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Abstract.

The isotope-production cross sections in p- and d-induced reactions on **Zr at approximately

50 MeV/nucleon were measured by using the inverse-kinematics method at RIKEN RI Beam Factory. The
measured data were compared with the previous experimental **Zr + p, d at 105 and 209 MeV/nucleon data.
This comparison represents that the isotopic distribution of production cross sections at 51 MeV p-induced re-
action is appreciably different from those at 105 and 209 MeV. On the other hand, these three data sets show that
the shape of isotopic distribution is similar in the case of the d-induced reaction. Also, the measured production
cross sections were compared with the theoretical model calculations with Particle and Heavy Ion Transport
code System (PHITS) version 3.10 in order to investigate the reproducibility of the models implemented in
PHITS. The calculations well reproduced the experimental data even in such low incident energy, while several
discrepancies were still seen as in the p- and d-induced reactions at 105 and 209 MeV/nucleon.

1 Introduction

The treatment of high-level radioactive waste (HLW) is
one of the crucial issues concerning nuclear power gen-
eration. The geological disposal has been advanced as
the first candidate for the option of its disposal, however
there is still the risk of long-term radiotoxicity. To resolve
this situation, nuclear transmutation has been proposed as
a powerful tool to give a new option for the HLW disposal
for the last several decades. In recent years, a series of
nuclear data measurements for long-lived fission products
(LLFPs) has been performed in Japan in order to accumu-
late the basic data necessary to design nuclear transmu-
tation system for LLFPs [1-6]. Isotope-production cross
sections in p- and d-induced reactions on **Zr, which
is a typical LLFP with its half-life of 1.5 x 10° years,
have been measured at the reaction energies of 105 and
209 MeV/nucleon, and theoretical model analyses with the
intra-nuclear cascade model and evaporation model have
been performed so far [1, 2]. As a next step, it is of our in-
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terest to investigate the incident energy dependence of iso-
topic distribution of production cross sections by further
measurements in the lower incident energy region where
the spallation reaction is no more dominant.

In the present work, isotope-production cross sections
for **Zr were measured at the reaction energy of ap-
proximately 50 MeV/nucleon using the inverse-kinematics
method. The measured cross sections are compared with
those measured previously at 105 and 209 MeV/nucleon,
and the incident energy dependence of isotopic distribu-
tions is discussed. In addition, theoretical model calcula-
tions are compared with the measured data for benchmark-
ing of the models in the low incident energy region.

2 Experiment

The experiment was performed at RIKEN RI Beam Fac-
tory (RIBF). The BigRIPS RI beam separator was used for
separation and identification of the secondary beam, and
ZeroDegree Spectrometer (ZDS) was used for identifica-
tion of the reaction products [7].

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Particle identification plot for the secondary beam.
The red box outlines the **Zr beam.

First, an accelerated 2%*U primary beam up to
345 MeV/nucleon impinged onto a 3-mm-thick *Be pro-
duction target located at the entrance of BigRIPS to pro-
duce the secondary cocktail beam via the in-flight fission.
Next, the secondary beam was purified and identified via
the TOF-Bp — AE method [8] at the first- and second-
halves of BigRIPS, respectively. Figure 1 shows a two-
dimensional identification plot for the secondary beam by
the atomic number Z and the mass-to-charge ratio A/Q,
and Zr was clearly identified. The purity and typical
count rate of 23Zr were 57.8% and 980 count per second,
respectively.

Then the secondary beam impinged onto the reaction
targets. As the reaction targets, cooled H, and D, gases
pressurized to 4 atm were used. The thicknesses of H,
and D, gases were 20.2 and 34.5 mg/cm?, respectively.
The incident energy of **Zr was 51 MeV/nucleon at the
center of the H, target and was 52 MeV/nucleon at the
center of the D, target. The reaction products were also
identified at ZDS using a method similar to that for the
secondary beam. To cover the wide range of produced
isotopes, nine different Bp settings for ZDS were adopted.
Figure 2 represents the identification plot for the reaction
products from the H, reaction target. Since the fragments
have lower kinetic energy than those in the previous mea-
surements [1, 2], they easily pick up electrons and change
their charge states. As a result, reaction products with
a few charge states, i.e., fully-stripped, hydrogen-like,
and helium-like fragment, were observed in Fig. 2. The
isotope-production cross section for each reaction prod-
uct was derived from the yields of incident **Zr beam and
each isotope produced with each charge state by subtract-
ing the contribution from beamline materials which can be
estimated by the empty target runs.

3 Results and Discussion

The red circles in Figs. 3 and 4 show the measured
isotope-production cross sections for the p-induced re-
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Figure 2. Particle identification plot for reaction products from
the H, target after selecting the **Zr beam.

action at 51 MeV (o ,s51) and the d-induced reaction at
52 MeV/nucleon (oy52) on **Zr, respectively. The error
bars indicate the statistical uncertainties. The o ps5; and
o452 data were obtained for 17 and 20 nuclides, respec-
tively. It should be emphasized that the inverse-kinematics
enables us to obtain systematic isotope-production data in-
cluding not only short-lived nuclei but also stable ones.

3.1 Energy dependence

The isotope-production cross sections measured in the
present work were compared with the previous experimen-
tal data in order to investigate the energy dependence of
isotope production. The previously measured data at 105
and 209 MeV/nucleon [1, 2] are displayed by the black tri-
angles (o p105 and o4105) and the blue squares (000 and
T p09) in Figs 3 and 4, respectively.

Four following differences are observed among the
three data sets. To begin with, in Fig. 3 (b) and (c), the
lower mass limits of o5, distribution end at larger mass
number than those of 0,105 and o 209, resulting in the nar-
row distribution. The measured range of the cross section
is restricted by the lower limit of measurable cross section
and by the acceptance of ZDS. Since incident particle with
higher kinetic energy can remove more nucleons than that
with lower kinetic energy, the isotopic distribution of o5
has such a narrower range than the previous data. Next,
0 ps1 have much larger production cross sections near the
target nucleus **Zr. These nuclei are mainly produced via
the fusion-evaporation process where incident particle is
captured by the target nuclei and subsequently deexcited
with emission of several particles. In the lower incident
energy case, such process is largely enhanced. As a result,
Nb and Zr isotopes with large-mass number have much
larger cross sections than those in the higher incident en-
ergy cases. Then, in Fig. 3 (c), ops; for Y isotopes show
a very different trend from o105 and o p209. In particular,
87Y has quite large production cross section in 0 ps1, and
the unique behavior is observed in the Y isotopic chain.
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induced reaction on **Zr at 51 MeV with previous works at 105
and 209 MeV.

This indicates that the production of ¥”Y is enhanced in the
incident energy of around 50 MeV. Finally, in the previous
data, the productions of 97+ and 3°Y were enhanced due to
closed shell effect at the neutron magic number N = 50, re-
sulting in discontinuous jumps at *°Zr and *’Y. Although
isotopic distribution of Zr shows a jump between *°Zr and
917r, no clear jump is seen in Y isotopes regardless of the
presence of jumps in 0,105 and o 209.

As for the d-induced reaction shown in Fig. 4, the dis-
tributions of o ysz, 04105, and o409 have similar shape. In
terms of their quantities, the Nb and Zr isotope-production
cross sections decrease with an increase in incident energy.
In contrast, Sr isotope-production cross sections increase
with an increase in incident energy. As mentioned above,
the Nb and Zr isotopes which are near the target nucleus
937r are largely produced by the fusion-evaporation pro-
cess which is dominant in nuclear reactions at lower ki-
netic energies. On the other hand, the production of Sr iso-
topes, which requires much particle emissions like a spal-
lation reaction, is enhanced in the higher incident energy
cases. As a result, the dependence of isotope-production
cross sections on incident energy has a different tendency
in each isotopic chain. Finally, these three data sets show
jumps at the neutron magic number N = 50 in both Zr and
Y isotopes.

3.2 Comparison with theoretical calculation

The measured isotope-production cross sections were
compared with theoretical model calculations with Parti-
cle and Heavy Ion Transport code System (PHITS) ver-
sion 3.10 [9, 10] as shown in Fig. 5. In the PHITS cal-
culation, the nuclear reaction is assumed to proceed as a
two-step process, that is, the intra-nuclear cascade process
modeled as incoherent nucleon-nucleon collisions and the
evaporation process where pre-fragments deexcite with
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Figure 3. The measured isotope-production cross sections for p- Figure 4. The same as Fig. 3, but for d-induced reac-

tion at 52 MeV/nucleon with previous works at 105 and
209 MeV/nucleon.

emitting particles and gamma-rays. The Liege Intranu-
clear Cascade model (INCL-4.6) [11] and the General-
ized Evaporation Model (GEM) [12] were employed for
each process to calculate the isotope-production cross sec-
tion in PHITS. Although INCL-4.6 model was developed
for nuclear reactions having the kinetic energy above sev-
eral hundred MeV, the calculations well predict the mea-
sured isotopic distributions of production cross sections
even in the 50 MeV/nucleon data. However, they show
some discrepancies seen in the 105 and 209 MeV/nucleon
cases. First, the calculations are shifted by one-mass num-
ber to the heavy side in the distribution of the Nb isotope-
production cross sections in both of the p- and d-induced
reactions. Next, the calculations overestimate the produc-
tion cross sections near the target nucleus Bzr. Also, the
exaggerated even-odd staggering is observed in calculated
Sr isotopes in the d-induced reaction regardless of weak
staggering of the measured data. These discrepancies are
also pointed out in the previous studies [1, 2], and they still
appear over the range of these incident energy. Finally, the
calculated isotopic distribution of Y has a sharp rise seen
at the mass number of 87, but underestimates the produc-
tion cross section.

4 Conclusions

We have measured isotope-production cross sections
for p- and d-induced reactions on long-lived fission
product **Zr at approximately 50 MeV/nucleon at RIKEN
RIBF. The energy dependence of isotopic distribution of
production cross sections were investigated for both of
the reactions. In the d-induced reaction, three data sets
showed similar tendency but different quantities each
other. In the p-induced reaction, in contrast, a narrower
distribution was observed in 51 MeV data compared with
the higher incident energy cases due to the insufficient
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Figure 5. Comparison between the measured isotope-production
cross sections and calculated cross sections with PHITS version
3.10 for p- and d-induced reactions on **Zr at approximately
50 MeV/nucleon.

energy to knock out and/or emit many nucleons. Also,
the measured isotope-production cross sections were
compared with the calculations by PHITS version 3.10
employing INCL-4.6 model plus GEM. The comparison
represented an overall agreement even in approximately
50 MeV/nucleon case. However, several discrepancies
were seen in the present data as in the data measured
at 105 and 209 MeV/nucleon. In the future, continuous
expansions to wider incident energy ranges will be
required especially in lower incident energy such as 30
and/or 20 MeV/nucleon for comprehensive understanding
of the reaction process.
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