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Abstract Within the framework of the dinuclear system
model, the multinucleon transfer dynamics for nearly
symmetric nuclear collisions has been investigated. The
reaction mechanism in the systems of '8Pt +!% Pt and
204Hg +198 Pt was investigated at beam energies around the
Coulomb barrier. It was found that the isotopic yields are
enhanced with increased incident energy in the domain of
proton-rich nuclides. However, the production on the
neutron-rich side weakly depends on the energy. The
angular distribution with the beam energy was also ana-
lyzed in the multinucleon transfer reactions. Projectile-like
fragments were produced toward the forward emission with
increasing incident energy. The target-like fragments
manifested the opposite trend in the transfer reactions.
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1 Introduction

The synthesis of new isotopes in the superheavy region
is a key issue, motivated by extending the shell closure,
discovering a new mechanism for nuclear fission, waiting
point of nucleosynthesis during the r-process [1], quantum
electrodynamics in strong Coulomb field, and more. Much
progress has been made experimentally, and 3473 nuclides
had been discovered as of 2018 [2]. Over 8000 nuclides
might be bounded in a nuclear chart predicted by nuclear
density functional theory [3]. There are several ways to
create new isotopes in different mass domains, i.e., pro-
jectile fragmentation, fission of transactinide nuclei,
fusion—evaporation mechanism, multinucleon transfer
(MNT) reactions, etc. [4]. Up to now, the heavy-mass area
with neutron number N > 100 is still blank and far from
the neutron-drip line [5].

In recent years, the MNT mechanism near Coulomb
barrier energies has been studied both experimentally and
through different theoretical models, which provides a
possible way to reach the heavy neutron-rich nuclei region.
Theorists have developed some theoretical models to study
MNT reactions, such as the dinuclear system (DNS) model
[6-10], the GRAZING model [11, 12], and a dynamical
model based on the Langevin equations [13, 14]. Further-
more, microscopic approaches based on the nucleon degree
of freedom, the time-dependent Hartree—Fock (TDHF)
approach [15-21], and the improved quantum molecular
dynamics (ImQMD) model [22-24] have also been
developed for describing the transfer reactions in nuclear
collisions. Compared with other models, the DNS model
can better consider the structural effects through the
potential energy surface (PES), and the calculation time is
short. In experiments, attempts to produce neutron-rich
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nuclei near N = 126 have been made through reactions of
136Xe + 208Pb or %*Ni + 2%8Pb at the Flerov Laboratory of
Nuclear Reactions in Dubna [25], the Argonne National
Laboratory [26], and the Helmholtz Centre for Heavy Ion
Research (GSI) [27]. The neutron-rich isotopes via the
MNT reaction '*Xe + '8Pt were also investigated at
Grand Accélérateur National d’Ions Lourds (GANIL) in
France [28]. Nearly symmetric reactions of massive nuclei,
such as 2**Hg +1%8 Pt [29], also have been used to produce
new neutron-rich isotopes at Argonne National Laboratory.
Recently, the product yields in the MNT reaction for the
system 2**Hg+2%Pb at both incident energies of 4.79 and
5.6 MeV/nucleon have been to test the models [30].
Modifications of the theoretical models are still needed to
understand the experimental data. The inverse quasi-fission
process occurs in nearly symmetric nuclear collisions,
which provides a way to explore the competition of shape
evolution and nucleon transfer dissipation and is helpful for
modifying the theoretical models. The advantage of the
DNS model over other models is the inclusion of structure
effects in the nucleon transfer process, i.e., the shell and
odd-even effects, fission heavy fragments, etc. However,
the shape evolution is not considered in the DNS model, in
which the individual properties of two fragments at the
touching configuration are implemented. Nearly symmetric
nuclear collisions will enlarge the shape effect on the
observables, such as the fragment yields, energy spectra,
and angular distribution. There are still some open prob-
lems in terms of transfer reactions, i.e., the mechanism of
preequilibrium cluster emission, the mass limit of new
isotopes with stable heavy target nuclides, the stiffness of
the nuclear surface during the nucleon transfer process, etc.

In this work, the dynamical mechanism in MNT reac-
tions of nearly symmetric systems was investigated with
the DNS model. In Sect. 2, we give a brief description of
the DNS model. Calculated results and discussion are
presented in Sect. 3. A summary and perspective on the
MNT reactions are presented in Sect. 4.

2 Brief description of the DNS model

The DNS concept was proposed by Volkov for
describing the deep inelastic heavy-ion collisions near
Coulomb barrier energies [31], where a few nucleon
transfers were treated under the assumption of individual
properties of DNS fragments. Application of the approach
to superheavy nucleus formation via massive fusion reac-
tions in competition with the quasifission process was used
for the first time by Adamian et al. [32, 33]. The Lanzhou
Group performed modifications of the relative motion
energy and angular momentum of two colliding nuclei
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coupling to nucleon transfer within the DNS concept
[34, 35], in which the nucleon transfer at the touching
configuration of two colliding partners was coupled to the
relative motion by solving a set of microscopically derived
master equations. The contribution of quasi-fission and
fission of heavy fragments was implemented in the nucleon
transfer process. The dynamical mechanism in the fusion—
evaporation and transfer reactions for producing the
superheavy nuclei and exotic heavy nuclei was thoroughly
investigated. Recently, the production cross sections of
fragments in the MNT reactions around Coulomb barrier
energies have been calculated using the DNS model
[36, 37], particularly neutron-rich isotopes around the shell
closure N = 126 and 162. The production cross sections of
the MNT fragments were evaluated by

Jmax
o (Z1, N1, Ecm.) = Y ocap(Ec.m., /) /f(B)
J=0
(1
XP(ZllethJhB) )
X Wsur(El,Jl,S)dB.

Here, E; and J; denote the excitation energy and angular
momentum for the DNS fragment (Z;,N;), respectively,
which are the origin from the center of mass energy Ec.m.
and the angular momentum J of the colliding system at the
barrier B. The maximal angular momentum Jmax corre-
sponds to the grazing nucleus—nucleus collisions. The
emission of y rays and light particles in competition with
binary fission is implemented in the evaluation of survival
probability Wgyr as a statistical model and s is the sum of
evaporating particles, such as neutrons, protons, and o [38].
The capture cross section was calculated by the Hill-
Wheeler formula with the barrier distribution approach
[39]. The barrier distribution was taken as the Gaussian
form f(B) = Lexp[~((B — Bm)/A)’], with the normaliza-
tion constant satisfying the unity relation [f(B)dB = 1.
The quantities Bm and A were evaluated by Bm = (B¢ +
Bg)/2 and A = (B¢ + Bg)/2, respectively. B¢ and Bg are
the Coulomb barrier at waist-to-waist orientation and the
minimum barrier from varying the quadrupole deformation
parameters of the colliding partners.

The nucleon transfer is coupled to the relative motion
energy and rotation energy. The time evolution of the
probability P(Z,N;,E;,t) for fragment 1 with proton
number Z;, neutron number N}, and local excitation energy
E; is described by the following master equations:



Multinucleon transfer dynamics in nearly symmetric nuclear reactions

Page 3 of 8 59

dP(ZthaEht)
dr
= Z WZ,,NI;Zi,N, (t) [dzl,Nlp(Zlle’Eu t)
z,

—dy 5, P(Z1, Ny, Ey 1) (2)

+ > Wamzn (0 X [dz n P(Z1 N EyL D)

N,

_ thN;P(Zth,Ehl)].

The mean transition probability W, . Z N Wz Nz, ’N;) is
calculated from the single-particle potential in valence
space, and the microscopic dimension dz, 7 is evaluated
from the valence states and valence nucleons. We only
include sequential nucleon transfer with the master equa-
tions by the relation of le =7y %1 and N’1 = N; £ 1. The
nucleons around the Fermi surface are active for transfer-
ring DNS fragments.

The local excitation energy E; is related to the dissi-
pation energy of the relative motion and the potential
energy surface (PES) of the DNS, which increases with
relaxation time. The excitation energy at the equilibrium
stage is distributed into the fragments according to mass.
The angular momenta of the primary fragments are deter-
mined by the moment of inertia. The PES is evaluated by

U({a}) = B(Z1,N1) + B(Z2, N2) — B(Z,N)
+ V({a}),

where Z and N are the proton and neutron numbers of the
composite system, respectively; they satisfy the relations
Z1+7Z, =7 and N; + N, = N. The symbol o represents
the quantities of Zy, Ny, Z,, N2, J, R, B, B,, 01, and 0,. The
binding energies B(Z;,N;)(i =1,2) and B(Z, N) for the
fragments and the compound nucleus (composite system
without microscopic corrections for Z > 137) are calcu-
lated by the droplet model. The ground-state quadrupole
deformations f5; are considered in the calculation. The
angles 0; are the collision orientations for the deformed
nuclei. The interaction potential V({a}) of the two DNS
fragments is composed of nucleus—nucleus potential,
Coulomb potential, and centrifugal force at the touching
distance [6, 40].

Figure 1 shows the PES in the reaction >**Hg +'*8 Pt at
the tip—tip orientation. The incident position of projectile
and target nuclides is indicated by a pentagram in the chart.
The occupation probability is dissipated from the entrance
point to possible states once overcoming the local excita-
tion energy. The pocket in the PES appears around the shell
closure. The positive local excitation energy enables
nucleon diffusion in the valence space. The structure
effects of the fragment production in the MNT reactions
are embodied in the PES. The low valley in the neutron-
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Fig. 1 (Color online) Potential energy surface of the DNS in the
reaction 2**Hg +'°® Pt as a function of the protons and neutrons of the
fragments

rich region is available for new isotope formation because
of the large local excitation energy.

The emission angle of the MNT fragments is helpful for
managing detectors in experiments, which is related to the
reaction system and beam energy. We use a deflection
function method to evaluate the fragment angle, where the
fragment mass number, angular momentum, and local
excitation influence the magnitude. The deflection angle is
composed of the Coulomb and nuclear interaction as [41]

O(l;) = 0(l)c + O(l)N- (4)

The Coulomb scattering angle is given by the Rutherford
function. The nuclear deflection angle is evaluated by

gr l 5 li/lgr ( )
O(L)N = BO(L)& — | - , 5
= o ()
where @(g:r is the Coulomb scattering angle at the grazing

angular momentum with lgr = 0.22R;\+[A;oq(Ec.m.—

V(Rint))]l/ 2, Apeq and V(R;¢) correspond to the reduced
mass of DNS fragments and interaction potential at the
distance R;, from the entrance channel, respectively. o
and f are parameterized by fitting the deep inelastic scat-
tering in massive collisions as

B =175f(n)+ 15, n<375 ©)
36exp(—2.17 x 107%y), n>375

and

5 =0.07f(n) +0.11,  n<375 -
0.117exp(—1.34 x 107*y),  n>375

with
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Fig. 2 (Color online) Cross sections as functions of the mass numbers of primary and surviving fragments in the reactions of a 2**Hg +'° Pt and
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3 The results and discussion

The primary fragments in MNT reactions must be de-
excited to obtain the second fragments. This de-excitation
process is described using a statistical model [38]. The
cross sections that form fragments in this nuclear reaction
can reflect the dynamics of a collision and the nuclear
decay process of superheavy nuclei in excited states.
Therefore, we can study these processes through cross
sections. Figure 2 shows the cross sections of primary and
secondary fragments formed by the MNT reactions of
204Hg 48Pt and " Hg +'*8Pt. Due to the symmetry of the
PES, the production cross sections of primary fragments
(black lines) and second fragments (red lines)are nearly
symmetric. The DNS dissipates into a broad mass region in
the nuclear chart for primary fragments and approaches the
neutron-rich domain. By comparing the distribution of the
secondary fragment and the primary fragment formation
cross sections with the mass number, it can be seen that the
mass distribution of the secondary fragment formation
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cross section shifted to the left. This is because the primary
fragment has a certain amount of excitation energy during
the formation, and deactivation is reached. It should be
noted that the production of heavy fragments (m > 220)
decreased drastically with the mass number. This is due to
the strong Coulomb repulsion inside the composite system,
meaning the composite system can exist only for a short
time of several tens of 1072% s. The neck configuration is
significant in symmetric damped collisions, which softens
the potential barrier in the PES and is available for nucleon
transfer [42, 43].

The calculated results were compared with the data from
Argonne National Laboratory for the nearly symmetric
system 2%*Hg +!?8 Pt, as shown in Fig. 3. The production
cross sections of bismuth in the MNT reactions were
obviously underestimated by approximately two orders of
magnitude in the calculations. It should be noted that the
total cross section of all MNT fragments in experiments
was larger than the geometric cross section (4.5 barn)
owing to the lack of normalization in the thick target.
Isotopic cross sections of projectile-like fragments (PLF)
and target-like fragments (TLF) were measured at a beam
energy of Ec.m. = 619 MeV close to the Coulomb barrier
Vc = 565 MeV. The production cross sections of the
transfer fragments were underestimated by 20 times the
experimental data. Overall, the isotopic structure is con-
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Fig. 3 (Color online) Isotopic distributions of MNT fragments in the reactions of 2%*Hg +!°8 Pt at the center of mass energy of 619 MeV

compared with available data from Argonne [29]

sistent with the measurements but with narrow distribu-
tions. Inclusion of the shape evolution in the dissipation
process might enlarge the nucleon transfer and enhance the
production of MNT fragments away from the PLF or TLF
regions, which is missed in the DNS model. This work is in
progress.

The fragments formed in the symmetric or nearly
symmetric transfer reactions undergo the inverse quasi-
fission process. The nucleon transfer diffuses into enlarging
the mass asymmetry under the PES. It provides the possi-
bility for exploring the dissipation mechanism of two col-
liding heavy nuclei, stiffness of nuclear surfaces,
superdeformation systems, new isotope production, etc.
The transfer dynamics in the symmetric system were sys-
tematically investigated, as shown in Fig. 4 for the reaction
of 18Pt +1%8 Pt near barrier energies. Four different ener-
gies were selected for the calculation, i.e., 500, 542, 570,
and 600 MeV, in the center of mass frame of colliding
nuclei. A narrow diffusion on the isotopic distribution is
obvious at the sub-barrier energy (V- = 542 MeV). On the

proton-rich side, the transfer cross section increases with
the incident energy. The energy dependence becomes slight
in the neutron-rich region because high incident energy
enhances the local excitation energy, which is favorable for
nucleon transfer. There, the energy is higher than the
Coulomb barrier, and more nuclei can cross the barrier to
participate in the reaction and increase the probability of
the reaction, so the cross sections of primary fragments
increase with the energy. Meanwhile, the high local exci-
tation energy leads to reduction in the survival probability
of primary fragments. Both the mass drift and decay pro-
cess of excited fragments contribute to secondary fragment
formation. The fragments produced around the shell clo-
sure survive because of the larger separation energy. The
beam energy should be selected close to the Coulomb
barrier of the reaction system to measure the MNT frag-
ments in experiments.

The anisotropy of fragment emission manifests the
dynamical characteristics in MNT reactions, which is
associated with deformation, dissipation of relative energy

@ Springer
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Fig. 4 (Color online) Incident energy dependence on the MNT fragments produced in the transfer reaction %8Pt 4-1%8 Pt

and angular momentum, configuration of nucleon transfer,
etc. The shape of the angular distribution is an important
criteria for the nuclear reaction mechanism. For example,
the formation of a composite nucleus has a sufficiently long
interaction time to allow the various degrees of freedom in
the system to reach equilibrium, so the angular distribution
of the reaction products appears to be 90° symmetrical in
the center of mass. Estimation of the maximal yields from
angular spectra of MNT fragments is beneficial for
managing the detector system in experiments. Figure 5
shows the angular distributions of primary fragments of
PLFs (black lines) and TLFs (red lines) in the damped
collisions of 2™*Hg +!°% Pt at the c.m. energies of 520, 580,
703 MeV. The PLFs tend to be emitted toward the forward
direction with increasing beam energy. Opposite trends
were found for the TLFs. A bump structure appears at high
incident energy, which is around the Coulomb scattering
angle. A broad distribution of MNT fragments is pro-
nounced at the energy close to Coulomb barrier
Ve = 565 MeV. The maximal yields of PLFs and TLFs

@ Springer

correspond to 55° and 30°, respectively. The separation of
the emission angle for PLFs and TLFs is enlarged with
decreasing angular momentum of the colliding system.

4 Summary and conclusions

In summary, the dynamics in the MNT reactions around
Coulomb barrier energies was investigated within the DNS
model. The calculated isotopic distribution structure is
consistent with the experimental data in the reaction of
204Hg 418 Pt. The maximal yields of fragments formed in
the MNT reactions are located on the line of f§ stability.
The isotopic cross sections are sensitive to the incident
energy in the proton-rich region. The mass spectra of
fragments in the symmetric system roughly exhibit a
symmetric distribution, where the shell effect and odd—
even effect contribute to the spectrum structure. The MNT
fragments are produced in the forward-angle region along
the colliding direction. The energy dependences of the
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Fig. 5 (Color online) Angular distribution of Hg-like reaction
products (black line) and Pt-like products (red line) in the laboratory
frame

angular distributions for PLFs and TLFs are opposite. The
MNT fragments are distributed in the narrow mass region,
which might be caused by neglect of shape evolution in the
nuclear dissipation. The couplings of more degrees of
freedom, i.e., neck degree of freedom, mass asymmetry,
elongation evolution, etc., need to be implemented. Further
modifications are in progress.
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