3.0721 2.9741

Empty F8 - F9 3.7925 3.6938 3.5967 3.4988 3.4009
F9 - F11 3.7588 3.6618 3.5647 3.4677 3.3707

Z and β using the slits.
Since F1 is the momentum-dispersive focus, at which the horizontal position of

the beam depends on its momentum, the momentum acceptance of BigRIPS was
determined by the aperture of the slit at F1. An aperture of ±1 mm corresponds
to momentum spread of ±0.1%.

After separation, particle identification was performed in the second stage
of BigRIPS using signals from beamline detectors. Then the secondary beam
impinged onto the secondary target at F8. The reaction products were analyzed
using ZDS via a method similar to that employed in the second stage of BigRIPS. In
this experiment, ZDS was operated with achromatic mode, where the intermediate
focal plane (F9) is the dispersive focus and final focal plane (F11) is achromatic.
In the achromatic mode, the momentum acceptance of ZDS is limited to less than
±3%. Five different magnetic-field settings ∆(Bρ)/Bρ = −9%,−6%,−3%, 0%,
and +3% were adopted to measure the wide range of mass numbers of reaction
products listed in Table. 2.3. The acceptances of the neighboring settings were
overlapped to avoid losing events at the edge of the acceptance as explained in
Sec. 2.3.3. Note that a Bρ setting of 0% corresponds to the magnetic rigidity of
the 93Zr beam. The typical current of the primary beam was approximately 4 enA.
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Table 2.4: Beamline detectors used for particle identification.

Focal plane Detector
F3 Plastic scintillator, double-PPAC×2
F5 double-PPAC×2
F7 Plastic scintillator, double-PPAC×2, MUSIC
F8 Plastic scintillator, double-PPAC×2
F9 double-PPAC×2
F11 Plastic scintillator, double-PPAC×2, MUSIC

Beam

PMT

PMT
PL

Figure 2.2: Schematic view of the plastic scintillator.

2.2.2 Beamline Detectors

In this experiment, plastic scintillators (PLs), double parallel-plate avalanche coun-
ters (double-PPACs) [57], and multisampling ionization chambers (MUSICs) [58]
were used to identify the secondary beam and reaction products via the TOF−Bρ−
∆E method [59]. The detectors and their locations are summarized in Table 2.4.
Here, the details of each detector and its configuration are introduced.

Plastic Scintillator

The plastic scintillators were installed at F3, F7, F8, and F11 to measure the
time of flight (TOF). The plastic scintillators at F3 (F3PL) and F7 (F7PL) were
combined to obtain the TOF for the secondary beam; on the other hand, F8PL
and F11PL were combined to measure the TOF for the reaction products. A
schematic view of the plate-shaped plastic scintillator used in the experiment is
shown in Fig. 2.2. Two photomultiplier tubes (PMTs) were connected to both sides
of the scintillators to determine the timing at which the beam passes through. The
dimensions of the plastic scintillators are shown in Table 2.5. The signal from PMT
was divided into two signals: one was fed into a charge ADC directly, the other
into a constant fraction discriminator and transported to a TDC module.
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Table 2.5: Dimensions of the plastic scintillators.

Focal plane Thickness [mm] Active area [mm2]
F3 0.2 120(W) × 100(H)
F7 0.2 120(W) × 100(H)
F8 0.1 120(W) × 100(H)
F11 0.2 120(W) × 100(H)

Figure 2.3: Schematic view of the PPAC, excerpted from Ref. [57].

Double-PPAC

The double-PPACs were installed at F3, F5, F7, F8, F9, and F11 for trajectory
reconstruction of beam. The Bρ value of the beam was deduced using the obtained
trajectories, the Bρ values of D magnets, and the transport matrix. A single-
PPAC consists of an anode plate and two cathode plates located on both sides of
the anode, as shown in Fig. 2.3 [57]. Each cathode plate has 2.40-mm-wide strips
with 0.15-mm inner-strip spacing, connected to one another via a delay line. Two
cathodes provide x and y positions, respectively, from the time differences of signals
at both ends of the delay-lines. In the experiment, double-PPACs, each containing
two single-PPACs in a box, were used to achieve high detection efficiency. In
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Figure 2.4: Schematic view of the MUSIC, excerpted from Ref. [58].

Table 2.6: Dimensions and geometries of the MUSICs.

Focal plane Thickness [mm] Aperture Size
F7 586 Circle 232 mmφ
F11 600 Rectangle 260(W) × 170(H) mm2

addition, the tracks of the beams were determined using two double-PPACs at
each focal plane. In the present experiment, PPACs were filled with C3F8 gas at a
pressure of 30 Torr, and their active areas were 240(W)×150(H) mm2. The signals
from the electrodes passed through a fast preamplifier. They were then amplified
by a fast timing amplifier and sent to a constant fraction discriminator. Finally,
the discriminated signals were transported to TDC.

Multisampling Ionization Chamber (MUSIC)

The MUSICs were installed at F7 and F11 to measure the energy loss ∆E. Each
MUSIC used in the present experiment consists of 12 anode planes and 13 cathode
planes with 20-mm inter-plane spacing, as shown in Fig. 2.4 [58]. They were filled
with P10 gas (Ar(90%) + CH4(10%)) at pressures of 650 Torr (F7) and 760 Torr
(F11). Their active areas and geometries are given by Table 2.6. The MUSIC
provided six signals that reflect the energy losses of particles in every two anodes.
After passing through the preamplifier, the signals were sent to a spectroscopy
amplifier, then to the charge ADC module.
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Figure 2.5: Logic circuits of triggers.

2.2.3 Secondary Targets

The secondary targets were placed at F8. In this experiment, CH2 (179.2 mg/cm2),
CD2 (217.8 mg/cm2), and C (226.0 mg/cm2) were used as secondary targets to
measure the p- and d-induced reactions. The solid targets were selected because
they are easy to handle. The contributions from carbon isotopes in CH2 and CD2

were subtracted by a carbon-target run. Their thicknesses were determined such
that the energy losses of the secondary beams in each secondary target would be
almost the same. An empty-frame run was also performed to subtract background
events from beamline materials.

2.2.4 Trigger

In this subsection, the triggers for data acquisition are explained. These triggers
were generated by a combination of signals from plastic scintillators. F7 trigger
generated by the coincidence of signals from both sides of F7PL was used in the
+3%, 0%, and −3% run cases. F11 trigger was also generated by the coincidence
of signals from both sides of F11PL. In the −6% and −9% run cases, trigger
was generated by taking the logical sum and product of the F7, F11, and 1/20-
downscaled F7 (DSF7) triggers, as shown in Table 2.7. Since the incident 93Nb
beam without changing A and Z at the beamline materials including the secondary
target does not reach to F11 in the −6% and −9% run cases, most of F7 triggered
events have no signals from the detectors at the ZDS. By using sum of F7 and F11
triggers, only the events with signals from detectors at the ZDS can be extracted.
In addition, DSF7 trigger was included in order to estimate the number of incident
93Nb beam. Figure 2.5 shows the logic circuits of the triggers.
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Table 2.7: List of triggers.

Trigger Bρ Setting
F7 +3%, 0%, −3%

DSF7 + (F7 × F11) −6%, −9%

2.3 Data Analysis

Particle identification of the secondary beam and reaction products was performed
based on the TOF−Bρ−∆E method [59] with the following equations:

TOF =
L

βc
, (2.2)

A

Q
=
Bρ

βγ

c

mu

, (2.3)

dE

dx
=

4πe4Z2

mev2
Nz

[
ln

2mev
2

I
− ln(1− β2)− β2

]
, (2.4)

where L is the flight-path length, mu the atomic mass unit, me the electron mass, e
the electron charge, and c the velocity of light. The variable v is the velocity of the
projectile in the secondary beam, and β and γ are the corresponding relativistic
velocity and Lorentz factor, respectively. N , z, and I indicate the atomic density,
atomic number, and mean excitation potential of the material, respectively. Addi-
tionally, some corrections to the yields of the reaction products were applied. This
section focuses on analysis of the signals from the beamline detectors, the analyt-
ical procedure for particle identification, corrections to the yields, calculation of
the production cross section, and uncertainty evaluation.

2.3.1 Data Analysis of Beamline Detectors

Plastic Scintillator

The plastic scintillators provided the charge output recorded by the ADC and
the timing output recorded by the TDC. The charge information was used for
validation of the plastic scintillator, while the timing information was used to
calculate the TOF. For each plastic scintillator, two raw timing signals from the
left (Tl,raw) and right (Tr,raw) PMTs were calibrated from the output channel to
the actual timing information Tl,calib and Tr,calib using calibration parameters cl,pla
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(a) (b)

Figure 2.6: Distribution of the time-of-flight (TOF). Panels (a) and (b) respectively
display the TOFs between F3 and F7 and between F8 and F11 in the CH2 reaction
target and the 0% ZDS Bρ setting.

and cr,pla, respectively, and averaged as the timing at each plastic scintillator Tpla

to cancel out the position dependence as follows:

Tl,calib = cl,pla × Tl,raw, (2.5)

Tr,calib = cr,pla × Tr,raw, (2.6)

Tpla =
Tr,calib + Tl,calib

2
. (2.7)

The calibration parameters were derived by a run with the TDC calibrator. The
TOFs between F3 and F7 for the secondary beam (TOFF3−F7), and between F8
and F11 for the reaction products (TOFF8−F11), were calculated using the timing
information for each focal plane TF,pla as:

TOFF3−F7 = TF7,pla − TF3,pla + offsetF3−F7, (2.8)

TOFF8−F11 = TF11,pla − TF8,pla + offsetF8−F11. (2.9)

The parameters offsetF3−F7 and offsetF8−F11 were adjusted to make the TOFs equal
to that calculated from the Bρ value of the 93Nb beam. Figure 2.6 shows TOFF3−F7

in panel (a) and TOFF8−F11 in panel (b). Some sharp peaks are seen in Fig. 2.6 (a),
because the momenta of the secondary beams were limited by the aperture of the
slit at F1, which is equivalent to ±0.1% of the momentum spread. Assuming that
Bρ is constant in Eq. (2.3), β and TOF depend on only A/Q. Thus, it is apparent
that the peaks correspond to A/Q distribution. These peaks are smeared out due
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to energy straggling and nuclear reaction in the beamline materials, as shown in
Fig. 2.6 (b).

Double-PPAC

The PPACs provided the five timing signals from an anode and cathodes. The
horizontal and vertical positions xPPAC and yPPAC at which the beam passed the
PPAC were calculated by the time differences between the timing signals from the
both sides of each cathode, as per the following equations:

xPPAC = cx,PPAC × (Tx1 − Tx2 + offsetx1)− offsetx2, (2.10)

yPPAC = cy,PPAC × (Ty1 − Ty2 + offsety1)− offsety2, (2.11)

where cx,PPAC and cy,PPAC are calibration parameters to convert the time difference
into length. The offsetx1 and offsety1 values were determined by the cable delays
in the circuits. On the other hand, the offsetx2 and offsety2 values correspond
to geometrical offsets. Timing information converted from the output channel
generated by the cathodes were defined as Tx1, Tx2, Ty1, and Ty2. Four pairs of
vertical and horizontal positions were obtained from two double-PPACs for each
focal plane. The horizontal and vertical positions x and y and the angles a, b
at the focal plane were determined by tracking the particle applying the least-
squares method to four pairs of xPPAC and yPPAC values. Here, a and b correspond
to the horizontal and vertical angles with respect to the z axis, respectively. The
schematic illustration of this trajectory reconstruction is shown in Fig. 2.7. In
the tracking process, pairs of positions with invalid TSum values were rejected.
Here TSum for x and y are defined as:

TSumX = (Tx1 − TA) + (Tx1 − TA) , (2.12)

TSumY = (Ty1 − TA) + (Ty1 − TA) , (2.13)

where TA indicates the timing signal from the anode plane. Since the length of the
delay line was constant, the sum of the times at which signals propagate along the
delay line should be constant. Figure 2.8 shows the distribution of TSumX and
TSumY. The events located at TSumX ' 97 and TSumY ' 95 are considered to
be valid. On the other hand, events other than this point are invalid events such
as multiple hits or δ-ray generation. Only valid TSumX/Y events were used for
the above-mentioned trajectory reconstruction.

Next, we explain the procedure for determination of the Bρ value using the
transport matrix. The relationships of the positions and angles of the particle be-
tween the two focal planes are described using the transport matrix. For example,
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Figure 2.7: Schematic illustration of trajectory reconstruction.
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Figure 2.8: Correlation plot of TSumX and TSumY for the first PPAC at F3.
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(a) (b)

Figure 2.9: (a) Correlation between xF8 and xF9 in the case of aF8 ' 0 and
δF8−F9 ' 0 for the determination of the matrix element (x|x)89. (b) Correlation
between aF8 and xF9 in the case of xF8 ' 0 and δF8−F9 ' 0 for the determination of
the matrix element (x|a)89. The red lines show the results of fitting with a linear
function.

that between F3 and F5 can be expressed with matrix elements as: xF5

aF5

δF5

 =

 (x|x)35 (x|a)35 (x|δ)35

(a|x)35 (a|a)35 (a|δ)35

0 0 1

 xF3

aF3

δF3

 , (2.14)

where δ indicates the deviation of magnetic rigidity from the magnetic field at the
center of D magnet Bρ0 as

δ = 100× (Bρ−Bρ0) /Bρ0. (2.15)

The matrix elements for BigRIPS were derived using the COSY INFINITY code [60,
61]; those for ZDS were derived from the 93Zr beam contained in the secondary
beam. The correlations of positions and angles were used to derive the matrix
elements for ZDS. When aF8 ' 0 and δF8−F9 ' 0, Eq. (2.14) for transport between
F8 and F9 is rewritten as follows:

xF9 = (x|x)89xF8. (2.16)

In this situation, the correlation of xF8 and xF9 yields the matrix element (x|x)89,
as shown in Fig. 2.9 (a). Similarly, the element (x|a)89 can be deduced from the
correlation between aF8 and xF9, as shown in Fig. 2.9 (b). Then, δ was derived
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Table 2.8: Matrix elements used in the Bρ derivation.

Section (x|x) (x|a) [mm/mrad] (x|δ) [%/mm]
F3−F5 0.927 0.00471 31.7
F5−F7 1.08 0.0226 -34.2
F8−F9 -1.95 -0.472 -24.8
F9−F11 0.926 -1.19 12.3
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Figure 2.10: Determination of the calibration function by linear fitting of the
correlation plot between the output channel and the energy loss at the first layer
of MUSIC at F7. The black line shows the fitting function.

from the trajectory and the matrix elements as Eq. (2.17), and δ was converted
into Bρ using Bρ0:

δF8−F9 =
xF9 − (x|x)89xF8 − (x|a)89aF8

(x|δ)89

. (2.17)

In this analysis, only the 1st-order matrices were used for the δ determination.
Table. 2.8 shows the matrix elements used in the derivation of Bρ in this analysis.

MUSIC

The MUSICs provided six charge signals corresponding to the energy loss in each
section of MUSIC. The signals were calibrated from the output channel Araw to the
energy loss ∆E using a linear function with two parameters for each layer. The
calibration parameters were determined by fitting the correlation plot between the
output channel and the energy loss calculated by LISE++ [62] in several secondary
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beam nuclei as shown in Fig. 2.10. The averaged energy loss for the six layers was
used for the TOF−Bρ−∆E method.

2.3.2 Particle Identification

So far, we have explained the analyses of TOF, Bρ, and ∆E data. Next, the
particle-identification procedure via the TOF−Bρ−∆E method is introduced for
the case of secondary-beam identification. Then, the results of particle identifica-
tion of the secondary beam and reaction products are described.

Particle-Identification Procedure

In particle identification, the atomic number Z and the mass-to-charge ratio A/Q
were deduced via the TOF−Bρ−∆E method. The yields of the secondary beam
and the reaction products can be counted directly from the correlation plot between
Z and A/Q.

We obtained TOFF3−F7, BρF3−F5, and BρF5−F7 from the above analyses. Since
a degrader was placed at F5, Eqs. (2.2), (2.3), and (2.4) are transformed into the
following equations:

TOFF3−F7 =
LF3−F5

βF3−F5c
+
LF5−F7

βF5−F7c
, (2.18)

(A/Q)F3−F5 =
(Bρ)F3−F5

βF3−F5γF3−F5

c

mu

, (2.19)

(A/Q)F5−F7 =
(Bρ)F5−F7

βF5−F7γF5−F7

c

mu

, (2.20)

where LF3−F5 and LF5−F7 denote the flight-path lengths of individual sections and
are 23.318 and 23.758 meters, respectively. Assuming that the mass-to-charge ratio
A/Q does not change at F5, Eq. (2.21) is derived from Eqs. (2.19) and (2.20):

βF3−F5γF3−F5

βF5−F7γF5−F7

=
(Bρ)F3−F5

(Bρ)F5−F7

. (2.21)

Then, βF3−F5 and βF5−F7 were calculated from Eqs. (2.18) and (2.21). Finally,
A/Q for the secondary beam was derived using Eq. (2.20).

The atomic number Z was derived from ∆E and βF5−F7 using the following
equation transformed from Eq. (2.2):

Z = c1,ZβF5−F7

√
∆EF7

ln
2mec2β2

F5−F7

I
− ln (1− β2

F5−F7)− β2
F5−F7

+ c2,Z , (2.22)

where c1,Z and c2,Z were the scaling parameters.
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93Nb

Figure 2.11: Particle identification plot for the secondary beam. The red box
outlines the selected 93Nb events.

Particle Identification of the Secondary Beam

Figure 2.11 shows the particle identification plot of the secondary beam based on
the correlation between Z and A/Q. Each locus corresponds to a specific isotope.
In this experiment, two chains of isotone were contained within the secondary
beam. Two characteristic γ rays with the energies of 315 and 492 keV from
92mY [63] were used for isomer tagging [64, 65] to validate the absolute Z and A/Q.
The resolution of 0.40 (FWHM) in Z and 0.23 (FWHM) in A is clearly sufficient to
identify the 93Nb beam. Although the beam tails along the y-axis that result from
signal pile-up in MUSIC are observed, there is no contamination in the 93Nb beam.
Moreover, the contribution of the isomer state 93mNb (Ex =0.0308 MeV, T1/2 =
16.12 years), which is included in the identified 93Nb beam, is estimated to be
negligible based on an optical model calculation with the CCONE code [55]. The
almost all 93Nb beam were fully-stripped state, that is, all electrons were separated
from the 93Nb atom. The events in the ranges 40.6 ≤ Z ≤ 41.4 and 2.266 ≤ A/Q
≤ 2.276 were selected as 93Nb, as shown by the red box in Fig. 2.11. The energy of
the 93Nb beam was determined from BρF5−F7. The average BρF5−F7 value of the
93Nb beam is 4.04225 Tm, which is equivalent to 142.5 MeV/nucleon. The energy
of the 93Nb beam in the secondary target was determined to be 113 MeV/nucleon
with an energy spread of ±11 MeV/nucleon, based on beam simulations using
the LISE++ code [62] considering the energy loss in the beamline materials from
F7 to the secondary target, as listed in Table. 2.9. The specific energy spread of
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Table 2.9: Beamline materials from F7 to the secondary target.

Material Composition Thickness [mg/cm2]
F7PPAC1 Mylar foil (H8C10O4) 6.23

F7MUSIC window Kapton foil (C22H10N2O4 35.50
F7MUSIC gas P10 (H4CAr9) 98.27

F7MUSIC electrodes Mylar foil (H8C10O4) 13.97
F7PPAC2 Mylar foil (H8C10O4) 6.23

F7PL Polyethylene (H10C9) 20.64
F8PPAC1 Mylar foil (H8C10O4) 6.23

F8PL Polyethylene (H10C9) 10.32
F8PPAC2 Mylar foil (H8C10O4) 6.23
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Figure 2.12: Correlation plots between the angle at F8 and the mass-to-charge ratio
A/Q. There is linear correlation between A/Q and aF8 (Left). The correlation is
canceled out (Right). The red lines indicate the fitting function.

the secondary beam was ±0.36%, which is negligible compared with that in the
secondary targets. The average intensity of the 93Nb beam was approximately
70 counts per second (cps), with 4.4% purity in front of the secondary target,
which was calculated as the ratio of the number of 93Nb beam in the red box and
the number of total events.
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Particle Identification of the Reaction Products

Particle identification of the reaction products was performed in almost the same
way as that used for the secondary beam. To achieve a higher resolution in A,
A/Q was corrected by the positions and angles at F8, F9, and F11. In principle,
A/Q does not correlate with the positions and with the angles at the focal planes.
The correlations between A/Q and the position, and between A/Q and the angles,
were canceled out using a parameter cA/Q derived by the slope fitting shown in
Fig. 2.12. For example, A/Q was corrected by the angle at F8 (aF8) as:

A/Qnew = A/Q− cA/Q × aF8. (2.23)

After canceling, A/Qnew showed no correlation with the positions or angles shown
in Fig. 2.12.

Figure 2.13 shows the particle-identification plot for the reaction products from
the CH2 target with the 0% Bρ setting after selecting the 93Nb beam. The reso-
lution for 90Nb was 0.53 (FWHM) in Z and 0.26 (FWHM) in A, and individual
reaction products were identified unambiguously. Many events located at Z ' 41
and A/Q ' 2.283 correspond to the incident 93Nb beam passing through the sec-
ondary target without changing A or Z. Also, loci at Z ' 41 and A/Q ' 2.34
in the panels (a) and (b) are hydrogen-like 93Nb beam. The correction for such a
charge-changing event is described in Sec. 2.3.3.

The yields of each isotope were counted directly from Fig. 2.13. However,
there were contaminations of the 93Nb-beam tail along the y axis at the 91Zr and
88Y loci. The contributions of the contaminations were removed by the fitting with
two Gaussian functions, as given by f (A/Q) with two free parameters Abeam and
Aprod, in order to obtain the yields of 91Zr and 88Y:

f (A/Q) = Abeamexp

{
−(A/Q− µbeam)2

σ2
beam

}

+Aprodexp

{
−(A/Q− µprod)2

σ2
prod

}
. (2.24)

The first term on the right-hand side of Eq. (2.24) is the component of the 93Nb-
beam tail, and the second one is that of the reaction product 91Zr or 88Y. The
parameters µbeam and σbeam were fixed to be the same as those of the 93Nb locus in
the particle-identification plot of the reaction products. The corresponding A/Q
values of 91Zr and 88Y were used for µprod. In addition, the typical dispersion
of the reaction products was used for σprod. Figure 2.14 shows the two-Gaussian
fitting using the likelihood method owing to few statistics for 88Y after selecting
Y isotopes (38.6 ≤ Z ≤ 39.4) and for 91Zr after selecting Zr isotopes (39.6 ≤ Z ≤
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Figure 2.13: Particle identification plot for the reaction products from the CH2

target with the (a) +3%, (b) 0%, (c) −3%, (d) −6%, and (e) −9% Bρ settings
after selecting the 93Nb beam.
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(e) −9%

Figure 2.13: Continued.

Total

93Nb beam tail

88Y
93Nb beam tail

91Zr

Total

Figure 2.14: Two-Gaussian fittings for 88Y (Left) and 91Zr (Right). The green,
blue, and red lines indicate the components of the reaction products, the 93Nb-
beam tail, and the total, respectively.

40.4). The yields of 88Y and 91Zr were calculated using Eq. (2.25) with the obtained
parameters Abeam and Aprod from the fitting, as well as the number of all events
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Figure 2.15: Charge-state distribution in the ZDS given by the horizontal positions
at F9 and F11 for the CH2 target and the +3% Bρ setting after selecting the 93Nb
beam.

in the fitting range Nall in order to conserve this quantity:

(Yield) = Nall ×
Aprodσprod

Abeamσbeam + Aprodσprod

. (2.25)

2.3.3 Corrections

Correction for Charge-state Changes

The secondary beam and the reaction products were mostly in fully stripped (F.S.)
states, for which the charge is proportional to eZ. However, the charge-states can
change by picking up or losing electrons while passing through beamline materials.
Since the charge state of the particles is assumed not to change at intermediate
focal planes F5 and F9, as mentioned in Sec. 2.3.2, such events should be removed
from the analysis. Charge-state-changing events that produce hydrogen-like (H-
like) or helium-like (He-like) particles before the final focal plane of BigRIPS were
removed automatically by selecting the 93Nb beam in Fig. 2.11. On the other
hand, such charge-state-changing events also need to be eliminated in the ZDS.
Figure 2.15 shows the charge-state distribution in the ZDS after selecting the 93Nb
beam. The vertical and horizontal axes correspond to the horizontal positions at
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Table 2.10: Charge-state distributions of the 93Nb beam. LISE++ calculations
were performed at energies of 113 MeV/nucleon (CH2-, CD2-, and C-targets case)
and 80 MeV/nucleon (empty-target case).

Secondary Target F.S.→F.S. F.S.→H-like H-like→F.S. H-like→H-like
CH2 exp 77.78 10.45 8.95 2.18

calc 77.55 10.61 10.05 1.79
CD2 exp 76.65 11.26 8.71 2.30

calc 76.01 10.47 11.48 2.04
C exp 77.65 10.70 8.68 2.29

calc 78.56 10.80 9.03 1.61
Empty exp 80.89 6.81 8.78 2.96

calc 80.36 13.43 6.21 0.00

F9 and F11, respectively. Each locus corresponds to the charge state in the first
and second halves of the ZDS. The vertical axis represents the charge state in
the first half, whereas the horizontal axis corresponds to the difference between
the charge states of the first and second halves. The locus in the upper center
corresponds to fully stripped events in both sections (F.S.→ F.S.), and the loci at
opposite sides of the horizontal axis represent charge-state-changing events at F9,
i.e., fully stripped to hydrogen-like (F.S. → H-like) events at the right-hand side
and hydrogen-like to fully-stripped (H-like → F.S.) events at the left-hand side.
The locus located at the lower center is equivalent to hydrogen-like events over the
whole ZDS (H-like → H-like). These charge-state-changing events were removed
prior to particle identification. The measured distribution of the charge state for
the 93Nb case is listed in Table. 2.10 together with the calculated distribution by the
LISE++ code. This calculation was performed with an energy of 113 MeV/nucleon
for the CH2-, CD2-, and C-target cases and with an energy of 80 MeV/nucleon for
empty-target case in order to reproduce the measured charge-state distribution.
The differences between the calculated and experimental F.S. → F.S. ratios are
less than 1%. Therefore, the yields of the removed charge-state-changing events
for each isotope were compensated using the ratio of the F.S. events over the whole
ZDS to the total events calculated by the LISE++ code.

Correction for Acceptance

In the achromatic mode, the acceptance of ZDS is limited by the horizontal position
at F9. It is possible that reaction products passing through near the edge of the
focal plane may be lost for some Bρ settings. Thus, it is necessary to compensate
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Figure 2.16: Survival-rate distribution as a function of xF9, denoted by the black
points and Eq. (2.16), derived by fitting with the Woods-Saxon function indicated
by the red line.

for these lost events as a function of the horizontal position at F9. From the yields
of several major reaction products 92Nb, 89Nb, 90Zr, 89Zr, and 88Zr, we derived the
survival rate S as a function of the horizontal position at F9 (xF9) as the ratio of
the reaction rates for runs at two different Bρ settings. For example, the following
equation shows the survival rate when all produced isotopes were detected at the
−3% setting, and some of the particles were lost in 0% setting:

S (xF9) =
Y0%/B0%

Y−3%/B−3%

, (2.26)

where Y and B correspond to the numbers of detected reaction products and
incident-beam particles of 93Nb, respectively. As mentioned above, the Bρ setting
in the denominator was suitably selected so as to accept all produced isotopes.
We fitted the deduced survival rate S (xF9) for each isotope with the following
Woods-Saxon function, with parameters a, b, and V :

f (xF9) =

{
1 + exp

(
|xF9 − b| − V

a

)}−1

. (2.27)

Figure 2.16 shows the result of the fitting. The parameters obtained are a = 11.61
± 1.19, b = 4.15 ± 1.22, and V = 109.72 ± 1.25. We made the final acceptance
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correction for the ZDS using Eq. (2.27) to obtain the total yields of all produced
isotopes.

2.3.4 Isotope-Production Cross Sections

Isotope-production cross sections for p- and d-induced reactions were derived by
subtracting the background contributions of the beamline materials and the carbon
target from the yields measured in the CH2 and CD2 target runs, respectively. The
contribution to the yields of reaction products from carbon nucleus in CH2 and CD2

was almost the same as those from hydrogen and deuterium. For the individual
ZDS Bρ settings, the p-induced cross section σp is given by

σp =
1

2

{
1

tCH2

(
YCH2

cCH2BCH2

− Yemp

cempBemp

)
− 1

tC

(
YC

cCBC

− Yemp

cempBemp

)}
, (2.28)

where B is the number of incident 93Nb ions, Y is the number of detected reaction
products, and t is the areal density of the reaction targets. The parameter c
corresponds to the correction factor for charge-state changes. The subscripts CH2,
C, and emp denote individual runs with the CH2, C, and empty-frame targets,
respectively. The statistical uncertainty δp is calculated by

δp =
1

2

√
Y 2

CH2

t2CH2
c2

CH2
B2

CH2

(
1

YCH2

+
1

BCH2

)
+

Y 2
C

t2Cc
2
CB

2
C

(
1

YC

+
1

BC

)

+
Y 2

emp

c2
empB

2
emp

(
1

tCH2

− 1

tC

)2(
1

Yemp

+
1

Bemp

)
. (2.29)

For the d-induced case, the subscript CH2 is replaced by CD2. The isotope-
production cross section for C-induced reactions was derived by subtracting the
contribution of the beamline materials from the C-target run using the following
equation:

σC =
1

tC

(
YC

cCBC

− Yemp

cempBemp

)
. (2.30)

The statistical uncertainty δC is determined by

δC =
1

tC

√
Y 2

C

B2
C

(
1

YC

+
1

BC

)
+
Y 2

emp

B2
emp

(
1

Yemp

+
1

Bemp

)
. (2.31)

Final isotope-production cross sections were determined as weighted means of the
cross sections measured for different ZDS Bρ settings, with the weights given by
statistical uncertainties.
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2.3.5 Systematic Uncertainty Evaluation

The systematic uncertainties in the measured production cross sections are com-
posed of two major components: the uncertainty in the areal density of the reaction
targets and the correction factor c in Eq. (2.28) for charge-state changes. The for-
mer were estimated to be less than 2% in Ref. [43], and the latter was estimated
to be less than 1% based on comparisons between the experimental and calculated
correction factors for charge-state changes, as shown in Table. 2.10.

2.4 Results and Discussion

First, the isotope-production cross sections measured for the p-, d-, and C-induced
reactions on 93Nb are presented and comparison is made among them. Then, the
present data for the p-induced reactions are compared with past data measured by
the activation method [66] to check the consistency between the inverse-kinematics
and activation methods. In addition, benchmark tests of theoretical-model cal-
culations and nuclear data libraries are performed using our measured isotope-
production cross sections. Finally, comparisons between the 93Nb data and the
previously measured 93Zr data [44] are discussed, with a focus on the effects of
shell closure on isotope production in p- and d-induced spallation reactions.

2.4.1 Experimental Data

Figure 2.17 shows the isotope-production cross sections for p-, d-, and C-induced
reactions on 93Nb at an energy of 113 MeV/nucleon using the inverse-kinematics
method. The error bars include only the statistical uncertainties. The experi-
mental results demonstrate the advantages of the inverse-kinematics method, with
which one can measure isotope-production cross sections over a wide range of iso-
topic chains, including stable isotopes.

As shown in panel (a) in Fig. 2.17, the value of σp for Mo isotopes for which
the atomic number is increased by one (∆Z = +1) from the projectile 93Nb is
approximately twice as large as σd. A similar tendency is observed in the produc-
tion of isotopes with ∆Z = +1 in other studies [26, 43, 44, 47]. From Nb isotopes
(b) to Rb isotopes (f), σp decreases more rapidly with decreasing atomic number
than σd and σC , resulting in σp being smaller than σd and σC for the Y, Sr, and
Rb isotopes. This can be explained by differences in the excitation energies of the
pre-fragments formed by the intranuclear cascade process. The incident energy
per nucleon is the same for three targets, but the total incident energies of the d-
and C-induced reactions are higher than for the p-induced reactions. Thus, it is
expected that pre-fragments with higher excitation energies are formed in the d-
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Figure 2.17: Measured isotope-production cross sections for 93Nb + p, d, and C
reactions at 113 MeV/nucleon: (a) Mo, (b) Nb, (c) Zr, (d) Y, (e) Sr, and (f) Rb.
The black circles, red triangles, and blue squares represent the production cross
sections for the p-induced reactions (σp), d-induced reactions (σd), and C-induced
reaction (σC), respectively.

and C-induced reactions than in the p-induced reactions, and the production yields
of isotopes with lower Z are enhanced by the sequential decays of more nucleons
than in p-induced reactions.

In Fig. 2.17, discontinuity is observed in the production cross sections for p-, d-,
and C-induced reactions between 90Zr and 91Zr because of the closed-shell structure
at the neutron magic number N = 50. The neutron-separation energies Sn are
8,634.78 keV for 92Zr, 7,194.35 keV for 91Zr, 11,968 keV for 90Zr, and 9,318 keV for
89Zr [67]. Thus, 91Zr emits a neutron more easily than the other Zr isotopes. The
production of 90Zr therefore increases relative to that of 91Zr. These discontinuous
jumps are weakened for the heavier incident particles, because the larger excitation
energies of the pre-fragments probably allow them to compensate for the effects
of shell structure. Although a jump was observed in the Zr isotopes (∆Z = 0)
in the 93Zr data [44], no jump appeared for the Nb isotopes (∆Z = 0) in the
93Nb data, despite the large gap in Sn between 92Nb (Sn = 7, 887 keV) and 91Nb
(Sn = 12, 048 keV). We discuss this difference in the context of a theoretical-model
calculation in Sec. 2.4.4.
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Figure 2.18: Comparison between data measured by the inverse-kinematics method
and by the activation method [66] for the production cross sections of (a) 90Mo,
(b) 90Nb, (c) 88Y, and (d) 86Y. The red circles represent the data measured via the
inverse-kinematics method along with their statistical uncertainties, and the red
arrows in the x-direction correspond to the energy spread at the reaction targets.
The black lines are the calculations by PHITS, which are normalized by the present
data. The activation data are denoted by black squares.

2.4.2 Comparison with the Activation Data

Several isotope-production datasets measured by the conventional activation method
have been reported to date for p-induced reactions on 93Nb [66]. The present data
measured by the inverse-kinematics method can be compared with the measured
data provided as independent yields from these activation data. Here, we choose
four radioactive isotopes, 90Mo, 90Nb, 88Y, and 86Y, for comparison. The results
are shown in Fig. 2.18. Note that the red horizontal arrows indicate the energy
spread in the reaction target. The black squares denote the activation data [66].
The calculated production cross sections by PHITS are displayed by the black lines
as an eye guide. The PHITS calculation is normalized by the present data in each
panel. These figures show that, within the experimental uncertainties, the data
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measured by the inverse-kinematics method are consistent with those measured
by the activation method.

2.4.3 Comparison with Model Calculations and Nuclear Data
Libraries

In this subsection, we perform benchmark tests for the reaction models imple-
mented in PHITS version 3.10 [48, 49], for CCONE code [55], and for the nuclear
data libraries [50–52] by comparisons with the isotope-production cross section
data obtained in the present work. In the PHITS calculations, a spallation reaction
is described as a two-step process; that is, pre-fragments are formed via the intranu-
clear cascade (INC) process, and the excited pre-fragments subsequently decay by
the evaporation of light particles and γ rays. The present σp and σd data are used
to benchmark the Liège Intranuclear Cascade model (INCL4.6) [53] for the INC
process and the Generalized Evaporation Model (GEM) [54] for the evaporation
process. The CCONE code includes the optical model, the pre-equilibrium exciton
model, and the Hauser-Feshbach statistical model with width-fluctuation correc-
tion as the nuclear-reaction model. In addition, the experimental σp data are com-
pared with data stored in the latest nuclear data libraries, i.e., JENDL-4.0/HE [50],
JENDL/ImPACT-2018 [68], TENDL-2017 [51], and ENDF/B-VIII.0 [52]. Among
these libraries, TENDL-2017 contains the σd data, but the maximum incident en-
ergy of 200 MeV is less than the total incident energy of 226 MeV in the present
measurements. Therefore, the experimental σd data are not compared with the
TENDL-2017 data. The σC data are compared with model calculations using
JQMD [56] and JQMD-2.0 [69], where JQMD-2.0 is a modified version of JQMD
that was implemented in PHITS to improve the treatment of peripheral collisions
by considering the relativistic covariance of the Hamiltonian and modifying the
treatment of neutron-proton scattering near the nuclear surface. PHITS has sev-
eral options for the total reaction cross sections: we employ the Pearlstein-Niita
formula [70] for p-induced reactions and the KUROTAMA model [71, 72] for the
d- and C-induced reactions in the present work. The details of the models and the
libraries are introduced in Appendix A.

Proton- and Deuteron-induced Reactions

Figure 2.19 compares our experimental σp and σd data with calculations that use
INCL4.6 plus GEM implemented in the PHITS and CCONE code. The black
circles and red triangles denote the experimental σp and σd data, respectively, and
the black solid and red dotted lines represent the corresponding theoretical calcu-
lations by INCL4.6/GEM. Moreover, the black dash-dotted line corresponds to the
CCONE calculation with the optical potentials (OPs) of Koning and Delaroche
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Figure 2.19: Comparison between the experimental isotope-production cross sec-
tions for p- and d-induced reactions on 93Nb at 113 MeV/nucleon, the PHITS
calculations with INCL4.6/GEM, and the CCONE calculation.

for the proton and neutron [73], and of An and Cai for the deuteron [74].
The χ2 value is calculated with the formula:

χ2 =
1

n

n∑
i

(
expi − calci

erri

)2

, (2.32)

where n, expi, erri, and calci represent the number of measured datapoints, the
measured cross section, the statistical error of this cross section, and the calcu-
lated cross section, respectively. The χ2 values are 13.1 for p-induced reactions in
PHITS, 51.5 for d-induced reactions in PHITS, and 6.84 for p-induced reactions
in the CCONE calculation. The χ2 value for the d-induced reaction in PHITS
is approximately four times worse than that for the p-induced reaction in PHITS
because the production cross sections for isotopes near the target nucleus 93Nb are
significantly overestimated in d-induced reactions. The CCONE shows a smaller
χ2 value than the PHITS calculation, because it fairly well predicts production
cross sections such as 92Mo and 89Nb.

The PHITS calculation shows overall agreement with the measured isotope-
production cross sections for both p- and d-induced reactions. The jumps in the
production cross sections at a neutron magic number of 50 for the Zr isotopes are
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reproduced reasonably well in panel (c), whereas neither the calculation nor the
measured cross section show a jump at the neutron magic number for Nb isotopes
in panel (b). The effects of shell closure on isotope production will be discussed
together with the data on the 93Zr + p and d reactions [44] in Sec. 2.4.4. There
are three major discrepancies between the experimental data and the PHITS cal-
culations in Fig. 2.19. First, the calculations overestimate the production cross
sections of isotopes near the target nucleus, such as 92Mo and 92Zr. A similar over-
estimation was observed in our previous data on the 93Zr + p and d reactions [44].
The INC process described by the INCL4.6 model dominates the formation of
these isotopes, as shown below in Sec. 2.4.4. As discussed in Refs. [44, 75, 76],
one reason for such overestimation is that the INCL4.6 model fails to reproduce
the excitation-energy distributions in the pre-fragments formed after the INC pro-
cess. If the transition to highly excited states in the pre-fragments is enhanced,
the production of 92Mo and 92Zr is expected to be reduced, because more nucleons
can be emitted from the pre-fragments via the evaporation process. Second, the
even-odd staggering (EOS) in the calculational results, which is shown clearly in
Fig. 2.19 (e), is not appreciable in the experimental data. A similar situation was
also pointed out in Ref [43, 44]. The exaggerated even-odd staggering may be
caused by the absence of competition between particle and γ-ray emissions in the
evaporation process or by inappropriate pairing corrections in the level densities
employed in the GEM in the PHITS calculations [43]. Third, the PHITS calcula-
tions underpredict the neutron-deficient region in odd-Z isotopes such as the Nb
and Y isotopes. This underestimation may be originated from the mis-prediction
of the proton-neutron branching ratio of pre-fragment due to the above-mentioned
inappropriate pairing corrections in the level densities. A detailed discussion of
this underestimation is presented in Sec. 3.4.4. The C/E values of the PHITS cal-
culations are drawn in the chart of the nuclides for the p- and d-induced reactions
in Figs. 2.20 and 2.21, respectively. The black squares show the stable isotopes
and the black circle shows the target nucleus, 93Nb. The grey line surrounds the
datapoints. Figures 2.20 and 2.21 clearly show the EOS along both the proton
and neutron numbers. This fact strongly implies the existence of an inappropriate
pairing correction in the level densities.

The CCONE calculation predicts the isotope-production cross sections for the
p-induced reaction fairly well, especially 92Mo and 92Zr compared with the PHITS
calculation. The CCONE calculation also shows the jump both in the Nb and Zr
isotopic chains. However, the CCONE calculation shows the effect of a closed shell
N = 50 in the Nb isotope despite of the absence of a jump in the measured data,
resulting in overestimation in 91Nb.

In Fig. 2.22, the isotope-production cross sections taken from JENDL-4.0/HE,
JENDL/ImPACT-2018, TENDL-2017, and ENDF/B-VIII.0 are plotted together
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Figure 2.20: C/E values of the PHITS calculation drawn in the chart of the nuclides
for the p-induced reaction on 93Nb. The grey line surrounds the datapoints.

Figure 2.21: Same as Fig. 2.21, but for the d-induced reaction on 93Nb.
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Figure 2.22: Comparison of the experimental isotope-production cross sections
for p-induced reactions on 93Nb at 113 MeV with four nuclear data libraries:
JENDL-4.0/HE (red solid), JENDL/ImPACT-2018 (green solid), TENDL-2017
(blue dashed), and ENDF/B-VIII.0 (black dash-dotted).

with the measured data. The χ2 values are 6.92 for JENDL-4.0/HE, 9.51 for
JENDL/ImPACT-2018, 12.11 for TENDL-2017, and 13.29 for ENDF/B-VIII.0.
The JENDL-4.0/HE cross sections show fairly good agreement with the measured
data, resulting in the smallest χ2 value among all the nuclear data libraries, even
smaller than for the PHITS calculations, although there are no data in the low-
mass-number regions for the Sr and Rb isotopes. Moreover, JENDL-4.0/HE gener-
ally overestimates the production cross sections of the Mo, Nb, and Zr isotopes at
N = 50. As for JENDL/ImPACT-2018, the overestimations at the neutron magic
number N = 50 are improved compared to JENDL-4.0/HE. This is because the
contribution of the pre-equilibrium process is weakened in JENDL/ImPACT-2018.
Thus pre-fragments with higher excitation energies are more likely to be gener-
ated, resulting in enhanced nucleon emission. However, this tuning also affects the
isotopic distributions in the Y, Sr, and Rb isotopes, and there are overestimations
over the mass region. There are three major discrepancies between TENDL-2017
and the experimental data: the peak seen in 91Nb; the overestimates seen in the
even-Z isotopes, i.e., Zr, in contrast to the INCL4.6/GEM calculations; and the
strong even-odd staggering seen in all the isotopes. In contrast, ENDF/B-VIII.0
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Figure 2.23: Comparison of the experimental isotope-production cross sections for
C-induced reactions on 93Nb at 113 MeV/nucleon and PHITS calculations with
JQMD/GEM (black solid) and JQMD-2.0/GEM (blue dash-dotted).

reproduces the isotopic distributions of Y and Sr better than others, but the even-
odd staggering appears strongly in the Zr isotopes, which results in the worst χ2

value among the four nuclear data libraries.

Carbon-induced Reactions

Figure 2.23 compares between the measured σC and PHITS calculations using
JQMD/GEM and JQMD-2.0/GEM. The blue squares, black solid lines, and blue
dash-dotted lines correspond to the experimental data, the JQMD/GEM calcu-
lations, and the JQMD-2.0/GEM calculations, respectively. The JQMD/GEM
results show much smaller production cross sections for the isotopes near 93Nb,
because JQMD does not treat peripheral collisions appropriately. These calcula-
tions have recently been improved by considering the relativistic covariance of the
Hamiltonian and by modifying the treatment of neutron-proton scattering near
the nuclear surface. The improved version is called JQMD-2.0 [69]. As shown
in Fig. 2.23, the JQMD-2.0 calculations result in a considerable improvement in
the underestimation of 91.92Nb, whereas only slight changes appear in the produc-
tion cross sections of the other isotopes. The productions of 91.92Nb are sensitive
to the treatment of neutron-proton scattering near the nuclear surface, because
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peripheral collisions generate pre-fragments with low excitation energy, resulting
in one- or two-neutron-knockout reactions. As a result, the production of 91.92Nb
is enhanced. However, the production cross sections for 91.92Mo are considerably
underestimated in both of calculations. In the calculated isotopic distributions,
the strong even-odd staggering is seen in the Zr and Sr isotopes, just as in the p-
and d-induced cases shown in Fig. 2.19. In addition, the production cross sections
for the Nb isotopes are underestimated in the neutron-deficient region, whereas
those in the neutron-rich regions of the Y, Sr, and Rb isotopes are overestimated.
This disagreement may be due mainly to the modeling in GEM, as it was for the
p- and d-induced reactions. Finally, the χ2 values are 34.2 for JQMD/GEM and
31.2 for JQMD-2.0/GEM. The latter is slightly better than the former, thanks to
improvements in the treatment of peripheral collisions in JQMD-2.0.

2.4.4 Comparison with 93Zr Data

We compare the present 93Nb data and the previous 93Zr data [44], paying especial
attention to the effect of neutron-shell closure at N = 50 on isotope production.
Both nuclei are isobars with A = 93: the proton number is Z = 41 and the neutron
number is N = 52 for 93Nb, whereas they are Z = 40 and N = 53 for 93Zr. Note
that the reaction energies are 113 MeV/nucleon for 93Nb and 105 MeV/nucleon for
93Zr. Since this difference is less than 10%, however, the influence on the following
discussion is expected to be negligible.

The isotopic distributions of the 93Nb and 93Zr data are compared in Fig. 2.24.
Panels (a) and (c) show the isotope-production cross sections for (p, pxn) reac-
tions on 93Nb and 93Zr, respectively, whereas panels (b) and (d) present those
for (p, 2pxn) reactions on 93Nb and 93Zr, respectively. The experimental data are
plotted as open circles and triangles for the 93Nb and 93Zr data, respectively. We
focus on the production of isotopes with the magic number N = 50. Jumps are
clearly seen at N = 50 in the experimental production cross sections for both
the (p, 2pxn) data, namely, for 90Zr in panel (b) and 89Y in panel (d). However,
such a jump is not observed in the production of 91Nb with N = 50 from the
93Nb(p, pxn) reactions shown in panel (a), whereas a jump does appear at N = 50
in the 93Zr(p, pxn) reactions shown in panel (c).

On the basis of a theoretical model calculation, we can now discuss the reason
why the jump disappears at N = 50 in panel (a). In Fig. 2.24, the production cross
sections calculated with PHITS are decomposed into two components, namely, the
INCL and GEM components. The former, shown by the red dash-dotted line, rep-
resents the direct production yield via the INC process, i.e., the formation of
pre-fragments having excitation energies lower than the particle-emission thresh-
old energies followed by sequential de-excitation by γ ray emission. Conversely,
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Figure 2.24: Isotope-production cross sections for the (p, pxn) and (p, 2pxn) re-
actions on 93Nb and 93Zr. The calculated results denoted by the black solid lines
are decomposed into two components: the production of isotopes via just the INC
process described by INCL4.6 (red dashed-dotted line) and that via the sequential
evaporation process described by GEM (blue dashed-line).

the GEM component shown as the blue dashed-line corresponds to the production
of isotopes by particle evaporation from highly excited pre-fragments generated
after the INC process. The INCL components look similar for both the 93Nb and
93Zr target nuclei, and they have no jump at the magic number N = 50, with the
maximum values at A = 92 corresponding to one-nucleon removal from the target
nuclei. In contrast, the GEM component shows a maximum production yield in
each isotopic distribution at N = 50, and a jump in the production cross section
appears in all the panels. When one compares the sum of the INCL and GEM
components, which are in reasonable agreement with the measured data, the jump
seen at N = 50 in the GEM component of the 93Nb(p, pxn) reaction is smeared
out by the INCL component and disappears, as shown in panel (a). Thus, it was
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Figure 2.25: Same as Fig. 2.24, but for the (d, pxn) and (d, 2pxn) reactions on
93Nb and 93Zr.

found that the appearance of the jump in the isotopic distribution depends on the
relative fraction of INCL and GEM components in the isotope production. For
the other reactions, the INCL components do not disturb the jumps seen in the
GEM components, because the mass number corresponding to N = 50 occurs far
from A = 92, where the INCL component provides the maximum value. Thus, the
effects of the closed neutron shell on isotope production appear in all three cases.

Comparisons of the d-induced reactions on 93Nb and 93Zr are shown in Fig. 2.25.
The same result as for the p-induced spallation reaction is obtained, and the effect
of neutron-shell closure at N = 50 in the d-induced spallation reactions can be
interpreted in the same manner as for the p-induced ones.

Finally, the measured element-production cross section for 93Nb and 93Zr are
plotted as a function of the change in atomic number ∆Z by the black circles and
the red triangles in Fig. 2.26 in order to see how the difference of a single nucleon
in the initial proton and neutron numbers influences the measured distributions.
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Figure 2.26: Distribution of production cross sections as a function of the change
in atomic number ∆Z (a) for p-induced reactions on 93Nb and 93Zr and (b) for
d-induced reactions.

Panels (a) and (b) present the p- and d-induced reactions, respectively. In panel
(a), the ∆Z distribution of the p-induced reactions on 93Zr shows a sharp peak
at ∆Z = 0, whereas a broader peak is observed in the ∆Z distribution for 93Nb,
resulting in a smaller cross section at ∆Z = 0 and a larger cross section at ∆Z =
−1 than in the 93Zr data. This difference in the ∆Z distribution can be explained
by the difference in proton and neutron separation energies between the Nb and
Zr isotopes. In Fig. 2.27 (a), the calculated branching ratios for the proton and
neutron emission from excited Nb and Zr isotopes generated by the INC process
at 15, 35, and 55 MeV are shown as black and red lines, respectively. The nio-
bium isotopes have larger proton emission probabilities than the Zr isotopes at all
excitation energies. This tendency originates from the proton and neutron separa-
tion energies for each isotope. In Fig. 2.27 (b), the separation energies Sp and Sn
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Figure 2.27: (a) The branching ratios for proton and neutron emission from excited
Nb and Zr isotopes, and (b) the separation energies of protons and neutrons from
Nb and Zr isotopes, both as a function of neutron number.

calculated from the mass table AME2016 [67] are shown as a function of neutron
number by the solid and dashed-lines, respectively. Both the Nb and Zr isotopes
have almost the same Sn, whereas Sp has a gap of approximately 5 MeV because
of sub-shell closure at Z = 40. The different behaviors of Sn and Sp enhance the
proton emission from each excited Nb pre-fragment generated by the INC process
compared with the Zr isotopes. As a result, it is expected that the ∆Z distribution
for 93Nb spreads toward smaller ∆Z.

Figure 2.26 also compares the change ∆Z produced by p- and d-induced reac-
tions on 93Nb and 93Zr. The production cross sections for the d-induced reactions
are larger in the small ∆Z region than are those of the p-induced reactions. Since
incident deuterons have twice the kinetic energy of protons, the pre-fragments
generated via the INC stage have higher excitation energies than those produced
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by p-induced reactions. The higher excitation energy allows the pre-fragments to
emit more particles including protons in the evaporation stage. Thus, it is ex-
pected that the distributions are shifted to lower ∆Z. In addition, the neutron
contained in the deuteron may affect the shift of the distribution to low ∆Z in
the d-induced reactions. Since the n− p scattering cross section is larger than the
p − p scattering one, an incident deuteron is more likely to knock out protons of
a target nucleus in the INC process than is an incident proton. As a result, the
∆Z distributions of the d-induced reactions are broader than the p-induced ones
in both of the 93Nb and 93Zr data.

2.5 Conclusion

The isotope-production cross sections in p-, d-, and C-induced reactions on 93Nb
at 113 MeV/nucleon were measured using the inverse-kinematics method. The
measured data were compared with the available activation data, the theoretical
calculations by reaction models implemented in PHITS, CCONE, and the lat-
est nuclear data libraries (JENDL-4.0/HE, JENDL/ImPACT-2018, TENDL-2017,
and ENDF/B-VIII.0). Moreover, the p- and d-induced production cross sections
on 93Nb were compared with the data of 93Zr that is one of LLFPs and a neigh-
boring isobar of 93Nb in order to investigate how the neutron shell closure with
the magic number 50 affects the isotopic distribution of production cross sections.

First, we found that within the experimental uncertainties the measured pro-
duction cross sections for 90Mo, 90Nb, and 86.88Y produced by p-induced reac-
tions on 93Nb are in fairly good agreement with those measured by the activation
method. This confirms the consistency between the isotope-production cross sec-
tions measured by the two different methods. It should be emphasized that the
inverse-kinematics method is suitable for the investigation of isotope production
over a wide range of mass numbers, including stable isotopes, compared with the
conventional activation method.

Second, we benchmarked the reaction models implemented in PHITS and the
nuclear data libraries by comparisons with the measured isotope-production cross
sections. The model calculations with INCL4.6/GEM showed generally good
agreement with the experimental data for the p- and d-induced reactions, al-
though some discrepancies were seen, e.g., the overestimate of 92Mo production
and the exaggerated even-odd staggering in the calculated isotopic distributions.
Noticeable jumps seen in the measured production cross sections for 90Zr and 91Zr
were reproduced by the PHITS calculations reasonably well. The CCONE calcu-
lation showed the best reproducibility for p-induced reaction among the models
and the libraries. For the C-induced reactions on 93Nb, we compared model cal-
culations using both JQMD/GEM and JQMD-2.0/GEM with the measured data.
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The underestimate of 91.92Nb seen in the JQMD/GEM calculation was considerably
improved in the JQMD-2.0/GEM calculations due to the improved treatment of
peripheral collisions in JQMD-2.0. However, neither calculation reproduced very
well the charge-exchange reaction leading to the production of Mo isotopes. From
comparisons with the four nuclear data libraries, we found that JENDL-4.0/HE
is in better agreement with the experimental data than JENDL/ImPACT-2018,
TENDL-2017, or ENDF/B-VIII.0.

Third, we compared the measured 93Nb data to the 93Zr data, with particu-
lar attention to the effect of neutron-shell closure on the isotopic distribution of
production cross sections. We observed noticeable jumps at the neutron number
N = 50 in the Zr and Y isotopes produced by the p- and d-induced reactions
on 93Zr. In contrast, although such a jump was clearly seen at N = 50 in the
Zr isotopes produced by the p- and d-induced reactions on 93Nb, it disappeared
in the Nb isotopes produced by the same reactions. Our INCL4.6/GEM calcu-
lations showed that the isotopes with removal neutron numbers ∆N = 1 and 2
are produced mainly by the INC process, whereas the jump at N = 50 appears
in the isotopic distribution formed by evaporation from the excited pre-fragments
generated by the INC process. This indicates that the appearance of the jump in
the isotopic distribution depends on the relative fractions of the INC and evapora-
tion components in the isotope production. We have thus clarified that the jump
formed in the evaporation process is smeared out by the INC component in the
production of 91Nb by the (p, p2n) and (d, d2n) reactions on 93Nb. Moreover, we
compared the production cross sections obtained as a function of the change in
atomic number ∆Z (i.e., the removal number of protons) for the p- and d-induced
reactions on 93Nb and 93Zr. The ∆Z distributions showed that the production
cross sections with ∆Z = 0 for 93Nb are smaller than those for 93Zr for both the
p- and d-induced reactions, whereas those with ∆Z = 1 for 93Nb are larger than
those for 93Zr. These differences can be explained by the difference in the proton
and neutron separation energies of the Zr and Nb isotopes. That is, the proton-
separation energies of the Nb isotopes with Z = 41 are much smaller than those
of the Zr isotopes with Z = 40, resulting predominantly in proton emission from
the excited Nb isotopes generated by the INC process.
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3 Isotope Production in Proton-
and Deuteron-Induced Reactions on
93Zr at 50 MeV/nucleon

3.1 Introduction

As mentioned in Chapter 1, isotope-production cross sections in p- and d-induced
reactions at energies of 105 [44] and 209 MeV/nucleon [45] have previously been
measured. Using the measured data for these cases, theoretical-model analyses
with the intranuclear cascade and evaporation models have been performed. As
a next step, we intend to investigate the incident-energy dependence of the iso-
topic distribution of production cross sections by further measurements in the
lower-incident-energy region at which the spallation reaction is no longer domi-
nant. Therefore, isotope-production cross sections for 93Zr were newly measured
at reaction energies of approximately 50 MeV/nucleon using the inverse-kinematics
method in order to investigate how the isotopic distribution changes with the re-
action energy. The measured cross sections are compared with those measured
previously at 105 and 209 MeV/nucleon, and the incident-energy dependence of
the isotopic distributions is discussed. In addition, theoretical-model calculations
using INCL4.6/GEM [53, 54] implemented in PHITS [48, 49], CCONE code [55],
and INCL++/ABLA07 [77, 78] are compared with the measured data for bench-
marking of the models in the low-incident-energy region. Recently, the newly
evaluated nuclear data library JENDL/ImPACT-2018 [68], developed as a part
of the ImPACT Program, has been released as a special purpose file for nuclear
transmutation of LLFPs. The experimental 93Zr data are useful for checking the
performance of JENDL/ImPACT-2018.

3.2 Experiment

The experiment was performed at the RIKEN RIBF using a cocktail beam includ-
ing a 93Zr secondary beam with a kinetic energy of approximately 50 MeV/nucleon,
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Figure 3.1: Schematic view of BigRIPS and the ZeroDegree Spectrometer used in
the experiment for 93Zr.

paying attention to charge-state changes due to relatively low incident energy.
Since the experimental procedure and setup were similar to that for 93Nb as de-
scribed in Sec. 2.2, we focus on the differences from that experiment and on the
essence of this experiment. In this experiment, a 238U primary beam accelerated
up to 345 MeV/nucleon impinged onto a 7-mm-thick 9Be primary target installed
at the entrance of BigRIPS. RILAC, RRC, fRC, IRC, and SRC were used to ac-
celerate the 238U primary beam. The secondary beam containing 93Zr ions was
produced through in-flight fission of the 238U primary beam, and separated and
identified by using BigRIPS. Then the secondary beam impinged onto the sec-
ondary target, cooled gaseous H2 and D2 [79], located at the entrance of the ZDS.
The residual nuclei produced by nuclear reactions with the secondary targets were
also identified at ZDS to derive the isotope-production cross section. In this sec-
tion, the basic setup of BigRIPS and ZDS, as well as the setups of the beamline
detectors, secondary targets, and DAQ system are introduced.

3.2.1 Basic Setup and Experimental Procedure

The BigRIPS [14] and the ZDS [14] were used to analyze the incident 93Zr beam
and the reaction products in this experiment, respectively. The schematic view of
the beamline is displayed in Fig. 3.1, which is almost the same as Fig. 2.1, but the
thicknesses of the primary targets are not equal. The yellow blocks, the blue blocks,
and the symbols F respectively indicate the STQ magnets, the D magnets, and the
focal planes at which slits, degraders, beamline detectors, and targets are placed.
The secondary beam was produced and separated in the first stage of BigRIPS and
identified in the second stage. The magnetic fields of D magnets and apertures
of the slits optimized for the production of 93Zr are listed in Tables. 3.1 and 3.2,
respectively. Moreover, the geometries of wedge-shaped aluminum degraders for
purifying the secondary beam are listed in Table. 3.1. To limit the momentum
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Table 3.1: Apertures of slits and geometries of degraders.

Focal Plane Slit [mm] Degrader [mm, mrad]
F1 L: −5.00, R: 5.00 thickness: 5, angle: 5.986
F2 L: −2.00, R: 2.00 -
F5 L: −5.00, R: 5.00 thickness: 0.5, angle: 2.36
F7 L: −7.00, R: 3.00 -

Table 3.2: Magnetic fields at each section of BigRIPS.

Section Bρ [Tm]
F0 - F1 4.8921
F1 - F3 3.2833
F3 - F5 3.1862
F5 - F7 2.7515

spread, the aperture of the F1 slit was set to be ±5 mm, corresponding to a
momentum spread of ±0.5%. The secondary beam impinged onto the secondary
target at F8. The reaction products were analyzed using ZDS. We predict that
changes in the charge-state are more serious in the 50-MeV/nucleon experiment.
In this experiment, therefore, we put no detectors at F9 to avoid complicated
charge-state changes at the intermediate focal plane in ZDS. ZDS was operated
in dispersive mode, where the final focal plane (F11) is a dispersive focal plane
used to extract momentum information from the horizontal position at F11. In
the dispersive mode, the momentum acceptance of ZDS is limited to less than
±2%. Seven different magnetic-field settings ∆ (Bρ) /Bρ = −6%, −4%, −2%,
0%, +2%, +4%, and +6% were adopted to measure a wide range of mass numbers
and charge states of reaction products. The typical current of the primary beam
was approximately 400 enA.

3.2.2 Beamline Detectors

In this experiment, plastic scintillators (PLs), double-PPACs, and energy loss
at the F5 energy degrader were used to identify the secondary beam via the
TOF−Bρ − ∆E method. By contrast, PLs, double-PPAC, and the newly de-
veloped MUSIC were used to identify the reaction products via a similar method.
The list of detectors used and their locations are shown in Table. 3.3.
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Table 3.3: Beamline detectors used for particle identification.

Focal Plane Detector
F3 Plastic scintillator, double-PPAC×2
F5 Plastic scintillator, double-PPAC×2
F7 Plastic scintillator, double-PPAC×2
F8 Plastic scintillator, double-PPAC×3
F11 Plastic scintillator, double-PPAC×2, MUSIC

Table 3.4: Dimensions of the plastic scintillators.

Focal Plane Thickness [mm] Active Area [mm2]
F3 0.2 120(W) × 100(H)
F5 0.2 120(W) × 100(H)
F7 0.2 120(W) × 100(H)
F8 0.1 120(W) × 100(H)
F11 0.1 240(W) × 150(H)

Plastic Scintillator

The plastic scintillators were installed at F3, F5, F7, F8, and F11 in order to
measure the TOF. Two PMTs were connected to both sides of each scintillator
except that a F11 to determine the timing at which beam passes through them. In
contrast, we used a larger plastic scintillator at F11 to cover a wider region. For
the F11PL, four PMTs were connected to the scintillator, as shown in Fig. 3.2.
The dimensions of the plastic scintillators are summarized in Table. 3.4. The signal
from the PMT was divided into two signals. One was sent to charge ADC module
and the other was sent to TDC module after discrimination by a constant fraction
discriminator.

Double-PPAC

The double-PPACs were installed at F3, F5, F7, F8, and F11 for trajectory recon-
struction. As mentioned in Sec. 3.2.1, we did not use a PPAC at F9 in order to
simplify analysis of charge-state changes. Moreover, an additional double-PPAC
was placed at F8 for more precise position determination around the secondary
target. In the present experiment, PPACs were filled with C3F8 gas at a pressure
of 30 Torr and their active areas are 240(W) × 150(H) mm2. The signals from the
electrodes were amplified by a fast timing amplifier, discriminated by a constant
fraction discriminator, and sent to the TDC module.
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Figure 3.2: Schematic view of the plastic scintillator placed at F11. The z axis
corresponds to the beam direction.

New-MUSIC

The newly developed MUSIC (New-MUSIC) was installed at F11 to measure the
energy loss ∆E and total kinetic energy E. Its read-out electrodes are segmented
into 30 triangular pads with a backgammon structure, as shown in Fig. 3.3. New-
MUSIC provides 30 signals, which reflect the energy loss of the reaction product
in each segmented pad. The difference of the signal magnitudes between two pads
gives the horizontal position of the incident beam. The total energies of the reac-
tion products were measured by stopping the reaction products in the New-MUSIC
chamber to identify their charge states. This chamber has a sufficiently large ac-
tive volume of 260(W) × 170(H) × 757(D) mm3 to stop the reaction products
and obtain Bragg peaks. The New-MUSIC was filled with P10 gas (Ar(90%) +
CH4(10%)) at a pressure of 765 Torr. The signals were gained by a preamplifier
and a spectroscopy amplifier, then sent to charge ADC module.
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Figure 3.3: Schematic view of New-MUSIC with its 30 backgammon-structured
triangular read-out pads. The reaction products stop in New-MUSIC to simulta-
neously measure both the total kinetic energy and the energy loss.

3.2.3 Secondary Targets

The secondary targets were placed at F8. In this experiment, cooled gaseous H2

(22.6 mg/cm2) and D2 (34.5 mg/cm2) were used as secondary targets to reduce
the energy loss at the secondary target for measurements of the p- and d- induced
reactions. A schematic view of the cooling system is shown in Fig. 3.4, quoted
from Ref. [79]. Note that Fig. 3.4 presents the liquid-helium target, and the ”He
GAS CYLINDER” is replaced by the H2 and D2 gas cylinders for this experiment.
Hydrogen and deuterium were packed in the cylindrical cell with a diameter of
30 mm [79] at pressures of 4,100 and 3,960 hPa, and cooled to 32.71 and 36.00 K,
respectively. The window of the target cell was made of havor foil with the thick-
ness of 6 µm. The fluctuation of the pressure and temperature were monitored
during the experiment. The fluctuation of the pressure was ±10 hPa for H2 and
±30 hPa for D2. That of the temperature was ±0.07 K for H2 and ±0.06 K for
D2. An empty-cell run was also performed to subtract background contributions
from beamline materials.

3.2.4 Trigger

The trigger was generated by coincidence of signals from both sides of the PMTs
connected to F7PL. In contrast to the experiment for 93Nb, only one trigger setting
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Figure 3.4: Schematic view of the target system quoted from Ref. [79].

was adopted in this experiment, because count rates were almost the same under
all settings due to the charge-state-changed incident 93Zr beam.

3.3 Data Analysis

In this section, we focus on analysis of the measured data. First, analysis of each
beamline detector and particle identification based on the TOF−Bρ−∆E method
with Eqs. (2.2), (2.3), and (2.4) are introduced. Then, some corrections for the
yields of the reaction products, the derivation of isotope-production cross section,
and the evaluation of systematic uncertainty are described.

3.3.1 Data Analysis of Beamline Detectors

Plastic Scintillator

The plastic scintillators provided charge and timing information corresponding to
the incident particles. Raw timing data were calibrated from the output channel
into actual timing information. The calibration parameters were determined by a
measurement with a TDC Calibrator. For all plastic scintillators except F11PL,
the calibrated timings from two PMTs were averaged to cancel out the position
dependence. For F11PL, four calibrated signals were averaged to cancel out the
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Figure 3.5: Distributions of the time-of-flight (TOF) between F3 and F5 (Upper
Left), F5 and F7 (Upper Right), and F8 and F11 (Lower Left).

position dependence. The TOFs between F3 and F5, F5 and F7, and F8 and
F11 were calculated using the timing information from each plastic scintillator,
as shown in Fig. 3.5. Some sharp peaks observed in TOFF3−F5 and TOFF5−F7

correspond to individual isotopes, as explained in Sec. 2.3.1. These peaks were
smeared out by the beamline materials and the broader peaks were observed in
TOFF8−F11.

Double-PPAC

The analysis of PPAC was almost the same as that for 93Nb. First, the vertical
and horizontal positions at each PPAC were calculated based on the difference in
the timing information between two read-outs of a cathode. Using four pairs of
vertical and horizontal positions with valid TSumX/Y values, trajectory recon-
struction was performed to obtain the position and angle at the focal plane. With
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Table 3.5: Matrix elements used in Bρ derivation.

Section (x|x) (x|a) [mm/mrad] (x|δ)[%/mm]
F3−F5 0.92659 -0.004712 31.6690
F5−F7 1.08043 0.022634 -34.1741
F8−F11 0.99690 0.142275 40.6112

this trajectory and transport matrix, the magnetic rigidity Bρ for the beam was
obtained. Matrix elements used in the calculation of Bρ are listed in Table. 3.5.

New-MUSIC

The New-MUSIC provided 30 charge signals corresponding to the energy loss in
each pad. For the calibration, 126Sn at 200 MeV/nucleon data was used because the
93Zr beam at 50 MeV/nucleon stopped in the New-MUSIC and thus did not deposit
its energy to all of the pads. Since New-MUSIC has a backgammon structure, we
extract the beams passing through the center of New-MUSIC for calibration to
remove the position dependence. Moreover, the horizontal position at F9 was
limited to remove charge-state-changing events. Note that double-PPACs were
installed at F9 in 126Sn measurement. The conditions of the 126Sn beam used for
the calibration were as follows:

• -10 < xF9 [mm] < 10

• -5 < xF11 [mm] < 5

• -5 < yF11 [mm] < 5

• -0.001 < aF11 [mrad] < 0.001

• -0.001 < bF11 [mrad] < 0.001

Under these conditions, the averaged output channels for 127Sb, 126Sn, and 125In
were compared to the energy loss calculated by LISE++ [62] in each pad. From
these three points and a pedestal assumed to have an energy loss of 0 MeV, linear
functions for calibration were derived by the fitting for each pad. Figure 3.6 shows
the calibrated energy loss as a function of pad number and of layer number in the
case of a 93Zr beam at 50 MeV/nucleon and 0% ZDS Bρ setting with an H2 target.
Note that the layer refers to the sum of the two neighboring triangular pads. The
energy loss for each pad has two main components: one component consists of
F.S. events that pass through the center of New-MUSIC, and the other consists of
H-like events that pass the high-momentum side. The energy loss of F.S. events
shows a smooth curve. By contrast, H-like events lost their energy alternating
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Figure 3.6: Energy loss of the 93Zr beam at New-MUSIC as functions of pad
number (Left) and layer number (Right) in an H2 target with a 0% ZDS Bρ
setting.

between large and small, as seen in Fig. 3.6, because the particles in H-like case
have different path lengths in each pad. The energy loss as a function of each layer
has a smooth Bragg curve, even for H-like events, because the position dependence
is canceled out.

To determine how many layers to use for the ∆E calculation, we checked
∆E − E correlation for some ∆E cases after selecting the 93Zr beam. Figure 3.7
shows the correlation plots between ∆E and E in the case of the 93Zr beam with
an H2 target and a −4% ZDS Bρ setting. The energy losses ∆E1, ∆E2, ∆E3, and
∆E4 were calculated as the averaged energy loss of the first one, two, three, and
four layers, respectively. The linear correlation in the low-E region corresponds to
the stopped events upstream of the layer used for ∆E calculation. The stopping
ratios were calculated from the number of total events and stopping events as
0.84% for ∆E1, 5.07% for ∆E2, 32.07% for ∆E3, and 71.33% for ∆E4. Upstream
of the third layer, 32.07% of the beam was stopped, which is more events than
expected. Thus, we used ∆E2 for particle identification of the reaction products.
In the following analysis, the stopped 5.07% events were removed and their yields
are compensated in the following corrections, as explained in Sec. 3.3.3.
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Figure 3.7: Two-dimensional plot of energy loss ∆E and total kinetic energy E
in the case of an H2 target with a −4% ZDS Bρ setting after selecting the 93Zr
beam. The averaged energy losses with one (Upper Left), two (Upper Right),
three (Lower Left), and four (Lower Right) layers are used.

3.3.2 Particle Identification

In this subsection, we explain the analytical procedure for particle identification.
The procedure for the reaction products is almost the same as that explained in
Sec. 2.3.2, but that for the secondary beam differs because we did not use MUSIC
at F7.

Particle Identification of the Secondary beam

From the aforementioned analyses, the TOFs and Bρ for the F3−F5 and F5−F7
sections were obtained. We derived the ∆E of the secondary beam from the energy
loss in the energy degrader at F5 under the assumption of no change in Z and A
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at F5. The energy loss in the degrader at F5 (dE/dx) can be expressed as:

dE

dx
' 1

t
(Ein − Eout) , (3.1)

where t, Eout, and Ein indicate the path length in the energy degrader, and the
total energies at downstream and upstream of the energy degrader, respectively.
Here, the path length of a particle with an incident angle of a and horizontal
position x in a wedge-shaped energy degrader with angle θ and thickness at the
center of degrader l is described as:

t ' l +
x tan (θ)

cos (a)
. (3.2)

The total energies are calculated as E = Aγmuc
2. From Eq. (2.3), Aγmu is

proportional to BρQ/β, then:

dE

dx
∝ 1

t

{
Bρin (Z − ein)

βin

− Bρout (Z − eout)

βout

}
, (3.3)

where e represents the number of electrons. Then, using Eq. (2.4), Z is propor-
tional to dE/dx as:

Z2 ∝ β2dE

dx
' β2

t

{
Bρin (Z − ein)

βin

− Bρout (Z − eout)

βout

}
. (3.4)

Assuming that Eq. (3.4) is a quadratic equation of Z, Z can be calculated as:

Z ' 1

2
C
β2

t

(
Bρin

βin

− Bρout

βout

)
+

√
β4

4t2
C2

(
Bρin

βin

− Bρout

βout

)2

− β2

t
C

(
Bρinein

βin

− Bρouteout

βout

)
, (3.5)

where C indicates a constant value. In the present experiment, the charge state of
the 93Zr beam was H-like between F3 and F5, and F.S. between F5 and F7. For
β2 in Eq.(3.5), β2

out was used because of better separation of Z.
On the other hand, A/Q was calculated from Bρout and βout. Figure 3.8

shows a two-dimensional identification plot for the secondary beam by the atomic
number Z and the mass-to-charge ratio A/Q. The secondary beam includes just
one isotone, as seen in Fig. 3.8. As with the isomer tagging in Sec. 2.3.2, two γ
rays with 315 and 492 keV from 92mY were used to verify the absolute Z and A/Q
values. Each nuclide was clearly separated with resolutions of 0.45 (FWHM) in
Z and 0.28 (FWHM) in A, which are sufficient to identify the 93Zr beam. The
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Figure 3.8: Particle identification plot for the secondary beam. The red box
outlines the 93Zr beam.

events in the ranges 39.6 ≤ Z ≤ 40.4 and 2.319 ≤ A/Q ≤ 2.333 were selected as
the 93Zr beam. The purity, which is calculated as the ratio of the number of 93Zr
beam in the red box and the number of total events, and typical count rate of 93Zr
were 57.8% and 980 count per second, respectively. The energy of the 93Zr beam
was calculated as 51 and 52 MeV/nucleon at the centers of the H2 and D2 targets,
respectively, from BρF5−F7 considering the energy loss in materials placed between
F7 and the secondary target (as listed in Table 3.6) using the LISE++ code [62].
The energy spreads in the secondary targets were calculated as ±10 MeV/nucleon.

Particle Identification of the Reaction Products

Particle identification of the reaction products was performed based on the TOF−Bρ−
∆E method. Similar to the A/Q of the secondary beam, the A/Q of the reac-
tion products was calculated from BρF8−F11 and βF8−F11. The obtained A/Q was
corrected by the positions and angles mentioned in Sec. 2.3.2 to achieve a higher
A/Q resolution. The atomic number Z was calculated from βF8−F11 and ∆E2

based on Eq. (2.4). Figure 3.9 represents the identification plot for the reaction
products from the H2-reaction target at the 0% ZDS Bρ setting after selecting the
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Table 3.6: Beamline materials placed between F7 and the secondary target.

Material Composition Thickness [mg/cm2]
F7PPAC1 Mylar foil (H8C10O4) 6.23
F7PPAC2 Mylar foil (H8C10O4) 6.23

F7PL Polyethylene (H10C9) 20.64
F8PPAC1 Mylar foil (H8C10O4) 6.23
F8PPAC2 Mylar foil (H8C10O4) 6.23

F8PL Polyethylene (H10C9) 10.32
Heat Shield Al 2.70

Target Cell Window Harvar foil (Co42Cr20Ni13Fe19W) 4.98
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Figure 3.9: Particle identification plot for reaction products from the H2 target
after selecting the 93Zr beam in the 0% Bρ setting.

93Zr beam. There are two problems: one is that there is the worse separation in
Z than that of the experiment for 93Nb, and the other is that Z has a divided
value depending on its charge state, that is, H-like events have larger Z than F.S.
events, resulting in two different Z values for one isotope. To solve these problems,
we applied two corrections for Z to achieve higher resolutions and to cancel out
invalid Z positions depending on the charge state. First, a correlation between
∆E2 and E was canceled out in order to obtain better separation, because they
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Figure 3.10: Correlation plot between ∆E2 and E in the case of an H2 target and a
−4% ZDS Bρ setting (Left). The correlation was canceled by the obtained linear
function indicated by the red line (Right).

Figure 3.11: Particle identification plot after correction for ∆E2 − E (Left) and
for βF8−F11 (Right) from the H2 target after selecting the 93Zr beam in a 0% Bρ
setting.

should not be correlated. Figure 3.10 shows a correlation plot between ∆E2 and
E. The unstopped events have a negative correlation prior to correction. ∆E2

was corrected by the linear function obtained by the fitting shown by the red line.
The identification plot after ∆E2 correction is shown in Fig. 3.11. A better sepa-
ration of Z was obtained. Next, Z and βF8−F11 also have a correlation, as shown in
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Figure 3.12: Correlation plot between Z and βF8−F11 in the case of an H2 target and
a −4% ZDS Bρ setting (Left). The correlation was canceled out by the obtained
linear function indicated by the red line (Right).

Fig. 3.12, although they generally should not. The atomic number Z was directly
corrected by the linear function obtained by the fitting, as shown in Fig. 3.12. Fig-
ure 3.11 shows the corrected particle-identification plot of the reaction products.
The atomic number Z divided by its charge state was merged but worse separation
was obtained. Therefore, we used the ∆E − E-corrected plot to count the yields
of the reaction products.

Since the fragments have lower kinetic energies than those in the previous mea-
surements [44, 45], they easily pick up electrons and change their charge states.
Hence, reaction products with a few charge states, i.e., F.S., H-like, and He-like
fragments, were observed in Fig. 3.11. We obtained the charge-state distribution
of 93Zr from correlation plots between xF11 and ∆E, as shown in Fig. 3.13. The
yields of the 93Zr beam for each charge state at ZDS were estimated from Gaussian
fittings of each locus after projection onto the x-axis. The derived-charge-state dis-
tributions were 34.34%, 48.21%, 17.11%, and 0.34% for the F.S., H-like, He-like,
and Li-like beams, respectively. Since we assumed that the Li-like beam is negli-
gible from the obtained distribution, the yields of each isotope were counted from
the particle identification plot up to the He-like ones.
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Figure 3.13: Charge-state distribution of the 93Zr beam at ZDS by xF11 and ∆E at
the +2% (Upper Left), +4% (Upper Right), and +6% (Lower Left) ZDS Bρ set-
tings. F.S. and H-like, H-like and He-like, He-like and Li-like beams were observed
at the +2%, +4%, and +6% Bρ settings, respectively.

3.3.3 Corrections

Correction for Acceptance

As with the analysis of 93Nb data, it is possible that the reaction products passing
near the edge of the dispersive focal plane may be lost under some Bρ settings. In
the dispersive mode, the acceptance of ZDS is limited to ±2% by the horizontal
position at F11. Thus, the lost yields were compensated by the survival rate as a
function of xF11. The survival rate S was derived from the ratio of the reaction
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Figure 3.14: Survival-rate distribution represented by the black points and the
fitting curve given by Eq. (3.7) as a function of xF11, denoted the red line.

rates at two different Bρ settings as:

S (xF11) =
Y0%/B0%

Y−3%/B−3%

, (3.6)

where Y is the number of detected reaction products and B is the number of
incident-beam particles 93Zr. The Bρ setting in the denominator was suitably
selected so as to accept all produced isotopes. The obtained S (xF11) were fitted
by the Woods-Saxon function with parameters a, b, and V as:

f (xF11) =

{
1 + exp

(
|xF11 − b| − V

a

)}−1

. (3.7)

The parameters were derived to be a = 22.15 ± 0.50, b = -7.36 ± 0.39, and V
= 99.56 ± 0.44 from the fitting shown in Fig.3.14. To determine the production
cross section, isotopes with larger acceptances than 0.7 were used to avoid the
uncertainty from rapid changes in the acceptance function.

Correction for Target Thickness

The target cell was composed of thin harvar foils. Therefore, surface of the target
cell may be deformed by the pressure of the gas. Thus, the effective thickness of

66



F11x
150− 100− 50− 0 50 100 150

A
/Q

2.1

2.15

2.2

2.25

2.3

2.35

2.4

2.45

2.5

Figure 3.15: Correlation plot between xF11 and A/Q with a stopping-event gate
in the case of an H2 target and a −2% ZDS Bρ setting. The stopping events
upstream of the second layer can be counted from this plot.

the gas target was not identical to the cell thickness. We calculated the effective
cell thickness from the difference in beam energy before and after the target cell.
The obtained effective thickness was determined to be 22.6 mg/cm2 for H2 and
34.5 mg/cm2 for D2, as introduced in Sec. 3.2.3.

Correction for Rejected Events in ∆E2 − E Plot

As mentioned in Sec. 3.3.1, the stopping events upstream of the second layer in
MUSIC were rejected because their ∆E2 value cannot be determined correctly.
These events were counted from the correlation plot without Z information. Fig-
ure 3.15 shows the correlation plot between xF11 and A/Q. The number of stopping
events for each isotope was estimated from the A/Q value with xF11 to obtain bet-
ter separation. These yields were included in the total counts for each nuclide.
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Table 3.7: Ratio of isotope-production cross sections for each charge state and
each element.

p-Induced Case

Charge State Nb isotope Zr isotope Y isotope
F.S. 24.77% 29.32% 39.61%

H-like 49.64% 50.45% 45.98%
He-like 25.59% 20.23% 14.86%

d-Induced Case

F.S. 25.92% 32.85% 43.02%
H-like 48.76% 48.51% 43.53%
He-like 25.32% 18.64% 13.45%

Correction for the Unmeasured Charge State

Yields of some isotopes with a certain charge state such as 93Nb40+ and 88Y38+

could not be counted because the tail of 93Zr beam was completely contaminated.
Moreover, the yield of 88Zr40+ was not estimated due to large loss of the yield by
the acceptance. For these isotopes, the production cross sections were deduced
from other isotopes whose production cross sections for each charge state have
been derived. From the analysis thus far and the isotope-production cross sections
explained in Sec. 3.3.4, the weighted average ratios of the element-production cross
sections for each charge state were derived as:

Ri =

∑
j (σi,j/σtot,j (1/δi,j))∑

j (1/δi,j)
, (3.8)

where σ is the isotope-production cross section and δ is its statistical uncertainty.
The subscripts i and j indicate the charge state and isotope, respectively. Note
that the ratios of each charge state were almost constant over the element. The
averaged ratios of the charge state for each element are listed in Table 3.7. The
isotope-production cross sections for a charge state that cannot be measured were
deduced from the charge-state distribution.

3.3.4 Isotope-Production Cross Sections

The isotope-production cross section for each reaction product and for each charge
state was derived from the yields of the incident 93Zr beam and each isotope
produced with the charge state by subtracting the contribution from beamline
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materials that can be estimated from empty-target runs as:

σp,i =
1

2t

(
YH2,i

BH2

− Yemp,i

Bemp

)
, (3.9)

where σ, t, Y , and B represent the isotope-production cross section, the target
thickness, the number of the reaction products, and the number of incident 93Zr
beams, respectively. The subscript indicates the secondary target and i is the
charge state. The contribution to the yields of reaction products from beamline
materials was less than 10% of those from hydrogen and deuterium. Its statistical
uncertainty is calculated from the propagation of uncertainties as:

δp,i =
1

2t

√
Y 2

H2,i

B2
H2

(
1

YH2,i

+
1

BH2

)
+
Y 2

emp,i

B2
emp

(
1

Yemp,i

+
1

Bemp

)
(3.10)

The total isotope-production cross section is given by the sum of the cross sections
for each charge state. For a d-induced reaction, the subscript H2 is replaced by D2.

3.3.5 Systematic-uncertainty Evaluation

The systematic uncertainty includes three components: uncertainty of the thick-
ness of the secondary target, the contribution of multiple reaction in the secondary
target, and the energy spread of the secondary beam in the secondary target. For
the thickness of the secondary target, it is estimated to be 0.3% for the p-induced
case and 0.8% for the d-induced case, respectively, based on the fluctuation of
pressure and temperature in the cooled gaseous targets. The contributions of mul-
tiple reactions in the secondary target is estimated to be less than 1% from the
transport simulation via the PHITS code because of thin gaseous targets. The
largest uncertainty is the energy spread in the secondary target, which is esti-
mated to be 4.4% for the p-induced reaction and 2.2% for the d-induced reaction
based on PHITS calculations. The little difference in incident energy can change
the tendency of the isotope-production cross sections because the absolute incident
energy is relatively small.

3.4 Results and Discussion

In this section, the results of the measured isotope-production cross sections are
presented. Intercomparison among the present data and the previous data mea-
sured at 105 [44] and 209 MeV/nucleon [45] is performed. Also, benchmark tests of
theoretical model calculations and evaluated nuclear data libraries are performed
using the measured data, together with the previously measured data [44, 45].
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Figure 3.16: Measured isotope-production cross sections for the 93Zr + p and d
reactions at 51 and 52 MeV/nucleon, respectively: (a) Nb, (b) Zr, (c) Y, and (d)
Sr. The black circles and red triangles represent the production cross sections for
the p-induced (σp) and d-induced reactions (σd), respectively.

Finally, INCL++/GEM and INCL++/ABLA07 were used for the model analysis
in order to discuss the causes of the underestimation in odd-Z isotopes seen in
GEM calculations.

3.4.1 Experimental Data

Figure 3.16 shows the isotope-production cross sections for p- and d-induced re-
actions on 93Zr at 51 and 52 MeV/nucleon, respectively. The error bars include
only statistical uncertainties. We measured systematic data for 18 nuclides in the
p-induced reaction and 20 nuclides in the d-induced reaction including stable iso-
topes, demonstrating the advantage of the inverse-kinematics method.

The measured σp shows the relatively narrow isotopic distribution. This range
is determined by the lower limit of the measurable cross section and the acceptance
of the ZDS. σp decreases rapidly in the lower-mass region; this is because of the
relatively small total incident energy of 51 MeV/nucleon, which is able to knock
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out fewer nucleons than the previous data [44, 45]. The jumps at neutron magic
number N = 50 are seen in Zr for σp and in Zr and Y for σd. However, no jump of
σp in Y is clearly seen. In the Y-isotopic chain, 87Y has a noticeable large produc-
tion cross section. This is because the excitation function of 93Zr(p, x)87Y reaction
has its first peak around 50 MeV/nucleon, resulting in the sharp peak at 87Y. This
peak corresponds to alpha-particle emission with three neutrons. Comparison be-
tween σp and σd shows that σd has a much larger production cross section than σp,
except in Nb. As discussed in Sec. 2.4.1, this tendency can be explained by the
difference in total kinetic energies. Since the deuteron has twice the kinetic energy
of the proton, the deuteron induces a higher excitation energy, resulting in more
nucleon emissions from the pre-fragment formed in the d-induced reaction. Hence,
fragments are more likely to remain in heavier isotopes in p-induced reactions, but
to reach the relatively light isotopes in d-induced ones.

3.4.2 Incident Energy Dependence

Figures 3.17 and 3.18 show the measured isotope-production cross sections in p-
and d-induced reactions on 93Zr together with the previously measured data, to
investigate the incident energy dependence of isotope-production cross sections.
The error bars indicate the statistical uncertainties. The present data (σp51 and
σd52) are represented by red circles. The previously measured data at 105 and
209 MeV/nucleon [44, 45] are displayed by black triangles (σp105 and σd105) and
blue squares (σp209 and σd209) in Figs 3.17 and 3.18, respectively.

Four differences are observed among the three data measured at the different
energies. To begin with, in Figs. 3.17 (b) and (c), the lower-mass limits of the σp51

distribution end at greater mass number than those of σp105 and σp209, resulting in
a narrow distribution. The measured range of the cross section is restricted by the
lower limit of measurement possible and by the acceptance of ZDS. Since incident
particles with higher kinetic energies can remove more nucleons than those with
lower kinetic energies, the isotopic distribution of σp51 has a much narrower range
than the previous data at 105 and 209 MeV/nucleon. Next, σp51 has much larger
production cross sections near the target nucleus 93Zr. These nuclei are mainly
produced via the fusion-evaporation process, whereby an incident particle is cap-
tured by the target nucleus and subsequently de-excited with emission of several
particles. In the lower-incident-energy case, this process is significantly enhanced.
Hence, Nb and Zr isotopes with large-mass numbers have much larger cross sec-
tions than those in the higher-incident-energy cases. Then, in Fig. 3.17 (c), σp51

for Y isotopes shows a very different trend from σp105 and σp209. In particular,
87Y has quite a large production cross section in σp51, and unique behavior is ob-
served in the Y-isotopic chain. Finally, in the previously measured data at 105
and 209 MeV/nucleon, the productions of 90Zr and 89Y were enhanced due to the
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Figure 3.17: Measured isotope-production cross sections for the p-induced reaction
on 93Zr at 51 MeV with previous works at 105 and 209 MeV.

closed-shell effect at the neutron magic number N = 50, resulting in discontinuous
jumps at 90Zr and 89Y. Although the isotopic distribution of Zr shows a jump be-
tween 90Zr and 91Zr, no clear jump is seen in Y isotopes regardless of the presence
of jumps in σp105 and σp209.

As for the d-induced reaction shown in Fig. 3.18, the distributions of σd52,
σd105, and σd209 have similar shapes. In terms of their quantities, the Nb and Zr
isotope-production cross sections decrease with an increase in incident energy. By
contrast, Sr isotope-production cross sections increase with an increase in incident
energy. As mentioned above, those Nb and Zr isotopes near the target nucleus 93Zr
are largely produced by a fusion-evaporation process, which dominates in nuclear
reactions at lower kinetic energies. On the other hand, the production of Sr iso-
topes, which requires many particle emissions like a spallation reaction, is enhanced
in the higher-incident-energy cases. Thus, the dependence of isotope-production
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Figure 3.18: Same as Fig. 3.17, but for a d-induced reaction at 52 MeV/nucleon
with previous works at 105 and 209 MeV/nucleon.

cross sections on incident energy has a different tendency in each isotopic chain.
Finally, these three data show jumps at the neutron magic number N = 50 in both
Zr and Y isotopes.

The isotope production cross sections are categorized by half-lives of reac-
tion products for p- and d-induced reactions, as shown in Figs. 3.19 and 3.20,
respectively. In both cases, the ratio of stable nuclei decreases with an increase
of incident energy. This tendency originates from the production of stable Zr iso-
topes such as 90.91.92Zr. On the other hand, the ratio of nuclei with half-lives over
30 thousand years has a minimum value at 209 MeV in the p-induced case and
at 105 MeV/nucleon in the d-induced case. The components of these long-lived
products are 92Nb (T1/2 = 3.47 × 107 years) and 81Kr (T1/2 = 2.29 × 105 years).
Since 92Nb has a larger production cross section in 50-MeV/nucleon cases than at
higher energies, the ratios of long-lived products become maximal in lower-energy
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51

Figure 3.19: Pi chart of the 93Zr + p data categorized by the half-lives of the
reaction products.

52

Figure 3.20: Same as Fig. 3.19, but for 93Zr + d data.
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cases. The sum of the production of 92Nb and 81Kr become the minimal for a total
kinetic energy of around 200 MeV. From the viewpoint of reducing long-lived iso-
topes, irradiation of protons or deuterons with a total kinetic energy of 200 MeV
is the best choice for considering the nuclear transmutation of 93Zr by high-energy
light-ions with the energy ranging from 50 to 200 MeV/nucleon.

3.4.3 Comparison with Model Calculations and Nuclear Data
Libraries

The measured σp are compared with theoretical model calculations using the
Particle and Heavy Ion Transport code System (PHITS) version 3.10 [48, 49],
CCONE code [55], INCL++ [77] plus ABLA07 [78] code, and JENDL/ImPACT-
2018 [68], together with the previous data. Also, σd52, σd105, and σd209 are compared
with the calculations with PHITS 3.10 and INCL++/ABLA07. The Liège In-
tranuclear Cascade model (INCL4.6) [53] and the Generalized Evaporation Model
(GEM) [54] were employed to calculate the isotope-production cross section in
PHITS. The Liège Intranuclear Cascade model ++ (INCL++) is a reimplemen-
tation of INCL4.6 for C++ with some modifications. It is combined with the
evaporation code of ABLA07.

p-induced reaction

Figure 3.21 compares the measured data in the p-induced case, the calculations by
PHITS, CCONE, and INCL++/ABLA07, and the data stored in JENDL/ImPACT-
2018 at 209 (Upper panels), 105 (Center panels), and 51 MeV (Lower panels).
Note that the JENDL/ImPACT-2018 data are not plotted in the upper row be-
cause the reaction energy of 209 MeV is out of range for JENDL/ImPACT-2018.
Also, the CCONE calculation was performed in the 51- and 105-MeV cases but
not at 209 MeV. The data for 209 and 105 MeV are taken from Refs. [44, 45]
for systematic comparison. The four theoretical predictions show generally good
agreement with the experimental data, even at such low-incident energy.
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First, we focus on the calculation by PHITS at 51 MeV, indicated by the blue
lines in Fig. 3.21. In the PHITS calculation in which INCL4.6 and GEM are used,
the shape of isotopic distribution and the peak for 87Y are well reproduced. How-
ever, they also show some discrepancies in the 105- and 209-MeV/nucleon cases.
The calculations are shifted by one-mass to the heavy side in the distribution of the
Nb-isotope-production cross sections. Also, the calculations overestimate the pro-
duction cross sections near the target nucleus, 93Zr. These discrepancies have also
been pointed out in previous studies [44, 45], and they still appear over the range of
these incident energies. Finally, the calculated isotopic distribution of Y exhibits
a sharp rise at mass number 87, but underestimates the production cross section.
Next, the INCL++/ABLA07 calculation predicts the isotope-production cross sec-
tion well, especially for Nb and Y isotopes with odd-Z. The one-mass-shift seen in
the INCL4.6/GEM calculation is improved thanks to the better n − p branching
ratio in ABLA07 code. However, the neutron-rich sides of the Nb isotopes are
still overestimated due to the inappropriate treatment of fusion-evaporation pro-
cesses. The production cross sections for 92Zr and 92Y are reproduced fairly well
by the INCL++/ABLA07 calculation. This is because the one-nucleon knockout
reactions are treated appropriately in INCL++, as explained in Ref. [75, 76]. The
CCONE code shows good agreement with the measured data. As seen in 93Nb
data, CCONE predicts the production cross sections well for 92Zr and 92Y, which
are generated by one-nucleon knockout. Also, the production cross sections of the
Nb isotopes are predicted well, although the two other calculations have discrep-
ancies. Finally, the data from JENDL/ImPACT-2018 are shown by green lines in
Fig. 3.21. This library reproduces the distribution of production cross sections in
Nb isotopes fairly well compared with the calculations. In addition, there is no
overestimation of the 92Zr-production cross section. The magnitude of the 87Y-
production cross section is also well predicted; however, the production of certain
Y and Sr isotopes is overestimated, especially in the 105-MeV case. As mentioned
in Sec. 2.4.3, this is because of the pre-fragments gaining excitation energy. The
χ2 value is calculated with the formula:

χ2 =
1

n

n∑
i

(
expi − calci

erri

)2

, (3.11)

where n, expi, erri, and calci represent the number of measured datapoints, the
measured cross section, the statistical uncertainty of this cross section, and the
calculated cross section, respectively. The χ2 values for JENDL/ImPACT-2018
are 287.51 for the 51-MeV data, 57.67 for the 105-MeV data. That values for both
the 51- and 105-MeV data is 121.32. The 51-MeV data shows much larger χ2 value
than 105-MeV data, because of the large magnitude of the cross section near the
target nuclei, 93Zr.
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d-induced reaction

Figure 3.22 shows the experimental σd data, including the 105- and 209-MeV/nucleon
cases [44, 45], as compared with the PHITS and INCL++/ABLA07 calculations.
Both calculations predict the measured data well, even in the d-induced reaction
with a relatively low-incident energy of approximately 50 MeV/nucleon. As seen
in the p-induced reaction, the one-mass-shift in the Nb isotopes is still observed
in the PHITS calculation; by contrast, the neutron-deficient region is improved
in the INCL++/ABLA07 calculation. Also, the exaggerated even-odd stagger-
ing is clearly observed for the calculated Zr, Y, and Sr isotopes for both of the
calculations, regardless of weak staggering of the measured data. In the low-
incident-energy case, an intranuclear cascade process is no longer dominant and
a fusion-evaporation process mainly occurs. Hence, almost all of the isotopes are
generated in the evaporation process from the highly excited pre-fragment.
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Figure 3.23: Isotope-production cross section in 93Zr + p reaction at 105 MeV. The
circles represent the measured data [44], and the lines indicate the calculated data
by INCL4.6/GEM implemented in PHITS (blue solid lines), INCL4.6/GEM (black
dot-dashed lines), INCL++/GEM (green solid lines), and INCL++/ABLA07 (red
solid lines).

3.4.4 Theoretical-model Analysis
by INCL++/GEM and INCL++/ABLA07

Figure 3.23 shows the measured isotope-production cross sections in p-induced re-
action on 93Zr at 105 MeV [44] together with the calculations by INCL4.6/GEM
implemented in PHITS by the blue lines and INCL++/ABLA07 by the red lines.
As mentioned in Sec. 3.4.3, INCL4.6/GEM implemented in PHITS fails to predict
the production cross sections in the neutron-deficient region of odd-atomic number
isotopes. The magnitude of the production cross section in the neutron-deficient
region is mainly determined in the evaporation process based on the discussion
in Sec. 2.4.4. Therefore, the underestimation is inferred to be originated from
GEM calculation. While, INCL++/ABLA07 successfully reproduces the isotope-
production cross section, especially in the neutron-deficient region of odd-atomic-
number isotopes. Therefore, the comparison between ABLA07 and GEM may
provide information on the cause of the underestimation in the PHITS calcula-
tion. In the following discussion, we focus on the 93Zr + p reaction at 105 MeV.
Since the two-step process is employed, the de-excitation process depends on the
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mass and atomic number of pre-fragment and its excitation energy. In GEM im-
plemented in PHITS, charged particle emissions are enhanced from the original
GEM. To remove the effect of this enhancement, the calculation by using INCL4.6
and original GEM was performed, and the result is shown by the black lines in
Fig. 3.23. The underestimation was improved by using the original GEM, but still
two times underestimated. Prior to detailed comparisons between ABLA07 and
original GEM, we examined the difference in isotope production caused by INC
calculations with different codes. The calculation by using INCL++ and original
GEM was performed as shown by the green lines in Fig. 3.23. In the regions of
interest, the effect by the INC process is negligible. Therefore, we have performed
the comparison between ABLA07 and GEM by INCL++/ABLA07 calculation and
that by INCL++ and original GEM (INCL++/GEM).

Monte Carlo calculations of the 93Zr + p reaction at 105 MeV were performed
107 times by using INCL++/ABLA07 and INCL++/GEM. For each calcula-
tion, the atomic number, the mass number, and the excitation energy of the
pre-fragment formed in the INC process described by INCL++ were recorded.
Then the evaporation processes were simulated by using the two evaporation codes,
ABLA07 and GEM, and the atomic number, the mass number, and the kinetic en-
ergy of both the residual nuclei and emitted particles were recorded. The recorded
data were analyzed event-by-event to clarify the difference in particle emissions
between ABLA07 and GEM.

Figure 3.24 shows the branching ratios of proton and neutron emissions from
93Nb∗ (Left), 92Zr∗ (Center), and 92Y∗ (Right) pre-fragments as a function of
excitation energy. The dashed and the solid lines represent GEM calculation
and ABLA07 calculation, respectively. In the GEM calculation, proton emission
branching ratios in 93Nb∗ and 92Y∗ are twice as large as those in the ABLA07
calculation over the whole excitation energy. Conversely, the ABLA07 calculation
shows a larger proton emission branching ratio in 92Zr∗ than that in the GEM
calculation. The branching ratios of other charged particle emission from 93Nb∗

and 92Y∗ are almost the same as those of proton emission. This tendency leads to
the underestimation seen in the isotope-production cross sections of odd-atomic
number isotopes. In the GEM calculation, the large proton emission branching
ratio in Nb pre-fragment enhances the decays from Nb isotopes to Zr isotopes,
but the decays from Zr isotopes to Y isotopes are suppressed due to the small
proton emission branching ratio in Zr pre-fragments. As a result, the odd-atomic
number isotopes have smaller yields in the evaporation stage in the GEM calcula-
tion, resulting in the underestimation in the neutron-deficient region of odd-atomic
number isotopes.

Next, we investigate the reason why the differences are seen in the branching
ratios calculated in GEM and ABLA07. In GEM and ABLA07, the decay width of
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Figure 3.24: Branching ratios for proton (Upper) and neutron (Lower) emissions
from 93Nb∗ (Left), 92Zr∗ (Center), and 92Y∗ (Right) pre-fragments calculated by
GEM and ABLA07 codes as a function of the excitation energy of pre-fragment.
The blue dashed and red solid lines correspond to the GEM and ABLA07 calcu-
lations, respectively.

emitted particle j is calculated from the inverse cross section and the level density
based on the Weisskopf-Ewing formalism [80] as described in Appendix A:

Γj ∝
∫ Ex−Q

V

σinv (ε)
ρfin (Ex −Q− ε)

ρinit (Ex)
εdε, (3.12)

where Ex, Q, V , and ε represent the excitation energy of the parent nucleus,
the Q-value of the reaction, the Coulomb barrier between the daughter nucleus
and the emitted particle, and the kinetic energy of the emitted particle. Also,
σinv denotes the inverse cross section corresponding to the cross section of the
inverse process, that is, the incident of the emitted particle into the daughter
nucleus. The variables ρinit and ρfin correspond to the level densities of the parent
and the daughter nucleus, respectively. Here, both or either σinv or ρ can be
the cause of the underestimation. As the first step, we checked the behavior of
σinv with attention to the difference between the odd- and even-atomic number
isotopes. Figure 3.25 shows the σinv (ε) implemented in GEM and ABLA07. The
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Figure 3.25: Inverse cross sections calculated by GEM and ABLA07 as a function
of the kinetic energy of the emitted particle. The dotted and solid lines show the
inverse reactions of proton emission from pre-fragments of 92Zr∗ (91Y + p) and
93Nb∗ (92Zr + p), respectively.

inverse cross section of the proton emission from 93Nb∗, which corresponds to the
p-induced reaction on 92Zr, is drawn by the dashed lines. That of proton emission
from 92Zr∗, which corresponds to the p-induced reaction on 91Y, is displayed by
the dotted lines. We found that there is no appreciable odd-even effect on the
inverse cross section used in both the calculations. Therefore, it is confirmed that
the inverse cross section has no dependence on the even-odd of pre-fragment. This
strongly implies that the level densities implemented in GEM is the cause of the
remarkable underestimation in the Nb and Y isotopes, and should be reconsidered
to resolve the underestimation as discussed in Ref. [81].

3.5 Conclusion

We have measured isotope-production cross sections for p- and d-induced reactions
on long-lived fission product 93Zr at approximately 50 MeV/nucleon at RIKEN
RIBF. The energy dependences of the isotopic distribution of production cross
sections were investigated for both reactions. In the d-induced reaction, three dat-
apoints showed similar tendencies but different quantities from one another. In
the p-induced reaction, by contrast, a narrower distribution was observed in the
51-MeV data compared with the higher-incident energy cases, due to there being
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insufficient energy to knock out and/or emit many nucleons. Categorization of the
half-lives of reaction products in the 50-, 105-, and 209-MeV/nucleon data indicates
that a total reaction energy of approximately 200 MeV generates less long-lived
products. Also, the measured isotope-production cross sections were compared
with the calculations by PHITS version 3.10 employing INCL4.6 model plus GEM,
by the CCONE code, and by the INCL++/ABLA07 code. The comparisons repre-
sented overall agreement even in the approximately 50-MeV/nucleon case. For the
PHITS calculation, however, several discrepancies were seen in the present data,
as well as in those measured at 105 and 209 MeV/nucleon. The calculation with
ABLA07 shows fairly good agreement with the experimental data, especially in
odd-Z isotopes in which the PHITS calculation failed to reproduce the experimen-
tal data. From the model analysis using INCL++/GEM and INCL++/ABLA07
data, it is apparent that the level density of GEM may cause the discrepancy.
For more accurate simulation, validation of the level density used in GEM will be
necessary in the future.
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4 Summary and Conclusions

Nuclear transmutation of long-lived fission products (LLFPs) is an attractive
means of treatment for high-level radioactive waste (HLW). For potential trans-
mutation of 93Zr, spallation reaction induced by light particles such as protons,
deuterons, and neutrons is proposed. To study the feasibility of nuclear trans-
mutation via spallation reaction, fundamental data have been accumulated as a
part of the ImPACT Program. The measured data were used to benchmark the
theoretical models and the evaluated nuclear data libraries. They were also used
to understand the reaction mechanisms and behaviors of isotope-production cross
sections by intercomparison among the present and previously measured data.

In Chapter 2, the study of isotope-production cross sections in 93Nb + p, d, and
C reactions at 113 MeV/nucleon was described. The measurement was performed
using the inverse-kinematics method with a 93Nb secondary beam and CH2, CD2,
and C targets at RIKEN RIBF. The isotope-production cross sections were ex-
tracted from the data analysis via the TOF−Bρ − ∆E method. The measured
data were consistent with the activation data within their statistical uncertainties,
thereby validating the reliability of both the inverse-kinematics and activation
methods. Next, the measured data were used for benchmark tests of several the-
oretical models (INCL4.6/GEM, CCONE, JQMD/GEM, and JQMD-2.0/GEM)
and of evaluated nuclear data (JENDL-4.0/HE, JENDL/ImPACT-2018, TENDL-
2017, and ENDF/B-VIII.0). For the p-induced reaction, the CCONE calculation
shows the best reproducibility of χ2 = 6.84 among the models and libraries. Dis-
crepancies are seen between the measured 93Nb data and the PHITS calculation
similar to the 93Zr data, regardless of the changes of initial N and Z by one.
These discrepancies included a one-mass-shift in the charge-exchange (∆Z = +1)
reaction, overestimations of the production cross section near the target nucleus,
underestimations in odd-Z isotopes, and exaggerated even-odd staggering. Fi-
nally, a comparison between the measured 93Nb data and the previously measured
93Zr data was performed paying particular attention to the jumps originating from
the neutron magic number, N = 50. These jumps are seen both in the (p, pxn)
and (p, 2pxn) reactions in 93Zr data; in contrast, the jump is not observed in the
(p, pxn) reaction in 93Nb. From the model analysis using INCL4.6/GEM imple-
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mented in PHITS, it was revealed that the jumps can be seen depending on the
balance of yields in the dynamic and evaporation processes. Also, the difference
in the integrated distribution of production cross sections as a function of ∆Z
for 93Nb and 93Zr data can be explained by the neutron- and proton-separation
energies. Separation energies were confirmed to be significant in the distribution
of production cross sections in spallation reactions.

In Chapter 3, the study of isotope-production cross sections in 93Zr + p and
d reactions at approximately 50 MeV/nucleon was described. The measurement
was conducted using the inverse-kinematics method with a 93Zr secondary beam
and cooled gaseous H2 and D2 targets at RIKEN RIBF. The isotope-production
cross sections were derived by the TOF−Bρ − ∆E method. First, the energy
dependence of the production cross sections was investigated. In terms of nuclear
transmutation, it was found that the p- and d-induced reactions at a total kinetic
energy of around 200 MeV are the best choice in the energy range from 50 to
209 MeV/nucleon because they generate less long-lived products. Next, the mea-
sured data were used for benchmark tests of the theoretical models (INCL4.6/GEM,
INCL++/ABLA07, and CCONE), as well as the newly evaluated nuclear data li-
brary JENDL/ImPACT-2018, together with the previously measured 93Zr data
at 105 and 209 MeV/nucleon. The calculations based on intranuclear cascade
models, which are developed for nuclear reactions of several hundred MeV, show
overall agreement with the experimental data even at low reaction energies. This
benchmark demonstrates the applicability of the calculation by combination of the
latest intranuclear and evaporation models for calculation of isotope-production
cross sections in the several tens of MeV region. However, some of the discrep-
ancies seen in the 93Nb data are seen over incident energies ranging from 50 to
200 MeV/nucleon, including the one-mass-shift in a charge-exchange reaction and
overestimations near the target nucleus. Finally, the cause of underestimation of
the production cross sections in odd-Z isotopes in the GEM calculation is inves-
tigated based on the difference from the ABLA07 calculation, which successfully
reproduces the production cross sections in odd-Z isotopes. From the model anal-
ysis of the INCL++/GEM and INCL++/ABLA07 calculations, the odd-Z iso-
topes emit more protons in the GEM calculation than in the ABLA07 calculation,
resulting in underestimation in GEM calculation. This difference is believed to
originate from the level density implemented in GEM and ABLA07 based upon a
comparison of the inverse cross sections in GEM and ABLA07. It is expected that
modification of the level density in GEM may improve this underestimation.

A great deal of fundamental data and a deep understanding are essential to
develop more accurate and reliable reaction models and evaluated nuclear data
libraries for nuclear-transmutation design, as well as other fields such as RI-beam
production, ADS, and spallation-neutron sources. In this work, isotope-production
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cross sections in spallation reactions were studied in terms of incident-energy and
target-nucleus dependence, which are two main factors. Plenty of feed-back and
insight for theoretical models was extracted over a broad energy range for two tar-
get nuclei. Thus, this work promotes the establishment of nuclear-transmutation
technology as a basic elementary process. Moreover, our understanding of the
isotopic distribution in spallation reactions is significantly advanced.

In the future, three works are expected. First, a further understanding of spal-
lation reactions is necessary for more accurate prediction and wider application
not only to nuclear transmutation but also other fields, e.g., RI-beam production,
ADS, and spallation-neutron sources. In the present experiment with 93Nb, the
secondary beam includes other isotopes such as 91.92Y, 92Zr, and 94Nb. Therefore,
systematic analysis of the many target isotopes can extend our findings. Second,
OEDO has been newly constructed at RIBF and has started operation in 2017 [17].
New experimental data for lower incident energies such as 20- and 30-MeV/nucleon
data can be measured using OEDO. Then, we can discuss the potential for nu-
clear transmutation using wider ranges of incident energies and incident particles
in the future. Finally, correlation between reaction products and emitted par-
ticles measured by an exclusive measurement are significant. As mentioned in
Ref. [25], the excitation energy can be deduced from the reaction product and the
emitted charged particles. This may lead to a deeper understanding of spallation
reactions, as well as improvement of the theoretical models. As a first step, an
exclusive measurement of reaction products and emitted neutrons was performed
using SAMURAI [15] at the RIBF in the ImPACT Program [9]. Analysis is ex-
pected to offer new insight for spallation reaction and highly tuned reaction models.
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A Nuclear-reaction Models and Evaluated
Nuclear Data Libraries

In this work, benchmark tests of the nuclear-reaction models implemented in Par-
ticle and Heavy Ion Transport code System (PHITS) [48], of CCONE code [55], of
Liége Intranuclear Cascade ++ [77] plus ABLA07 code [78], and of the evaluated
nuclear data libraries are performed. This appendix introduces the theoretical
models and evaluated nuclear data libraries in comparison to the present experi-
mental data in this thesis.

A.1 Nuclear-reaction Models

A.1.1 PHITS

Particle and Heavy Ion Transport code System (PHITS) [48] is a 3D Monte Carlo
simulation code for the transport and interaction of radiation in matter. The
PHITS code was mainly developed by the Japan Atomic Energy Agency (JAEA),
the Research Organization for Information Science and Technology (RIST), and
the High Energy Accelerator Research Organization (KEK). Its utilities are em-
ployed in a wide range of fields, such as the design of radiation facilities, radiation
protection, medical physics, and planetary science. To calculated nuclear reactions
in PHITS code, several models and evaluated nuclear data libraries are appropri-
ately used for different incident particles, targets, and reaction energies. Figure A.1
shows a map of the physics models and data libraries recommended for use in
PHITS for each condition quoted from Ref. [48]. Although PHITS version 3.10 is
used for calculations, the map of the physics models is the same for version 3.02.
In the PHITS calculation, nuclear reactions in the energy range of interest are ba-
sically described by a two-step process: pre-fragments are formed via the intranu-
clear cascade (INC) process, and the excited pre-fragments subsequently decay by
the emission of light particles and gamma rays. The nuclear-reaction models con-
cerning this work are the Liége Intranuclear Cascade model 4.6 (INCL4.6) [53] and
the Generalized Evaporation Model (GEM) [54] for p- and d-induced reactions on
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Figure A.1: Map of the physics models and data libraries recommended for use in
PHITS3.02 to simulate the nuclear and atomic collisions quoted from Ref. [48].

93Nb and 93Zr at tens and several hundreds of MeV/nucleon, and the JAERI Quan-
tum Molecular Dynamics (JQMD) model [56] and GEM for C-induced reactions
on 93Nb.

INCL4.6

INCL4.6 was developed by the French Alternative Energies and Atomic Energy
Commission (CEA) and simulates nucleon-, pion-, and light-ion-induced reactions
on nuclei for incident energies ranging from a few tens of MeV to a few GeV. In
the PHITS code, INCL4.6 is implemented as a recommended reaction model for
n-induced reactions ranging from 20 MeV to 3 GeV, p- and π-induced reactions
ranging from 1 MeV to 3 GeV, and d-, t-, 3He-, and α-induced reactions ranging
from 10 MeV/nucleon to 3 GeV/nucleon, as mapped in Fig. A.1. At the beginning
of the calculation, all nucleons are prepared in phase space. Their positions and
momenta are determined depending on the Woods-Saxon and Fermi sphere distri-
butions. Protons and neutrons move in the nuclear mean field and independent
binary collisions occur in the cascade process. The scattered nucleons may pass
through the surface of the potential or be reflected by the surface. The stopping
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time of the cascade process tstop is defined as

tstop = fstopt0

(
AT
208

)0.16

, (A.1)

where fstop = 1, t0 = 70 fm/c, and AT denotes the mass number of the target
nucleus. An excitation energy of a remnant after the cascade process E∗ is cal-
culated as the following equation with the total kinetic energy of nucleons in a
remnant given by

∑
i∈Arem

Ti, the total kinetic energy of nucleons in the initial
state given by

∑
i∈AT

T 0
i , the mass number of the remnant given by Arem, and the

Fermi kinetic energy given by TF ,

E∗ =
∑
i∈Arem

Ti −

 ∑
i∈AAT

T 0
i − (AT − Arem)TF

 . (A.2)

GEM

GEM was developed by S. Furihata and simulates de-excitation of the remnant
calculated by a cascade process with emission of light particles up to 28Mg. In
the PHITS code, GEM is implemented as a recommended reaction model for its
evaporation process as mapped in Fig. A.1. The ejectile is determined by the
distribution of emission probabilities calculated as

pj =
Γj∑
k Γk

. (A.3)

Here the total decay width Γj, for the emission of particle j from parent nucleus
i with excitation energy E remaining in daughter nucleus d, is expressed by the
integration of the decay probability between ε and ε+ dε as

Γj = gj

∫ E−Q

V

σinv
ρd (E −Q− ε)

ρi (E)
εdε, (A.4)

where σinv. ρx, V , Q, and ε denote the cross sections for the inverse reaction, the
total level density of the x nucleus, the Coulomb barrier, the Q-value calculated
by the Audi-Wapstra mass table, and the total kinetic energy of the particle,
respectively. The coefficient gj is expressed as gj = (2Sj + 1)mj/π

2h̄2 with spin
Sj and emitted particle mass mj. The cross section for inverse reaction σinv is
calculated as

σinv (ε) =

{
σgcn (1 + b/ε) for neutron,

σgcj (1− V/ε) for charged particles,
(A.5)
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where σg = πR2
b and V = ZjZde

2/Rc indicate the geometric cross section and
the Coulomb barrier. The parameter set derived by Dostrovsky et al. is used for
Rb, Rc, cn, b, and cj for neutron, proton, deuteron, triton, 3He, and alpha-particle
emission. For the other heavy ion emissions, the parameter set derived by Matsuse
et al. is used. The total level density can be expressed according to the excitation
energy as

ρ (E) =


π

12

exp
[
2
√
a (E − δ)

]
a1/4 (E − δ)5/4

forE ≥ Ex

π

12

1

T
exp

(
E − E0

T

)
forE < Ex

(A.6)

where a = Ad/8 is the level density parameter, and δ is the pairing energy of
the daughter nucleus evaluated by Cook et al. The variable T is the nuclear
temperature given by 1/T =

√
a/Ux − 1.5/Ux, and E0 is given by E0 = Ex −

T (log T − 0.25 log a− 1.25 logUx + 2
√
aUx).

JQMD and JQMD-2.0

JQMD was developed by K. Niita et al. to simulate nucleon-nucleus, meson-
nucleus, and nucleus-nucleus collision reactions with energies ranging from the
Coulomb barrier to several GeV/nucleon via a semiclassical method. In the
PHITS code, JQMD is implemented as a recommended reaction model for nucleus-
induced reactions, except for d-, t-, 3He-, and α-induced reactions, ranging from
10 MeV/nucleon to 1 TeV/nucleon, as shown in Fig. A.1. In the code, each nucleon
state is expressed by

φi (r) =
1

(2πL)3/4
exp

[
−(r−Ri)

2

4L
+
i

h̄
r ·Pi

]
, (A.7)

where L, Ri, and Pi represent the width of the Gaussian wave function, the
center position of the ith nucleon, and the center momentum of the ith nucleon,
respectively. The total wave function Φ is calculated by taking the product of all
wave functions:

Φ (r) =
∏
i

φi (r) . (A.8)

Recently, JAERI Quantum Molecular Dynamics model 2.0 (JQMD-2.0) [69] was
developed by modifying the original. In JQMD-2.0, the treatment of peripheral
collisions is improved by modifying the treatment of neutron-proton scattering
near the nuclear surface.
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A.1.2 CCONE

The CCONE code [55] was developed by JAEA to evaluate of nuclear data and
it plays a key role in the JENDL project. The CCONE code simulates nuclear
reactions by combining several nuclear-reaction models: the optical model, the
pre-equilibrium exciton model, and the Hauser-Feshbach statistical model with
width-fluctuation correction.

A.1.3 INCL++

The Liége Intranuclear Cascade model ++ (INCL++) [77] is a redesign code of
INCL4.6 as an object-oriented C++ code. In the INCL++ code used in this work,
several additional improvements were made.

A.1.4 ABLA07

ABLA07 [78] was developed by A. Kelić et al. and is a code for calculating the
de-excitation process of an excited remnant with simultaneous break-up, particle
emission, and fission. The probability of a certain decay channel Pv is calculated
by

Pv =
Γv∑
i Γi

, (A.9)

where Γi indicates the decay width of the channel. According the Weisskopf-Ewing
formalism, the decay width, from a parent nucleus i of excitation energy Ei to a
daughter nucleus of excitation energy of Ef by emitting a particle v with a kinetic
energy of εv, can be expressed by:

Γv (Ei) =
2sv + 1

2π

2mv

πh̄2

∫ Ei−Sv−Bv

0

σc (εv)
ρf (Ef )

ρi (Ei)
(εv −Bv) dEf , (A.10)

where sv, mv, σc, ρ, and Bv are the spin of the emitted particle, the mass of the
emitted particle, the cross section for the inverse reaction, the level density of the
corresponding nucleus, and the Coulomb barrier, respectively. The inverse cross
section σc is calculated as:

σc (εv) = πR2

(
1− Bv

εv

)
, (A.11)

where R = Rgeom +Rλ. The radius Rgeom and Rλ are calculated as

Rgeom = 1.16
(
A

1/3
1 + A

1/3
2

)
, (A.12)

Rλ =

√
h̄2

2µEcm
, (A.13)
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where A1 and A2 are the mass numbers of the daughter and emitting nuclei,
respectively. The relative mass µ is calculated using the masses of the daugh-
ter nucleus M1 and emitting particle M2 as µ = M1M2/ (M1 +M2), and Ecm =
εv (A1 − A2) /A1. The Coulomb barrier Bv is calculated as the maximum value of
the nuclear potential for l = 0, V (r) = VN (r) + VC (r). The empirical nuclear
potential as a function of the distance between the two surfaces s = r − C1 − C2

is expressed by R. Bass as:

−VN (s) =
C1C2

C1 + C2

1

A exp s
d1

+B exp s
d2

(A.14)

where A = 0.333 MeV−1fm, B = 0.007 MeV−1fm, d1 = 3.5 fm, and d2 = 0.65 fm.
The coefficients C1 and C2 are the half-density radii of the daughter nucleus and
the emitted particle, respectively:

Ci = Ri

(
1− (0.9984fm)2

R2
i

)
, (A.15)

where R1 for the daughter nucleus and R2 for the emitted particle can be expressed
as

R1 =

(
1.28A

1/3
1 − 0.76 +

0.8

A
1/3
1

)
fm, (A.16)

R2 =

(
1.28A

1/3
2 − 0.76 +

0.8

A
1/3
2

+ d

)
fm. (A.17)

The parameter d is determined by the kind of emitted particle, as d is 3 fm for p,
0 fm for d, t, and 3He, and 1 fm for α. The Coulomb potential is calculated as:

VC (r) =


1.44

Z1Z2

r
r > RC

1.44
Z1Z2

2RC

(
3− r2

R2
C

)
r ≤ RC

(A.18)

where RC = 1.3
(
A

1/3
1 + A

1/3
2

)
fm, Z1, and Z2 correspond to the atomic numbers

of the daughter nucleus and the emitted particle, respectively. The total level
density is determined by the intrinsic level density ρin, corrected by the vibrational-
enhancement factor Kvib and the rotational-enhancement factor Krot as

ρ (E) = ρin (E)Kvib (E)Krot (E) . (A.19)
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The intrinsic level density ρin is formulated via the Fermi-gas model at middle or
high excitation energies:

ρin (E) =

√
π

12

exp
[
2
√
a (Eeff + δUk (Eeff ) + δPh (Eeff ))

]
a1/4E

5/4
eff

, (A.20)

where

a = 0.073A+ 0.095BSA
2/3, (A.21)

and A is the mass number of the nucleus, BS is the ratio between the surface
of the deformed nucleus and a spherical nucleus, and δU is the shell-correction
energy. The functions k (Eeff ) and h (Eeff ) calculate the damping of the shell
effect as k (Eeff ) = 1 − exp−γEeff with γ = a/

(
0.4A4/3

)
, and the superfluid-

phase transition at the critical energy Ecrit = 10 MeV as

h (Eeff ) =

1−
(

1− Eeff
Ecrit

)2

Eeff > Ecrit

1 Eeff > Ecrit.

(A.22)

The parameter δP is the pairing correction factor, which is calculated as

δP = −1

4
∆2g + 2∆, (A.23)

where the average pairing gap is ∆ = 12/
√
A and the single-particle level density

at the Fermi energy is g = 6a/π2. The effective energy Eeff is calculated to
consider different energies of combination of even and odd of proton and neutron
numbers as:

Eeff =


E odd Z − odd N

E −∆ odd Z − even N or even Z − odd N

E − 2∆ even Z − even N.

(A.24)

For the intrinsic level density ρin at very low excitation energies, the constant-
temperature level density is adopted:

A.2 Evaluated Nuclear Data Libraries

A.2.1 JENDL-4.0/HE

JENDL-4.0/HE [50] provided by JAEA is an extended library of JENDL-4.0 up
to a reaction energy of 200 MeV for use in the accelerator related applications.
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Cross section data, such as double-differential cross sections for emitted particles
lighter than α, production cross sections of residual nuclei, total cross sections,
total-reaction cross sections, and elastic scattering cross sections, in p- and n-
induced reactions up to 200 MeV for 130 and 133 target nuclei are contained in
JENDL-4.0/HE. The evaluation was performed based on model calculation by
the CCONE code with systematic optimization of the model parameters. Also,
a clustering pre-equilibrium model was employed for better reproducibility of the
composite-particle-emission spectra.

A.2.2 JENDL/ImPACT-2018

Recently, JENDL/ImPACT-2018 was developed as a part of the ImPACT Project
to study the transmutation of LLFPs. Cross sections data in p- and n-induced re-
actions up to 200 MeV for 163 target nuclei including four major LLFPs (79Se, 93Zr,
107Pd, and 135Cs) and important isotopes in their vicinity are stored in the library.
Similar to JENDL-4.0/HE, the evaluation is based upon the model calculation by
the CCONE code. The parameterization was performed based on the experimen-
tal isotope-production cross sections measured as a part of the ImPACT Project.
In addition, recent knowledge concerning nuclear-structure theory is incorporated.

A.2.3 TENDL-2017

The TALYS Evaluated Nuclear Data Library 2017 (TENDL-2017) [51] was devel-
oped by the Paul Scherrer Institute (PSI) and the International Atomic Energy
Agency (IAEA). It is the 9th version of TENDL. Nuclear data in n-, p-, d-, t-,
3He-, α-, and γ-induced reactions with energies up to 200 MeV in approximately
2,800 isotopes with half-lives longer than 1 second are stored in TENDL-2017. The
evaluation is performed by the TALYS nuclear model code system [82], adjusting
its parameters.

A.2.4 ENDF/B-VIII.0

The Evaluated Nuclear Data File B-VIII.0 (ENDF/B-VIII.0) was developed by
the Cross Section Evaluation Working Group (CSEWG), incorporating studies
from across the United States and the international nuclear-science community.
In addition to nuclear data for neutron and photonuclear reactions, the ENDF/B-
VIII.0 includes nuclear data for p-induced reactions on 49 target isotopes with the
reaction energies mostly up to 150 MeV.
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