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In this paper, we calculate the cross sections for proton-induced reactions producing short-lived radionuclides
like "1°Be, 2 Al, 33*Mn, etc., with the Liége intranuclear cascade model (INCL++). The results show that
the INCL model, when coupled with the proper deexcitation model, gives satisfactory results for most of the
considered reactions. Generally, results for reactions with (AN — AZ) equal to 0 or 1 are more likely to precisely
match experimental data than those for reactions with larger or smaller | AN — AZ|. Our results can provide
useful references for both the users and developers of INCL and deexcitation models.
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I. INTRODUCTION

The short-lived radionuclides (SLRs) are a class of extinct
nuclides that have been proposed to be produced in the very
early stage of the solar system [1]. The existence of these nu-
clei has been confirmed by their decay daughters found in the
calcium-aluminum-rich inclusions, the oldest solids in the so-
lar system wrapped in some kind of meteorites like chondrites
[2]. As a consequence, researches on the exact production
process of SLRs are of great significance in helping us to see
more details in the evolutionary history of the solar system.

The production cross sections are crucial input parameters
to derive the theoretical content of SLRs produced by early
solar activities [1,3—5]. However, most of the reactions occur-
ring near the protosun to produce SLRs require energy that
is too high to realize in laboratories, which causes difficulty
in measuring the relevant cross sections experimentally. It is
the reason that there are quite few cross-section data available.
Therefore, it is necessary to find a way of simulating the high-
energy reactions and to obtain the cross sections theoretically.

The Liege intranuclear cascade (INCL) model [6] was first
developed in 1983 to study reactions between heavy ions [7],
and now is widely used in simulations of nucleon- and light-
ion-induced spallation reactions. According to the benchmark
of spallation models [8] organized by the International Atomic
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Energy Agency, the combination of the INCL model and deex-
citation model ABLAO7 is one of the most accurate models.
In 2016, Chen et al. [9] calculated the cross sections for
proton- and neutron-induced spallation reactions producing
He, '“Be, and 2°Al by the INCL model and obtained ac-
ceptable results. However, the systematical calculation of
SLRs-production cross sections and analytical comparisons
with experiments and between results from different deexcita-
tion models are rather rare.

In this paper, we combined the latest version of the
INCL model, INCL++ v6.29, with three different deexcita-
tion models to evaluate the SLRs-production cross sections
for proton-induced spallation reactions, and compared results
with experimental data to test the validity of INCL++ and the
three deexcitation models.

II. MODEL DESCRIPTION
A. INCL

The INCL model is based on the idea that at a sufficiently
high incident energy the nucleon-nucleus reactions can be
treated as a series of independent nucleon-nucleon binary
interactions within a common mean-field potential [6,10].

According to the framework of the model [6,11,12], in-
cident particles, assumed to be traveling along straight-line
trajectories, initiate a series of binary collisions in the target
nucleus, followed by possible emissions of nucleons, pions,
and light clusters. Among the collisions taking place in a
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spherical calculation volume, inelastic collisions

NN =NA, A=nN (D

cause the production and absorption of A’s and pions. Cal-
culations are performed relativistically and effects like Pauli
blocking and Coulomb deviation are considered. The reac-
tions come to an end when the remnant system reaches a
state of thermalization, parametrized by the self-consistently
determined cascade stopping time. One of the prominent ad-
vantages of the INCL model is that there is no adjustable
parameter. All the parameters used are determined either phe-
nomenally or once for all.

During the last decades, the application range of the INCL
model has been widely extended. For the latest INCL4++ ver-
sion, the projectiles could be nucleons, pions, or the newly
added light ions with the mass number below 18. The up-
per energy limit is up to 15-20 GeV for pion-, kaon-, and
nucleon-induced reactions, and a few GeV for light-ion-
induced reactions [13—15]. Although the concept of cascade
reaction is proposed for spallation reactions with the incident
energy larger than 100 MeV [16], INCL could give acceptable
results in the energy of tens of MeV [8].

B. Deexcitation

The INCL model addresses the reaction system until a
thermalization is established, leaving the remnant in an
approximately equilibrate state characterized by its mass,
charge, excitation energy, and angular momentum. To obtain
the observable final state, information of the remnant system
will be delivered to the following deexcitation model, which
statistically describes the cooling down of the excited nu-
cleus. Deexcitation models could differ from each other in the
ways of tackling specific processes like evaporation, fission,
multifragmentation and/or other kinds of breakup, through
which the remnant deexcites. In this paper, we employed three
deexcitation models ABLA v3p, GEMINI++, and SMM [17],
in addition to the Fermi breakup model. The Fermi breakup
model is set by INCL as the default deexcitation model for
excited nuclei with mass numbers less than 16.

III. RESULTS AND DISCUSSIONS

With the models discussed above, we calculated cross
sections for reactions producing SLRs including ""'°Be, '“C,
22Na, 2Al, **Ti, and >>**Mn from their parents. The cal-
culated SLRs and the corresponding parent elements are
listed in Table I. And for comparison, we coupled INCL++,
respectively, to three different deexcitation models, namely,
ABLA v3p, GEMINI++, and SMM, during calculations. Some
of the calculated cross sections for SLRs-producing reactions
are shown in Figs. 1-5. In the incident-energy range of 60—
3000 MeV, most of the results are in good agreement with
experimental data within a factor of 2 for at least one adopted
deexcitation model.

To reveal the rules under which the calculated results
are affected by the reactions, we evaluated for all modeled
reactions the parameters (AN — AZ) and AN/AZ, which
explicitly characterize a reaction. Approximately, for most of

TABLE I. The calculated SLRs and the accordant target

elements.

Isotope Target elements
Be-7,10 Be,B,C, 0O
C-14 (6]
Na-22 Na, Mg, Al, Si
Al-26 Mg, Al, Si
Ti-44 Ti, Fe
Mn-53,54 Mn, Fe, Ni

the reactions with (AN — AZ) equal to 0 or 1, good simulated
results are produced, and the results given by different deex-
citation models show good consistency (within a factor of 2)
with each other. A large proportion of calculated results for
this kind of reactions exhibit matching shape with experimen-
tal data and results from other models (Fig. 1). The calculated
results for reactions >>Mn(p, pn) >**Mn and "Fe(p, x) >*Mn
are nearly perfect in fitting the experimental data re-
gardless of the deexcitation model coupled. For reactions
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FIG. 1. The calculated cross sections for >>Mn(p, pn) **Mn,
"Mg(p, x) **Na, and "‘Fe(p, x) **Mn. The experimental data are
taken from Ref. [18].
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FIG. 2. The calculated cross sections for 2’ Al(p, x) *Na and
"Si(p, x) 22Na. The experimental data are taken from Ref. [18].

"tMg(p, x) 22Na, 2’ Al(p, x) 2°Al, and "Si(p, x) 2°Al, pre-
cisely fitted results within the considered energy range of
60-3000 MeV are produced by GEMINI++, and results from
other models are close to experimental data but slightly
overestimated (within a factor of 3). On the other hand,
the results of "‘Fe(p, x) **Mn obtained by GEMINI++ are
in good agreement with experimental data and those by
other models are slightly underestimated (within a factor of
2). However, for reactions *Na(p, x) >*Na, >’ Al(p, x) **Na,
and "'Si(p, x) **Na, the shapes of calculated results deviate
slightly from experimental data and results from other mod-
els, but precisely agreeable results are reproduced in some
energies by a specific deexcitation model (Fig. 2).

In contrast, when the value of |AN — AZ] is larger than
1, the calculated results are more likely to show a severer
deviation from experimental data in shape and/or value, and
the consistency between different deexcitation models is also
reduced (Fig. 3). Some results have only accordant shape
with experimental data and each other, such as reactions
"atMg(p, x) Al and "*Ni(p, x) *Mn. The magnitudes of
these results are either overestimated or underestimated. For
the other reactions, however, results from different models
disagree with experimental data and each other not only in
magnitude but also in shape, like the reactions producing
"Be. Moreover, in the simulation for reaction 1o (p, x) el
INCL and its coupled deexcitation models failed severely, the
calculated cross sections showing a drastic deviation from
experimental data of a factor of at most 4 in higher energies
for all the used deexcitation models.

Based on the results shown above, we can predict approx-
imately the performance of INCL and deexcitation models in
calculating cross sections according to the values of (AN —
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FIG. 3. The calculated cross sections for "“Mg(p,x) 20Al,
"UNi(p, x) 3*Mn, °Be(p, x) "Be, and "O(p, x) “*C. The experimen-
tal data are taken from Refs. [18-23].

AZ) for simulated reactions. But exceptions exist, for these
are only qualitative conclusions. For reactions "'C(p, x) "Be
and "™'Q(p, x) "Be, the parameter (AN — AZ) is equal to
1 but the calculated results from the three adopted deexci-
tation models are not satisfying (Fig. 4). However, we can
exclude these exceptions because these two reactions have
relatively light targets, which are more suitable to be assigned
to the Fermi breakup model, and the consequent results are
within a factor of 2. On the other hand, among reactions
with larger |AN — AZ|, acceptable results are produced for
"UTi(p, x) “Ti by SMM, but the disagreement between results
from different deexcitation models is still large (Fig. 5).
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FIG. 4. The calculated cross sections for ™ C(p,x) 'Be and
"t0(p, x) 'Be. The experimental data are taken from Ref. [18].

From the above results we can see that the performance of
INCL++ and deexcitation models in calculating cross sections
depends not only on the reaction, but also on the specific deex-
citation model. Among the adopted deexcitation models, the
GEMINI4-+4 model shows an obvious advantage in reproducing
the cross sections for SLRs-production reactions, by giving
the most appropriate results on its own for 11 reactions in
20 in total. For the reactions 9Be(p, x) "Be, "Mg(p, x) 22Na,
naSi(p, x) 2°Al, and "Fe(p, x) **Mn, GEMINI++ obtained
precisely fitted results while the others made a deviation larger
than a factor of 1.5. Besides, the results of "C(p, x) '°Be can
only be simulated by GEMINI++- to have an accordant shape
with experiments.

SMM performed a perfect simulation for reaction
"UTi(p, x) “Ti, while the other models overestimated the
values by at least a factor of 2. Also, for another reaction

10° . .
= Experimental data
o 02l e ABLAV3p ]
g GEMINI++
= ° SMM
S 10 ogte2it gy o ;
45 ° - [.] PY
% fl" Laay — : : o o
w 10°F 'y B
n
o
= o
O o'l - i
. "atTi(p,X)MTi
10 100 1000

Energy (MeV)

FIG. 5. The calculated cross sections for "*Ti(p, x) **Ti. The
experimental data are taken from Ref. [18].

producing **Ti, "*Fe(p, x) *Ti, sSMM gives best-simulated
values again. But some calculations cannot be accomplished,
when coupled to SMM, for reactions the target elements of
which lie between oxygen and silicon in the periodic table.
Especially for reactions where the oxygen nuclei are targets,
the simulations break down for all the considered energies.

There are also two reactions the cross sections of which
are well reproduced by two models, GEMINI4++ and ABLA
v3p, respectively, in different energy ranges. Cross sections
for 2’ Al(p, x) *Na are precisely calculated in the energy
range 50-300 MeV by GEMINI++, and 400-3000 MeV by
ABLA v3p. As a similar situation, the reaction "Si(p, x) ’Na
also received good simulated results from these two models,
respectively, in different energy ranges. Such a situation, al-
though it makes no sense for calculating well-fitted values,
inspires us about the nature of such reactions according to the
methods or assumptions used in models giving better results.
Besides, it also suggests the proper scopes of application of
different deexcitation models.

The INCL++ set the Fermi breakup model, which special-
izes in simulations of light nuclei, as the default deexcitation
model for nuclei with mass numbers no more than 16. In
order to explicitly study the performance of each model, and
to research the capability of the Fermi breakup model, we
also calculated the results by coupling INCL++ to the Fermi
breakup model for reactions where the targets are not heavier
than oxygen. The results show that, compared with the other
three deexcitation models, the Fermi breakup model indeed
has an advantage in dealing with reactions producing light
SLRs. But discrepancies between results and experimental
data are still large.

IV. SUMMARY

The SLRs-production cross sections for some reactions
from normal elements are calculated by INCL++ coupled
with three different deexcitation models. The results show that
for most reactions INCL++- could give acceptable predictions
when coupled to the proper deexcitation model. Generally
speaking, for reactions with (AN — AZ) equal to O or 1, the
calculated results are more likely to be in good agreement
with experimental data regardless of the deexcitation model
involved. And for more than half of the calculated reactions
the most appropriate results are produced by the deexcitation
model GEMINIH+ coupled with INCL++. However, more dis-
crepancies arise between calculated results and experimental
data for reactions with | AN — AZ| larger than 1. And results
are also not very satisfactory for reactions producing light
SLRs like *'°Be and *C. For these aspects, a further improve-
ment of the INCL model and deexcitation models is needed in
the future.
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