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Effect of dynamical deformation on the production distribution in multinucleon transfer reactions
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Effects of dynamical deformation on the potential energy surface and the mass distribution in multinucleon
transfer (MNT) reactions 136Xe + 208Pb, 136Xe + 198Pt are studied in the framework of the dinuclear system
concept. Considering the dynamical deformation rather than the ground-state deformation of the two interacting
nuclei, the products distribution could be estimated in agreement with experimental data, especially in the region
far from the incident channel. On this basis, the orientation effect on the final isotopic production is discussed.
The present calculation supports the tendency of the MNT reaction to maintain a larger production of neutron-
rich isotones around N = 126, compared with the fragmentation reaction.
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I. INTRODUCTION

The production of very neutron-rich and superheavy nu-
clides has aroused great interest not only in studying their
structural properties and decay mechanism, but also in un-
derstanding the important processes of astrophysics and the
formation of elements heavier than iron in the stellar evolution
process [1–3]. In the experiment, many laboratories, such as
GSI [4,5], Dubna [6,7], Argonne [8], GANIL [9], have per-
formed various research works and made great achievements
in producing these new nuclides of interest. However, many
difficulties have been encountered since the low production
cross sections and the great challenge of separation and iso-
topic identification [4]. Theoretical study on the mechanism
of the diffusion process in heavy-ion collisions is of crucial
importance, where one of the most important purposes is to
provide optimal experimental conditions for the production
of neutron-rich or superheavy nuclei of interest, such as the
optimal projectile-target combination and the optimal incident
energy.

In a recent review [10], experimental cross sections for
several nucleon transfers are found to be relatively large, even
at an incident energy close to the Coulomb barrier. Then the
renewed interest in the multinucleon transfer (MNT) reaction
at incident energies near the Coulomb barrier attracts great
attention to populate neutron-rich nuclei in the region of the
neutron shell closure N = 126 [6]. In this case, the primary
product of the MNT reaction may share a low excitation
energy, leading to an opportunity to survive against fission and
to stay neutron-rich after the de-excitation process via neutron
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emission. The advantage of MNT reaction becomes more and
more striking when producing neutron-rich nuclei in a heavy
region and opens a possibility to study the structure and decay
property of nuclei far from the β stability line [11–14].

Theoretical studies of the MNT reaction have been car-
ried out based on both the semiclassic models, such as
the GRAZING model [15–17], the Langevin-type approach
[18–21], the dinuclear system (DNS) model [22–28], and
the Complex WKB [29,30], and the microscopic methods,
like the time-dependent Hartree-Fock (TDHF) [31–36], the
improved quantum molecular dynamics (ImQMD) [37–40],
and the stochastic mean-field approach [41–46]. Factors,
such as the mass asymmetry of projectile-target combination
[47,48], the shell structure [49–51], the isospin diffusion
[52–55], the deformation and corresponding orientation ef-
fects [25,56], which influence the diffusion process from the
contacting configuration to the separation, have also been
studied in many works. However, not very much work in-
volves the dynamical deformation in the diffusion system
[20,21].

During the MNT reaction, the system is heated by the dis-
sipation of the radial kinetic energy, and the excited nucleons
can be distributed at many different energy levels. The posi-
tion change of such nucleons results in an irreversible defor-
mation, and the excitation energy deposits in the deformation
degree of freedom [57]. Deformations of the reaction partners
are not the ground-state ones any more [20,21,54,55,57]. Thus
the internal structure of the colliding nuclei have to change to
have different masses. The change will alter the interaction,
and again the internal structure of the colliding nuclei will
change due to the altered interaction. So that the relative mo-
tion is coupled with the nuclear intrinsic motion. Owing to the
coupling between the collective and intrinsic variables and the
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coupling between the relative motion and the nuclear intrinsic
motion mentioned above, it should be possible to predict that
at the beginning of the collision, the shape of the system is
dominated by the corresponding ground-state deformations of
the two interacting nuclei, but as the diffusion proceeds, the
shape of the system may change smoothly. Time-dependent
deformation instead of ground state deformation or sphere
should be expected to describe the diffusion process of the
system.

In the framework of the DNS concept, the MNT reaction
can be regarded as a process of massive nucleon transfer
between the two colliding nuclei, with the relative kinetic
energy being dissipated into the intrinsic excitation energy
and the deformation being coupled with nucleon transfer. The
advantage of the DNS in describing the system diffusion is
that the dynamical deformations of the two interacting nuclei
can be regarded as dynamical variables, which can allow
a better understanding of behaviors of the time-dependent
multidimensional potential energy surface (PES), shedding
some interesting light on the reaction mechanism.

II. THEORETICAL FRAMEWORK

A. DNS model with dynamical deformation

Because of a strong Coulomb and nuclear interaction of
the two heavy interacting nuclei, deformations of the reac-
tion partners are no longer the ground-state ones. Dynamical
deformation is expected to be considered in the process of
the evolution from the contacting of the colliding nuclei to
the separation of projectile-like and target-like products or
to the fusion [20]. The DNS configuration (Z1, N1, β1, β2)
can be described by four macroscopic variables, namely, the
proton number, neutron number, and deformations of two
interacting nuclei. The evolution of the system is described
by the following four-dimension master equation [58]:

dP(Z1, N1, β1, β2, t )

dt

=
∑

Z ′
1

WZ1,N1,β1,β2;Z ′
1
(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;N ′
1
(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

WZ1,N1,β1,β2;β ′
1
(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

WZ1,N1,β1,β2;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)

where the P(Z1, N1, β1, β2, t ) denotes the probability distribu-
tion to find fragment 1 with Z1, N1, with deformations β1, β2

(here, only the most important axially symmetric quadrupole
deformations are considered, and always the tip-to-tip ori-
entation is taken; unless the orientation effect is discussed
later), with local excitation energy E∗

J at time t , with the
incident angular momentum J . β1, β2 are taken as two discrete
macroscopic variables. WZ1,N1,β1,β2;Z ′

1
is the mean transition

probability from the channel (Z1, N1, β1, β2) to the channel
(Z ′

1, N1, β1, β2). dZ1,N1,β1,β2 represents the microscopic dimen-
sion of the corresponding macroscopic state (Z1, N1, β1, β2).
The initial condition corresponds to the incident channel. The
interaction time, which is dependent on the incident energy
and incident angular momentum in the dissipative process,
could be determined by using the classic deflection function
method [59–61]. See Refs. [27,28,62] for more details.

In the relaxation process of relative motion, the DNS
heated by the local excitation energy opens a valence space
�ε, which has a symmetrical distribution around the Fermi
surface. Only the particles in the states within this valence
space are actively involved in the excitation and transfer
[63]. With the mean single-particle densities g1, g2, we have
the valence states N1 = g1�ε, N2 = g2�ε and correspond-
ing valence nucleons m1 = N1/2, m2 = N2/2. �ε is related
to the local excitation energy by �ε = √

4E∗
J /g, with g =

(g1 + g2)/2 and gk being approximately from Ak/8 to Ak/16
[63,64]. The quantity E∗

J denotes the local excitation energy
of the DNS configuration with incident angular momentum J ,
which is defined as E∗

J = Ex(J, t ) − [U (Z1, N1, β1, β2, J ) −
U (ZP, NP, βP, βT, J )]. The first term, Ex(J, t ), is the radial
dissipation energy, which is related to the Coulomb barrier
and is determined for each initial relative angular momentum
J by the parametrization method of the classical deflection
function [59–61].

The four macroscopic collective variables mentioned
above determine the PES of the DNS:

U (Z1, N1, β1, β2, J ) = E (Z1, N1, β1) + E (Z2, N2, β2)

+ VCN(Z1, N1, β1, β2, Rcont )

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

where quantity E (Zi, Ni, βi ) is the total energy of the
ith nucleus of DNS as a function of shape given
by the macroscopic-microscopic model, E (Zi, Ni, βi ) =
ELD(Zi, Ni )

∏
k (1 + bkβ

2
ik ) + cEsh(Zi, Ni, βi ) [65]. Here, only

quadrupole deformation βi2 is considered, denoted with βi ≡
βi2. The nucleus-nucleus interaction potential energy VCN

between two interacting nuclei of the DNS configuration
is the sum of Coulomb interaction potential VC calculated
by Wong’s formula [66] and the nuclear interaction poten-
tial VN obtained from the folding integral of a zero-range
nucleon-nucleon interaction [67,68]. The rotational energy
Vrot = h̄2J (J + 1)/�tot, where the moment of inertia �tot is
approximated by its rigid-body value. Because of the disap-
pearance of the Coulomb barrier for a sufficiently heavy sys-
tem, the critical position where the nucleon transfer process
takes places can be assumed by Rcont = R1(1 + β1Y20(θ1)) +
R2(1 + β2Y20(θ2)) + 0.7 fm, with Ri = 1.16A1/3

i .
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The isotope cross section of the primary fragment pro-
duced in the MNT reaction can be calculated by

σpri(Z1, N1) = 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 ) describes the
probability of the colliding nuclei at the incident energy Ec.m.

overcoming the interaction barrier in the entrance channel. It
is assumed that 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.

When the primary partners begin to separate, deformations
of projectile-like and target-like fragments are no longer the
ground-state ones at the exit channel. The total excitation en-
ergy of primary fragments can be expressed as Etot = Ec.m. −
TKE + Qgg, where Qgg value corresponds to the reaction
energy of the exit channel of interest, the total kinetic energy
(TKE) of the outgoing (Z1, N1, β1, β2) configuration is the
sum of the Coulomb energy, nuclear energy, and radial kinetic
energy at the exit [60]. The excitation of primary products
shares the value of Etot in proportion to their masses E∗

Z1,N1
=

Etot · A1/(A1 + A2), where A1, A2 are the corresponding mass
number.

B. Production of final products

To obtain the characteristics of final products, the state-of-
art statistical model code GEMINI++ is employed, which takes
into account the evaporation of neutrons, protons, α particles,
and γ quanta, as well as fission of an excited nucleus [69,70].
This model is an updated version of GEMINI based on the
Monte Carlo simulation, which can well describe the fission
decay width for heavy systems [71].

For a certain primary product (Z ′
1, N ′

1, E∗
Z ′

1,N
′
1
, J ′

Z ′
1,N

′
1
), the

de-excitation process should be simulated many times due to
the statistical nature of GEMINI++. After Mtrial times Monte
Carlo simulations, events with (Z1, N1) are counted, the num-
ber of such events is marked as M(Z1, N1; Z ′

1, N ′
1, J ′). Then

the decay probability from the primary product (Z ′
1, N ′

1, J ′)
produced at the incident angular momentum J ′ to the final
product (Z1, N1) can be estimated as P(Z1, N1; Z ′

1, N ′
1, J ′) =

M(Z1, N1; Z ′
1, N ′

1, J ′)/Mtrial. Finally, the production cross sec-
tion of final product (Z1, N1) can be given as [35]

σfin(Z1, N1) =
∑

Z ′
1,N

′
1,J

′
σpri(Z

′
1, N ′

1, J ′)

× P(Z1, N1; Z ′
1, N ′

1, J ′). (4)

The direct consequence of introducing the deformation of
fragments as dynamical variables is that one should treat the
orientation between the two deformed interacting nuclei [62].
On one hand, the initial mutual orientation of the colliding
nuclei mainly influences the maximal value of the kinetic
energy loss and the interaction time; on the other hand, due to
coupling of the internal and collective degrees of freedom, the
thermal fluctuations of the orientation configuration at the exit

FIG. 1. (a) Potential energy surfaces of the 136Xe + 208Pb reac-
tion U (A1), projected to the lowest potential energy valley of all
possible configurations (Z1, N1, β1, β2) at certain mass numbers A1,
are calculated with corresponding ground-state deformations (dashed
red line), dynamical deformations (solid black line), and spheres
(dotted blue line) of the two nuclei of the DNS. (b) Calculated mass
distribution of primary products with bombarding energy Ec.m. =
526 MeV. The cross sections are obtained by the evolution of DNS
with the three different deformation configurations. The arrow indi-
cates the position of incident channel. Experimental data (circle) of
primary products are taken from Ref. [6].

channel may exist, which could result in a broad distribution
of TKE and affect the de-excitation process [21].

To simplify the calculation, it is usually assumed that the
initial mutual orientation of interacting nuclei do not change
in the whole diffusion process [7]. In the present work,
two extreme conditions, tip-to-tip and side-to-side orientation
configurations, are assumed to study the orientation effect on
the diffusion and de-excitation processes. Another extreme
assumption that the diffusion is governed by the PES of
tip-to-tip configurations, but the separation is performed by
side-to-side configurations at the exit point, is also discussed.

III. RESULTS AND DISCUSSIONS

A. Dynamical deformation

To assess the effect of dynamical deformation on PES and
system evolution in the framework of the DNS concept, three
different forms of deformations of nuclei of DNS configura-
tions are assumed for discussion, as displayed in Fig. 1.

For the 136Xe + 208Pb reaction, the calculated PESs with
ground-state deformation (dashed red line), dynamical defor-
mation (solid black line), and sphere (dotted blue line) of
DNS configurations are displayed in Fig. 1(a), respectively.
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FIG. 2. (a) Mass distribution for primary products in the 136Xe +
208Pb reaction with bombarding energy Ec.m. = 526 MeV are calcu-
lated with different single-particle level density gk = Ak/8 (dotted
black), Ak/12 (dashed blue), and Ak/16 (solid red), respectively.
(b) The same as above, but with Ec.m. = 617 MeV and gk = Ak/16.
The experimental data of primary products are taken from Ref. [6].

Figure 1(b) displays the calculated mass distributions of pri-
mary products governed by the three corresponding PESs with
the bombarding energy Ec.m. = 526 MeV. The experimental
cross sections of primary products are from Ref. [6], where
most of the quasielastic events are excluded by recording
events with TKE loss larger than 40 MeV. The present cal-
culations do not exclude the above-mentioned events, overes-
timating the cross section only near the incident channel.

First, for the case of the ground-state deformation, shapes
of nuclei (for example, in the region around A1 = 110) may
vary greatly, resulting in the landscape of the PES with large
fluctuation, see Fig. 1(a) (dashed red line). Thus it is expected
to predict that the corresponding mass distribution is very
irregular. The cross section in the mass asymmetry region
is underestimated, while in the mass symmetry region it is
very overestimated, as shown (dashed red line) in Fig. 1(b).
Second, the shape of the DNS configuration is dominated by
the ground state deformation of the two interacting nuclei at
the beginning of the collision, but may evolve into various
macroscopic states of possible deformations with correspond-
ing probabilities depending on excitation energies of the DNS
configurations at different interaction time. From the behavior
of the PES and mass production as shown (solid black line)
in Fig. 1(a) and 1(b), it should be possible to predict that dy-
namical deformation is necessary to reasonably describe the
evolution process and the relatively realistic mass distribution.
Because of the influences of the very short contact time at the

FIG. 3. Mass distribution for primary (light gray) and final
(black) products in the reaction 136Xe + 208Pb with bombarding
energy Ec.m. = 450 MeV. The experimental data of final products are
taken from Ref. [8].

peripheral collision and the relative longer contact time at the
damped collision, the calculated cross sections have similar
shapes to the experimental data. Third, for comparison, by
assuming that the spherical shape maintains throughout the
evolution process, such PES leads to a relatively smooth
but narrow distribution of primary products, as displayed
(dotted blue line) in Fig. 1(a) and 1(b). Concerning the dis-
cussion mentioned above, dynamical deformation plays an
important role in widening mass distribution in the MNT
reaction.

B. Influence of collision energy

By considering the dynamical deformation, it can be sup-
posed that Z1, N1, β1, β2 are the least number of macroscopic
variables adequate for a complete specification of the macro-
scopic state of a DNS configuration. On the basis of present
dynamical deformations, the calculation of mass distribution
of primary products is relatively smooth and roughly consis-
tent with the experimental data in the 136Xe + 208Pb reaction
with bombarding energy Ec.m. = 526 MeV, see Fig. 2. The
relatively small influence of uncertainty of the single-particle
level densities on the nucleon transfer has been achieved
as compared with assumed constants gk = Ak/8, Ak/12, and
Ak/16 in Fig. 2(a). To investigate the behavior of the MNT
reaction at different collision energies, the calculated and
experimental mass distributions for Ec.m. = 526 and 617 MeV
are shown in Fig. 2(a) and 2(b), respectively. By comparing
Fig. 2(a) and 2(b), it is found that the magnitude and the
distribution width of primary products becomes larger with
the increasing incident energy, keeping the shape of distribu-
tion almost unchanged. This remarkably indicates that higher
excitation energy is beneficial to nucleon transfer. In addition,
the low-lying distribution far from the incident channel goes
up with the increasing energy, owing to contributions from
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FIG. 4. Cross sections of isotopes of target-like fragments (Z = 78–86) in the 136Xe + 208Pb reaction at bombarding energy Ec.m. =
450 MeV. The primary and final products are denoted by the dashed and solid lines, respectively. The experimental data are taken from
Ref. [8].

small impact parameters. The reasonable agreement between
the calculated and experimental results of the mass distribu-
tion at different bombarding energies reveals the applicability
of the DNS model to study the MNT reaction.

C. Primary and final products

In Fig. 3, the calculated cross sections of primary (light
gray) products in the reaction 136Xe + 208Pb with bombarding
energy Ec.m. = 450 MeV as a function of mass number are
displayed. It can be seen that the mass distribution of primary
products is symmetrical, which is due to the contributions
from both the projectile-like and target-like products. The
statical model GEMINI++ code is employed for the evaluation
of final products. The calculated mass distribution of final
products is well reproduced both on the position and the
magnitude of the maximum, as shown by the black line in
Fig. 3.

Careful observation of the primary and final product mass
distribution in Fig. 3 reveals two such characteristics: the
first one is that the shift of the mass distribution between

primary and final products in the direction of mass reduction is
small for lighter mass area but large in heavier mass area; the
second one, the cross section of lighter final products at the
corresponding maximum is larger than that of heavier ones,
while the distribution width is opposite. It can be explained
that under the assumption of thermal equilibrium at the exit,
the heavier primary product shares a higher excitation en-
ergy, resulting in a significant reduction of neutrons after de-
excitation, compared with the lighter one. The calculated mass
distribution characteristics of the primary and final products
are reasonably consistent with experiment, which provides a
reliable tool for further study of the final isotope distribution
of interest.

Based on the above discussion, we further estimate the
isotopes distribution of interest. Figure 4 displays the com-
parison of the experimental and calculated target-like isotopic
distributions from Z = 78 to 86 in the MNT reaction 136Xe +
208Pb at bombarding energy Ec.m. = 450 MeV. The primary
and final products are denoted by dashed and solid lines,
respectively. From the DNS calculation, it can be seen that
a reasonable agreement with the experimental data has been
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FIG. 5. Cross sections of final (thick lines) and primary (thin lines) projectile-like fragments (Z = 50–58) in the 136Xe + 198Pt reaction at
bombarding energy Ec.m. = 643 MeV. Isotopes distributions are obtained through the evolution of the DNS governed by the PES of tip-to-tip
(solid red) and side-to-side (dashed blue) configurations, respectively. The (dotted green) lines correspond to the results with the evolution
process under the tip-to-tip orientation but with the separation under the side-to-side orientation. The experimental data of final products are
taken from Ref. [9].

achieved by estimating the magnitude of cross sections and
the location of peaks of the isotopic distributions, see Fig. 4.

To extend the conclusion of interest, Fig. 5 shows the mea-
sured isotopic distribution of different projectile-like products
(from Z = 50 to 58) in the MNT reaction 136Xe + 198Pt at
bombarding energy Ec.m. = 643 MeV, which is about 1.55
times the Coulomb barrier [9]. In their paper [9], Watanabe
et al. reported a behavior of isotopic distribution that peak
positions of the projectile-like products are moved with large
shifts to lower mass number but small shifts to higher mass
number as compared to the pure proton transfer channels, and
this tendency becomes more striking for more proton transfer.
Meanwhile, they suggest that the measured events could not
directly correspond to the number of neutrons transferred, but
correspond to the final products after neutron evaporation, in
addition, neutron transfer is accompanied by proton transfer
in the diffusion process.

However, by displaying the distribution as a function of
the neutron number rather than the mass number, the above-
measured behavior can be more clearly understood, as shown

by open squares in Fig. 5. On the one hand, due to the
nucleons transfer, the peak of the primary isotope distribution
(thin solid red lines) for the proton pick-up channel (Z > 54)
moves towards neutron increase (N > 82); on the other hand,
the distribution moves towards neutron decrease by mainly
evaporating neutrons from primary products. The final result
is that the peak of the final isotope distribution (thick solid
red lines) moves with a small amount of neutrons shift in the
direction of neutron increase (or even decrease) relative to the
position of the incident channel (N = 82), see Fig. 5(b)–5(e).
Instead, for similar reasons, the peak of final products moves
towards neutron increase for the proton stripping channel
(Z < 54), but with a larger amount of neutrons shifts, see
Fig. 5(f)–5(i). Similar behaviors are shown for 136Xe + 198Pt
in Fig. 4.

It should be pointed out that the GRAZING model particu-
larly well describes the isotopes distribution near the entrance
channel, but underestimates the experimental value for large
proton transfer, because it takes into account only a small
range of impact parameters close to the GRAZING collision, see
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Refs. [9,72] for a detailed discussion. However, in the present
DNS calculation, not only the peripheral collision but also
small impact parameter collisions are considered to contribute
to the MNT products. The high energies dissipated from small
impact parameter collisions help to transfer more nucleons
but evaporate more neutrons, and the competition makes the
calculated tendency of isotope distribution consistent with the
experiment, as discussed above.

D. Orientation effect

In Fig. 5, we discuss the orientation effect on the final
products distribution in 136Xe + 198Pt at bombarding energy
Ec.m. = 643 MeV. As mentioned above, for the case of the
tip-to-tip configuration in the whole diffusion process, the
final isotopes distribution (solid red) roughly reproduces most
of the experimental data, especially in the trend, see Fig. 5.
Nevertheless, the calculated primary products seems to evap-
orate too many neutrons, resulting in the final products being
more neutron-deficient. The reason could be that the tip-to-tip
configuration corresponds to the lower Coulomb barrier or
TKE at the exit. Subtracting the ground state Qgg value, the
larger excitation energy makes the primary product evaporate
more neutrons. However, other orientations corresponding to
higher Coulomb barriers and lower dissipated energies could
contribute to the production of final products by evaporating a
small number of neutrons from primary products.

For the case of side-to-side orientation, the isotopic distri-
butions from Z = 50 to 58 are obtained by the evolution of
DNS suffering from the PES with side-to-side configurations,
see Fig. 5 (dashed blue). It is found that the distributions move
towards a neutron increase as compared with the tip-to-tip
cases, which is in better agreement with the experiment. It
can also be assumed that the evolution of the DNS is governed
by a PES with tip-to-tip configurations, but the separation of
primary products is described with side-to-side configurations
at the exit point. The corresponding calculations are shown in
Fig. 5 (dotted green). Similar behavior is obtained. The side-
to-side orientation seems to favor the production of neutron-
rich nuclei, since the large total kinetic energy is released at
the exit channel.

To extend the products region of interest, calculated cross
sections of all possible primary and final products produced
in the 136Xe + 198Pt reaction with bombarding energy Ec.m. =
643 MeV are displayed in Fig. 6, respectively. It can be seen
from Fig. 6(a) that primary products have considerable cross
sections distributions with wide ranges in the chart nuclides.
The MNT reaction is more likely to produce neutron-deficient
nuclei especially in the vicinity of the incident, see wider
peaks in Fig. 6(b) and 6(c). However, from characteristics
of final isotope distributions around N = 126 obtained by
tip-to-tip and side-to-side collision in Fig. 6(b) and 6(c), it
is indicated that the side-to-side orientation has a greater
advantage in producing neutron-rich nuclides as compared
with the tip-to-tip one.

Figure 7 shows the comparison of isotones of N = 126
between the MNT reaction of 136Xe + 198Pb and the fragmen-
tation reaction of 208Pb(1 GeV/nucleon)+Be, respectively.
The measurements show that isotones cross sections produced

FIG. 6. (a) Calculated cross sections of primary products of iso-
topes produced in the 136Xe + 198Pt reaction with Ec.m. = 643 MeV.
(b) Calculated cross sections of final products after the de-excitation
process where primary products are at higher excitation energies
owing to the tip-to-tip configuration at the exit channel. (c) Same
as (b) but for the side-to-side configuration at the exit channel. Red
squares denote the positions of incident nuclei 136Xe and 198Pt. The
dash line N = 126 is to guide the eyes.

from the MNT reaction is more than 2–3 orders of magnitude
higher than those from the fragmentation reaction for produc-
ing very neutron-rich nuclei Z < 77. The present calculated
distribution of both primary and final isotones of N = 126 can
be seen to hold the large production tendency for the MNT
reaction, which is consistent with the experiment. The DNS

FIG. 7. (a) Production cross sections of the N = 126 isotones
as a function of the atomic number. Calculations of primary and
final products in the 136Xe + 198Pt reaction with Ec.m. = 643 MeV
are denoted by opened diamonds and squares, respectively. The filled
squares are from the MNT experiment [9], while the filled stars are
from the fragmentation experiment of 208Pb(1 GeV/nucleon) + Be
[3], for comparison.

054616-7



GUO, BAO, ZHANG, LI, AND WANG PHYSICAL REVIEW C 100, 054616 (2019)

calculation supports the MNT reaction as a more promising
way to produce neutron-rich isotopes of interest.

IV. SUMMARY

In conclusion, influences of dynamical deformation on
the PES and the mass distribution of the MNT reaction
are investigated in the framework of the DNS concept. The
distribution of primary and final products in MNT reactions
136Xe + 198Pt, 136Xe + 208Pb at collision energies above the
Coulomb barrier are roughly in agreement with experiment,
respectively, especially in the distribution trend. Orientation
effect on the final isotope distributions of the reaction 136Xe +
198Pt at the collision energy about 1.55 times the Coulomb
barrier is investigated. In such a collision energy, it is possible
to have certain distribution probabilities of DNS configuration

with all possible orientations at the exit point. Three different
extreme cases are assumed to discuss the orientation effect
for simplicity. The calculated behavior of the final products
distribution reveals that the side-to-side orientation has an
advantage in contributing to the production of neutron-rich
nuclei of interest, owing to the small excitation of primary
products at the exit channel. The present study reveals the
applicability of the DNS in describing the MNT reaction
which may be a promising way to produce new neutron-rich
nuclei.
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