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The dynamical mechanism of multinucleon transfer reactions was investigated within the dinuclear system
model, in which the sequential nucleon transfer is described by solving a set of microscopically derived
master equations. Production cross sections, total kinetic energy spectra, and angular distribution of formed
fragments in the reactions of 124,132Sn + 238U/ 248Cm near Coulomb barrier energies are thoroughly analyzed.
It is found that the total kinetic energies of primary fragments are dissipated from the relative motion energy
and rotational energy of the two colliding nuclei. The fragments are formed in the forward angle domain.
The energy dependence of the angular spectra is different between projectilelike and targetlike fragments.
Isospin equilibrium is governed under the potential energy surface. The production cross sections of neutron-rich
isotopes are enhanced around the shell closure.

DOI: 10.1103/PhysRevC.101.024610

I. INTRODUCTION

The synthesis of superheavy nuclei (SHN) has obtained
much progress up to element Z = 118 (Oganesson) in cold
fusion reactions [1] and by 48Ca-induced reactions [2] in
terrestrial laboratories. However, the observed isotopes are
positioned away from the island of stability because of the de-
ficiency of neutrons. For eliminating the problem, the fusion-
evaporation reactions induced by radioactive nuclides or the
multinucleon transfer (MNT) reactions might be potentionally
a way to approach the island. Meanwhile, it remains a topical
subject in various laboratories and appropriate separation and
detection techniques are in development [3]. Because of the
broader excitation functions of MNT products, it has the ad-
vantage that a wide region of isotopes can be populated in one
experiment while complete fusion reactions are selective for
only a few isotopes at a given beam energy and experimental
setting. On the other hand, the properties of neutron-rich
heavy isotopes are crucial in understanding the origin of heavy
elements from iron to uranium in the r process of astrophysics.
Traditionally, the neutron-rich isotopes are produced via the
different mechanism by the fission of transactinide nuclides,
projectile fragmentation, and complete fusion reactions for
the light and medium mass regions. However, extending to
the heavy mass domain and even to the island of superheavy
stability, it is limited by the neutron abundance of projectile-
target systems in the fusion-evaporation reactions. The MNT
might be a possible way to produce the neutron-rich heavy
isotopes in the nuclear chart [4–6].
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Following the motivation for producing heavy new iso-
topes and approaching the neutron-rich SHN, several models
have been developed for describing the transfer reactions, i.e.,
the dynamical model based on multidimensional Langevin
equations [7], the time-dependent Hartree-Fock (TDHF) ap-
proach [8–11], the GRAZING model [12,13], the improved
quantum molecular dynamics (ImQMD) model [14], and the
dinuclear system (DNS) model [15,16], etc. Some interesting
issues have been stressed, e.g., the production cross sections
of new isotopes, total kinetic energy spectra of transfer frag-
ments, and the structure effect on the fragment formation.
There are still some open problems for the transfer reactions,
i.e., the mechanism of preequilibrium cluster emission, the
stiffness of the nuclear surface during the nucleon transfer
process, the mass limit of new isotopes with stable heavy
target nuclides, etc. The extremely neutron-rich beams are
favorable for creating neutron-rich heavy or superheavy nuclei
owing to the isospin equilibrium [17]. More discussions on
the advantage of radioactive isotopes in MNT reactions may
be referred to in [18–20].

The transfer reactions and deep inelastic heavy-ion colli-
sions were extensively investigated in experiments since the
1970s, in which the new neutron-rich isotopes of light nuclei
and proton-rich actinide nuclei were observed [21–27]. The
reaction mechanism and fragment formation were investi-
gated thoroughly, i.e., the energy and angular momentum
dissipation, two-body kinematics, shell effect, fission of ac-
tinide nuclei, etc. Recently, more measurements have been
performed at different laboratories for creating the neutron-
rich heavy nuclei, e.g., the reactions of 136Xe + 208Pb [5,28],
136Xe + 198Pt [6], 156,160Gd + 186W [29], and 238U + 232Th
[30]. It was shown that the MNT reactions are feasible for
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producing new isotopes. Synthesis of neutron-rich SHN be-
yond Z=105 via the MNT reactions have been arranged at the
High Intensity Heavy-Ion Facility (HIAF) in the near future
[31].

In this work, the MNT reactions with the combinations of
124,132Sn + 238U/ 248Cm are calculated with the DNS model.
The article is organized as follows: In Sec. II we give a
brief description of the DNS model. Calculated results and
discussions are presented in Sec. III. Summary is concluded
in Sec. IV.

II. MODEL DESCRIPTION

The DNS concept was proposed by Volkov for describing
the deep inelastic heavy-ion collisions [32], in which a few-
nucleon transfer was treated. Application of the approach to
superheavy nucleus formation via massive fusion reactions in
competition with the quasifission process was used for the
first time by Adamian et al. [33,34]. The modifications of
the relative motion energy and angular momentum of two
colliding nuclei coupling to nucleon transfer within the DNS
concept were performed by the Lanzhou group [35–37]. The
production cross sections of SHN, quasifission, and fusion-
fission dynamics have been extensively investigated within
the DNS model [38,39]. The dynamical evolution of colliding
system sequentially proceeds the capture process by overcom-
ing the Coulomb barrier to form the DNS, relaxation process
of the relative motion energy, angular momentum, mass and
charge asymmetry, etc., within the potential energy surface
and the de-excitation of primary fragments. The cross sections
of the primary and secondary fragments produced in the MNT
reactions are evaluated by

σpr (Z1, N1, Ec.m.) = π h̄2

2μEc.m.

Jmax∑
J=0

(2J + 1)

×
∫

f (B)T (Ec.m., J, B)

× P(Z1, N1, E1, J1, B)dB, (1)

and

σsur (Z1, N1, Ec.m.) = π h̄2

2μEc.m.

Jmax∑
J=0

(2J + 1)

×
∫

f (B)T (Ec.m., J, B)

×
∑

s

P(Z ′
1, N ′

1, E ′
1, J ′

1, B)

×Wsur (Z
′
1, N ′

1, E ′
1, J ′

1, s)dB, (2)

respectively. The μ is the reduced mass of relative motion in
the colliding system. The transmission probability T (Ec.m., J )
is taken as zero and unity corresponding to the incident
energy Ec.m. in the center-of-mass frame below and above the
summation value of attempting barrier B and rotational energy
at the relative angular momentum J . The E1 and J1 are the
excitation energy and the angular momentum for the fragment
(Z1, N1). The maximal angular momentum Jmax is taken to be

the grazing collision of two nuclei. The survival probability
Wsur of each fragment is evaluated with a statistical approach
based on the Weisskopf evaporation theory [40], in which the
excited primary fragments are cooled in evaporation channels
s(Zs, Ns) by γ rays, light particles (neutrons, protons, α,
etc.) in competition with the binary fission via Z1 = Z ′

1 − Zs

and N1 = N ′
1 − Ns. The structure effects are embodied via

the potential energy surface in the formation of the primary
fragments, i.e., shell correction, odd-even effect, Q value, etc.
The transferred cross section is smoothed with the barrier
distribution and the function is taken as the Gaussian form of
f (B) = 1

N exp [−((B − Bm)/�)2] with the normalization con-
stant satisfying the unity relation

∫
f (B)dB = 1. The quanti-

ties Bm and � are evaluated by Bm = (BC + BS )/2 and � =
(BC − BS )/2, respectively. The BC and BS are the Coulomb
barrier at waist-to-waist orientation and the minimum barrier
with varying the quadrupole deformation parameters of col-
liding partners. It should be noticed that there are no potential
pockets for the heavy systems. The existence of the pocket
in the entrance channel is crucial for the compound nucleus
formation in fusion reactions [41]. In this work, the barrier
is taken as the potential value at the touching configuration
and the nucleus-nucleus potential is calculated with the same
approach in fusion reactions [37]. The lifetime of the DNS is
strongly reduced in the MNT reactions in comparison to the
fusion-evaporation reactions, i.e., the relaxation time being
40 × 10−22s for the system 124Sn + 238U and 200 × 10−22s
for the reaction 48Ca + 208Pb.

The distribution probability is obtained by solving a set of
master equations numerically in the potential energy surface
of the DNS. The time evolution of the distribution probability
P(Z1, N1, E1, J1, B, t ) for fragment 1 with proton number Z1,
neutron number N1, excitation energy E1, angular momentum
J1, and barrier B is described by the following master equa-
tions:

dP(Z1, N1, E1, J1, B, t )

dt

=
∑

Z ′
1

WZ1,N1;Z ′
1,N1 (t )[dZ1,N1 P(Z ′

1, N1, E ′
1, J1, B, t )

− dZ ′
1,N1 P(Z1, N1, E1, J1, B, t )]

+
∑
N ′

1

WZ1,N1;Z1,N ′
1
(t )[dZ1,N1 P(Z1, N ′

1, E ′
1, J1, B, t )

− dZ1,N ′
1
P(Z1, N1, E1, J1, B, t )]. (3)

Here the WZ1,N1;Z ′
1,N1 (WZ1,N1;Z1,N ′

1
) is the mean transition

probability from the channel (Z1, N1, E1) to (Z ′
1, N1, E ′

1),
[or (Z1, N1, E1) to (Z1, N ′

1, E ′
1)], and dZ1,Z1 denotes the mi-

croscopic dimension corresponding to the macroscopic state
(Z1, N1, E1).The sum is taken over all possible proton and
neutron numbers that fragment Z ′

1, N ′
1 may take, but only one

nucleon transfer is considered in the model with the relations
Z ′

1 = Z1 ± 1 and N ′
1 = N1 ± 1. It is noticed that the decay of

DNS is not taken into account because of the vanishing quasi-
fission barrier, which was included in the fusion-evaporation
reactions [38,39]. Actually, the decay of the DNS was effec-
tively considered with shortening the interaction time.
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The motion of nucleons in the interacting potential is gov-
erned by the single-particle Hamiltonian. The excited DNS
opens a valence space in which the valence nucleons have a
symmetrical distribution around the Fermi surface. Only the
particles at the states within the valence space are actively
for nucleon transfer. The transition probability is related to
the local excitation energy and nucleon transfer, which is mi-
croscopically derived from the interaction potential in valence
space as

WZ1,N1;Z ′
1,N1 = τmem(Z1, N1, E1; Z ′

1, N1, E ′
1)

dZ1,N1 dZ ′
1,N1 h̄2

×
∑

ii′
|〈Z ′

1, N1, E ′
1, i′|V |Z1, N1, E1, i〉|2. (4)

The transition coefficients determine the distribution width of
the isotopic yields in the MNT reactions. The memory time is
calculated by

τmem(Z1, N1, E1; Z ′
1, N1, E ′

1) =
[

2π h̄2∑
KK ′ 〈VKKV ∗

KK ′ 〉
]1/2

, (5)

〈VKKV ∗
KK ′ 〉 = 1

4U 2
KK ′gK g′

K�KK ′�εK�ε′
K ,

× [
�2

KK ′ + 1
6 ((�εK )2 + (�ε′

K )2)
]−1/2

.

(6)

The interaction matrix element is given by∑
ii′

|Vii′ |2 = [ω11(Z1, N1, E1, E ′
1)

+ω22(Z1, N1, E1, E ′
1)]δZ1,N1,E1;Z1,N1,E ′

1

+ω12(Z1, N1, E1, E ′
1)δZ ′

1,N1,E1;Z1−1,N1,E ′
1

+ω21(Z1, N1, E1, E ′
1)δZ ′

1,N1,E1;Z1+1,N1,E ′
1
, (7)

with the relation of

ωKK ′ (Z1, N1, E1, E ′
1) = dZ1,N1〈VKK ′V ∗

KK ′ 〉. (8)

FIG. 1. Potential energy surface in the reaction of 124Sn + 238U
and the black line corresponding to the minimum value of each
isotopic chain.

FIG. 2. Mass distribution of total kinetic energy of the primary
binary fragments in the reaction of 124Sn + 238U at the incident
energy Elab = 6 MeV/nucleon.

A similar approach is used for the neutron transition coeffi-
cient.

The averages on these quantities are performed in the
valence space as follows [42]:

�εK =
√

4ε∗
K

gK
, ε∗

K = ε∗ AK

A
, gK = AK/12, (9)

where the ε∗ is the local excitation energy of the DNS. The
microscopic dimension for the fragment (ZK , NK ) is evaluated
by the valence states NK = gK�εK and the valence nucleons
mK = NK/2 (K = 1, 2) as

d (m1, m2) =
(

N1

m1

)(
N2

m2

)
. (10)

In the relaxation process of the relative motion, the DNS
will be excited by the dissipation of the relative kinetic energy.
The local excitation energy is determined by the dissipation
energy from the relative motion and the potential energy

FIG. 3. Production cross sections of transcurium isotopes
in the 238U + 238U reaction and 238U + 248Cm reaction at
Elab = 7.0 MeV/nucleon and compared with the available experi-
mental data at GSI with error bars [46].
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FIG. 4. Angular distributions of the Sn-like (blue lines) and
the U-like products (red lines) in the laboratory frame at different
energies.

surface of the DNS as

ε∗(t ) = Ediss(t ) − (U ({α}) − U ({αEN})). (11)

The entrance channel quantities {αEN} include the proton and
neutron numbers, quadrupole deformation parameters, and
orientation angles being ZP, NP, ZT , NT , R, βP, βT , θP, θT

for projectile and target nuclei with the symbols of P and T ,
respectively. The excitation energy E1 for fragment (Z1,N1)
is evaluated by E1 = ε∗(t = τint )A1/A. The interaction time
τint is obtained from the deflection function method [43]. The

energy dissipated into the DNS is expressed as

Ediss(t ) = Ec.m. − B − 〈J (t )〉[〈J (t )〉 + 1]h̄2

2ζ

−〈Erad(J, t )〉. (12)

Here Ec.m. and B are the center-of-mass energy and Coulomb
barrier, respectively. The radial energy is evaluated from

〈Erad(J, t )〉 = Erad(J, 0) exp (−t/τr ). (13)

The relaxation time of the radial motion τr= 5 ×10−22 s and
the radial energy at the initial state Erad(J, 0) = Ec.m. − B −
Ji(Ji + 1)h̄2/(2ζrel ). The dissipation of the relative angular
momentum is described by

〈J (t )〉 = Jst + (Ji − Jst ) exp(−t/τJ ). (14)

The angular momentum at the sticking limit Jst = Jiζrel/ζtot

and the relaxation time τJ = 15 × 10−22 s. The ζrel and ζtot

are the relative and total moments of inertia of the DNS,
respectively, in which the quadrupole deformations are im-
plemented [44]. The initial angular momentum is set to be
Ji = J in the following work. In the relaxation process of the
relative motion, the DNS will be excited by the dissipation of
the relative kinetic energy.

The local excitation energy is determined by the excitation
energy of the composite system and the potential energy
surface (PES) of the DNS. The PES is evaluated by

U ({α}) = B(Z1, N1) + B(Z2, N2) − B(Z, N ) + V ({α}),
(15)

FIG. 5. Contour plot of production cross sections as functions of neutron and proton numbers of primary fragments and secondary
fragments in collisions of 124Sn/ 132Sn + 238U at the incident energy of 6 MeV/nucleon. The zigzag and straight lines correspond to the
minimal values of PES and to the neutron-proton line of the target-projectile combination.
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FIG. 6. Production cross sections of different channels in col-
lisions of 124Sn and 132Sn on 238U at the incident energy
6 MeV/nucleon.

which satisfies the relation of Z1 + Z2 = Z and N1 + N2 =
N with Z and N being the proton and neutron numbers of
the composite system, respectively. The symbol α denotes
the quantities of Z1, N1, Z2, N2, J , R, β1, β2, θ1, θ2. The
B(Zi, Ni )(i = 1, 2) and B(Z, N ) are the negative binding ener-
gies of the fragment (Zi, Ni ) and the composite system (Z, N ),
respectively. The βi represent the quadrupole deformations of
the two fragments and are taken as the ground-state values.
The θi denote the angles between the collision orientations
and the symmetry axes of the deformed nuclei. Shown in
Fig. 1 is the PES in the tip-tip collisions of 124Sn + 238U.
The DNS fragments towards the mass symmetric valley re-
lease the positive energy, which are available for nucleon
transfer. The spectra exhibit a symmetric distribution for
each isotopic chain. The valley in the PES is close to the
β-stability line and enables the diffusion of the fragment
probability.

The total kinetic energy (TKE) of the primary fragment is
evaluated by

TKE(A1) = Ec.m. + Qgg(A1) − Ediss(A1), (16)

where Qgg = MP + MT − MPLF − MTLF and Ec.m. is the in-
cident energy in the center-of-mass frame. The mass MP,
MT , MPLF, and MTLF correspond to projectile, target, projec-
tilelike fragment, and targetlike fragment, respectively. The
mass spectra of TKE is calculated as shown in Fig. 2 in
the reaction of 124Sn + 238U. More broad TKE dissipation is

FIG. 7. Comparison of isotopic cross sections for producing ele-
ments of Z = 101–104 with the 238U- (left panels) and 248Cm-based
reactions (right panels) at the incident energy of 6 MeV/nucleon.

pronounced in the range of PLFs and TLFs. The formation of
DNS fragments tend to the symmetric pathway (quasifission
process). The spectra exhibit a symmetric mass distribution
because of the structure in the PES.

The emission angle of the reaction products is helpful for
arranging detectors in experiments. We use a deflection func-
tion method to evaluate the fragment angle which is related
to the mass of fragment, angular momentum, and incident
energy. The deflection angle is composed of the Coulomb and
nuclear interaction as [43,45]

�(li ) = �(li)C + �(li)N . (17)

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

�(li)N = β�(li )
gr
C

li
lgr

(
δ

β

)li/lgr

. (18)

Here �
gr
C is the Coulomb scattering angle at the grazing angu-

lar momentum with lgr = 0.22Rint[Ared(Ec.m. − V (Rint ))]1/2.
The Ared and V (Rint ) correspond to the reduced mass of DNS
fragments and interaction potential at the distance Rint of the
entrance channel, respectively. The δ and β are parametrized
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FIG. 8. Isotonic cross sections around neutron shell closure (N = 82 and 126) in the reactions of 124,132Sn + 238U/ 248Cm (left panels) and
the isotonic chains for the targetlike fragments in the reaction of 132Sn + 238U (right panels).

by fitting the deep inelastic scattering in massive collisions
as

β = 75 f (η) + 15, η < 375,

36 exp(−2.17 × 10−3η), η � 375, (19)

δ = 0.07 f (η) + 0.11, η < 375,

0.117 exp(−1.34 × 10−4η), η � 375, (20)

and

f (η) =
[

1 + exp
η − 235

32

]−1

, (21)

where η = Z1Z2e2

υ
, and υ =

√
2

Ared
(Ec.m. − V (Rint )).

III. RESULTS AND DISCUSSION

The damped collisions of two actinide nuclei were in-
vestigated and motivated for producing superheavy nuclei in
the 1970s at Gesellschaft für Schwerionenforschung (GSI)
[24,25]. Recently, the data were collected for investigating the
MNT reactions, in particular for the transactinide production
[46]. As a test of the DNS model, we calculated the isotopic
cross sections in the reactions of 238U + 238U/ 248Cm which
are shown in Fig. 3. The isotopic yields are well reproduced
with the model. It is obvious that the production cross section
rapidly decreases with the actinide charge number. Up to
18 transferred nucleons were measured. The 248Cm-based
reactions are favorable for the transfermium isotope produc-
tion owing to less nucleon transfer. To create SHN via MNT
reactions, the heavy target nuclides are needed. The neutron
shell closure is available for enhancing the transfer cross
section in two actinide nuclide collisions. A bump structure of
the isotopic yields around N = 162 was predicted [15], which
is favorable for the neutron-rich SHN production.

The fragment yields in the MNT reactions are related to the
emission angle in the laboratory system. It was observed that

the clusters formed in massive transfer reactions are emitted
anisotropically [47]. Accurate prediction of the polar angle
structure for the MNT fragments is helpful for managing the
detector system in experiments. Shown in Fig. 4 is the angular
distribution of the primary MNT fragments produced in the
reaction of 124Sn + 238U. The fragments are emitted in the
forward region. The energy dependence of the projectilelike
fragments (PLFs) in the mass region A = 114–134 and target-
like fragments (TLFs) with the mass number of A = 228–248
is opposite. The PLFs are emitted towards the forward angle
region when increasing the incident energy. The emission
angles of the maximal yields for PLFs and TLFs are close
at the energy of 6.5 MeV/nucleon.

Neutron-rich Sn isotopes can be generated by the asym-
metric fission of actinide nuclide, for instance, the new ra-
dioactive beam facility, Beijing Isotope Separation On Line
(BISOL). The contour plot of primary and secondary frag-
ments in collisions of 124,132Sn + 238U at the energy of
6 MeV/nucleon are calculated as shown in Fig. 5. The black
zigzag line, straight line, and pentagram symbols correspond
to the minimal values of each isotopic chain in the PES,
linking line of entrance system, and position of projectile
and target nuclides, respectively. The primary fragments are
produced on the neutron-rich side. The de-excitation pro-
cess moves the fragments to the β-stability line or even to
the proton-rich domain. The nucleon transfer tends to the
symmetric DNS fragments governed by the PES, in which
the deformation, shell effect, and odd-even phenomena in-
fluence the dissipation process. The diffusion of primary
fragments reaches the transfermium isotopes and even close
to superheavy element Ds (Z = 110). Prompt de-excitation
of primary fragments disenables the survival of SHN because
of the low fission barriers. The PLFs and TLFs in the re-
action 124Sn + 238U accumulate the neutron shell closure,
i.e, around N = 82 and 152. The entrance system in the
reaction 132Sn + 238U is positioned on the valley of the PES,
which enables the nucleon diffusion along the zigzag line. The
132Sn-induced reactions are favorable to produce neutron-rich
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TABLE I. Cross sections of unknown neutron-rich heavy and superheavy isotopes with proton number Z and mass number A, predicted by
the DNS model for the reactions of 124,132Sn + 238U/ 248Cm around the Coulomb barrier energies from Nd to Rf. The last four columns show
the number of new isotopes and their cross sections (in parentheses) which decrease with the increasing mass number.

Z (proton number) A (mass number) 124Sn+ 238U(mb) 124Sn+ 248Cm(mb) 132Sn+ 238U(mb) 132Sn+ 248Cm(mb)

Nd(Z=60) A�162 5 (10−5–10−9) 5 (10−4–10−9) 8 (10−2–10−9) 8 (10−3–10−9)
Pm(Z=61) A�164 6 (10−4–10−9) 6 (10−3–10−9) 9 (10−1–10−8) 10 (10−2–10−9)
Sm(Z=62) A�166 4 (10−5–10−7) 4 (10−5–10−8) 9 (10−2–10−9) 9 (10−2–10−9)
Eu(Z=63) A�168 4 (10−5–10−7) 4 (10−4–10−8) 10 (10−2–10−8) 10 (10−2–10−8)
Gd(Z=64) A�170 6 (10−5–10−7) 5 (10−4–10−8) 9 (10−2–10−8) 9 (10−2–10−8)
Tb(Z=65) A�172 8 (10−4–10−9) 6 (10−4–10−9) 11 (10−1–10−9) 10 (10−2–10−9)
Dy(Z=66) A�174 9 (10−3–10−9) 8 (10−3–10−9) 12 (10−1–10−9) 11 (10−1–10−9)
Ho(Z=67) A�176 8 (10−3–10−9) 7 (10−3–10−9) 11 (10−1–10−9) 10 (10−1–10−9)
Er(Z=68) A�178 7 (10−3–10−8) 8 (10−4–10−9) 11 (10−1–10−9) 9 (10−2–10−9)
Tm(Z=69) A�181 7 (6 × 10−3–10−9) 7 (10−3–10−8) 12 (3 × 10−1–10−9) 11 (10−1–10−9)
Yb(Z=70) A�185 4 (3 × 10−5–10−8) 4 (10−5–10−9) 10 (10−3–10−9) 9 (10−3–10−9)
Lu(Z=71) A�188 3 (10−6–10−9) 6 (10−6–10−9) 8 (10−4–10−9) 8 (10−4–10−9)
Hf(Z=72) A�190 1 (−10−8) 2 (10−8–10−9) 7 (10−4–10−9) 7 (10−4–10−9)
Ta(Z=73) A�194 1 (3.2 × 10−8) 2 (10−8–10−9) 6 (10−4–10−9) 7 (10−4–10−9)
W(Z=74) A�197 2 (10−7–10−9) 3 (10−7–10−9) 7 (10−3–10−9) 7 (10−4–10−9)
Re(Z=75) A�199 2 (10−7–10−9) 2 (10−7–10−9) 7 (10−4–10−9) 8 (10−4–10−9)
Os(Z=76) A�203 2 (10−7–10−9) 2 (10−7–10−9) 8 (10−4–10−9) 8 (10−4–10−9)
Ir(Z=77) A�205 <10−9 1 (10−8) 7 (10−4–10−9) 7 (10−4–10−9)
Pt(Z=78) A�208 2 (10−7–10−9) 3 (10−7–10−9) 9 (10−3–10−9) 9 (10−3–10−9)
Au(Z=79) A�211 <10−9 1 (−10−9) 7 (10−4–10−9) 7 (10−4–10−8)
Hg(Z=80) A�217 5 (10−5–10−9) 5 (10−4–10−9) 8 (10−2–10−9) 8 (10−3–10−9)
Tl(Z=81) A�218 <10−9 <10−9 4 (10−6–10−9) 4 (10−6–10−9)
Pb(Z=82) A�221 <10−9 <10−9 3 (10−5–10−9) 4 (10−5–10−9)
Bi(Z=83) A�225 <10−9 <10−9 3 (10−5–10−7) 4 (10−5–10−9)
Po(Z=84) A�227 <10−9 <10−9 3 (10−6–10−9) 3 (10−6–10−9)
At(Z=85) A�230 <10−9 <10−9 7 (10−4–10−9) 5 (10−5–10−9)
Rn(Z=86) A�232 <10−9 <10−9 5 (10−5–10−9) 3 (10−6–10−9)
Fr(Z=87) A�234 2 (10−7–10−9) 2 (−10−8) 5 (10−4–10−7) 4 (10−6–10−9)
Ra(Z=88) A�235 4 (10−5–10−9) 3 (10−6–10−9) 7 (10−2–10−9) 5 (10−4–10−9)
Ac(Z=89) A�238 5 (10−4–10−9) 6 (10−3–10−9) 9 (1.6–10−9) 9 (10−2–10−9)
Th(Z=90) A�240 2 (10−5, 10−7) 4 (10−4–10−7) 6 (10−3–10−9) 7 (10−3–10−9)
Pa(Z=91) A�242 3 (10−5–10−7) 5 (10−3–10−7) 7 (10−1–10−8) 9 (10−1–10−8)
U(Z=92) A�244 4 (10−5–10−9) 7 (10−2–10−8) 8 (10−1–10−9) 11 (10−1–10−9)
Np(Z=93) A�245 3 (10−6–10−9) 3 (10−4–10−9) 7 (10−2–10−9) 8 (1–10−9)
Pu(Z=94) A�248 3 (10−6–10−9) 2 (10−6–10−8) 7 (10−3–10−8) 7 (10−3–10−9)
Am(Z=95) A�250 5 (10−5–10−9) 4 (10−3–10−7) 9 (10−3–10−8) 9 (26–10−8)
Cm(Z=96) A�253 3 (10−6–10−9) 2 (10−7–10−9) 7 (10−4–10−8) 6 (10−3–10−8)
Bk(Z=97) A�255 2 (10−7–10−9) 3 (10−6–10−9) 6 (10−5–10−7) 7 (10−4–10−8)
Cf(Z=98) A�257 1 (1.8 × 10−9) 3 (10−7–10−9) 5 (10−6–10−9) 6 (10−5–10−9)
Es(Z=99) A�259 <10−9 4(10−7–10−9) 6 (10−7–10−9) 6 (10−6–10−9)

Fm(Z=100) A�261 <10−9 2(10−8–10−9) 4 (10−7–10−9) 6 (10−7–10−9)
Md(Z=101) A�261 1 (1.3 × 10−9) 3 (10−7–10−9) 5 (10−7–10−9) 5 (10−8–10−9)
No(Z=102) A�265 1 (2 × 10−9) ) 4 (10−7–10−9) 6 (10−8–10−9) 8 (10−8–10−9)
Lr(Z=103) A�267 2 (1 × 10−9) 5 (10−8–10−9) 1 (1 × 10−9) 1 (1 × 10−9)
Rf(Z=104) A�269 <10−9 2(1 × 10−9) 0 (<10−9) 5 (1 × 10−9)

nuclei. Accurate estimations of the fission barrier for actinide
and transfermium nuclides are of importance for calculat-
ing the production cross section in the MNT reactions. The
multidimensionally constrained covariant density functional
approach was attempted to estimate the fission barrier of the
actinide nucleus [48].

The production cross sections of MNT fragments are
related to the reaction systems, in which the shell effect
and isospin relaxation play significant roles on the fragment

formation [49,50]. The fragments in the pre-equilibrium pro-
cess are produced around the projectile- or targetlike re-
gions. More dissipations are available for creating the SHN
and medium fragments. The nucleon transfer tends to the
pathway along the valley in PES. Shown in Fig. 6 are the
isotopic spectra of production cross sections in the MNT
reactions with 124Sn and 132Sn on 238U at the energy of
6 MeV/nucleon. The maximal yields move to the neutron-rich
side for the proton pickup (left panels) and stripping (right
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panels) reactions with the bombarding nuclide 132Sn. The
proton stripping reactions need to overcome the inner barrier
in the PES and thus the cross sections drop rapidly with the
proton number, e.g., μb for four protons stripping from the
bombarding nuclide. More nucleon transferring is needed for
creating the transfermium isotopes.

Figure 7 shows the cross sections for isotopes Z = 101–104
in the MNT reactions of 124,132Sn + 238U/ 248Cm. In the
left panels it is shown that the cross sections induced by
124Sn have similar shapes and magnitudes with that induced
by 132Sn, but the peak values shift towards the neutron-rich
side for the latter case. However, for the spectra of 248Cm-
based reactions, the situation is somewhat complicated. The
magnitudes are quite different for isotopes Z = 101–103
with different projectiles. The peak values in 132Sn-induced
reactions are typically 1–2 order smaller than that induced
by 124Sn. This is caused by the fact that a shape transition
from prolate to oblate ellipsoid takes place around A = 110
for projectilelike isotopes Rh, Ru, and Tc, which increase
the interaction potential and enlarge the inner transfer barrier,
and finally reduce the cross section significantly. The MNT
reaction of 132Sn + 248Cm is a promising pathway for pro-
ducing the neutron-rich transfermium nuclides, in particular
around the region of N = 162. The nuclear spectroscopy and
decay modes of the transfermium isotopes are the stepstone
for investigating the SHN properties.

The isotonic cross sections in the four systems 124,132Sn
+ 238U/ 248Cm at incident energy of 6 MeV/nucleon are
calculated as shown in Fig. 8. It is obvious that the struc-
ture of the MNT yields is dependent on the projectile-target
combinations. On the proton-rich side, the production cross
section is enhanced with enlarging the mass asymmetry of the
entrance system. The neutron-rich isotopes around N = 82
and 126 are solely associated with the bombarding nuclide.
The cross sections of the neutron-rich nuclide are enhanced
in the 132Sn-induced reactions. The reaction systems reach
the isospin equilibrium in the final evolution. The neutron
to proton ratios are 1.548, 1.549, 1.603, and 1.605 for the
reactions 124Sn + 248Cm, 124Sn + 238U, 132Sn + 248Cm, and
132Sn + 238Cm, respectively. The isotonic distribution around
the subshell closures N = 152 and 162 is shown in the right
panels for the reaction 132Sn + 238U. The difference of iso-
tonic cross sections is pronounced in the neutron-rich domain.
It is caused by the fact that the large N/Z ratios of isotopes in
the neutron-rich region are away from the average value of the
reaction system. However, the isospin ratios of heavy isotopes
are close to the N/Z value of the colliding system.

New isotopes might be produced via the MNT reactions.
The cross sections are estimated as shown in Table I for

four systems of 124Sn + 238U, 124Sn + 248Cm, 132Sn + 238U,
and 132Sn + 248Cm at incident energy Elab = 6 MeV/u. The
production cross section at the level of pb is feasible for
measurements in laboratories. The number of new isotopes
is indicated for the reaction systems. The new isotopic chains
are broad with the 132Sn-induced reactions. Further measure-
ments are expected in the future experiments.

IV. CONCLUSIONS

In summary, the production of neutron-rich isotopes via
the MNT reactions was investigated within the DNS model
for the reaction systems of 124,132Sn + 238U/ 248Cm around
Coulomb barrier energies. The nucleon transfer takes place
at the touching configuration of two fragments under the
PES. The valley shape of the PES influences the forma-
tion of primary fragments and leads to the production of
neutron-rich isotopes. The de-excitation process shifts the
neutron excess of fragments towards the β-stability line. The
isospin relaxation in the nucleon transfer is coupled to the
dissipation of relative energy and angular momentum of the
colliding system. The available experimental data for two
actinide nuclide collisions are well reproduced. The fragment
yields are enhanced around the shell closure. The neutron-rich
nucleus 132Sn (n/p = 1.62) induced reactions are favorable
to produce heavy neutron-rich isotopes around TLFs. The
anisotropy emission of MNT fragments is associated with
the incident energy of the colliding system. The angular
distribution of the PLFs is shifted to the forward region with
increasing the beam energy. However, that of TLFs exhibits
an opposite trend. The production cross sections of isotonic
chains around the neutron shell closure N = 82 and 126
depend on the projectile-target combinations, in particular in
the proton-rich domain. The difference between the isotonic
cross sections around N = 152 and 162 is pronounced in the
neutron-rich region. The isotopic cross sections of Nd, Gd,
and Pb are related to the entrance channel effect. Predicted nu-
merous unknown neutron-rich nuclei from Z = 60 to Z = 104
predicted with the cross section by the DNS model within four
reaction systems, which are list in Table I. The 132Sn-induced
reactions are available for the neutron-rich isotope production.
Possible measurements are expected in future experiments.
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