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U+ p,dand Be at1 A GeV”

Qu-Fei Song(RZ1E)  Long Zhu(#t )  Jun Su(FR7%)
Sino-French Institute of Nuclear Engineering and Technology, Sun Yat-sen University, Zhuhai 519082, China

Abstract: The spallation of U is an important way to produce rare isotopes. This work aims at studying the cross
sections of isotopes produced in U+ p, d and ’Be reactions at 1 4 GeV and their target dependence. (1) A physic-
al model dependent (Bayesian neural network) BNN, which includes the details of IQMD-GEMINI++ model and
BNN, was developed for a more accurate evaluation of production cross sections. The isospin-dependent quantum
molecular dynamics (IQMD) model is used to study the non-equilibrium thermalization of the U nuclei and frag-
mentation of the hot system. The subsequent decay of the pre-fragments is simulated by the GEMINI++ model. The
BNN algorithm is used to improve the prediction accuracy after learning the residual error between experimental
data and calculations by the IQMD-GEMINI-++ model. It is shown that the IQMD-GEMINI++ model can reproduce
the available experimental data (3282 points) within 1.5 orders of magnitude. After being fine tuned by the BNN al-
gorithm, the deviation between calculations and experimental data were reduced to within 0.4 order of magnitude.
(2) Based on the predictions by the IQMD-GEMINI++-BNN framework, the target dependence of isotopic cross sec-
tions was studied. The cross sections to produce the rare isotopes by the Py + p,d and ’Be reactions at 1 4 GeV are
compared. For the generation of neutron-rich fission products, the cross sections for the **U + *Be are the largest.
For the generation of neutron-deficient nuclei in the region of 4 = 200—220, the cross sections for U+ p reaction
are the largest. Considering the largest cross sections and the atomic density, the beryllium target is recommended to
produce the neutron-rich fission products by the **U beam at 1 4 GeV, while the liquid-hydrogen target is sugges-
ted to produce the neutron-deficient nuclei in the region of 4 = 200-220.
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I. INTRODUCTION

Spallation reactions play an important role in various
fields ranging from the design of accelerator-driven sys-
tems, radiation protection, radioactive ion-beam facilities,
detector set-ups, and spallation targets for neutron-
sources for experiments in nuclear physics, astrophysics,
and particle physics [1-3]. During the spallation reaction,
the projectile with energy of 60—3000 MeV/nucleon re-
acts intensively with the target nucleus and produces ex-
cited pre-fragments. The residual nuclei are eventually
formed by de-excitation of pre-fragments. In 2008, the
benchmark of spallation models was promoted by the In-
ternational Atomic Energy Agency (IAEA) [1, 3]. There
are 17 participating spallation models generally coupling
Monte-Carlo implementations of intra-nuclear cascade
(INC) or quantum molecular dynamics (QMD) models
and a statistical-decay model. Some of these models, such

as INCL45-GEMINI++ model and INCL45-Abla07 mod-
el, reproduce the data with relatively good quality [1,
4-8]. In addition to the two-step models in IAEA bench-
mark, Geant4-based models such as the MCADS were
also developed to study spallations [9]. Because spalla-
tion model calculations can be quite time consuming,
some fast and accurate empirical parameterizations, such
as EPAX [10] and FRACS [11], were also developed to
study the residue-production cross sections in spallation.
The three main mechanisms for the de-excitation of
pre-fragments in spallation reactions are evaporation, fis-
sion, and multifragmentation. Fission has been widely
used to produce nuclides far from the S-stability line with
the purpose of studying the properties in the isospin de-
gree of freedom [12, 13]. A series of studies have shown
that fission is the most efficient production mechanism
for medium-mass neutron-rich nuclei [14-21]. Therefore,
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in next-generation radioactive-beam facilities based on
1sotope separation online or in-flight segparatlon tech-
niques, the fission of heavy nuclei like ~"U will be used
to populate the neutron-rich region of the nuclide chart
[22, 23]. Projectile-like products in spallation are also of
great interest to experimentalists. The spallatlon of’ U is
expected to produce new nuclides such as “Th and *"’Pa
in the region of 4 = 200-220 [24, 25]. To select targets in
new nuclide generation experiments, the target depend-
ence of the isotopic cross sections produced in the spalla-
tions of **U need to be studied.

To this end, the production cross sections in the spal-
lation reactions of heavy nuc1e1 have been systematically
measured For example, U+ patl A GeV [3, 26-28],

U+ dat14GeV [29-33] and ~°U + Be at 0.95-1 4
GeV [23 25, 341 were studied experimentally. Data of
the **U + p and *U + d reactions are relatively rich, and
the minimal magnitude of measured cross section is about

10~3 mb. The **U + ’Be reaction has less data, espe-
cially for some neutron-rich nuclei; however, the lowest
measured cross section reached 10~ mb.

In the spallat10n models benchmark promoted by the
IAEA, only U+ p was investigated. The INCLA45-
GEMINI++ model and INCL45-Abla07 models are two
of the best performing models [1, 3]. However, diffi-
culties still exist in predictions by these models because
spallation reactions occur in a large range of incident en-
ergies and systems, and residues are distributed over a
wide range of charge and mass numbers [35]. It is still an
open question whether those difficulties are due to the
missing mean fields in the cascade model INCLA45.
Meanwhile, more experimental data are measured after
the IAEA benchmark. Thus, in this work, the isospin-de-
pendent quantum molecular dynamics (IQMD) model,
where the mean fields are con51dered 1s used to study the
non-equilibrium thermalization of **U nuclei and the
fragmentation of the hot system. The GEMINI++ model
is applied to simulate the subsequent decay of the pre-
fragments.

Recently, the Bayesian neural network (BNN) meth-
od has been applied to solve prediction problems in nuc-
lear physics. It has been proposed that the BNN can fine
tune physics motivated models by modeling the residuals.
For example, the BNN method has achieved consider-
able success in predicting nuclear mass [36, 37], nuclear
charge radii [38], and neutron drip line [39]. In Ref. [35],
the BNN method was also proved to be an effective
method for predicting the residue-production cross sec-
tions in proton induced spallation reactions. In this work,
the two-step model and the BNN algorithm were com-
bined to calculate the 1s0t0p1c cross sections produced in
reactions of ~*U + p, d and ’Be at 1 4 GeV. The target
dependence of the isotopic cross sections produced in the
spallation is studied on the basis of the available experi-
mental data and calculations by the IQMD-GEMINI++-

BNN model. This paper is organized as follows. In Sec.
II, the theoretical framework is described. In Sec. III,
both the results and discussions are presented. Finally,
Sec. IV presents the conclusions and perspectives for fu-
ture studies.

II. THEORETICAL FRAMEWORK

The early review of the quantum molecular dynamics
model dates back to 1991 [40]. The isospin-QMD
(IQMD) model was developed earlier [41]. The code ver-
sion in this work is IQMD-BNU (Beijing Normal Uni-
versity), which has been introduced and compared to oth-
er versions within the transport model evaluation project
[42—45]. During the recent decade, the IQMD-BNU mod-
el has been developed in several aspects to study the
mechanism of the fragmentation [46, 47]. By coupling
with the GEMINI code, it has been applied to predict the
cross sections in the spallation [48, 49]. In order to study
the spallation reactions U+ p, d and Beat 1 4 GeV,
where the fission is significant, the IQMD-BNU code is
coupled with the improved version GEMINI++ in this
work.

A. Isospin-dependent quantum molecular
dynamics model

In the IQMD model, the wave function of a single
nucleon is represented by a Gaussian wave packet:

N
1 241
- =lr=riOF [4L girpi(D)/N
o0 =| | Gepae POt ()
i=1

where r; and p; represent the average position and the
mean momentum of the i-th nucleon, respectively, and
the parameter L is relevant to the square of the width of
the Gaussian wave packet for each nucleon. For the actu-
al calculation, L is 1 fm’.

An N-body wave function is used to describe the
nucleus system, which is assumed to be the direct
product of these Gaussian wave packets. By applying the
Wigner transformation to the N-body wave function, the
N-body phase space density function can be obtained [40,
50, 5117,

N
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The local density can be calculated by integrating the
momentum of the phase-space density function,

N
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Then, the Hamiltonian of baryons can be expressed as the
density functional,

H=T+Ucon+ f Vip(r)ldr, @)

where T is the kinetic energy, Ucoy is the Coulomb po-
tential energy, and the last term is the nuclear potential
energy. The nuclear potential energy density V of the
asymmetric nuclear matter is the function of density p
and asymmetry J,

2p0 v+1 pg 2

2 y+1 C Yi
e o [ T
Lo

V(p.6) =

where po is the normal density. The parameters used in
this paper are a = —356.00 MeV, S = 303.00 MeV, y =
7/6, Csp, =38.06 MeV, and y; = 0.75.

Under the self-consistently generated mean field, the
time evolution of the nucleons in the system is determ-
ined by Hamiltonian equations of motion,

i =V,H p;=-V.H. 6)

In order to simulate the effect of the short-range re-
pulsive residual interaction together with the stochastic
change of the phase-space distribution, the binary nucle-
on-nucleon (NN) collisions are included in the IQMD
model. The differential cross section of the NN collisions
is written as

do __free pangl rmed

where o™ is the cross section of the NN collisions in
free space, f®¢ is the factor of the angular distribution
and f™d isthe in-medium correction factor. The sub-
script i represents different channels of the NN collision:
proton-proton scattering (i = pp), elastic neutron-neutron
scattering (i =nn), elastic neutron-proton scattering
(i =np), and inelastic NN collision including NNNA and
NANN channels. The isospin-dependent parametrization
of o™ and fa¢' adopted in this work is referred from
Ref. [52]. The in-medium factor for elastic scatterings
taken from Ref. [53] is written as

[ = oo /o™ tanh(0* fog), 9= 08507, (8)

In order to enhance the stability and mimic the fermi-
onic nature of the N-body system, the method of the
phase-space density constraint (PSDC) in the constrained
molecular dynamics model [54] and the Pauli blocking
are applied in the IQMD model. According to PSDC, the

integration is performed at each time step on a hypercube
with volume 43 , centered around the i-th nucleon (r;, p;)
in the phase space. The phase space occupancy probabil-
ity f; of the i-th nucleon is calculated as follows:

— 1 =) _ (p=pn’L
— e ey 3. 13
fi= ) 0nadon | —me E T, )
T
n

where 7; and s; represent the isospin degree of freedom
and the spin projection quantum number, respectively. In
the IQMD model, f; is judged by an adjustable value kgon
at each time step. If f; > kgon, the momenta of the i-th
nucleon will be changed by applying the momentum ex-
change between multiple particles. The NN collisions res-
ult is accepted only when the f; of each nucleon in the fi-
nal state is less than kgon. In actual calculations, kfon =
1.15 was used.

B. GEMINI++

The calculation in this study is a two-step process,
which includes both dynamical and statistical codes.
When the excitation energies of the heaviest prefragment
are less than a specified parameter Egp, the simulation of
IQMD will stop. The prefragments are formed, and the
GEMINI++ code will be switched on. The GEMINI++
model was developed by R. J. Charity [6—8]; it is the im-
proved version of the GEMINI statistical decay model.
GEMINI++ aims at describing the formation of complex
fragments in heavy-ion fusion experiments. A sequence
of binary-decays is used to simulate the de-excitation pro-
cess of the compound nucleus. It allows binary decays in-
cluding light-particle evaporation and symmetric fission.
The binary-decay will not stop until the particle emission
becomes energetically forbidden or impossible due to
competition with y-ray emission. In this study, the ay/a,
ratio is 1.036, the transient time (fission delay) is 1 zs,
and the fission barrier is 1 MeV. For the mode used for
evaporation, the widths and the kinetic energy of particle
are calculated from Weisskopf-Ewing evaporation form-
alism, but the spin and orbital angular momentum are cal-
culated from Hauser-Feshbach formalism. The
GEMINI++ parameters used in this study are referred
from Ref. [7].

C. Bayesian neural network

The foundation in the area of BNN can be found in
Ref. [55]. Here it is introduced briefly. The neural net-
work with hidden layers is established to map the input
layer X to the output layer Y. In the case of one hidden
layer, the mapping relationship is

, (10)

H !
Y(X,6) :a+ijlogsig(cj+ZdﬁXi

j=1 i=1
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where 6 ={a,bj,cj,d;;} are the parameters in the neural
network, {a,c;} are biases, and {b;,d;;} are weights. The
sigmoid function logsig is used as the activation function.
H is the number of hidden neurons, and / is the number of
the input neurons. The activation function was calculated
on each hidden neuron after the linear combination of in-
puts, and then the results were propagated to the output
layer by linear transformation. In this work, the output
layer Y is one-dimensional, i.e., the deviation of the cross
section between the data and the calculations by IQMD-
GEMINI++ model. Because the projectile nucleus (238U)
and the incident energy (1 4 GeV) are the same for the
three involved reactions, the cross section data are in-
dexed by the mass number of target A;, the charge num-
ber Z; and mass number A, of the fragments. However,
from a physical standpoint, the geometric cross section
depends on the radius r; rather than the mass number,
whereas the cross sections of the fragments are related to
their ground-states properties. It has been shown in our
previous work that using ground-states properties in the
input layer could provide physics guides in Bayesian
neural networks for learning the data of giant dipole res-
onance [56]. After selecting by the deviation analysis, we
set the inputs as X = {Xi,X,,...X;} = {r,N,6¢,Opas B,
Eg.B2,0pn}, Where Ny is the neutron number, §; is
isospin asymmetry, Q,, is the QO-value of (p, a) reaction,
B is the binding energy per nucleon, Eg, is the shell cor-
rection, S, is the quadrupole deformation, and Qg, is the
Q-value of (87, n) reaction. The training data of the
above ground-states properties of the fragments are taken
from [57-60].

Using the Bayesian probabilistic model, the paramet-
ers 0 in the neural network are expanded to random vari-
ables with distributions. The posterior distribution of
parameters 6 given data set D is expressed as follows:

P(D|9)P(6)

PID) = —————,
“p) [ P(DI6)P(6)d0

(11)

where P(0) is the prior distribution of 8, and P(D|0) is the
likelihood of D given 6. The integral in the denominator
is called evidence and can be considered as prior distribu-
tion of D. Eq. (11) is the fundamental theorem in probab-
ility theory and statistics, which describes the probability
of an event based on prior knowledge of conditions. Here,
an event is a set of parameters 6 in the neural network,
and the prior knowledge is the experimental data in the
U+ p, d and ’Be reactions near 1 4 GeV. The given
dataset D ={X®, Y™} ~includes the available experi-
mental data of the production cross sections in the reac-
tions and the ground-states properties of the correspond-
ing targets. In total, there are 3282 datasets, i.e., Ny =
3282.

The prediction of output variable Y* given the input

variables X* is as follows:
P(Y*|X*,D) = fP(Y*IX*,H)P(HID)dH. (12)

We relied on the Monte Carlo (MC) techniques to calcu-
late the above integration. In MC, the samples are drawn
from the posterior distributions:

P(Y'IX",D) = Ep@gip)P(Y"|X",6)

N
1 & '
~ § “1x* g
N2 P(Y*1X",67), (13)

where 69 (i=1,2,...,Ny) are the samples drawn from
P(A|D), and P(Y*|X*,0") is the estimated value of Y* giv-
en the neural network as shown in Eq. (10).

As the computation of the posterior distribution
P(0|D) is intractable due to the high dimension of para-
meters, we applied the Variation Inference (VI) to find an
approximation of P(6|D). Compared to Markov Chain
Monte Carlo (MCMC), VI is computationally faster and
has an explicit objective function [61]. VI tries to find x
so that ¢(flx) is of minimum distance from P(6]D) meas-
ured by KL divergence:

6 =argmin KL[g(6|«x)||P(6|D)]
q(6lx)

P(6|D)

o q(6lk)P(D)
£ P(DIOPO)

=argmin Z [1og g(68?k) —log P(6)
i

=argmin E ) [log

=argmin E [l

—log P(D|#™))], (14)

where D= (X,Y), P(0) is the prior distribution of the
parameters, and P(D|0) is the likelihood of the data Y giv-
en the parameters 6 and X.

There were 3282 datasets. One hidden layer with 30
neurons was employed. The standard normal distribution
was used as the prior of weights. Then, 8000 iterations
were considered for the variation inference, and 10000
samples were drawn for each predicted variable.

III. RESULTS AND DISCUSSIONS

A. Calculations by the IQMD-GEMINI++ model

Generally, the decay mechanisms of the hot nuclei
produced in the spallation include light particle evapora-
tion, fission, and multifragmentation, which can be exhib-
ited in the charge or mass distribution of the 8productions.
As an example, Fig. 1 shows the cases of U+ p reac-
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Fig. 1. (color online) (a) Charge and (b) mass distribution of
productions in Py + p reaction at 1 4 GeV. The (red) solid
curves represent the calculations by the IQMD-GEMINI++
model. The (blue) dashed curves and (green) dash-dotted
curves represent respectively those by the INCL45-
GEMINI++ model and INCL45-Abla07 model, which are
taken from Refs. [1, 3]. The circles are the experimental data,
which are taken from Refs. [2, 26— 28]. The Root Mean
Squared Error (RMSE) of the mass distribution for the three
models are marked.

tion at 1 GeV and the main regions contributed by the
three reaction mechanisms are marked. The calculations
by the IQMD-GEMINI++ model are compared with the
experimental data. In the benchmark of spallation model
promoted by TAEA [1, 3], the INCL45-GEMINI++ and
INCL45-Abla07 models are two of the best performing
models [1, 4]. The corresponding calculations and the
Root Mean Squared Error (RMSE) of the mass distribu-
tion for the three models are also shown in the figure. A
significant difference between INCL45 and IQMD mod-
els is that the mean field is missing in the INCL45 model,
while it is an important input in the IQMD model. The
impact of the mean field will be shown in the following
comparison.

Projectile-like products with Z = 70 -92 or 4 =
170-240 are mainly produced by the light particle evap-
oration. In the evaporation process, the excited nucleus,
which is formed after part of the incident energies are dis-
sipated, will release one or more light particles (includ-
ing n, p, *He, and so on) to generate residual nuclei with a
mass number slightly less than the projectile. In this re-
gion, the IQMD-GEMINI++ model reproduces experi-

mental data better than the INCL45-GEMINI++ and the
INCL45-Abla07 models. Both the INCL45-GEMINI++
and the INCL45-Abla07 models give an observable val-
ley at A = 200-220, which caused the difference here to
increase sharply. At the valley near 4 = 170, these two
models also underestimate the cross sections. In the
above two regions, the IQMD-GEMINI++ model repro-
duces the experimental data better. The yield of frag-
ments with 4 = 200-220 is of great interest to those who
plan to produce rare isotopes near the neutron shell N =
126 using the U beam [24, 25]. Our model helps in
providing a precise prediction of these yields.

Residuals with Z = 20-70 or 4 = 50—170 are mainly
produced by fission. During the fission process, the ex-
cited nucleus splits into two fragments accompanied by
neutron emission. The fission can be asymmetric or sym-
metric. The fission of **’U induced by thermal neutrons is
typically asymmetric. In the case of high excitation en-
ergy, the symmetric fission is more likely to occur. Thus,
the fission in *U + p reaction at 1 4 GeV produced a
high and wide single peak. However, the peak is not com-
pletely symmetric. Near 4 = 132, the experimental data
display a sub-peak, which is not obvious but visible. This
phenomenon is caused by the shell of Z =50 and N = 82.
All three models reproduce the overall trend, but only the
calculations by the INCL45-Abla07 model are asymmet-
ric. Concerning the main peak of experimental data, the
IQMD-GEMINI++ model reproduce the width and the
peak position but underestimated its value. The INCL45-
GEMINI++ and INCL45-Abla07 models reproduce the
peak value, but overestimate in the cross sections near A
= 80.

The intermediate-mass fragments (IMFs) with Z =
3-20 and 4 = 10-50 are mainly produced by the multi-
fragmentation. The multifragmentation is generally con-
sidered as a quasisimultaneous process and occurs only
when the mother nucleus is highly excited. It is proposed
in Ref. [62] that the threshold energy for the multifrag-
mentation is about 3 MeV/nucleon. During this process,
the mother nucleus quasi-simultaneously breaks up into
multiple clusters and nucleons. It is shown that the
IQMD-GEMINI++ model underestimates the cross sec-
tions of IMFs. Therefore, further study of the multifrag-
mentation and improvement of the IQMD-GEMINI++
model are needed.

In general, from the distribution in Fig. 1 and the
RMSE, it can be seen that the performance of the
INCL45-Abla07 model is the best in the entire range.
However, following the same decay model GEMINI++,
the IQMD model reproduces the data better than the IN-
CL45 model. The IQMD model and INCL45 model dif-
fer in a number of ways, and one of the main contribut-
ors to the differences in calculations is the mean field.
Other comparisons may be a more interesting question.

The IQMD-GEMINI++ model is evaluated in detail
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using the isotope distributions of the productions. Some
examples are shown as sub-figures in Fig. 2, where the
calculations by the IQMD-GEMINI++ and INCLA45-
GEMINI++ models are compared with experimental data.
The advantages of the IQMD-GEMINI++ model can be
observed from the isotope distributions of the At, Pb, Yb,
and Tb chains [Fig. 2(b)—(e)]. For other isotope chains,
the disparities still exist. The logarithmic difference
dlog(Z, N) between data and calculations is defined,

dlog(Z,N) = log[oca(Z, N)] - log[o-exp(z’ NI, (15)
where o.(Z,N) is the calculated cross section of the iso-
tope with charge number Z and neutron number N, and
Oexp(Z,N) is the experimental data.

In Fig. 2, dlog(Z,N) is displayed as a two-dimension-
al (color) nuclide chart for the case of 2y + p reaction at
1 A GeV. It can be seen that the differences between the
calculations and data are generally less than 1.5 orders of
magnitude. At around Z = 92 and N = 146, the IQMD-
GEMINI++ model clearly overestimates the cross sec-
tions, as seen in Fig. 2(a). The production with mass
number near 238 is related to the direct reaction, where a
few nucleons are knocked off and the remaining nuclear

system has a low excitation energy. The cross sections of
those productions depend on their ground-state proper-
ties, which are not well described by neither the mean
field model IQMD nor the cascade model INCL45.

In the region of projectile-like products (Z = 70-90),
taking At [Fig. 2(b)] and Pb [Fig. 2(c)] as examples, the
calculations by the IQMD-GEMINI++ model agree gen-
erally well with the data, although the peak position has a
slight deviation to the left. For the INCL45-GEMINI++
model, the deviation is more serious. In the fission re-
gion (Z=20-70), the special case can be seen near Z =55
and Z = 35, where the cross sections of the neutron-defi-
cient isotopes are greatly underestimated. For example,
the experimental data of the isotope distribution of Cs
[Fig. 2(g)] have a plateau for N—Z = 22 -30, which is
caused by the stability of the isotopes near the shell of
Z=50and N=82.

Combining Figs. 1 and 2, it can be seen that the shell
effect is the most obvious at Z = 54 and N = 86. Both the
charge and neutron numbers are larger by 4 than the ma-
gic number Z = 50 and N = 82 in the ground-state. There
are also similar phenomena near Z = 32 and N = 54, and
the corresponding magic numbers in the ground-state are
Z =28 and N = 50. The position of the shell effect in the

90 101, . aanat annllR dlog
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N
Fig. 2. (color online) Two-dimensional nuclide chart to display logarithmic difference dlog(Z,N) between experimental data and cal-

culations by IQMD-GEMINI++ model for the U+ p reaction at 1 4 GeV. (Blue) squares with horizontal lines represents negative
dlog(Z,N), while (red) squares with vertical lines represents positive dlog(Z,N). The gray level (or color depth for online version) is pro-
portional to the absolute value of dlog(Z, N). The sub-pictures (a)-(m) display the isotope distributions of some representative elements.
The (red) square dots and (blue) triangles represent the calculations by the IQMD-GEMINI++ and INCL45-GEMINI++ models, re-
spectively. Black circles represent the corresponding experimental data, which are taken from Refs. [2, 26-28].
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figure is not the same as the position of the ground state
shell. This is due to the fact that the fragments are still in
an excited state after the fission process of the nuclear
system with high excitation energy. The relatively abund-
ant productions near Z = 54 and N = 86 (and Z = 32 and
N = 54) indicate that the excited nuclei are relatively
stable near this region. These phenomena imply some
shift in the position of the shell under the influence of the
excitation energy, which could be an evidence for the ex-
citation energy dependence of the shell. The energy de-
pendence of the shell effect has also been studied and
confirmed in some reported works [63— 65], and the
mechanism still needs more research and explanation.
Following the same decay model GEMINI++, the
IQMD model reproduces the data better than the INCL45
model. It is noted that the IQMD model takes into ac-
count the mean field, while the INCL45 model does not.
The consideration of the mean field allows the initial
Fermi movement of nucleons, which is more in line with
the physical reality. To demonstrate the impact of the
mean field, the neutron spectra with and without mean
field at different evolution-times are shown in Fig. 3. The
figure shows that the emission of the free neutrons mainly
occur in the beginning 90 fm/c, when nucleons collide vi-
olentlzy8 After 90 ftgéc the neutron spectra are similar. For
both U+ pand U+ "Be reactions, more high-energy
neutrons are produced in the case with mean field than
that without mean field. The emission of the high-energy
neutrons plays a role in cooling the nuclear system after

with mean field result in lower excitation energy of the
remaining pre-fragment. The projectile-like products are
mainly produced by the evaporation of pre-fragment with
low excitation energy. Thus, the model with mean field
provide more projectile-like products. This could be ob-
served in Figs. 1 and 2. The difference between the low-
energy neutrons with and without mean ﬁeld are tiny in
the U + p reaction but visible in the the **U + ’Be reac-
tion. It is 1nd1cated that the missing of the mean field in
simulation of the **U + ’Be reactlon will cause a larger
system error than that in the 2*U + p reaction. The cas-
cade models are suggested in the IAEA benchmark where
the neutron-driven and proton-driven spallations are con-
sidered. However, the mean field model is necessary in
this work, because the 2*U + p, d, and ’Be reactions are
studied.
We calculated the isotopic cross sections in the **U +
d and ’Be reactions at 1 4 GeV and compared them with
the avallable data Because the amount of experimental
data for the “*U + "Be reactlon at 1 GeV is small, we
used a part of data for the **U + "Be reaction at 0.95 GeV
for comparison. Two-dimensional nuclide charts to dis-
play the logarithmic differences are shown in Fig. 4(b)
and (c). Some magic numbers of the ground state are
marked in these two figures. For both reactions, the over-
all logarithmic difference distributions are similar to the
U+ p reaction. From the limited data, we can still see
the difference caused by direct reaction (near 4 = 238)
and the shell effect gnear Z =54 and N = 86) in these two

the spallation. More high-energy neutrons in the case reactions. For the U + d reaction, the overall logar-
0238U +p

10" t=30fm/c t=60fm/c t=90fm/c t=120fm/c
10" —— without U |
102 withU

E 1000 03 06 09 030608 030609 030609 030609

= 238 498

51 0

2 10_1 t=30fm/c t=60fm/c  t=90fm/c \ t=120fm/c

= 10 . \
102
10 \
107 t=150fm/c "
1000 0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9

E._ (GeV)
Fig. 3. (color online) The neutron spectrum with and without mean field at different time. The (black) solid curves represent the cal-

culations by the IQMD model without mean field. The (red) dashed curves represent those with mean field. The horizontal axis repres-

ents the neutron kinetic energy in the center-of-mass frame. The vertical axis represents the count of neutron.
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(color online) (a) Distribution of logarithmic differences between calculation by the IQMD-GEMINI++ model and experi-

mental data for ~*U + p, dand ’Be at 1 4 GeV. (b) Two-dimensional nuclide chart to display logarithmic difference dlog(Z,N) for the

238 238

U + d reaction at 1 4 GeV. (c) Same as (b) but for the
from Refs. [2, 23, 25, 26-34].

ithmic difference distribution is similar to that for the >*U

+ p reaction. For example, around N =50 and N =82, Z =
50, dlog(Z,N) are clearly negative, which means that the
model underestimated the cross sections. From Fig. 2, it
can be seen that the shell displayed by the isotopic cross
sections is different from the position of the ground state
shell. This phenomenon is affirmed in Fig. 4, where the
available data are more abundant. The distribution of dlog
for all three reactions is shown in Fig. 4(a). It is shown
that the majority of dlog are in the interval of [-1.5,1.5].
This demonstrates that the IQMD-GEMINI++ model can
give appropriate predictions for U+ p, dand ’Be reac-
tions simultaneously, making the comparison of these
three reactions possible.

B. Improving prediction accuracy by BNN algorithm

The residue fragments are distributed over a large
range of mass and charge numbers. Although the IQMD-
GEMINI++ model has provided relatively better results
than the INCL45-GEMINI++ model, the experimental
data cannot be reproduced well in many areas. The calcu-
lations for all three reactions will deviate to some degree
from experimental data in the vicinity of the shell, be-
cause the IQMD-GEMINI++ model can not reproduce
the shell effects. For the region of IMFs, the IQMD-
GEMINI++ model also produces large differences be-
cause the main IMF production mechanism, multifrag-
mentation, is not well modeled.

To address the current shortcomings of the IQMD-
GEMINI++ model and to reduce the errors of predictions,
the BNN is used to learn the logarithmic differences

U + ’Be reaction at 1 4 GeV. The experimental data for comparison comes

dlog(Z, N)between the data and the calculations by the
IQMD-GEMINI++ model. A clear illustration of the un-
derlying philosophy behind the implementation of the
BNN approach originally appears in the works by Utama
et al., which present theoretical predictions of the nuclear
masses [36] and nuclear charge radii [38]. In those works,
the final calculation is expressed as

A=Ap+AA, (16)

where A,, is the prediction by the physics model (IQMD-
GEMINI++ model in this work), and AA is the residual
error. The BNN is applied to perform regression analysis
of the residual error using the numerical algorithm. Un-
like that in the existing works in Refs. [35, 36, 38, 66],
which generally used the Z and N as input layer, in this
study the correlation between the production cross sec-
tions and the ground state qualities is taken into account
in order to have more physically meaningful parameters
and avoid the over-fitting.

It is found that the best predictions can be obtained
when we use the following input layer, X = {r,, N6y,
OpasB,Egi.B2,0pa}, Where r; is radius of target, dy is
isospin asymmetry, Q,, is the O-value of (p,a) reaction,
B is the binding energy per nucleon, Ej, is the shell cor-
rection, S, is the quadrupole deformation, and Qg, is the
Q-value of (8~ ,n) reaction.

Specifically, the logarithmic differences dlog(Z,N)
were set as Y™ of the training data, while the correspond-
ing radius of the target and ground-states properties of the
fragments were set as X of the training data. Here, the
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BNN algorithm takes the three targets simultaneously in
its convergence criterion, and there are totally 3282 data-
sets for three reactions. Then, the BNN after training is
applied to calculate the values of dloggz(Z,N) for all frag-
ments. The calculations of the cross sections by the
IQMD-GEMINI++-BNN model, i.e. ojgg canbe ex-
pressed as

T168(Z,N) = 716(Z, N)107 &N, (17)
where ogrepresents the calculations by the IQMD-
GEMINI++ model, anddlog, is the logarithmic differ-
ence predicted by the BNN algorithm.

The calculations of IQMD-GEMINI++ model are im-
proved using the BNN algorithm, and the confidence in-
tervals are given. Figure 5(a) shows the logarithmic dif-
ferences between the experimental data and calculations
by the IQMD-GEMINI++-BNN model. It is shown that
95% of the logarithmic differences are in the region of
[-0.4, 0.4], and 80% of them are in [-0.2, 0.2]. As an ex-
ample, the logarithmic differences for the U + d reac-
tion at 1 4 GeV are shown as a two-dimensional nuclide
chart in Fig. 5. It is shown that the effect related to the
direct reaction (near 4 = 238) and the shell effect (near
Z =54 and N = 86) have been compensated.

Figures 5(b)—(g) display the isotope distributions for
some representative elements produced in the U + d re-
action at 1 4 GeV. It is shown that the calculations agree

with the experimental data, and the confidence intervals
are narrow for the region with data. For example, in Fig.
5(e), the calculations with a confidence interval agree
well with the experimental data, and the missing of the
shell effect in the IQMD-GEMINI++ model has been
well compensated by the BNN method.

In the regions where there are no experimental data,
the confidence intervals given by the BNN do not di-
verge significantly. This is made possible by the input of
physical parameters that allow the BNN model to contain
physical constraints and avoid over-fitting. In brief, the
BNN algorithm with physical constraints can both ad-
dress the current shortcomings of IQMD-GEMINI++
model and avoid over-fitting. This could be useful for a
more accurate discussion of target dependence of the iso-
topic cross sections.

C. Target dependence of the productions cross sections

The spallation of **U has been widely applied to pro-
duce short-lived nuclei and rare isotopes, including neut-
ron-deficient nuclei in region of 4 = 200-220 [24, 25]
and neutron-rich fission products [22, 23]. In order to
choose the target to produce the exotic isotopes with high
production yields, we investigated the target dependence
of cross sections in U spallation. For the Py + p,dand
’Be reaction at 1 4 GeV, the target dependence is first
discussed on the basis of the available data. Then, the dis-
cussion is extended to a wide region in the nuclide chart

100 |c> | | - | | | | | | | | | | | dlog
iw (a) 1.5
P By 4 p 12
20 §§ L N 2807 4 g
12 2t \ B 23U + %Be i 0.9
704 St - 0.6
- ___BH 55 ‘ ‘
601 -2 I 0 ] 2 | ro03
N dlog L 0.0
50+ -
n [ '03
401 10'F F 0.6
30 210" =09
y b 102 1.2
- N-Z i -1.5
20 30 40 50 60 70 8 90 100 110 120 130 140 150 160
N

Fig. S.

(color online) Two-dimensional nuclide chart to display logarithmic differences between the calculations by the IQMD-GEM-

INI++-BNN model and the experimental data for U +d reaction at 1 4 GeV. (a) Distribution of logarithmic differences for 'y +p, d,
and "Be at 1 4 GeV. The sub-pictures (b)—(g) display the isotope distributions of some representative elements produced in U +d re-
action at 1 4 GeV. (Red) shadows show the confidence interval of the calculations by the IQMD-GEMINI++-BNN model
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with the help of the IQMD-GEMINI++-BNN model.

Among all the isotopes produced with the experi-
mental data in all three reactions, the most neutron-rich
isotope for each element is selected. Most of these selec-
ted isotopes are fission products. Their production cross
sections in three reactions are displayed as a function of
the mass number of the target nucleus A,. As presented
in Figs. 6(a), (b), and (c), the production cross sections as
a function of A, display three main trends. In Flg 6(a)
the production cross section for each nuclide in U+
’Be reaction is significantly lower than that in the other
two reactions. The charge numbers Z of the nuclei that
conform to this rule range from 31 to 37. Figure 6(b)
shows that the production cross sections for nuclei with
charge number Z = 3848 in the three reactions are ap-
proximately the same. For each nucleus with charge num-
ber larger than 50 as shown in Fig. 6(c), the production
cross sections in - U + d reaction are the lowest. Interest-
ingly, these nuclei with the same trend also have a cer-
tain pattern of distribution in the nuclide chart. Figure
6(d) presents the nuclide chart for the above mentioned
nuclei. The distribution of these nuclei is divided into
three areas.

In order to show the target dependence in a wider re-
gion, the IQMD-GEMINI++-BNN model is applied to
calculate the isotopic cross sections in U + p, d, and
’Be reaction at 1 4 GeV. For neutron-rich fission
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Fig. 6. (color online) This figure is based on the experiment-

al data taken from Refs. [2, 23, 24, 26-35]. In (a)—(c), the hori-
zontal axis represents the mass number of the target nucleus
Ap. Ap = 1,2 and 9 for U+ p, d and ’Be reaction, respect-
ively. The vertical axis represents the experimental residue-
production cross sections. (d) shows the position of the pro-
duced nuclides presented in (a)—(c) in the nuclide chart.

products, we choose the two most neutron-rich nuclei for
each element in the range of Z = 32-57, and display the
isotopic cross section as a function of mass number A, in
Fig. 7(a)—(c). Three trends for the cross section as a func-
tion of A, which has been shown in Fig. 2, can also be
distinguished. For neutron-deficient nuclei in the region
of 4 =200-220, Fig. 7(d) presents the two most neutron-
deficient nuclei for each element in the range of Z =
89-92. It can be seen that with the increase in A,, o
shows a downward trend. U + p reaction has an obvi-
ous advantage over the other two reactions.

Then, the calculations in those three reactions U +
p, d, and ’Be are compared. If the cross section of a spe-
cific nuclide production in reaction U + p is the largest,
we call it p-dominant. The definitions for d-dominant and

’Be-dominant are similar. Fig. 7 presents the dominant re-
gions of the three reactions. The region of heavy pro-
jectile-like products (Z 90) is p-dominant. For light
nuclei (Z = 15-25), ’Be target is dominant. In the inter-
mediate region, except near the shell of Z = 50, N = 82,
neutron-deficient nuclei are d-dominant, whereas for
neutron-rich nuclei, the situation is much more complic-
ated. The target dependence is variable for neutron-rich
nuclei in this region, and all three reactions are possibly
dominant. This phenomenon also coincides with what is
shown in Fig. 7(a)—(c). The region near the shell of N =
82 and Z=50is relatlvely simple, which is partly p-dom-
inant and partly ’Be-dominant.

In fact, the selection of the target needs to take into
account not only the production cross section but also the
atomic density of the target. The yield of product can be
calculated simply,

Y = IoN, (18)

where / is the intensity of the **U beam, o is the produc-
tion cross section, and N, is the surface density of the tar-
get nuclei. The yield is proportional to the atomic density
of the target when the target thickness and the beam in-
tensity remain constant. Among liquid hydrogen, liquid
deuterium, and beryllium, liquid hydrogen has the lowest
atomic density. The atomic density of liquid deuterium is
about 1.2 times that of liquid hydrogen, and the atomic
density of beryllium is 2.9 times that of liquid hydrogen.
Taking into account the atomic density and the produc-
tion cross section, it can be seen that for the production of
neutron-deficient nuclei in the region of 4 = 200-220
[Fig. 7(d)], the liquid hydrogen target is the best in most
cases, the beryllium target is slightly worse, and the li-
quid deuterium target is not good. For the neutron-rich
fission products in [Fig. 7(b), (c)], the beryllium target is
the best. For the fission products in [Fig. 7(a)], the liquid
deuterium target and the beryllium target are comparable
in most cases, while the liquid hydrogen target is the
worst.
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(color online) This figure is based on the calculation by IQMD-GEMINI++-BNN model. In the nuclide chart, each square rep-

Fig. 7.

resents a produced nuclide. The color of the square is blue, which means that the U+ p reaction has the largest production cross sec-

tion for this nuclide. Similarly, red corresponds to the *®U + d reaction and black corresponds to the

U + "Be reaction. (a)—(d) are

same as Fig. 6 (a)—(c) but for some nuclides that have not been measured experimentally.

The trends in Fig. 7(a)—(d) and the dominant regions
of the three reactions are mainly influenced by three
factors: the excitation energy of the fission system, the
mass number of the fission systems, and the radius of the
target nucleus. For example, it can be seen in Fig. 7 that
the region of heavy projectile-like products (Z ~ 90) is p-
dominant. Heavy projectile-like products are generally
produced from pre-fragments with lower excitation ener-
gies. As illustrated in Fig. 8(a)—(c), the p reaction pro-
duce more heavy pre-fragments, and the excitation ener-
gies of these pre-fragments are also generally low. This
phenomenon can also be seen in Fig. 8(d), where the p re-
action produces more low excitation energy pre-frag-
ments, which decayed mainly by nucleon evaporation.
This ultimately causes the p-reaction to produce more
heavy projectile-like products than the other two reac-
tions. Similarly, the d reaction will produce more heavy
projectile-like products than the ’Be reaction. The curves
in Fig. 7(d) therefore shows a downward trend.

The pre-fragments with high excitation energy but not
reaching the multifragmentation threshold decay mainly
by the fission. As shown in Fig. 8(d), the d reaction and
’Be reaction produced more of this kind of pre-fragments,
which makes the region of fission products mainly d-
dominant or *Be-dominant. Light nuclei (Z = 15-25) are
generally produced by the multifragmentation of com-
pound nuclei with higher excitation energies. The ’Be tar-

50500 1000 ds/dE*
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ol 5x10° %2 \Ed) pre-fragments
I 5x10" i %
1l s il
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Fig. 8. (color online) (a), (b) and (c) present distributions of

pre-fragments for Py + p, d, and ’Be reactions. The colour
represents the count of pre-fragments with charge Z and excit-
ation energy E*, in do/dE/dZ (mb/MeV). (d) has one less di-
mension, which presents the count of pre-fragments with ex-
citation energy E* and main decay mechanisms of pre-frag-
mentation. (e) presents the charge distribution of projectile-
like products.
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get provides considerably more energy in the reaction
than proton and deuteron, which caused the pre-frag-
ments to reach the multifragmentation threshold of 3
MeV/nucleon. Thus, the **U + *Be reaction is obviously
dominant in the production of light nuclei.

IV. CONCLUSION

In summary, the isotopic cross sections in U+ p,d
and ’Be reactions at 1 4 GeV are investigated and two
main results were achieved. First, a physical model de-
pendent IQMD-GEMINI++-BNN framework, which can
provide a more accurate evaluation of the production
cross sections was built. Second, on the basis of more ac-
curate production cross section predictions, the target de-
pendence of the cross sections of the isotopes produced in
these three reactions was studied.

It is shown that the IQMD-GEMINI++ model, in
gghich the mean field is considered, reproduces the data in

U + p reaction better than the IAEA benchmark mod-
els INCL45-GEMINI++, where the mean field is ignored.
To demonstrate the impact of the mean field, the neutron
spectra by the IQMD model with and without mean field
are compared. It is found that the consideration of the
mean field allows the initial Fermi movement of nucle-
ons, which results in more emissions of the high-energy
neutrons and less emissions of the low-energy neutrons.
This phenomenon is more obvious for the **U + *Be re-
action. It is indicated that the mean field model is neces-
sary in this work, and the cascade models are suggested
in the IAEA benchmark where the neutron-driven and
proton-driven spallations are considered.

In comparison, it is found that the difference between
the calculations and experimental data is within 1.5 or-
ders of magnitude. After fine tuning using the BNN
method, the difference between calculations and data are
reduced to within 0.4 orders of magnitude, and there is no
obvious over-fitting in the extrapolated areas where ex-
perimental data are not available. Thus, it is demon-
strated that the IQMD-GEMINI++-BNN model can
provide a good prediction of the isotopic cross sections in
spallation reactions, which could be helpful for studying
the mechanism of spallation and predicting the cross sec-
tion of rare isotopes.

The spallation of the **U has been widely applied to
produce short-lived nuclei, including neutron-deficient
nuclei in the region of 4 = 200-220 [24, 25] and neutron-
rich fission products [22, 23]. Based on the available ex-
perimental data and calculations by the IQMD-
GEMINI++-BNN model, the target dependence of the
cross sections of the isotopes produced in the spallations
of **U at 1 4 GeV was studied to help select the target in
a new experiment. According to the largest production
cross sections, the dominant target for the production of a
certain isotope was predicted. After considering the cross
sections and the atomic density, beryllium target is re-
commended for the generation of the neutron-rich fission
products. The U+ p reaction has an obvious advantage
over the other two reactions, and liquid hydrogen target is
recommended for the generation of the neutron-deficient
nuclei in the region of 4 = 200-220. Finally, based on the
excitation energy distribution of the excited prefragments
for the three reactions, the physical mechanisms of target
dependence are studied.

References

[1] S. Leray, J.-C. David, G. Mank et al., Journal of the Korean
Physical Society 59, 791 (2011)
[2] M. V. Ricciardi, P. Armbruster, J. Benlliure e al., Phys.
Rev. C 73, 014607 (2006)
[3] http://www-nds.iaca.org/spallations
[4] A. Boudard, J. Cugnon, J.-C. David et al., Phys. Rev. C 87,
014606 (2012)
[5] J. Cugnon, D. Mancusi, A. Boudard et al., J. Korean Phys.
Soc. 59, 955 (2011)
[6] R. Charity, M. McMahan, G. Wozniak et al., Nucl. Phys. A
483, 371 (1988)
[7T D. Mancusi, R. J. Charity, and J. Cugnon, Phys. Rev. C 82,
044610 (2010)
[81 R.J. Charity, Phys. Rev. C 82, 014610 (2010)
[91 Y. Malyshkin, 1. Pshenichnov, I. Mishustin et al., Nucl.
Instrum. Methods B 289, 79 (2012)
[10] K. Siimmerer, W. Briichle, D. J. Morrissey et al., Phys. Rev.
C 42,2546 (1990)
[11]  B. Mei, Phys. Rev. C 95, 034608 (2017)
[12] J. Hamilton, A. Ramayya, S. Zhu et al., Progress in Particle
and Nuclear Physics 35, 635 (1995)

[13] P. Adrich, A. Klimkiewicz, M. Fallot et al., Physical Rev.
Lett. 95, 132501 (2005)

[14]  J.-F. Martin, J. Taieb, A. Chatillon et al., The European
Physical Journal A 51, 1 (2015)

[15] M. Bernas, S. Czajkowski, P. Armbruster et al., Phys. Lett.
B 331, 19 (1994)

[16] M. Bernas, C. Engelmann, P. Armbruster et al., Phys. Lett.
B 415, 111 (1997)

[17] C. Engelmann, F. Ameil, P. Armbruster et al., Zeitschrift
fiir Physik A Hadrons and Nuclei 352, 351 (1995)

[18] P. Armbruster, J. Benlliure, M. Bernaset al., Physical Rev.
Lett. 93, 212701 (2004)

[19] T. Ohnishi, T. Kubo, K. Kusaka et al., journal of the
physical society of japan 79, 073201 (2010)

[20] Y. Shimizu, T. Kubo, N. Fukuda ef al., Journal of the
Physical Society of Japan 87, 014203 (2018)

[21] N. Fukuda, T. Kubo, D. Kameda et al., journal of the
physical society of japan 87, 014202 (2018)

[22] X. Ma, W. Wen, S. Zhang et al., Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms 408, 169 (2017)

[23] D. Pérez-Loureiro, J. Benlliure, J. Diaz-Cortes et al., Phys.
Rev. C 99, 054606 (2019)

074108-12


https://doi.org/10.3938/jkps.59.791
https://doi.org/10.3938/jkps.59.791
https://doi.org/10.1103/PhysRevC.73.014607
https://doi.org/10.1103/PhysRevC.73.014607
http://www-nds.iaea.org/spallations
https://doi.org/10.3938/jkps.59.955
https://doi.org/10.3938/jkps.59.955
https://doi.org/10.1016/0375-9474(88)90542-8
https://doi.org/10.1103/PhysRevC.82.044610
https://doi.org/10.1103/PhysRevC.82.014610
https://doi.org/10.1016/j.nimb.2012.07.023
https://doi.org/10.1016/j.nimb.2012.07.023
https://doi.org/10.1103/PhysRevC.42.2546
https://doi.org/10.1103/PhysRevC.42.2546
https://doi.org/10.1103/PhysRevC.95.034608
https://doi.org/10.1016/0146-6410(95)00048-N
https://doi.org/10.1016/0146-6410(95)00048-N
https://doi.org/10.1103/PhysRevLett.95.132501
https://doi.org/10.1103/PhysRevLett.95.132501
https://doi.org/10.1140/epja/i2015-15001-8
https://doi.org/10.1140/epja/i2015-15001-8
https://doi.org/10.1016/0370-2693(94)90937-7
https://doi.org/10.1016/0370-2693(94)90937-7
https://doi.org/10.1016/S0370-2693(97)01216-1
https://doi.org/10.1016/S0370-2693(97)01216-1
https://doi.org/10.1103/PhysRevLett.93.212701
https://doi.org/10.1103/PhysRevLett.93.212701
https://doi.org/10.1143/JPSJ.79.073201
https://doi.org/10.1143/JPSJ.79.073201
https://doi.org/10.7566/JPSJ.87.014203
https://doi.org/10.7566/JPSJ.87.014203
https://doi.org/10.7566/JPSJ.87.014202
https://doi.org/10.7566/JPSJ.87.014202
https://doi.org/10.1103/PhysRevC.99.054606
https://doi.org/10.1103/PhysRevC.99.054606
https://doi.org/10.3938/jkps.59.791
https://doi.org/10.3938/jkps.59.791
https://doi.org/10.1103/PhysRevC.73.014607
https://doi.org/10.1103/PhysRevC.73.014607
http://www-nds.iaea.org/spallations
https://doi.org/10.3938/jkps.59.955
https://doi.org/10.3938/jkps.59.955
https://doi.org/10.1016/0375-9474(88)90542-8
https://doi.org/10.1103/PhysRevC.82.044610
https://doi.org/10.1103/PhysRevC.82.014610
https://doi.org/10.1016/j.nimb.2012.07.023
https://doi.org/10.1016/j.nimb.2012.07.023
https://doi.org/10.1103/PhysRevC.42.2546
https://doi.org/10.1103/PhysRevC.42.2546
https://doi.org/10.1103/PhysRevC.95.034608
https://doi.org/10.1016/0146-6410(95)00048-N
https://doi.org/10.1016/0146-6410(95)00048-N
https://doi.org/10.1103/PhysRevLett.95.132501
https://doi.org/10.1103/PhysRevLett.95.132501
https://doi.org/10.1140/epja/i2015-15001-8
https://doi.org/10.1140/epja/i2015-15001-8
https://doi.org/10.1016/0370-2693(94)90937-7
https://doi.org/10.1016/0370-2693(94)90937-7
https://doi.org/10.1016/S0370-2693(97)01216-1
https://doi.org/10.1016/S0370-2693(97)01216-1
https://doi.org/10.1103/PhysRevLett.93.212701
https://doi.org/10.1103/PhysRevLett.93.212701
https://doi.org/10.1143/JPSJ.79.073201
https://doi.org/10.1143/JPSJ.79.073201
https://doi.org/10.7566/JPSJ.87.014203
https://doi.org/10.7566/JPSJ.87.014203
https://doi.org/10.7566/JPSJ.87.014202
https://doi.org/10.7566/JPSJ.87.014202
https://doi.org/10.1103/PhysRevC.99.054606
https://doi.org/10.1103/PhysRevC.99.054606
https://doi.org/10.3938/jkps.59.791
https://doi.org/10.3938/jkps.59.791
https://doi.org/10.1103/PhysRevC.73.014607
https://doi.org/10.1103/PhysRevC.73.014607
http://www-nds.iaea.org/spallations
https://doi.org/10.3938/jkps.59.955
https://doi.org/10.3938/jkps.59.955
https://doi.org/10.1016/0375-9474(88)90542-8
https://doi.org/10.1103/PhysRevC.82.044610
https://doi.org/10.1103/PhysRevC.82.014610
https://doi.org/10.1016/j.nimb.2012.07.023
https://doi.org/10.1016/j.nimb.2012.07.023
https://doi.org/10.1103/PhysRevC.42.2546
https://doi.org/10.1103/PhysRevC.42.2546
https://doi.org/10.1103/PhysRevC.95.034608
https://doi.org/10.1016/0146-6410(95)00048-N
https://doi.org/10.1016/0146-6410(95)00048-N
https://doi.org/10.1103/PhysRevLett.95.132501
https://doi.org/10.1103/PhysRevLett.95.132501
https://doi.org/10.1140/epja/i2015-15001-8
https://doi.org/10.1140/epja/i2015-15001-8
https://doi.org/10.1016/0370-2693(94)90937-7
https://doi.org/10.1016/0370-2693(94)90937-7
https://doi.org/10.1016/S0370-2693(97)01216-1
https://doi.org/10.1016/S0370-2693(97)01216-1
https://doi.org/10.1103/PhysRevLett.93.212701
https://doi.org/10.1103/PhysRevLett.93.212701
https://doi.org/10.1143/JPSJ.79.073201
https://doi.org/10.1143/JPSJ.79.073201
https://doi.org/10.7566/JPSJ.87.014203
https://doi.org/10.7566/JPSJ.87.014203
https://doi.org/10.7566/JPSJ.87.014202
https://doi.org/10.7566/JPSJ.87.014202
https://doi.org/10.1103/PhysRevC.99.054606
https://doi.org/10.1103/PhysRevC.99.054606
https://doi.org/10.3938/jkps.59.791
https://doi.org/10.3938/jkps.59.791
https://doi.org/10.1103/PhysRevC.73.014607
https://doi.org/10.1103/PhysRevC.73.014607
http://www-nds.iaea.org/spallations
https://doi.org/10.3938/jkps.59.955
https://doi.org/10.3938/jkps.59.955
https://doi.org/10.1016/0375-9474(88)90542-8
https://doi.org/10.1103/PhysRevC.82.044610
https://doi.org/10.1103/PhysRevC.82.014610
https://doi.org/10.1016/j.nimb.2012.07.023
https://doi.org/10.1016/j.nimb.2012.07.023
https://doi.org/10.1103/PhysRevC.42.2546
https://doi.org/10.1103/PhysRevC.42.2546
https://doi.org/10.1103/PhysRevC.95.034608
https://doi.org/10.1016/0146-6410(95)00048-N
https://doi.org/10.1016/0146-6410(95)00048-N
https://doi.org/10.1103/PhysRevLett.95.132501
https://doi.org/10.1103/PhysRevLett.95.132501
https://doi.org/10.1140/epja/i2015-15001-8
https://doi.org/10.1140/epja/i2015-15001-8
https://doi.org/10.1016/0370-2693(94)90937-7
https://doi.org/10.1016/0370-2693(94)90937-7
https://doi.org/10.1016/S0370-2693(97)01216-1
https://doi.org/10.1016/S0370-2693(97)01216-1
https://doi.org/10.1103/PhysRevLett.93.212701
https://doi.org/10.1103/PhysRevLett.93.212701
https://doi.org/10.1143/JPSJ.79.073201
https://doi.org/10.1143/JPSJ.79.073201
https://doi.org/10.7566/JPSJ.87.014203
https://doi.org/10.7566/JPSJ.87.014203
https://doi.org/10.7566/JPSJ.87.014202
https://doi.org/10.7566/JPSJ.87.014202
https://doi.org/10.1103/PhysRevC.99.054606
https://doi.org/10.1103/PhysRevC.99.054606

Target dependence of isotopic cross sections in the spallation reactions...

Chin. Phys. C 46, 074108 (2022)

(24]

(25]

[26]
(27]
(28]
[29]
[30]
[31]
[32]
[33]
[34]
[33]

[36]
[37]

[38]
[39]

[40]
[41]

[42]
[43]

[44]

J. Kurcewicz, Z. Liu, M. Pfiitzner et al., Nucl. Phys. A 767,
1 (2006)

Z. Liu, J. Kurcewicz, P. Woods et al., Nuclear Instruments
and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 543,
591 (2005)

J. Taieb, K.-H. Schmidt, L. Tassan-Got et al., Nucl. Phys. A
724,413 (2003)

M. Bernas, P. Armbruster, J. Benlliure ez al., Nucl. Phys. A
765, 197 (2006)

M. Bernas, P. Armbruster, J. Benlliure ef al., Nucl. Phys. A
725, 213 (2003)

J. Benlliure and K.-H. Schmidt, Nucl. Phys. A 746, 281
(2004)

J. Benlliure, E. Casarejos, J. Pereira ef al., Phys. Rev. C 74,
014609 (2006)

E. Casarejos, J. Benlliure, J. Pereira et al., Phys. Rev. C 74,
044612 (2006)

J. Pereira, J. Benlliure, E. Casarejos ef al., Phys. Rev. C 75,
014602 (2007)

J. Pereira, P. Armbruster, J. Benlliure et al., Phys. Rev. C
75, 044604 (2007)

H. Alvarez-Pol, J. Benlliure, E. Casarejos et al., Phys. Rev.
C 82, 041602(R) (2010)

C.-W. Ma, D. Peng, H.-L. Wei et al., Chin. Phys. C 4,
014104 (2020)

Z.Niu and H. Liang, Phys. Lett. B 778, 48 (2018)

R. Utama, J. Piekarewicz, and H. B. Prosper, Phys. Rev. C
93,014311 (2016)

R. Utama, W.-C. Chen, and J. Piekarewicz, Journal of
Physics G: Nuclear and Particle Physics 43, 114002 (2016)
L. Neufcourt, Y. Cao, W. Nazarewicz et al., Phys. Rev. lett.
122, 062502 (2019)

J. Aichelin, Physics Reports 202, 233 (1991)

C. Hartnack, L. Zhuxia, L. Neise ef al., Nucl. Phys. A 495,
303 (1989)

J. Xu, L.-W. Chen, M. B. Tsang et al., Phys. Rev. C 93,
044609 (2016)

Y.-X. Zhang, Y.-J. Wang, M. Colonna et al., Phys. Rev. C
97, 034625 (2018)

A. Ono, J. Xu, M. Colonna et al., Phys. Rev. C 100, 044617
(2019)

(53]
[54]
[55]

[56]
[57]

[58]
[59]
[60]
(61]
[62]
[63]
[64]
[65]

[66]

074108-13

M. Colonna, Y.-X. Zhang, Y.-J. Wang et al., Phys. Rev. C
104, 024603 (2021)

J. Su, W. Trautmann, L. Zhu ef al., Phys. Rev. C 98, 014610
(2018)

J. Su, L. Zhu, and C. Guo, Phys. Lett. B 782, 682 (2018)

J. Su, L. Zhu, and C. Guo, Phys. Rev. C 97, 054604 (2018)
F. Zhang and J. Su, Chin. Phys. C 43, 024103 (2019)

E. Wigner, Phys. Rev. 40, 749 (1932)

Y.-X. Zhang, N. Wang, Q.-F. Li et al., Frontiers of Physics
15, 1 (2020)

J. Cugnon, D. LHoéte, and J. Vandermeulen, Nuclear
Instruments and Methods in Physics Research. Section B
Beam Interactions with Materials and Atoms 111, 215
(1996)

D. D. S. Coupl, W. G. Lynch, M. B. Tsang et al., Phys. Rev.
C 84, 054603 (2011)

M. Papa, T. Maruyama, and A. Bonasera, Phys. Rev. C 64,
024612 (2001)

R. M. Neal, Bayesian learning for neural networks, Vol. 118
(Springer Science & Business Media, 2012)

X. Wanga, J. Su, and L. Zhu, arXiv: 2011.03869

W. Huang, G. Audi, M. Wang et al., Chin. Phys. C 41,
030002 (2017)

G. Audi, F. G. Kondev, M. Wang et al., Chin. Phys. C 41,
030001 (2017)

M. Wang, G. Audi, F. G. Kondev et al., Chin. Phys. C 41,
030003 (2017)

N. Wang, M. Liu, X. Wu et al., Phys. Lett. B 734, 215
(2014)

T. Salimans, D. Kingma, and M. Welling, in International
Conference on Machine Learning (2015) pp. 1218-1226

B. Borderie and M. Rivet, Progress in Particle and Nucl.
Phys. 61, 551 (2008)

F. A. Ivanyuk, C. Ishizuka, M. D. Usang et a/., Phys. Rev.
C 97, 054331 (2018)

C. Mahaux, P. Bortignon, R. Broglia ef al., Physics Reports
120, 1 (1985)

V. Ramamurthy, S. Kapoor, and S. Kataria, Phys. Rev. Lett.
25, 386 (1970)

Z.-A. Wang, J. Pei, Y. Liu et al., Phys. Rev. Lett. 123,
122501 (2019)


https://doi.org/10.1016/j.nuclphysa.2005.12.008
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/S0375-9474(03)01517-3
https://doi.org/10.1016/j.nuclphysa.2005.10.009
https://doi.org/10.1016/S0375-9474(03)01576-8
https://doi.org/10.1016/j.nuclphysa.2004.09.129
https://doi.org/10.1103/PhysRevC.74.014609
https://doi.org/10.1103/PhysRevC.74.044612
https://doi.org/10.1103/PhysRevC.75.014602
https://doi.org/10.1103/PhysRevC.75.044604
https://doi.org/10.1016/j.physletb.2018.01.002
https://doi.org/10.1103/PhysRevC.93.014311
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1103/PhysRevLett.122.062502
https://doi.org/10.1016/0370-1573(91)90094-3
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1103/PhysRevC.93.044609
https://doi.org/10.1103/PhysRevC.97.034625
https://doi.org/10.1103/PhysRevC.100.044617
https://doi.org/10.1103/PhysRevC.104.024603
https://doi.org/10.1103/PhysRevC.98.014610
https://doi.org/10.1016/j.physletb.2018.06.012
https://doi.org/10.1103/PhysRevC.97.054604
https://doi.org/10.1088/1674-1137/43/2/024103
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.64.024612
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1103/PhysRevLett.25.386
https://doi.org/10.1103/PhysRevLett.123.122501
https://doi.org/10.1016/j.nuclphysa.2005.12.008
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/S0375-9474(03)01517-3
https://doi.org/10.1016/j.nuclphysa.2005.10.009
https://doi.org/10.1016/S0375-9474(03)01576-8
https://doi.org/10.1016/j.nuclphysa.2004.09.129
https://doi.org/10.1103/PhysRevC.74.014609
https://doi.org/10.1103/PhysRevC.74.044612
https://doi.org/10.1103/PhysRevC.75.014602
https://doi.org/10.1103/PhysRevC.75.044604
https://doi.org/10.1016/j.physletb.2018.01.002
https://doi.org/10.1103/PhysRevC.93.014311
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1103/PhysRevLett.122.062502
https://doi.org/10.1016/0370-1573(91)90094-3
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1103/PhysRevC.93.044609
https://doi.org/10.1103/PhysRevC.97.034625
https://doi.org/10.1103/PhysRevC.100.044617
https://doi.org/10.1103/PhysRevC.104.024603
https://doi.org/10.1103/PhysRevC.98.014610
https://doi.org/10.1016/j.physletb.2018.06.012
https://doi.org/10.1103/PhysRevC.97.054604
https://doi.org/10.1088/1674-1137/43/2/024103
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.64.024612
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1103/PhysRevLett.25.386
https://doi.org/10.1103/PhysRevLett.123.122501
https://doi.org/10.1016/j.nuclphysa.2005.12.008
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/S0375-9474(03)01517-3
https://doi.org/10.1016/j.nuclphysa.2005.10.009
https://doi.org/10.1016/S0375-9474(03)01576-8
https://doi.org/10.1016/j.nuclphysa.2004.09.129
https://doi.org/10.1103/PhysRevC.74.014609
https://doi.org/10.1103/PhysRevC.74.044612
https://doi.org/10.1103/PhysRevC.75.014602
https://doi.org/10.1103/PhysRevC.75.044604
https://doi.org/10.1016/j.physletb.2018.01.002
https://doi.org/10.1103/PhysRevC.93.014311
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1103/PhysRevLett.122.062502
https://doi.org/10.1016/0370-1573(91)90094-3
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1103/PhysRevC.93.044609
https://doi.org/10.1103/PhysRevC.97.034625
https://doi.org/10.1103/PhysRevC.100.044617
https://doi.org/10.1016/j.nuclphysa.2005.12.008
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/S0375-9474(03)01517-3
https://doi.org/10.1016/j.nuclphysa.2005.10.009
https://doi.org/10.1016/S0375-9474(03)01576-8
https://doi.org/10.1016/j.nuclphysa.2004.09.129
https://doi.org/10.1103/PhysRevC.74.014609
https://doi.org/10.1103/PhysRevC.74.044612
https://doi.org/10.1103/PhysRevC.75.014602
https://doi.org/10.1103/PhysRevC.75.044604
https://doi.org/10.1016/j.physletb.2018.01.002
https://doi.org/10.1103/PhysRevC.93.014311
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1103/PhysRevLett.122.062502
https://doi.org/10.1016/0370-1573(91)90094-3
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1103/PhysRevC.93.044609
https://doi.org/10.1103/PhysRevC.97.034625
https://doi.org/10.1103/PhysRevC.100.044617
https://doi.org/10.1103/PhysRevC.104.024603
https://doi.org/10.1103/PhysRevC.98.014610
https://doi.org/10.1016/j.physletb.2018.06.012
https://doi.org/10.1103/PhysRevC.97.054604
https://doi.org/10.1088/1674-1137/43/2/024103
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.64.024612
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1103/PhysRevLett.25.386
https://doi.org/10.1103/PhysRevLett.123.122501
https://doi.org/10.1103/PhysRevC.104.024603
https://doi.org/10.1103/PhysRevC.98.014610
https://doi.org/10.1016/j.physletb.2018.06.012
https://doi.org/10.1103/PhysRevC.97.054604
https://doi.org/10.1088/1674-1137/43/2/024103
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.64.024612
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1103/PhysRevLett.25.386
https://doi.org/10.1103/PhysRevLett.123.122501
https://doi.org/10.1016/j.nuclphysa.2005.12.008
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/S0375-9474(03)01517-3
https://doi.org/10.1016/j.nuclphysa.2005.10.009
https://doi.org/10.1016/S0375-9474(03)01576-8
https://doi.org/10.1016/j.nuclphysa.2004.09.129
https://doi.org/10.1103/PhysRevC.74.014609
https://doi.org/10.1103/PhysRevC.74.044612
https://doi.org/10.1103/PhysRevC.75.014602
https://doi.org/10.1103/PhysRevC.75.044604
https://doi.org/10.1016/j.physletb.2018.01.002
https://doi.org/10.1103/PhysRevC.93.014311
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1103/PhysRevLett.122.062502
https://doi.org/10.1016/0370-1573(91)90094-3
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1103/PhysRevC.93.044609
https://doi.org/10.1103/PhysRevC.97.034625
https://doi.org/10.1103/PhysRevC.100.044617
https://doi.org/10.1103/PhysRevC.104.024603
https://doi.org/10.1103/PhysRevC.98.014610
https://doi.org/10.1016/j.physletb.2018.06.012
https://doi.org/10.1103/PhysRevC.97.054604
https://doi.org/10.1088/1674-1137/43/2/024103
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.64.024612
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1103/PhysRevLett.25.386
https://doi.org/10.1103/PhysRevLett.123.122501
https://doi.org/10.1016/j.nuclphysa.2005.12.008
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/S0375-9474(03)01517-3
https://doi.org/10.1016/j.nuclphysa.2005.10.009
https://doi.org/10.1016/S0375-9474(03)01576-8
https://doi.org/10.1016/j.nuclphysa.2004.09.129
https://doi.org/10.1103/PhysRevC.74.014609
https://doi.org/10.1103/PhysRevC.74.044612
https://doi.org/10.1103/PhysRevC.75.014602
https://doi.org/10.1103/PhysRevC.75.044604
https://doi.org/10.1016/j.physletb.2018.01.002
https://doi.org/10.1103/PhysRevC.93.014311
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1103/PhysRevLett.122.062502
https://doi.org/10.1016/0370-1573(91)90094-3
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1103/PhysRevC.93.044609
https://doi.org/10.1103/PhysRevC.97.034625
https://doi.org/10.1103/PhysRevC.100.044617
https://doi.org/10.1103/PhysRevC.104.024603
https://doi.org/10.1103/PhysRevC.98.014610
https://doi.org/10.1016/j.physletb.2018.06.012
https://doi.org/10.1103/PhysRevC.97.054604
https://doi.org/10.1088/1674-1137/43/2/024103
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.64.024612
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1103/PhysRevLett.25.386
https://doi.org/10.1103/PhysRevLett.123.122501
https://doi.org/10.1016/j.nuclphysa.2005.12.008
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/S0375-9474(03)01517-3
https://doi.org/10.1016/j.nuclphysa.2005.10.009
https://doi.org/10.1016/S0375-9474(03)01576-8
https://doi.org/10.1016/j.nuclphysa.2004.09.129
https://doi.org/10.1103/PhysRevC.74.014609
https://doi.org/10.1103/PhysRevC.74.044612
https://doi.org/10.1103/PhysRevC.75.014602
https://doi.org/10.1103/PhysRevC.75.044604
https://doi.org/10.1016/j.physletb.2018.01.002
https://doi.org/10.1103/PhysRevC.93.014311
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1103/PhysRevLett.122.062502
https://doi.org/10.1016/0370-1573(91)90094-3
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1103/PhysRevC.93.044609
https://doi.org/10.1103/PhysRevC.97.034625
https://doi.org/10.1103/PhysRevC.100.044617
https://doi.org/10.1016/j.nuclphysa.2005.12.008
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/j.nima.2004.12.023
https://doi.org/10.1016/S0375-9474(03)01517-3
https://doi.org/10.1016/j.nuclphysa.2005.10.009
https://doi.org/10.1016/S0375-9474(03)01576-8
https://doi.org/10.1016/j.nuclphysa.2004.09.129
https://doi.org/10.1103/PhysRevC.74.014609
https://doi.org/10.1103/PhysRevC.74.044612
https://doi.org/10.1103/PhysRevC.75.014602
https://doi.org/10.1103/PhysRevC.75.044604
https://doi.org/10.1016/j.physletb.2018.01.002
https://doi.org/10.1103/PhysRevC.93.014311
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1088/0954-3899/43/11/114002
https://doi.org/10.1103/PhysRevLett.122.062502
https://doi.org/10.1016/0370-1573(91)90094-3
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1103/PhysRevC.93.044609
https://doi.org/10.1103/PhysRevC.97.034625
https://doi.org/10.1103/PhysRevC.100.044617
https://doi.org/10.1103/PhysRevC.104.024603
https://doi.org/10.1103/PhysRevC.98.014610
https://doi.org/10.1016/j.physletb.2018.06.012
https://doi.org/10.1103/PhysRevC.97.054604
https://doi.org/10.1088/1674-1137/43/2/024103
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.64.024612
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1103/PhysRevLett.25.386
https://doi.org/10.1103/PhysRevLett.123.122501
https://doi.org/10.1103/PhysRevC.104.024603
https://doi.org/10.1103/PhysRevC.98.014610
https://doi.org/10.1016/j.physletb.2018.06.012
https://doi.org/10.1103/PhysRevC.97.054604
https://doi.org/10.1088/1674-1137/43/2/024103
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.84.054603
https://doi.org/10.1103/PhysRevC.64.024612
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1088/1674-1137/41/3/030001
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1016/j.physletb.2014.05.049
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1016/j.ppnp.2008.01.003
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1103/PhysRevC.97.054331
https://doi.org/10.1016/0370-1573(85)90100-0
https://doi.org/10.1103/PhysRevLett.25.386
https://doi.org/10.1103/PhysRevLett.123.122501

	I INTRODUCTION
	II THEORETICAL FRAMEWORK
	A Isospin-dependent quantum molecular dynamics model
	B GEMINI++
	C Bayesian neural network

	III RESULTS AND DISCUSSIONS
	A Calculations by the IQMD-GEMINI++ model
	B Improving prediction accuracy by BNN algorithm
	C Target dependence of the productions cross sections

	IV CONCLUSION

