
PHYSICAL REVIEW C 109, 044617 (2024)

Microscopic study of the production of neutron-rich isotopes near N = 126
in the multinucleon transfer reactions 78,82,86Kr + 208Pb
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The multinucleon transfer reactions 78,82,86Kr + 208Pb at near-barrier energy are investigated by the improved
quantum molecular dynamics model with the subsequent decay model GEMINI. The isotopic distributions of
the products in the 136Xe + 208Pb reaction at Ec.m. = 450 MeV are calculated and compared with the experi-
mental data. The influence of isospin equilibration of the primary products in the 78,82,86Kr + 208Pb reactions
are investigated. It suggests that the projectile 86Kr is favorable to the yields of neutron-rich nuclei. The
total kinetic energy mass distributions and the evolution of the neck in collisions of 86Kr + 208Pb at incident
energies of Elab = 5.40, 6.40, and 7.40 MeV/nucleon are calculated. By analyzing the incident energy effect
on the mass distributions and isotopic distributions of products in the reaction of 86Kr + 208Pb, we find that
6.40 MeV/nucleon is more suitable for producing neutron-rich isotopes near N = 126.
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I. INTRODUCTION

The investigation of unknown neutron-rich nuclei located
near the neutron closed shell N = 126 has garnered con-
siderable attention due to the desire to comprehend the
astrophysical r-process path and the nuclear structure of
extremely exotic nuclei [1]. The N = 126 shell closure is
probably the last “waiting point” in the r-process and offers
a nucleosynthesis mechanism for over half of the heavy nu-
clei present in the Universe [2,3]. The multinucleon transfer
(MNT) reactions, which take place near the Coulomb barrier
energy, have been suggested as a possible pathway to fill the
“blank region” of the nuclide chart surrounding N = 126. For
more comprehensive reviews, see Refs. [4–9].

Zagrebaev and Greiner firstly proposed that MNT reac-
tions with 208Pb target at near-barrier energies can produce
the neutron-rich N = 126 nuclei based on multidimensional
Langevin equations [10,11]. Subsequently, a large number of
experiments using medium mass projectiles at energies near
the Coulomb barriers were carried out to produce exotic nuclei
near N = 126 [12–19]. For example, Comas et al. used a
velocity filter SHIP for the separation of the heavy target-
like transfer products in the 58,64Ni + 207Pb collisions at GSI
[12,13]. Their experimental data revealed that most of the
nuclei resulted from deep inelastic collisions with full dissi-
pation of kinetic energy. In 2015, a major breakthrough in the
production of new nuclides by the MNT process was achieved

*Corresponding author: fszhang@bnu.edu.cn

when the reaction 48Ca + 248Cm was performed at GSI, lead-
ing to the discovery of five new neutron-deficient isotopes,
including 216U, 219Np, 223Am, 229Am, and 233Bk [14]. At the
Grand Accelerateur National D’Ions Lourds (GANIL), the
experimental results demonstrated that the production cross
sections of nuclei along the N = 126 shell in the 136Xe + 198Pt
reaction were significantly greater than those produced in
projectile fragmentation [15]. Similarly, the MNT reaction
136Xe + 208Pb at Ec. m. = 450 MeV was carried out at Argonne
National Laboratory (ANL), and it was discovered that the
predicted yields of the neutron-rich N = 126 nuclei exceeded
the measured values by 2 orders of magnitude for �Z =
+4 [16]. The mass distributions of the system 136Xe + 208Pb
at laboratory energies near the Coulomb barrier were stud-
ied at JINR, and the time of flight(TOF)–TOF data were
analyzed to reconstruct the mass-energy distribution of the
primary fragments in the reaction of 136Xe + 208Pb [17,18].
Recently, a new isotope, 241U, was synthesized and systematic
atomic mass measurements of 19 neutron-rich Pa-Pu isotopes
were carried out in MNT reactions of the 238U + 198Pt sys-
tem at the KISS facility [19]. More experiments are planned
to create heavy neutron-rich nuclei via MNT reactions at
the Heavy Ion Research Facility in Lanzhou (HIRFL) and
the High Intensity Heavy-Ion Accelerator Facility (HIAF)
[20,21].

Numerous theoretical models have been proposed to de-
scribe MNT reactions near the Coulomb barrier. Semiclassical
models, including the Grazing-F model [22], the Grazing
model [23,24], multidimensional Langevin-type dynamical
equations of motion [25–27], the complex WKB method
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[28–30], and the dinuclear system (DNS) model [31–50],
are capable of predicting the production cross sections of
unknown heavy and superheavy neutron-rich nuclei. The
stochastic mean-field approach can also stimulate the mult-
inucleon exchange in deep inelastic collisions [51–54]. The
microscopic models [55,56], such as the time-dependent
Hartree-Fock model and the improved quantum molecular
dynamics (ImQMD) model, effectively elucidate the fusion
[57–60] and transfer process mechanisms [61–70] and reason-
ably replicate the cross sections of the final products observed
in experiments.

A deep understanding of the MNT mechanism and a reli-
able prediction of cross sections are helpful to choose optimal
projectile-target combinations to produce new isotopes [9].
Several experiments have indicated that nuclides near N =
126 are more likely to be produced when neutron-rich nuclei
are used as the projectile and the incident energy is close to
the Coulomb barrier [11,25,71]. Hence, this work aims to
investigate the nucleon transfer mechanisms, such as effects
of isospin equilibration, energy dissipation, and the prediction
of isotopic cross sections by employing the ImQMD model
through 78,82,86Kr + 208Pb reactions at incident energies near
5–8 MeV/nucleon. The GEMINI model is used to treat the
deexcitation process.

This paper is organized as follows. In Sec. II, we briefly
introduce the ImQMD model. The results and discussion are
presented in Sec. III. Finally, we summarize the main results
in Sec. IV.

II. THE MODEL

The ImQMD model is an improved version of the quantum
molecular dynamics (QMD) model [72,73]. To describe the
fermionic nature of the N-body system and to improve the
stability of an individual nucleus, the phase-space occupation
constraint method is adopted [74]. The two-body collision
correlations and the Pauli blocking checking are also included.
Besides, the ImQMD model, based on the QMD model, not
only updates the interaction potential but also introduces the
initial wave-packet width dependent on the system size. Each
nucleon is represented by a coherent state of a Gaussian wave
pocket in the ImQMD model:

φi(r) = 1(
2πσ 2

r

)3/4 exp

[
− (r − ri )2

4σ 2
r

+ i

h̄
r · pi

]
, (1)

where ri and pi are the centers of ith wave packet in the
coordinate and momentum space, respectively. σr is the
wave-packet width of a nucleon, which represents the spatial
spread of the wave packet in coordinate space. The one-body
phase-space distribution function is obtained by the Winger
transform of the wave function. The propagation of nucleons

is governed by Hamiltonian equations of motion under the
self-consistently generated mean field:

ṙi = ∂H

∂pi
, ṗi = −∂H

∂ri
. (2)

The Hamiltonian H consists of the kinetic energy T = ∑
i

p2
i

2m ,
the Coulomb interaction potential energy, and the nuclear
interaction potential energy:

H = T + UCoul + Uloc. (3)

UCoul is the Coulomb energy, which is expressed as
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Here, ρp is the density distribution of protons of the system.
The nuclear interaction potential energy Uloc is obtained from
the integration of the Skyrme energy density functional Uloc =∫

Vloc(r)dr without the spin-orbit term, which reads
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, (5)

where ρ = ρn + ρp is the nucleons density, and δ = (ρn −
ρp)/(ρn + ρp) is the isospin asymmetry. The first three terms
in the above expression are directly obtained from the Skyrme
interaction. The fourth term denotes the symmetry potential
energy including the bulk and surface symmetry potential
energies. The last term is a small correction term.

In this work, we set the z axis as the beam direction and the
x axis as the impact parameter direction. The initial distance
of the center of mass between the projectile and the target
is 30 fm. The wave-packet width is set as σr = 1.2 fm and
the parameters named IQ2 (see Table I) are adopted in this
work. The dynamic simulation is stopped at 1000 fm/c and
10 000 events for each impact parameter simulated. The range
of impact parameters in the calculations is from 0 to bmax

fm. bmax = RP + RT , where RP and RT denote the radii of the
projectile and the target, respectively. In Fig. 1, we check the
time evolution of binding energies for 78,82,86Kr and 208Pb cal-
culated by the ImQMD model with the parameter set IQ2. One
can see that their binding energies remain constant with a very
small fluctuation and the bound nuclei evolve stably without
spurious emission for a period of time of about 3000 fm/c,
which is essential for applications to multinucleon transfer
reactions.

TABLE I. Model parameters (IQ2) adopted in this work.

α β gsur gτ CS κs ρ0

(MeV) (MeV) γ (MeV fm2) (MeV) η (MeV) (fm2) (fm−3)

−356 303 7/6 7.0 12.5 2/3 32.0 0.08 0.165

044617-2



MICROSCOPIC STUDY OF THE PRODUCTION OF … PHYSICAL REVIEW C 109, 044617 (2024)

FIG. 1. The time evolution of binding energies for 78,82,86Kr and 208Pb calculated by the ImQMD model with the parameter set IQ2.

Subsequently, the GEMINI code [75,76] is used to deal with
the subsequent deexcitation process. The evaporation of the
light particles is treated by Hauser-Feshbach theory and the
level density in the GEMINI code is obtained by the Fermi gas
expression [77]:

ρ(U, J ) = (2J + 1)

[
h̄2

2I

]3/2 √
a

12

exp(2
√

aU )

U 2
, (6)

where I is the moment-of-inertia of the residual nucleus or
saddle-point configuration. The level density parameter was

taken as a = A/8 MeV−1 as usual, where A is the mass num-
ber of the excited nucleus.

Motivated by testing the reliability of using the combi-
nation of ImQMD with the GEMINI model, we present the
production cross sections of nuclei with Z = 78–85 in the
reaction 136Xe + 208Pb at Ec. m. = 450 MeV in Fig. 2. The
red solid circles represent the experimental data, which are
obtained from Ref. [16]. In Fig. 2, it can be seen that the
heights of peaks are consistent with experimental data for the
combination of ImQMD with the GEMINI model. However,
it overestimates the cross sections in the neutron-rich and

FIG. 2. The isotopic production cross sections from Pt to At in the reaction of 136Xe + 208Pb at Ec.m. = 450 MeV. The black solid lines
represent the calculations of the combination of ImQMD with the GEMINI model. The blue dashed lines denote the calculations of the
combination of DNS with the GEMINI model. The red solid circles represent the experimental data, which are obtained from Ref. [16].
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FIG. 3. The primary isotopic cross sections of (a) W, (b) Os,
(c) Pt, (d) Hg, and (e) Pb in 78,82,86Kr + 208Pb three reactions at
Elab = 6.40 MeV/nucleon. The solid, dashed, and dash-dotted lines
represent the results of 86Kr + 208Pb, 82Kr + 208Pb, and 78Kr + 208Pb,
respectively.

neutron-deficient regions for the Bi, Po, and At cases. This is
mainly because the experimental data in Ref. [16] are derived
from intensities of a thick-target experiment not from direct
particle identification. There are probably some differences
between the two measurement methods for isotope production
cross sections.

For the combination of DNS with the GEMINI model,
the height of peaks is consistent with experimental data
at least in an order of magnitude from Pt to Po. But in
the case of describing larger proton transfer, such as At,
the predictions by the DNS with the GEMINI model un-
derestimate the experimental data at almost 2 orders of
magnitude. Besides, the production cross sections decrease
rapidly with increasing charge number in the vicinity of
Z > 82. Moreover, it is lower than the experimental data
in both the neutron-rich and the neutron-deficient regions.
Overall, based on the above results, it is reasonable to
apply the ImQMD with GEMINI method to describe the

isotopic distributions in the region near N = 126 via MNT
reactions.

III. RESULTS AND DISCUSSION

A. Isospin equilibration

The isospin equilibration plays an important role between
the projectile and the target during the collision, which is
one of the most important mechanisms to produce neutron-
rich nuclei [78]. Previous studies have shown that there is
a transition from the isospin equilibrium at low energies
to nonequilibration at high energies [79–81]. The primary
isotopic cross sections of (a) W, (b) Os, (c) Pt, (d) Hg,
and (e) Pb in the 78,82,86Kr + 208Pb three reactions at Elab =
6.40 MeV/nucleon are shown in Fig. 3. The solid, dashed,
and dash-dotted lines represent the results of 86Kr + 208Pb,
82Kr + 208Pb, and 78Kr + 208Pb, respectively. From Figs. 3(a)–
3(e), one can see that the isotopic cross section becomes larger
as the charge numbers of the fragments gradually approach the
target. For instance, the peak of cross-section distribution of
W is in the order of 100 to 101 mb [see Fig. 3(a)]. In contrast,
for Pb, the peak of the isotopic cross-section distribution is
reached in the range of 102 to 103 mb [see Fig. 3(e)]. This is
mainly because the target nucleus 208Pb has a relatively large
N/Z ratio compared to the projectile, and nucleons transfer
from the target to the projectile; thus the cross section of
isotopes closer to the target is higher.

In Fig. 3, it is clear that the peaks for isotopic pro-
duction cross sections decrease with increasing numbers of
neutrons in the projectile for three reactions. The isotopic
cross-section distributions of 86Kr-induced reactions exhibit
a shift towards the neutron-rich side when compared to
the 78,82Kr + 208Pb reactions. This shift results in signifi-
cant discrepancies in the cross section in the neutron-rich
side. This is because the cross section in the neutron-rich
side is very sensitive to the N/Z value of the projectile.
The N/Z values for 78,82,86Kr isotopes are 1.17, 1.28, and

FIG. 4. The 〈N〉/Z values for primary binary products of
78,82,86Kr + 208Pb at Elab = 6.40 MeV/nucleon. The dashed line in-
dicates the 〈N〉/Z value of the target.
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FIG. 5. TKE-mass distributions of primary fragments for the 86Kr + 208Pb reaction in different impact parameter regions at Elab =
5.40 MeV/nucleon (top panels), 6.40 MeV/nucleon (middle panels), and 7.40 MeV/nucleon (bottom panels), respectively. The red arrows
denote the positions of different center-of-mass incident energies.

1.39, respectively. Therefore, the production cross section of
neutron-rich isotopes in 86Kr + 208Pb are larger than those in
the other two reactions. In comparison with 78,82Kr + 208Pb,
the 86Kr + 208Pb system is more favorable to produce neutron-
rich nuclei.

In heavy-ion collisions, there may be a significant disparity
in the N/Z ratio between the target and the projectile. Typ-
ically, in collisions involving a heavy nucleus and a lighter
partner, there is a tendency for the heavy nucleus to lose
neutrons in order to achieve isospin equilibration [82]. The
〈N〉/Z values for primary binary products of 78,82,86Kr + 208Pb
at Elab = 6.40 MeV/nucleon are shown in Fig. 4. The dashed
line indicates the 〈N〉/Z value of the target, and the mean
neutron number for each Z can be obtained from 〈N〉 =∑

i Niσi/
∑

i σi, where Ni and σi are the neutron number and
the corresponding cross section, respectively [83].

From Fig. 4, one sees that the 〈N〉/Z values of primary
binary products increase rapidly with the increase of Z in the
78,82,86Kr + 208Pb reactions. Three-reaction systems are very
close to the original target nuclei at Z = 82 with a N/Z ratio of
1.537. The discrepancy in 〈N〉/Z is attributed to the difference
N/Z of 78,82,86Kr. This is mainly because there is a significant
difference in the density distribution between neutrons and
protons in the surface region of neutron-rich isotopes, and
the isospin effect of the projectile is related to the density
distribution of neutrons and protons. In Fig. 4, it also reveals
that 〈N〉/Z values of the fragment are higher with the increase
of the neutron excess of the projectile. This suggests that more

neutron-rich nuclei can be produced in the MNT reaction for a
given projectile with larger neutron excess, which is consistent
with Refs. [84,85].

B. Energy dissipation

In MNT reactions, the collision mechanism of the reaction
partners includes quasielastic, deep-inelastic, and quasifission
reactions. Deep inelastic collisions between nuclei in contact
lead to the profound reconstruction of the initial nuclei with
incident energy dissipation. In the ImQMD frame, we distin-
guish the mechanism of the different collisions on the total
kinetic energy (TKE) of primary fragments, which is express
as

TKE = Etot −
∑

k

Efrag, (7)

where Etot = Ec.m. + E (1)
g.s. + E (2)

g.s. denote the total energy of the
reaction system at the initial time. Ec.m is the incident center-
of-mass energy. E (1)

g.s. and E (2)
g.s. are the ground-state energies

of the projectile and the target nucleus, respectively. Efrag de-
notes the energy of an outgoing fragment in its center-of-mass
frame, which is expressed as£º

Efrag =
∑

i

(pi − pc)2

2m
+ U, (8)

where pi and pc denote the momentum of each nucleon in
the fragment and the collective momentum of a fragment,
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FIG. 6. Time evolution of density distribution of the projectilelike and targetlike fragments in the MNT reaction 86Kr + 208Pb with the
impact parameter b = 1 fm at three incident energies: Elab = 5.40 MeV/nucleon (top panels), Elab = 6.40 MeV/nucleon (middle panels), and
Elab = 7.40 MeV/nucleon (bottom panels).

respectively. U denoted the interaction potential energy of a
fragment, which can be calculated from U = UCoul + Uloc [see
Eqs. (4) and (5)].

The TKE-mass distributions of primary binary fragments
for the 86Kr + 208Pb reaction at three incident energies are
shown in Fig. 5. In the ImQMD model, the evolution of the
system is carried out in the overall center-of-mass reference
frame. The red arrows denote the positions of different center-
of-mass incident energies.

From Fig. 5, one can see three behaviors.

(i) TKE-mass distribution in central collisions is quite
different from those in peripheral collisions. In central
collisions [Figs. 5(a), 5(g), and 5(m)], the TKE has a
decreasing trend with the increasing incident energy.
While the TKE-mass distribution is less sensitive to
incident energy in peripheral collisions [Figs. 5(e),
5(k), and 5(q)].

(ii) The TKE increases with increasing impact parameters
for a particular incident energy. Taking the TKE-mass
distribution at Elab = 6.40 MeV/nucleon as an ex-
ample, it can be seen that the TKE is located in the
region of 200–340 MeV for b < 3 fm [Fig. 5(g)].
The corresponding energy dissipation is about 190–
50 MeV, which indicates that most deep-inelastic
events take place in central collisions. For 3 � b < 5
fm [Fig. 5(h)] and 5 � b < 7 fm [Fig. 5(i)], the TKE
is distributed over a wide range from 200–350 MeV.

This demonstrates deep inelastic and quasielastic
collision events occur simultaneously in semicen-
tral and semiperipheral collisions. For b � 7 fm
[Figs. 5(j) and 5(k)], the TKE is gradually close to 390
MeV. This means the probability of binary quasielas-
tic events increases, which results in small energy
dissipation.

(iii) The masses of fragments are distributed in a rather
broad range for 0 < b < 7 fm. This is because the
neck of the dinuclear system can be well formed
and quickly broadened and many nucleons are trans-
ferred between the projectile and the target in central
to semiperipheral collisions. However, the region of
TKE-mass distribution for 7 � b < bmax fm is narrow
due to the decrease of nucleon transfer in the periph-
eral collision.

As mentioned above in Fig. 5, the incident energy effect
is very sensitive to central collisions. To further understand
the influence of nucleon transfer on the TKE of fragments,
we investigate the time evolution of density distribution for
the collisions of the 86Kr + 208Pb reaction with the impact pa-
rameter b = 1 fm at three incident energies in Fig. 6. Because
the deformation effects of reaction partners are not considered
self-consistently in ImQMD simulations, the sampled initial
nuclei are spherical in shape. One can see that the contact time
between the projectile and the target decrease with increasing
of incident energies. The projectile-target contact time can
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FIG. 7. Lifetime of the neck calculated by the ImQMD model
as a function of impact parameters. The solid, dashed, and
dash-dotted lines represent the results of Elab = 5.40, 6.40, and
7.40 MeV/nucleon, respectively.

be estimated as 100, 60, and 50 fm/c at Elab = 5.40, 6.40,
and 7.40 MeV/nucleon, respectively. Nevertheless, the pro-
jectilelike and targetlike fragments’ separation time is about
1000 fm/c at all three energies.

From Fig. 6, the lifetime of the neck should be defined as
from the projectile and target contacting time to the separation
time. Therefore, the lifetime of the neck is determined to
be about 900, 940, and 950 fm/c at Elab = 5.40, 6.40, and
7.40 MeV/nucleon, respectively. As the incident energies rise,
the extent of nucleon exchange between the projectile and the
target is also extended, leading to an increased lifetime of the
neck.

By studying the nucleon exchange, we extracted the life-
time of the neck at three different energies with impact
parameters of b = 1, 3, 5, 7, 9, and 11 in Fig. 7. The solid,
dashed, and dash-dotted lines represent the results of Elab =
5.40, 6.40, and 7.40 MeV/nucleon, respectively. One can see
that neck lifetimes decrease with increasing impact param-
eters due to the contribution of the angular momentum of
system. The slope in the region of b < 7 fm is larger than
that in the region of b � 7 fm. This indicates that the nucleon
transfer mostly occurs in the central collision region as well as
in the semiperipheral collision region, which is also consistent
with Fig. 5.

From Fig. 7, it also can be seen that in the region of b < 7
fm, the lifetime of the neck at Elab = 7.40 MeV/nucleon is
the longest compared to the other two energies. While in the
region of b � 7 fm, the lifetime of the neck is not sensitive to
the incident energy. This is because a large number of elastic
and inelastic scattering events are produced in the region of
b � 7 fm, which makes it hard for the system to form the neck.

C. Production cross sections of neutron-rich
isotopes near N = 126

To study the effect of dynamic fluctuation on the transfer
mass distribution, the mass distributions of primary binary
fragments in the MNT reaction of 86Kr + 208Pb are shown
in Fig. 8. Figure 8(a) displays the cross sections with all
impact parameters at three incident energies, it is obvious

that more nucleons are transferred with increasing incident
energy. However, the mass distributions of primary binary
fragments at three incident energies are very close at the
double-peak positions. Besides, it is also noticed that the
cross-section distributions exhibit a wide range of 170 mass
units. This suggests that a large number of nucleon transfer
between the projectile and the target at the incident energy
near the Coulomb barrier.

The mass distributions of primary fragments at differ-
ent impact parameters b are calculated to clarify the origin
of the fragments with different mass regions. Figures 8(b)–
8(f) show the results of the 86Kr + 208Pb reaction at Elab =
6.40 MeV/nucleon for the impact parameters of 0 < b < 3,
3 � b < 5, 5 � b < 7, 7 � b < 9, and 9 � b < bmax fm, re-
spectively. In Fig. 8(b), it is evident that the primary cross
sections are generally low for the region of 0 < b < 3 fm,
probably in the order of 100–101 mb. This is because the
excitation energy of this system is higher at small colli-
sion parameters, and there are many sequential fission events
occurring. Compared to Fig. 8(b), the mass distribution in
Fig. 8(c) exhibits a broader range. The mass distribution dis-
plays two distinct peaks, attributed to Kr and Pb, with values
ranging from 101–102 mb.

From Figs. 8(d) and 8(e), it is obvious that the fragments
near the projectile and the target are mainly the products of the
semiperipheral and peripheral collisions. The middle region
of the two curves is located at about A = 140, and the middle
value of the semiperipheral collision is about 100 mb, while
the middle values of the peripheral collisions are between 100

and 101 mb. This is because the incident energy is slightly
higher than the Coulomb barrier, and the quasielastic scatter-
ing makes an important contribution in this region.

In Figs. 8(d)–8(f), it is clear that the cross sections of the
mass of the entrance channel decrease gradually with increas-
ing impact parameters. In Fig. 8(f), one can see that there are
two peaks at A = 86 and A = 208, with cross section values
of 10.222 and 6.239 mb, respectively.

To obtain the optimal incident energy for producing the
neutron-rich heavy nuclei, Fig. 9 shows the distributions of
secondary isotopic fragments for (a) Pt, (b) Hg, (c) Pb, and
(d) Po in the reaction of 86Kr + 208Pb at three different in-
cident energies. The red dashed lines, black solid lines, and
blue dash-dotted lines denote the calculated results for Elab =
5.40 MeV/nucleon, Elab = 6.40 MeV/nucleon, and Elab =
7.40 MeV/nucleon, respectively. The solid circles repre-
sent the N � 126 neutron-rich isotopes produced at Elab =
6.40 MeV/nucleon. From Fig. 9, one can see that the iso-
topic production cross sections become higher with increasing
incident energies in the neutron-deficient side, because the
larger incident energy improves the transfer probability of
nucleons, which leads to a larger production cross section for
the primary neutron-deficient nuclei.

In Fig. 9, it is obvious that the optimal incident energy
for producing the neutron-rich nuclei near N = 126 is
6.40 MeV/nucleon. The production cross sections of
the neutron-rich nuclei increase firstly and then decrease
with the increasing incident energy. For the case of
Elab = 5.40 MeV/nucleon, the production cross sections of
the primary neutron-rich nuclei are lower. For the case of
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FIG. 8. (a) Mass distributions of primary binary fragments in the reaction of 86Kr + 208Pb at three incident energies. The dashed, solid, and
dash-dotted lines denote the calculated values of Elab = 5.40, 6.40, and 7.40 MeV/nucleon, respectively. The mass distributions of primary
binary fragments in the reaction of 86Kr + 208Pb at Elab = 6.40 MeV/nucleon for impact parameters (b) 0 < b < 3 fm, (c) 3 � b < 5 fm,
(d) 5 � b < 7 fm, (e) 7 � b < 9 fm, and (f) 9 � b < bmax fm, respectively.

Elab = 7.40 MeV/nucleon, the primary products are highly
excited, leading to a lower survival probability for the neutron-
rich nuclei. Besides, there is a bell-shaped distribution of Pb
(Z = 82) in Fig. 9(c). The peak of the isotopic production
cross section is located at N = 126. This is because the
fragments located at N = 126 mainly came from the
contribution of quasielastic collisions where the primary
products have low excitation energies. As mentioned above,
the incident energy of 6.40 MeV/nucleon in the 86Kr + 208Pb
reaction is favorable for the production of neutron-rich
isotopes.

Table II shows the production cross sections of predicted
known isotopes with N � 126. The measured experimental
cross sections are obtained in the reaction of 58Ni + 208Pb
[78]. From Table II, it is obvious that the yields become lower
with more neutrons transferred at the same incident energy.

Compared with the experimental data of the 58Ni + 208Pb re-
action system at Elab = 345 MeV, it is evident that both the
theoretical and experimental cross sections are in the order
of 102 mb for the production of 208Pb. For the production of
210Po and 212Po, these results are in the order of 101 mb for
the former isotope and 10−1–100 mb for the latter.

In Table II, it is also clear that the predicted isotopes with
higher neutron excess are 204Pt, 210Hg, 216Pb, and 218Po, and
the corresponding cross sections are 6.57, 3.65, 67.56, and
0.942 µb, respectively.

IV. CONCLUSIONS

The multinucleon transfer mechanisms for the reactions
78,82,86Kr + 208Pb at near-barrier energies were studied by us-
ing the ImQMD model with the GEMINI code. This model

044617-8
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FIG. 9. The distributions of secondary isotopic fragments for
(a) Pt, (b) Hg, (c) Pb, and (d) Po in the reaction of 86Kr + 208Pb
at three different incident energies. The red dashed lines, black
solid lines, and blue dash-dotted lines denote the calculated results
for Elab = 5.40 MeV/nucleon, Elab = 6.40 MeV/nucleon, and Elab =
7.40 MeV/nucleon, respectively. The solid circles represent the N �
126 neutron-rich isotopes produced at Elab = 6.40 MeV/nucleon.

can well reproduce the transfer reaction cross sections of
nuclei near N = 126 in the 136Xe + 208Pb reaction. In com-
parison with 78,82Kr + 208Pb reactions, the larger production
cross sections of neutron-rich isotopes can be obtained by the
86Kr-induced reaction due to the large neutron excess in the
projectile.

The TKE-mass distributions of primary binary fragments
in different impact parameter regions and different incident
energies are given, and the results show that the deep inelastic
events occur in the central collision region, and quasielastic
scattering occurs mainly in the peripheral collision region.
The TKE-mass distribution has a decreasing trend with the
increasing incident energy in the central collisions, but it is
less sensitive to the incident energy in peripheral collisions.
The lifetime of the neck plays an important role in the nucleon
exchange and energy dissipation between the projectile and
the target during the collisions. The lifetime of the neck de-
creases with increasing impact parameters and increases with
increasing incident energy. The fragments near the projectile

TABLE II. The production cross sections of predicted known
isotopes with N � 126 in the 86Kr + 208Pb transfer reaction at Elab =
6.40 MeV/nucleon. The measured experimental cross sections are
obtained in the reaction of 345-MeV 58Ni + 208Pb [78].

Isotope N σ
86Kr +208Pb
cal. /mb σ

58Ni +208Pb
exp. /mb

204Pt 126 6.570 × 10−3

206Hg 126 5.697 × 10−1

207Hg 127 3.266 × 10−1

208Hg 128 1.262 × 10−1

209Hg 129 5.293 × 10−2

210Hg 130 3.650 × 10−3

208Pb 126 115.402 120 [78]
209Pb 127 86.025
210Pb 128 70.333
211Pb 129 58.109
212Pb 130 33.701
213Pb 131 12.098
214Pb 132 6.719
215Pb 133 3.436
216Pb 134 6.756 × 10−2

210Po 126 12.128 14.4 [78]
211Po 127 7.915
212Po 128 4.501 0.3 [78]
213Po 129 3.372
214Po 130 2.033
215Po 131 1.372
216Po 132 3.327 × 10−1

217Po 133 6.136 × 10−2

218Po 134 9.425 × 10−4

and the target are mainly the products of the semiperipheral
and peripheral collisions.

The influence of the incident energy on the yield of tar-
getlike fragments in the 86Kr + 208Pb reaction is also studied.
To produce neutron-rich isotopes near the N = 126 region,
the optimal incident energy is Elab = 6.40 MeV/nucleon in
the 86Kr + 208Pb reaction. The predicted cross sections for
isotopes with higher neutron excess, 204Pt, 210Hg, 216Pb, and
218Po, are 6.57, 3.65, 67.56, and 0.942 µb, respectively.
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