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Development of the Neck in Fusion Reactions 40Ca+90;96Zr �
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The neck dynamics and nucleon transfer through the neck in fusion reactions 40Ca+90;96Zr are studied by applying
the improved quantum molecular dynamics model. A special attention is paid to the dynamic behaviour of the
neck development at touching point and to the contribution of excess neutrons in a neutron-rich target (or
projectile) to neck formation and nucleon transfer.

PACS: 25. 70.�z, 24. 10.�i

Studies of synthesis of superheavy elements have
greatly stimulated an investigation on fusion process
of heavy systems at a low energy.[1�5] The fusion pro-
cess of heavy nuclei at low incident energies is very
complicated, because it involves the deformation of
the projectile and target, neck formation and nucleon
transfer between the composite systems as well as dis-
sipation. The neck development plays an essential role
in this complicated process. The phenomenological
study on the neck dynamics in the �ssion process was
performed for a quite long time.[6;7] Encouraged by
the synthesis of superheavy nuclei recently, the dy-
namical study of fusion process has attracted much
attention, and several models have appeared in recent
years.[8;9] One of them is called the macroscopic dy-
namic model. According to this model,[8] a strongly
deformed mononucleus is formed during the collision
of heavy systems. This means that the neck develops
rather fast in the fusion process. Another model for
describing the fusion process is called the di-nuclear
system model,[9] which assumes that the united sys-
tem is formed by a series of nucleon or small cluster
transfers from a light nucleus to a heavier one in a
touching con�guration. According to this model, the
neck development is strongly hindered in the touch-
ing con�guration. These two controversial models can
provide information of the fusion cross section of su-
perheavy systems. However, a clear understanding
of the fusion mechanism microscopically is still much
less. To study fusion mechanism microscopically, the
quantum molecular dynamics model could be very
useful. Since the fusion process of heavy system is
extremely complicated, as the �rst step to attack the
goal, we attempt to study the fusion process of inter-
mediate heavy systems at present. In this Letter, we
concentrate our attention on the neck dynamics and
mass transfer between the composite systems.

In the study, we employ our improved quantum
molecular dynamics (ImQMD) model.[10;11] For the

reader's convenience we briey introduce the e�ective
interaction potential energy of the model, which in-
cludes the nuclear local interaction potential energy
and Coulomb interaction potential energy. The nu-
clear local interaction potential energy reads
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The third term on the right-hand side of Eq. (1) is the
symmetry potential energy, and the gradient term in
Uloc is to account for the surface energy and to correct
the second term of formulae (1).[10;11] Because in this
work we are going to study the isospin e�ect on the fu-
sion dynamics in neutron-rich nuclear fusion reactions,
we pay a special attention to the symmetry potential
term. Therefore, we make a more careful treatment
on the symmetry potential term, namely, in addition
to the volume symmetry potential term, we further in-
troduce a surface symmetry potential term according
to the �nite-range liquid-drop model,[12] which reads

Usur-sym =
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where si is +1 for proton and �1 for neutron, and
Ck is the strength parameter for the surface sym-
metry term. The parameters used in this work are
listed in Table 1. Considering the fact that for a �nite
system the nucleons are localized in a �nite region
corresponding to the size of the system, the width
of wavepackets representing nucleons in the system
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should have a relation with the size of the system. As
the same as in Ref. [10], we adopt a system size depen-
dent wavepacket width �r = 0:16N1=3 + 0:49, where
N is the number of nucleons bound in the system.
In order to overcome the diÆculty in describing the
Fermionic nature of an N -body system with the QMD
model, we implement the phase space constraint into
the model,[13] which can e�ectively retain the Pauli
principle in the QMD model.

Table 1. Parameters used in the calculations.

�(GeV) �(GeV) �0(fm�3) g0(GeV fm5) Cs(GeV) Ck(fm
5)

�0:124 00.71 0.165 0.96 0.032 1.0

By using our model, the ground state properties in-
cluding the binding energies, root-mean-square radii,
density distributions, momentum distributions as well
as their time evolution for selected nuclei from 6Li
to 208Pb have been described well with a set of pa-
rameters. The experimental data of the fusion cross
sections for 40Ca+90;96Zr have been reproduced well
as shown in Fig. 1.[10] In addition, the dynamic low-
ering of the Coulomb barrier in neutron rich nuclei
and its inuence on the fusion cross section were dis-
cussed in Ref. [11]. Based on the studies mentioned
above, it is natural to extend this model to study the
neck dynamics, which is important for understand-
ing the fusion mechanism. In order to give an intu-
itive picture of the fusion process, we show the con-
tour plots of the time development of density distribu-
tions in Figs. 2(a){2(d) and the time evolution of dis-
tributions of protons and neutrons in coordinate space
in Figs. 2(e){2(h), for fusion reaction of 40Ca+90Zr
at impact parameter b = 6 fm and incident energy
Ec:m: = 108MeV (10MeV above the Coulomb bar-

rier). In Figs. 2(e){2(h) we also plot the velocities of
particles by arrows. These �gures show how neck de-
velops with time: before touching, the shape deforma-
tion of the projectile and target already occurs; then
after touching the neck begins to be formed and nu-
cleons transfer through the neck; with time evolution
the neck grows further and the vibration motion be-
tween the target-like part and the projectile-like part
may occur; �nally the compound system is formed.
To describe this neck development quantitatively, in

Fig. 1. Fusion cross sections for 40Ca+90;96Zr. The solid
curves denote the results of this work and the crossed
curves denote the experimental data taken from Ref. [14].

Fig. 2. Contour plots of the density distributions at di�erent time [(a){(d)] and time-dependent distributions of nucleons
[(e){2(h)] for the fusion 40Ca+90Zr at impact parameter b = 6 fm and incident energy Ec:m: = 108MeV.
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Fig. 3. Time evolution of the neck size, distance between
the centres of the projectile and the target, and length of
the composite system for fusion 40Ca+90Zr at the impact
parameter b = 6 fm with incident energies of (a) 108MeV
and (b) 95MeV. Inserts: de�nition of the distance d be-
tween the centres of the projectile and target, the neck size
� and the length of the composite system after touching
l = a1 + d+ a2.

Figs. 3(a) and 3(b) we show the time evolution of the
neck size, the distance between the centres of the pro-
jectile and the target, and the length of the composite
system, for the fusion process of 40Ca+90Zr at the in-

cident energies 108MeV (above Coulomb barrier) and
95MeV (below Coulomb barrier) and the impact pa-
rameter b = 6 fm. Here the de�nition of the distance
d between the centres of the projectile and the tar-
get, the neck size � and the length of the composite
system after touching l = a1 + d + a2 are given in
the inserts of Figs. 3(a) and 3(b). The time step is
1 fm/c. From Figs. 3(a) and 3(b), one can see that af-
ter touching the neck size �rst increases by jumps and
then approaches to a saturation value of the diame-
ter of the compound systems. The jumps reect the
surface oscillation of the neck part of the composite
system during the fusion process. Both the distance
between the centres the projectile and the target and
the length of the total system decrease with time, and
eventually the length of total system and the neck size
both approach to the diameter of the compound sys-
tem. From Fig. 3(a) we can obtain the characteristic
time of neck growth, which is about 125 fm/c for the
fusion reactions of 40Ca+90Zr at incident energy of
108MeV and impact parameter b = 6 fm. In the case
of the incident energy of 95MeV, two nuclei can retain
the touching con�guration for about 35 fm/c accompa-
nying an oscillation of the relative motion of two nuclei
and then the neck grows rapidly. The characteristic
time of the neck growth in this case is about 150 fm/c,
which is longer than that in the case of incident energy
above the barrier (incident energy 108MeV). The os-
cillation of neck size in the fusing system at the touch-
ing con�guration might be one of the characteristics
for sub-barrier fusions.

After the neck is formed, the nucleon transfer
starts. As an example, in Fig. 4(a) we show the early
stage of neck formation for an event of trajectories of
particles in reaction 40Ca+96Zr at incident energy of
Ec:m: = 108MeV and impact parameter of b = 6 fm.
All neutrons and protons in the system are denoted by
di�erent symbols. The motion of two typical neutrons
located at target initially is described by trajectories
1 and 2, which end at the projectile and the neck re-
gion, respectively. From the �gure one can see that
the main contribution to neck formation at the early

Fig. 4. Early stage of neck formation for an event of trajectories of particles (a), the corresponding contour plot of
density (b), and the single-particle potential of the composite system (c), in the reaction 40Ca+96Zr at the incident energy
Ec:m: = 108MeV and impact parameter b = 6 fm. The barrier appears inside the single-particle potential.
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Fig. 5. Time evolution of nucleon transfer for reac-
tion 40Ca+90Zr (a) and neutron-rich (target) reaction
40Ca+96Zr (b) at Ec:m: = 108MeV and b = 6 fm. The
time starts from touching con�guration and time step is
taken to be 1 fm/c.

stage comes from neutrons of neutron-rich target 96Zr.
Furthermore, we draw the corresponding contour plot
of density and the single-particle potential of the com-
posite system in Figs. 4(b) and Fig. 4(c). The bar-
rier appearing inside the single-particle potential, as
shown in Fig. 4(c), depends on the neck size. The sin-
gle particle potential is calculated by

Vsp(r) =

Z
�(r0)V (r � r

0)dr0; (3)

where V (r�r
0) is the e�ective nucleon{nucleon inter-

action and �(r0) is the density. The inner barrier of
the single-particle potential plays a role of preventing
nucleons moving from the projectile to target or vice
versa. At the early stage of the neck development, the
barrier inside the potential is quite high, as shown in
Fig. 4(c), most of the nucleons of the projectile and
the target are restricted in their individual potential
well. With the development of the neck, the inner
potential barrier decreases and the common nucleons
increase. For quantitatively describing the nucleon
transfer through the neck, we �rst de�ne a neck sec-
tion which locates at the border of two touching nuclei
and is perpendicular to the connection line between

two centres of the projectile and the target. Since in
the ImQMD model, the coordinate and momentum of
each nucleon at each time step are recorded, we can
count the number of the nucleons which are trans-
ferred through the neck section. Figures 5(a) and 5(b)
show the time evolution of the number of the nucleons
transferred for reactions 40Ca+90Zr and 40Ca+96Zr at
Ec:m: = 108MeV and b = 6 fm. The time starts from
the touching point and the time step is 1 fm/c. From
these �gures we can �nd that the number of trans-
ferred nucleons increases with time (i.e. with devel-
opment of the neck) and the neutron transfer is easier
than protons, even for the 40Ca which has the same
number of neutrons and protons. For the neutron-rich
target reaction 40Ca+96Zr, the excess neutrons in the
target make the neutron transfer stronger than that
in the non-neutron-rich reaction of 40Ca+90Zr.

In summary, we have studied the neck devel-
opment and nucleon transfer in fusion reactions of
40Ca+90;96Zr microscopically by means of our im-
proved QMDmodel. We have found that for the fusion
reactions at the energies lower than barrier, the fusion
system can stay at touching con�guration for a certain
time accompanying an oscillation of the relative mo-
tion of two nuclei, and then the neck starts to develop
and nucleon transfer through the neck begins simulta-
neously, �nally the compound system forms with the
increasing neck size and nucleon transfer. While for
the fusion reactions above the barrier, the neck de-
velops relatively faster. The general picture of the
neck development and nucleon transfer in fusion reac-
tions given in this work is not very sensitive to the pa-
rameters of potential. The further quantitative study
about the inuence of potential parameters on fusion
dynamics is in progress.
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