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Formation of heavy neutron-rich nuclei by 48Ca-induced multinucleon transfer reactions
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The reaction systems 48Ca + 238U and 48Ca + 248Cm are investigated within the improved dinuclear system
model+GEMINI++. The theoretical results show that the distributions of isotopes in the 48Ca + 238U reaction
are well described with the model. For the 48Ca + 248Cm reaction, the model partly describes well the experimen-
tal production cross sections. Experimental and theoretical data from multinucleon transfer reactions indicate that
the isotopic distributions of the 48Ca + 238U reaction system above Pb are shifted toward the neutron-rich side as
compared to the 136Xe + 208Pb reaction except the isotopic distribution of Bi.
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I. INTRODUCTION

Multinucleon transfer (MNT) reactions of actinide targets
ranging from U to Cf with various projectiles ranging from
18O to 238U have been extensively studied [1–4]. The original
motivation for studying MNT reactions with actinide targets
is to establish a pathway to produce superheavy nuclei. From
these studies it was found that transfer reactions could provide
a means of synthesizing other actinide nuclides and unknown
heavy neutron-rich isotopes [4–7]. Recently, the synthesis of
heavy neutron-rich nuclei in the laboratory has been greatly
inspired using MNT reactions [8–21].

A large number of theoretical approaches [22–53] have
been developed to describe the MNT process, the model based
on the concept of the dinuclear system (DNS) is one of them
[26,27,31–34,42,44,45]. Recently, the evolution of DNS is
regarded as a diffusion process by taking the deformation of
the interaction nuclei as an independent variable and solving
the master equation of four variables [54]. This improved
DNS model [54–56] has been so far successfully applied in
the description of fusion reactions as well as MNT reactions
with Pb or Pt as the target material.

In this paper, we adopted the improved DNS model for
the description of MNT reactions with 48Ca bombarded ac-
tinide targets and for the prediction of the corresponding
transfer cross sections. To test our calculated abilities on the
transfer cross sections using the DNS model+GEMINI++,
our studies for all investigations were performed with one
set of parameters and with the same assumptions [55]. The
main purpose of this work is to demonstrate the accuracy
of the present method, the reaction systems 48Ca + 238U and
48Ca + 248Cm are investigated and compared with experimen-
tal data. The calculated cross sections for the production of
heavy neutron-rich nuclei (Z = 83–91) in the 48Ca + 238U
reaction have been compared with those predicted in the
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136Xe + 208Pb reaction. The aim of this comparison is to get
information if Pb or actinide targets are more profitable to
reach heavy neutron-rich isotopes.

II. THEORETICAL FRAMEWORK

Multinucleon rearrangement process can be described as a
diffusion process by numerically solving a set of four-variable
master equations (MEs) in the corresponding potential energy
surface (PES) [55]. The time evolution of the probability dis-
tribution function P(Z1, N1, β1, β2, t ) for fragment 1 with Z1,
N1, β1, and β2 at time t is described by the following master
equations [56]:

dP(Z1, N1, β1, β2, t )

dt

=
∑

Z ′
1

WZ1,N1,β1,β2;Z ′
1,N1,β1,β2 (t )

[
dZ1,N1,β1,β2 P(Z ′

1, N1, β1, β2, t )

− dZ ′
1,N1,β1,β2 P(Z1, N1, β1, β2, t )

]

+
∑

N ′
1

WZ1,N1,β1,β2;Z1,N ′
1,β1,β2 (t )

× [
dZ1,N1,β1,β2 P(Z1, N ′

1, β1, β2, t )

− dZ1,N ′
1,β1,β2 P(Z1, N1, β1, β2, t )

]

+
∑

β ′
1

WN1,Z1,β1,β2;N1,Z1,β
′
1,β2 (t )

×[
dZ1,N1,β1,β2 P(Z1, N1, β

′
1, β2, t )

− dZ1,N1,β
′
1,β2 P(Z1, N1, β1, β2, t )

]

+
∑

β ′
2

WN1,Z1,β1,β2;N1,Z1,β1,β
′
2
(t )

× [
dZ1,N1,β1,β2 P(Z1, N1, β1, β

′
2, t )

− dZ1,N1,β1,β
′
2
P(Z1, N1, β1, β2, t )

]
, (1)
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where WZ1,N1,β1,β2;Z ′
1,N1,β1,β2 is the average transition prob-

ability from channels (Z ′
1, N1, β1, β2) to (Z1, N1, β1, β2).

dN1,Z1 represents the microscopic dimension of the macro-
scopic state (N1, Z1, β1, β2) [57,58]. The β1 and β2 denote
quadrupole deformations of fragments, they are considered
as two discrete variables, corresponding to the projectile-like
and target-like fragments (TLFs), respectively. Some details is
addressed in Refs. [54–56].

The potential energy surface of DNS model is determined
by [55]

U (N1, Z1, N2, Z2, Rcont, β1, β2, J )

= B(N1, Z1, β1) + B(N2, Z2, β2)

+ VCN(N1, Z1, N2, Z2, Rcont, β1, β2)

+ Vrot(N1, Z1, N2, Z2, Rcont, β1, β2, J ), (2)

where N = N1 + N2 and Z = Z1 + Z2, the β1 and β2 represent
quadrupole deformations of the two fragments, respectively.
The nucleon transfer process takes places can be assumed
by Rcont = R1(1 + β1Y20(θ1)) + R2(1 + β2Y20(θ2)) + 0.5 fm,
with Ri = 1.16A1/3

i [55]. The B(N1, Z1, β1) and B(N2, Z2, β2)
are the binding energies of two deformed nuclei [59,60],
respectively.

The cross section of the production of a primary fragment
is written as a sum over all partial waves J:

σ
pri
Z1,N1

(Ec.m.) = π h̄2

2μEc.m.

∑

J

(2J + 1)T (Ec.m., J )

×
∑

β1,β2

P(Z1, N1, β1, β2, J, τint ), (3)

where the penetration coefficient T (Ec.m., J ) is assumed when
the incident energy is higher than the interaction barrier,
T (Ec.m., J ) is estimated to be 1, while to be 0 for other cases.

The production cross sections of the final fragments in
transfer reactions can be written as

σ fin
Z1,N1

(Ec.m.) =
∑

Z ′
1,N

′
1J ′

σ pri(Z ′
1, N ′

1, J ′) × P(Z1, N1; Z ′
1, N ′

1, J ′).

(4)

It is assumed that the sharing of the total excitation en-
ergy between the target-like and projectile-like fragments
are proportional to their masses E∗

Z1,N1
= Etot × A1/(A1 + A2),

where A1, A2 are the corresponding mass number. The code
GEMINI++ is used to calculate the sequential statistical
evaporation of excited fragments [61–63].

III. NUMERICAL RESULTS AND DISCUSSIONS

In order to test the model, the transfer cross sections by
using the reaction 48Ca + 238U have been performed at in-
cident energy Ec.m. = 195.00 MeV. Transfer cross sections
according to the change of the proton number of the target-
like fragment (TLF) from 238U as functions of the neutron
number of the TLF are shown in Fig. 1. It can be seen that the
agreement between the calculated and experimental data [64]
is reasonably good taking into consideration the experimental
uncertainties. This results indicates that the improved DNS

model is applicable for the study of multinucleon transfer
reactions near the barrier energies.

In Fig. 1, one can see that the calculated distributions of
final fragments as compared to the distributions of primary
fragments are shifted by 6–8 neutrons for more proton trans-
fers (−7p to −11p). That is because positive reaction Q value
of projectile-like and target-like fragments acts to increase the
excitation energy of the primary products. However, the Pb
region nuclei compared to actinide nuclei which have lower
fission barriers [65], this leads to the high survivability of
these nuclei against fission. Therefore, the primary fragments

10-8
10-6
10-4
10-2

10-8
10-6
10-4
10-2

10-8
10-6
10-4
10-2

10-8
10-6
10-4
10-2

10-8
10-6
10-4
10-2

120126132138144

120126132138144
10-8
10-6
10-4
10-2

-1p

Pa Th

-2p

Ac

-3p

Ra

-4p

Fr

-5p

Z 1
,N

1

(m
b)

Neutron number

Rn

-6p

At -7p
Po

-8p

PbBi -9p -10p

Tl -11p

100

FIG. 1. Transfer cross sections for the 48Ca + 238U reaction at
Ec.m. = 195.00 MeV. The number of transferred protons from 238U
to 48Ca is indicated. The measured cross sections are taken from
Ref. [64]. The black dotted line represents the primary product
distribution cross section and the black solid line represents the
final product distribution cross section. Black solid points represent
experimental data. Here, the negative number of transferred nucleons
denotes the number of nucleons removed from the projectile.
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FIG. 2. Transfer cross sections for the 48Ca + 248Cm reaction at
Ec.m. = 226.41 MeV. The number of transferred protons from 48Ca to
248Cm is indicated. The solid line represents the isotopic distribution
cross section of the ultimate product. The solid squares represent
experimental data from Refs. [67,68]. The open circle represents
experimental data from Ref. [66]. Here, the negative number of
transferred nucleons denotes the number of nucleons removed from
the projectile.

with high excitation energy are de-excited by evaporating light
particles.

In Fig. 2, we also calculated production cross sections
of TLF in the reaction 48Ca + 248Cm and compared with
the experimental data. The calculated results of the reaction
48Ca + 248Cm at bombarding energy Ec.m. = 226.41 MeV are
shown by solid lines. It can be seen from Fig. 2 that the
calculated transfer cross sections vanish suddenly for the
neutron-deficient nuclei in −1p to −6p transfer channels.
This is due to the constraints of the present calculation. The
calculated potential energy surface by using Eq. (2) is zero

when the projectile-like and target-like combinations are lo-
cated outside the predicted neutron and proton drip lines by
macroscopic microscopic model [59].

The experimental transfer cross sections were measured
from two different experiments performed at Lawrence Berke-
ley National Laboratory and GSI (1986 data) [66] for the
reaction 48Ca + 248Cm. The experimental data are denoted by
open circles in Fig. 2, and they were obtained with radio-
chemical methods. These methods were limited to identify the
fragments of short half-lives and measure the lowest values
of transfer cross sections reached to 20 nb. Recently, the
experimental data at bombarding energy Ec.m. = 226.41 MeV
were observed with the velocity filter SHIP at GSI. Some new
neutron-deficient nuclei were observed, and the SHIP setup
allowed us to search exotic transfer products formed with
the cross sections on the 1 nb level. The results are denoted
by solid squares (2016 data [67,68]) in Fig. 2. We need to
notice that the SHIP can detect the reaction products only in
a narrow window of forward angles [67,68]. By comparing
the measured experimental data of the same reaction system
at similar incident energy involved above, it can be seen that
there seems to be a large systematic difference between the
sets of experimental data.

Constant distributions for isotopes of Rn through Pu
have been measured in the reaction 48Ca + 248Cm in 1986.
One can see from Fig. 2 that the 1986 data [66] agree
well with predictions made on the basis of improved DNS
model+GEMINI++ calculations. Through the 2016 data
from −1p to −6p transfer channels, one can see that the
model describes the experimental production cross sections
of isotopes with N > 126 well but deviates from the experi-
mental cross sections for the extremely neutron-deficient Am
(−1p), U (−4p), and Pa (−5p) isotopes. In addition, in the
data of 2016, the order of magnitude measured by the ex-
perimental data [67,68] from −7p to −9p is lower than the
calculated results. This discrepancy is obviously large that it
cannot be simply explained by uncertainties in the counting
efficiencies and statistical error bars. We noticed that the SHIP
can detect the reaction products only in a narrow window
of forward angles [67,68]. In the present work, however, the
total transfer cross section of the 48Ca + 248Cm reaction are
predicted with grazing angular momentum for comparison.

The present results of the 48Ca + 248Cm reaction are com-
pared with the predictions of other groups for a wide range of
transfers (from �Z = −1 to �Z = −12). The Dubna model
based on the DNS concept combined with a statistical model
[68] is adequate for describing the experimental production
cross sections of isotopes with N > 126 well, but underesti-
mates the cross sections for N < 126. We noticed that there
are some differences between the present DNS model and the
Dubna model to calculate the distribution of primary frag-
ments. The theoretical results of Dubna model were obtained
from central collisions with angular momentum J < 20h̄ and
a narrow window of forward angles [68]. In the present work,
the total transfer cross sections are calculated with grazing
angular momentum (see Ref. [69] for more details.). There
are also some differences for the description of de-excitation
probability. This is because the de-excitation process can be
treated within different statistical models. In addition, the
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Dubna model normalized the calculated isotopic distributions
to the measured isotopic distribution for uranium isotope [68].

There are still some uncertainties to predicted transfer
cross sections using the DNS model. The produced neutron-
deficient isotopes with the velocity filter SHIP at GSI cannot
explain in the above two DNS models combined with the
statistical model. On the one hand, the calculated distribu-
tions of primary fragments is sensitive to the details of the
potential energy surface, it depends on the reliability of the
predicted binding energy by the macroscopic-microscopic
model and the calculated nucleus-nucleus interaction potential
under some assumptions and approximations. In addition, the
dynamical potential energy surface has to be further studied
by considering the various degrees of freedom. On the other
hand, there are some uncertainties for the description of the
de-excitation probability, it is related to some nuclear data. For
example, for fission barriers of all neutron-deficient nuclides
in the region from Bi to U, the analysis of experimental data
for the evaporation residue cross sections about 30 projectile-
target combinations shows that a decrease in the liquid drop
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FIG. 3. Comparison of the calculated cross sections between the
136Xe + 208Pb reaction and the 48Ca + 238U reaction at Z = 83–91.
The calculated cross section of the 48Ca + 238U reaction is rep-
resented by solid lines, its measured cross section is taken from
Ref. [64] and represented by solid square. The calculated cross
section of the 136Xe + 208Pb reaction is represented by s dashed line,
its measured cross section is taken from Ref. [14] and represented by
a hollow block.

components of the fission barrier by 30–40 % in comparison
with the theoretical predictions has a universal character [65].

To compare the production cross sections from the differ-
ent projectile-target combinations produced the same nuclides
through the MNT reaction, we compared the calculated Bi,
Po, At, Rn, Fr, Ra, Ac, Th, and Pa isotopes distributions
with the experimental data. The results are shown in Fig. 3.
These isotopes are produced by transferring several protons
and various neutrons from projectile to target for the reaction
136Xe + 208Pb at incident energy Ec.m. = 450.00 MeV [14]
and from target to projectile for the reaction 48Ca + 238U,
respectively. It can be seen from Fig. 3 that the isotopic
distributions of the 48Ca + 238U reaction system above Pb
are shifted toward the neutron-rich side as compared to the
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FIG. 4. Comparison of the calculated cross sections between
the 136Xe + 208Pb reaction and the 48Ca + 238U reaction at Z =
70–81. The solid line represents the calculated cross section for the
48Ca + 238U reaction and the dashed line represents the calculated
cross section for the 136Xe + 208Pb reaction.
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136Xe + 208Pb reaction except the isotopic distribution of Bi.
From the isotopic distributions above Pb, we find that the
reaction 48Ca + 238U tends to favor the production of more
neutron-rich nuclei than the reaction 136Xe + 208Pb.

Few experimental data below Pb are available for the
48Ca + 238U reaction, we only compare theoretical values of
the isotope distributions for the final fragments for two sys-
tems in Fig. 4. One can see from Fig. 4 that the width of
the mass distribution of the 136Xe + 208Pb reaction is wider
than that of 48Ca + 238U, and the production cross sections
for 136Xe + 208Pb overtake the ones of 48Ca + 238U toward the
neutron-rich side. The results also showed that the absolute
production cross sections of Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt,
Au, Hg, and Tl isotopes, Pb targets lead to about 100–1000
times larger maximum cross sections than U targets for the
136Xe + 208Pb reaction. It is not surprising that about 100–
1000 times larger maximum cross sections for MNT products
with Z < 82 are reached with Pb targets due to Pb is ten
protons closer to this region than U.

IV. SUMMARY

The production cross section based on MNT reactions is
predicted within an improved DNS model+GEMINI++. The
transfer cross sections for the 48Ca + 238U and 48Ca + 248Cm
reactions are investigated and compared with the experimen-
tal data obtained with the separator for heavy-ion reaction

products SHIP at GSI. The theoretical results show that the
distributions of isotopes in the 48Ca + 238U reaction are well
described within the model. For the 48Ca + 248Cm reaction,
there seems to be a large systematic difference between 1986
experimental data and 2016 data. The model partly describes
well the experimental production cross sections. Through the
2016 data from −7p to −12p transfer channels, one can see
that the experimental cross sections are considerably overes-
timated with our model. This discrepancy is obviously large
that it cannot be simply explained with uncertainties in the
counting efficiencies and statistical error bars. The experi-
mental origin of the enhanced cross sections is still an open
question.

Experimental and theoretical data from MNT reactions
indicate that the reaction 48Ca + 238U tends to favor the pro-
duction of more neutron-rich nuclei of Z = 84–91 than the
reaction 136Xe + 208Pb. The calculated results show that the
136Xe + 208Pb reaction leads to the larger cross sections of
neutron-rich below Pb isotopes as compared to the reaction
48Ca + 238U.
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