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Some nearly-symmetric fusion reactions are systematically investigated with the improved quantum molecular dynamics (ImQMD)
model. By introducing two-body inelastic scattering in the Fermi constraint procedure, the stability of an individual nucleus and
the description of fusion cross sections at energies near the Coulomb barrier can be further improved. Simultaneously, the quasi-
fission process in 154Sm+160Gd is also investigated with the microscopic dynamics model for the first time. We find that at energies
above the Bass barrier, the fusion probability is smaller than 10−5 for this reaction, and the nuclear contact time is generally smaller
than 1500 fm/c. From the central collisions of Sm+Gd, the neutron-rich fragments such as 164,165Gd, 192W can be produced in the
ImQMD simulations, which implies that the quasi-fission reaction could be an alternative way to synthesize new neutron-rich heavy
nuclei.

fusion reaction, quasi-fission, ImQMD, super-heavy nuclei, neutron-rich nuclei

PACS number(s): 24.10.Cn, 25.70.-z, 25.60.Pj

Citation: Wang N, Zhao K, Li Z X. Fusion and quasi-fission dynamics in nearly-symmetric reactions. Sci China-Phys Mech Astron, 2015, 58: 112001, doi:
10.1007/s11433-015-5726-z

1 Introduction

The heavy-ion fusion reaction is an important way not only
for the study of the nuclear structures, but also for the synthe-
sis of new heavy and super-heavy nuclei (SHN) [1–8]. For
relatively light fusion systems, the fusion (capture) cross sec-
tions of heavy-ion reactions can be accurately predicted from
the fusion coupled channel or barrier distribution calculations
based on the barrier penetration concept together with some
suitable nucleus-nucleus potentials [9–13]. To understand the
dynamical process in fusion reactions, some microscopical
dynamics models, such as the time-dependent Hartree-Fock
(TDHF) model [14–17] and the improved quantum molecu-
lar dynamics (ImQMD) model [18–20] have been developed.
As an improved version of the quantum molecular dynamics
(QMD) model which was proposed for simulating heavy-ion
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collisions (HICs) at intermediate and high energies, the
ImQMD model is successfully applied on heavy-ion fusion
reactions between stable nuclei and the reactions induced by
neutron-rich nuclei, with a series of modifications aiming at
the study of heavy-ion reactions at intermediate and low en-
ergies [21–23]. In the previous works, the ImQMD model
was tested for the description of a number of fusion reac-
tions [22,23]. The fusion cross sections for these asymmetric
reactions can be well reproduced with the ImQMD model at
energies near and above the Coulomb barrier. We also note
that for the fusion reactions with heavy target nuclei such
as 186W, the fusion cross sections at sub-barrier energies are
over-predicted. It could be due to the influence of few spu-
rious nucleon emission after a relatively longer evolution for
the projectile and target nuclei at relatively low incident en-
ergies. It is therefore necessary to further improve the model
for a better description of the fusion reactions at sub-barrier
energies.
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In addition to the fusion process, the quasi-fission process
in the reactions leading to the synthesis of super-heavy nu-
clei have also attracted a lot of attentions in recent decades
[24–29]. The dynamics models such as the diffusion model
based on the master equation [30–32] and the macroscopic
fluctuation-dissipation model based on the Langevin equa-
tion [33, 34] have been applied for the description of quasi-
fission process. Although some measured evaporation resid-
ual cross sections of super-heavy nuclei can be reasonably
well reproduced, the uncertainty of the predicted fusion prob-
ability from these different models is still large due to the
uncertainty of model parameters such as the fission barrier
height of super-heavy nuclei [35, 36]. For example, with the
fusion-by-diffusion model, the predicted evaporation residual
cross sections of 154Sm+154Sm by Choudhury and Gupta [37]
were larger than those from Cap et al. [38] by 13 orders
of magnitude, by adopting different values for the injection
point distance and fission barrier. It is therefore necessary to
investigate the quasi-fission dynamics in such kind of reac-
tions with a self-consistent microscopic dynamics model.

On the other hand, the masses of neutron-rich heavy nu-
clide are of great importance for the study of nuclear struc-
tures and nuclear astrophysics. In Figure 1, we show the num-
ber of neutron-rich nuclei (i.e., those below the β-stability
line) with known masses as a function of mass number A. The
crosses in the sub-figure give the positions of known nuclei in
atomic mass evaluation AME2012 [39], and the solid curve
denotes the β-stability line described by Green’s formula.
One sees that at neutron-rich side, the number of known
nuclei decreases obviously at mass region A > 160. This
is because the synthesis of new neutron-rich heavy nuclei
through heavy-ion fusion reactions is limited due to the neu-
tron numbers of available stable nuclei as the projectile and
target, similar to the difficulties in the synthesis of neutron-
rich SHN. One requires an alternative way to synthesize the
new neutron-rich nuclei (especially the ones with mass num-
ber 165 � A � 205), in order to measure their masses. It is
known that large charge and mass transfer occurs in the quasi-
fission process, which might provide a chance to produce

K

Figure 1 Number of known neutron-rich nuclei as a function of mass num-
ber.

new neutron-rich heavy nuclide. It is therefore interesting to
study the new nuclide in the quasi-fission fragments.

The structure of this paper is as follows: In sect. 2, the
framework of the ImQMD model, especially the modifica-
tion of the Fermi constraint will be introduced. In sect. 3, the
fusion cross sections of six nearly-symmetric reactions are
systematically calculated to test the model reliability and the
closest distance between two nuclei in back-angle scattering
is also studied. In sect. 4, the quasi-fission dynamics and fu-
sion probability of 154Sm+160Gd will be further investigated
with the improved version of the ImQMD model. Finally a
brief summary is given in sect. 5.

2 Improved quantum molecular dynamics
model

In the improved quantum molecular dynamics model, each
nucleon is represented by a coherent state of a Gaussian wave
packet. The density distribution function ρ of a system reads

ρ(r) =
∑

i

1
(2πσ2

r )3/2
exp

[
− (r − ri)2

2σ2
r

]
, (1)

where σr represents the spatial spread of the wave packet.
The propagation of nucleons is governed by the self-
consistently generated mean field,

ṙi =
∂H
∂pi
, ṗi = −

∂H
∂ri
, (2)

where ri and pi are the center of the ith wave packet in the
coordinate and momentum space, respectively. The Hamil-

tonian H consists of the kinetic energy T =
∑
i

p2
i

2m and the

effective interaction potential energy U:

H = T + U. (3)

The effective interaction potential energy is written as the
sum of the nuclear interaction potential energy Uloc =∫

Vloc(r)dr and the Coulomb interaction potential energy
UCoul which includes the contribution of the direct and ex-
change terms,

U = Uloc + UCoul, (4)

where Vloc(r) is the potential energy density that is obtained
from the effective Skyrme interaction, in which the spin-orbit
term is not involved:

Vloc =
α

2
ρ2

ρ0
+
β

γ + 1
ργ+1

ρ
γ
0

+
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2ρ0
(∇ρ)2

+ gτ
ρη+1

ρ
η
0

+
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2ρ0
[ρ2 − ks(∇ρ)2]δ2, (5)

where δ = (ρn − ρp)/(ρn + ρp) is the isospin asymmetry. In
Table 1 we list the model parameters IQ3a adopted in the cal-
culations. The parameter set IQ3a can provide a generally ac-
cepted density dependence of nuclear symmetry energy [40].
The corresponding value of the incompressibility coefficient
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Table 1 Parameter set IQ3a [22]

Parameter
α β γ gsur gτ η Cs κs ρ0 σ0 σ1

(MeV) (MeV) (MeV fm2) (MeV) (MeV) (fm2) (fm−3) (fm) (fm)
IQ3a −207 138 7/6 16.5 14 5/3 34 0.4 0.165 0.94 0.02

of nuclear matter is about 225 MeV.
To describe the fermionic nature of the N-body system and

to improve the stability of an individual nucleus, the Fermi
constraint is simultaneously adopted in the ImQMD model.
In the version ImQMD-v2.1 [22], the phase space occupa-
tion numbers are checked during the propagation of nucle-
ons. If f̄i > 1, the momentum of the particle i are randomly
changed by a series of two-body elastic scattering between
this particle and its neighboring particles, similar to those do
in the CoMD model [41]. The Pauli blocking condition and
the total energy of the system at the next time step are si-
multaneously checked. The Fermi constraint affects the low
momentum part of the momentum distribution strongly, and
can effectively improve the momentum distribution at low
momentum region. However, the standard Fermi constraint
approach does not improve the long tail (high momentum
part) of the momentum distribution. With ImQMD-v2.1, the
average numbers of spurious emitted nucleons at t = 2000
fm/c are 1.1 for the individual 92Zr nuclei and 2.6 for 132Sn
with the parameter set IQ3a, respectively. To further improve
the stability of an individual nucleus, we modify the Fermi
constraint procedure in version ImQMD-v2.2. In the new
version, we simultaneously consider the two-body inelastic
scattering in the Fermi constraint in addition to the elastic
scattering involved in v2.1. If the difference between the mo-
mentum of a nucleon and that of its neighboring nucleons is
larger than Fermi momentum, |p1 − p2| > pF , with the Fermi
momentum pF = 260 MeV/c, an inelastic scattering is sup-
posed to take place, a tiny part of momentum p ft of the nu-
cleon with a higher momentum will be transferred to the other
one. For heavy-ion fusion reactions, we set the transfer fac-
tor ft = 5 × 10−6 which guarantee that the total momentum
and energy of the system are well conserved in the simula-
tions. We find that the consideration of the inelastic scatter-
ing in the Fermi constraint, which is helpful to improve the
distribution of the phase space occupation in nuclei, can sig-
nificantly reduce the number of spurious emitted nucleons.
Without any additional selection for the initial nuclei, the av-
erage numbers of spurious emitted nucleons at t = 2000 fm/c
are reduced to 0.56 for 92Zr and 1.75 for 132Sn, respectively.
The initialization of the ImQMD simulations is as the same
as those adopted in refs. [22, 23] and the collision term is not
involved in the present calculations. In addition, the new ver-
sion ImQMD-v2.2 has also been tested for the description of
multi-fragmentation process for heavy-ion collision at inter-
mediate energies. The charge distribution for central colli-
sions of 197Au+197Au at an incident energy of 35 AMeV can
be well reproduced with this version.

3 Fusion cross sections and dynamics in inter-
mediate reaction systems

In this section, the fusion excitation functions of 16O+186W
and 132Sn+48Ca are firstly re-examined with the ver-
sion ImQMD-v2.2. Then, the fusion reactions 28Si+30Si,
32S+48Ca, 40Ca+48Ca, and 86Kr+76Ge will be systematically
investigated to test the model reliability for describing light
and intermediate fusion systems.

Through creating certain bombarding events at each inci-
dent energy Ec.m. and each impact parameter b, and counting
the number of fusion events, we obtain the fusion probability
gfus(Ec.m., b) for a certain fusion reaction. The corresponding
fusion excitation function can be calculated with

σfus(Ec.m.) = 2π
∫ bmax

0
b gfus db � 2π

∑
b gfus Δb. (6)

In the calculation of fusion cross sections, we do the simu-
lations from b = 1 fm to b = bmax with Δb = 1 fm. At
a certain incident energy, the fusion probability gfus(b) gen-
erally decreases with the increase of impact parameter b for
peripheral collisions. bmax can be determined by the condi-
tion gfus(bmax) = 0. In the calculation of gfus for light and
intermediate reaction system, the event is counted as a fusion
event if the center-to-center distance between the two nuclei
is smaller than the nuclear radius of the compound nuclei.
Without introducing any free model parameters and/or addi-
tional assumptions, the whole reaction process for all reac-
tions mentioned is self-consistently simulated with this semi-
classical microscopic dynamics model.

To test the new version of the ImQMD model for the de-
scription of fusion reactions, we re-examine the fusion cross
sections of 16O+186W and 132Sn+40Ca. With the previous
version ImQMD-v2.1, the fusion cross sections of these two
reactions at energies near and above the Coulomb barrier
can be well reproduced, whereas the results at sub-barrier
fusion are over-predicted [23]. The spurious emitted nucle-
ons enhance the surface diffuseness of nuclei and thus over-
predict the fusion cross sections at sub-barrier energies. With
the inelastic-scattering in the Fermi constraint being consid-
ered, the average numbers of spurious emitted nucleons in
the new version ImQMD-v2.2 are reduced by 50% for 92Zr
and 33% for 132Sn comparing with those from v2.1, respec-
tively. In Figure 2, we show the fusion excitation functions
of 16O+186W and 132Sn+40Ca. The open circles and solid
squares denote the results with the version v2.1 and v2.2, re-
spectively. The solid circles denote the experimental data.
One sees that for cross sections at above-barrier energies, the
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Figure 2 Fusion excitation functions of 16O+186W and 132Sn+40Ca. The
solid circles denote the experimental data taken from refs. [2, 42]. The solid
curves denote the results with an empirical barrier distribution in which the
fusion barrier is obtained by using the Skyrme energy-density functional to-
gether with the extended Thomas-Fermi (ETF2) approximation [11,12]. The
solid squares and open circles denote the results of ImQMD with version
v2.2 and v2.1, respectively. The statistical errors in the ImQMD calcula-
tions are given by the error bars. The arrow denotes the position of the most
probable barrier height [12].

results from v2.1 and v2.2 are almost the same. Whereas,
for fusion cross sections at energies around the barrier (with
σfus � 50 mb) and sub-barrier energies, the results from v2.2
look much better, since the better initial nuclei are obtained
in the simulations.

With the same version of the ImQMD model, some nearly-
symmetric fusion reactions are also investigated. Figure 3
shows the calculated fusion excitation functions for 28Si+30Si
and 32S+48Ca. The data in the region (σfus > 10 mb) can be
reasonably well reproduced by ImQMD-v2.2. For deep sub-
barrier fusion, it is still difficult for the present version of the
model to accurately describe, because the very rare spurious
emitted nucleons and microscopic shell and pairing effects
might influence the fusion cross sections at low energies.

Here, we also study the fusion reactions 40Ca+48Ca and
86Kr+76Ge. For 40Ca+48Ca, the fusion excitation functions

E

E

σ
σ

Figure 3 The same as Figure 1, but for reactions 28Si+30Si [43, 44] and
32S+48Ca [45].

were measured by Trotta et al. [46] in 2001 and re-measured
by Jiang et al. [47] in 2010. It is found that the data from
Trotta et al. are larger than those from the other group by
about a factor of two. It is therefore interesting to study this
reaction with some theoretical models. In Figure 4, we show
the predicted fusion cross sections of 40Ca+48Ca at energies
around the Coulomb barrier. The solid squares denote the re-
sults of ImQMD-v2.2 and the solid curve denote the ETF2
calculations. We find that at energies near the barrier (with
σfus ≈ 50 − 100 mb) the theoretical predictions from the two
different models are close to the data from Jiang et al.

It is generally thought that for systems with the charge
number ZCN of compound nuclei smaller than about 60,
the fission barrier is high enough to suppress fission decay
mode efficiently at incident energies close to the fusion bar-
rier [12, 48]. Thus for these reactions, the evaporation resid-
ual cross section σER approximately equal to the fusion cross
section σfus at near-barrier energies. For heavier compound
systems the fission increasing rapidly with the Z 2

CN/ACN and
the angular momentum. For fusion-fission systems, it is gen-
erally recognized that σfus = σER + σFF. Here, σfus, σER and
σFF denote the cross sections for fusion, evaporation residue
and fission, respectively. For 86Kr+76Ge, the fission cross
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sections can not be ignored at energies above the Coulomb
barrier. In Figure 5, we show the evaporation residual cross
sections and fusion cross sections of 86Kr+76Ge. The solid
curve denotes the calculated fusion cross sections from the
ETF2 approach. Together with the statistical model HIVAP
code [49–51], the evaporation residual cross sections σER are
predicted and presented in the figure (open circles). The mea-
sured σER can be remarkably well reproduced by the model
predictions. It is unpractical to self-consistently describe the
whole fission process of the compound nucleus by using the
microscopic dynamics model, because of the very large time
scale for the fusion-fission process. The fusion excitation
function of 86Kr+76Ge is also calculated with the ImQMD
model, and the results are presented in Figure 5 for compari-
son. We find that the results from the microscopic dynamics
model and those from the static model ETF2 are close to each
other.

To understand the dynamical effects, we also investigate
the smallest distance Rmin between two nuclei in the back-
angle quasi-elastic scattering events. Figure 6 shows the

E

σ

Figure 4 The same as Figure 1, but for reaction 40Ca+48Ca. The experi-
mental data are taken from refs. [46, 47].
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σ

σ

σ

σ

σ

Figure 5 Fusion excitation functions of 86Kr+76Ge [48]. The solid cir-
cles and open circles denote the measured and predicted evaporation residual
cross sections, respectively.

predicted smallest distance Rmin in the six fusion reactions
studied previously as a function of A1/3

1 + A1/3
2 , where A1 and

A2 are the mass number of projectile and target nuclei, re-
spectively. The open circles denote the sum of the measured
charge radii [52] for the corresponding projectile and target
nuclei. The solid squares and circles denote the obtained Rmin

at incident energies Ec.m. = Bm.p. and Ec.m. = 1.1Bm.p., respec-
tively. Here, Bm.p. is the most probable barrier height of the
fusion system. At Ec.m. = 1.1Bm.p., the probability of quasi-
elastic scattering is about 5% for head-on collisions. One
sees that the obtained Rmin increase linearly with the sum of
nuclear sizes in general. The obtained Rmin is systematically
larger than the corresponding value of R(1)

ch + R(2)
ch by about 2

fm at Ec.m. = Bm.p., and by about 1 fm at Ec.m. = 1.1Bm.p.,
respectively. The decrease of Rmin with incident energy in
the ImQMD simulations is consistent with the energy de-
pendence of the injection point distance, sin j, adopted in the
fusion-by-diffusion model [38]. The dynamical effects in
the heavy-ion fusion reactions cause not only the energy-
dependence of Rmin, but also the energy-dependence of the
barrier height and positions [22].

4 Quasi-fission dynamics in 154Sm+160Gd

For fusion reactions leading to the synthesis of super-heavy
nuclei (SHN), the quasi-fission process significantly influ-
ences the formation of SHN. Quasi-fission is characterized
by nuclear contact times that are usually greater than 5 zs (i.e.
1500 fm/c) but much shorter than typical fusion-fission times
which require the formation of a compound nucleus [26, 28].
Furthermore, in the quasi-fission process much more nucle-
ons are transferred in the contact-time comparing with quasi-
elastic scattering process. To illustrate the quasi-fission more
clearly, we show in Figure 7 the time evolution of root-mean-
square (rms) matter radii of the reaction system 40Ca+238U
for three typical events in the ImQMD simulations. At the
same incident energy Ec.m. = 200 MeV which is close to the

A A

E
E B

B

RR

R

Figure 6 Closest distance between two nuclei from back-angle quasi-

elastic scattering simulations. R(1)
ch and R(2)

ch denote the measured charge
radii [52] of projectile and targets, respectively.
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Coulomb barrier and the same impact parameter b = 1 fm,
the time evolutions of the rms radii of the three typical events
are quite different. For the event marked by the open circles,
the Rrms reaches the smallest value at about t = 500 fm/c, and
then the dinuclear system (DNS) quickly splits up and the
value of Rrms increases rapidly with time evolution. For the
second event (marked by the solid circles), one sees that the
dinuclear system remains a contact-configuration about 2500
fm/c and then split into two fragments. For the third event
(with solid curve), the rms radii of the reaction system keep a
constant value Rrms ≈ A1/3

CN in general after 1000 fm/c, which
indicates that the composite system remains nearly-spherical
shapes at least 5000 fm/c. According to the time evolution of
rms radii which closely relates to the nuclear contact-times,
we can discriminate the fusion events from the quasi-elastic
scattering and quasi-fission events in the microscopic dynam-
ics simulations.

For the nearly-symmetric reaction 154Sm+160Gd, the cap-
ture pocket in the nucleus-nucleus potential from the ETF2
calculations completely disappears, and therefore the barrier
penetration concept is not applicable to describe such a re-
action. The Bass barrier [53] for 154Sm+160Gd is 393 MeV
and the predicted Q-value for complete fusion is Q = −410
MeV according to the WS4 calcultions [54]. In this work,
we investigate the collisions of 154Sm+160Gd at Ec.m. = 440
MeV which is higher than the Bass barrier by a factor of 1.1.
Figure 8 shows the time evolution of Rrms for 200 simula-
tion events. For 154Sm+160Gd, the corresponding value of
A1/3

CN = 6.8 fm is given by the dot-dashed horizontal line in the
figure. For all 200 events, the values Rrms increase after 1000
fm/c even the incident energy is higher than the Bass bar-
rier, and the smallest Rrms is about 8 fm which is significantly
larger than the rms radii of the compound nuclei (A = 314,
Z = 126) at spherical shape. From the time evolution of rms
radii in Figure 8, it is difficult to unambiguously discrimi-
nate the quasi-fission events from the quasi-elastic scattering
ones. To see the dynamical process more clearly, we show in
Figure 9 the time evolution of density distributions. One sees
that at t = 500 fm/c (with smallest Rrms in general), the DNS

R

t

E
b

F
Q
Q

Figure 7 Time evolution of the rms radii of the system 40Ca+238U for three

typical events. The dot-dashed line with Rrms = A1/3
CN is to guide the eyes.

is formed but the density of neck is obviously smaller than
the normal density. During t = 500 to 1000 fm/c most of
DNS gradually elongate and tend to split up. After t = 1500
fm/c, almost all DNS split up. The scattering angles and the
breakup time of the DNS are different (see Figure 8) for dif-
ferent events due to the dynamical effects, which causes the
average densities in Figure 9 at t = 1500 fm/c is much lower
than those at the initial time.

Considering the huge difference of the fusion probability
for 154Sm+160Gd from the model predictions, it is necessary
to perform a relatively quantitative calculation of the fusion
probability based on the ImQMD model. In this work, we
create 105 simulation events for 154Sm+160Gd at Ec.m. = 440
MeV and b = 1 fm. Figure 10 shows the numbers of
DNS as a function of evolution time. At t = 3000 fm/c,
we do not observe any fusion event from all 105 simula-
tion events. In other words, the predicted fusion probabil-
ity Pfus < 10−5 for 154Sm+160Gd at Ec.m. = 440 MeV ac-
cording to the ImQMD-v2.2 calculations. Most of DNS split
up after t = 1500 fm/c. We also note that the quasi-fission
time scale in 40Ca+238U is significantly larger than the cor-
responding value of 154Sm+160Gd, which is probably due to
that the capture pocket of 40Ca+238U is much deeper than that
of 154Sm+160Gd according to the ETF2 calculations together
with the frozen density approximation [11].

Although it is almost impossible to produce super-heavy
nuclei in 154Sm+160Gd considering the very small fusion
probability, it might produce new neutron-rich nuclide dur-
ing the quasi-fission process. Here, we study the charge
distribution in 154Sm+160Gd from central to peripheral col-
lisions. Figure 11 shows the predicted charge distribution at
Ec.m. = 440 MeV and at different impact parameters. The
arrows denote the charge numbers of the projectile and tar-
get nuclei. One sees that for peripheral collisions b = 7
fm, the charge distribution is narrow with peaks located at
the positions of the arrows, which implies that the quasi-
elastic scattering plays a dominant role at b = 7 fm. With
the decrease of impact parameter, the widths of the charge
distribution evidently increase. For the central collisions, the

R

t

b
E

Figure 8 Time evolution of the rms radii for the reaction system 154Sm +
160Gd.
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Figure 9 Time evolution of the density distribution for 154Sm+160Gd at Ec.m. = 440 MeV and b = 1 fm.
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Figure 10 Number of dinuclear systems with contact-configuration as a
function of time.
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Figure 11 Charge distribution of fragments in 154Sm+160Gd at t = 2000
fm/c.

large charge and mass transfer in the quasi-fission process
causes the wide charge distribution. The neutron-rich frag-
ments such as 164,165Gd, 192W whose masses have not yet
been measured experimentally, are observed in 154Sm+160Gd
at b = 1 fm, and the production probabilities at t = 2000 fm/c
are about 2.5 × 10−3, 10−3 and 5 × 10−4 for 164Gd, 165Gd and

192W, respectively.

5 Summary

In this work, the improved quantum molecular dynamics
(ImQMD) model is applied for the study of nearly-symmetric
fusion reactions. By introducing the two-body inelastic scat-
tering in the Fermi constraint procedure, the stability of an
individual nucleus is further improved. The average numbers
of spurious emitted nucleons are reduced by 50% for 92Zr and
33% for 132Sn comparing with those from the previous ver-
sion of ImQMD, respectively. With this new version (v2.2),
the fusion excitation functions of 16O+186W and 132Sn+48Ca
have been re-examined. At energies around the fusion bar-
rier (with σfus � 10 − 100 mb), the fusion cross sections are
better reproduced with ImQMD-v2.2, because of the better
initial nuclei being adopted. The fusion excitation functions
of 28Si+30Si, 32S+48Ca, 40Ca+48Ca, and 86Kr+76Ge can also
be reasonably well reproduced with this semi-classical micro-
scopic dynamics model. Simultaneously, we also investigate
the smallest distance Rmin between two nuclei in the back-
angle quasi-elastic scattering events. The energy dependence
of Rmin is evidently observed, and the smallest surface sepa-
ration between two nuclei from the back-angle quasi-elastic
scattering events is about 2 fm at energies near the fusion bar-
rier which is consistent with the value of the injection point
distance, sin j, adopted in the fusion-by diffusion model [38].

In addition, the quasi-fission process in 154Sm+160Gd is
also investigated with the microscopic dynamics model for
the first time. We find that at energies above the Bass bar-
rier, the fusion probability is smaller than 10−5, and almost
all dinuclear systems tend to split up after t = 1500 fm/c.
For peripheral collisions, the quasi-elastic scattering plays
a dominant role. Whereas for central collisions, the quasi-
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fission together with large charge and mass transfer plays a
role to the wide charge distribution. From the central col-
lisions of 154Sm+160Gd, the neutron-rich fragments such as
164,165Gd, 192W whose masses have not yet been measured
experimentally, can be produced according to the predictions
of the ImQMD model. The quasi-fission reaction could be an
alternative way to synthesize new neutron-rich heavy nuclei
which is difficult to be produced with the traditional heavy-
ion fusion reaction.
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