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Dynamic study of fusion reactions for 40,48Ca¿ 90,96Zr around the Coulomb barrier

Ning Wang,1,* Xizhen Wu,1,2,† and Zhuxia Li1,2,3,†

1China Institute of Atomic Energy, P. O. Box 275(18), Beijing 102413, People’s Republic of China
2Nuclear Theory Center of National Laboratory of Heavy Ion Accelerator, Lanzhou 730000, People’s Republic of China

3Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100080, People’s Republic of China
~Received 24 September 2002; published 10 February 2003!

By using the updated improved quantum molecular dynamics model in which a surface-symmetry potential
term has been introduced, the excitation functions for fusion reactions of40,48Ca1 90,96Zr at energies around the
Coulomb barrier have been studied. The experimental data of the fusion cross sections for40Ca1 90,96Zr have
been reproduced remarkably well without introducing any new parameters. The fusion cross sections for the
neutron-rich fusion reactions of48Ca1 90,96Zr around the Coulomb barrier are predicted to be enhanced com-
pared with a non-neutron-rich fusion reaction. In order to clarify the mechanism of the enhancement of the
fusion cross sections for neutron-rich nuclear fusions, we pay great attention to studying the dynamic lowering
of the Coulomb barrier during a neck formation. The isospin effect on the barrier lowering is investigated. It is
interesting that the effect of the projectile and target nuclear structure on fusion dynamics can be revealed to a
certain extent in our approach. The time evolution of theN/Z ratio at the neck region has been firstly
illustrated. A large enhancement of theN/Z ratio at neck region for neutron-rich nuclear fusion reactions is
found.
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I. INTRODUCTION

Being encouraged by the synthesis of superheavy
ments, the investigation of the fusion mechanism at low
ergies has recently received a great deal of attention b
theoretically and experimentally@1–8#. Since the central re
gion of superheavy elements was predicted to be locate
Z5114 or 120 andN5184, which is strongly neutron-rich
the study of the dynamics for neutron-rich fusion reaction
highly demanded for the purpose of the synthesis of su
heavy elements. The dynamics of the fusion process for
mal nuclear systems was studied in@9–15#. In these studies
it was shown that neck formation, dynamical deformatio
etc., result in a lowering of the fusion barrier, and furth
more it was demonstrated that this lowering effect is mos
significant at energies near the barrier; consequently the
barrier fusion cross sections are enhanced compared with
prediction of the WKB approximation. But for neutron-ric
systems, the dynamics of the fusion process is much
studied. For neutron-rich systems, the symmetry term
EOS should play a significant dynamical role. Therefore
seems to us that it is highly requisite to study how the sy
metry potential influences the mechanism of neutron-rich
sion reaction process dynamically. In this work, we dev
ourselves to study the fusion dynamics for neutron-rich s
tems at energies around the barrier by means of the impro
quantum molecular dynamics~ImQMD! model@16#. In Ref.
@16# we showed that the ImQMD model can describe
properties of the ground state of selected nuclei from6Li to
208Pb very well with one set of parameters, and the exp
mental data of fusion reaction cross sections for40Ca
1 90,96Zr @7# can also be reproduced well with no extra p
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rameters. From that study, the experimentally observed
hancement of fusion cross sections for40Ca1 96Zr compared
with the non-neutron-rich fusion reaction of40Ca1 90Zr was
attributed to a stronger dynamical lowering effect of t
Coulomb barrier for the neutron-rich target reaction
40Ca1 96Zr. Based on that investigation, it would be ve
interesting to study the dynamics of fusion reactions indu
by the neutron-rich projectile48Ca at energies around th
Coulomb barrier with the same model. As is well know
48Ca has a double closed shell structure and a sphe
shape the same as40Ca. Therefore, the static deformatio
effect of the projectile on the enhancement of fusion cr
sections at energies around the barrier can be ruled out,
the role of the isospin effect should be shown by a comp
son between the two cases. But, on the other hand, the
structure of48Ca is rather different from40Ca, and the en-
ergy of the octupole vibrations of48Ca is about 1 MeV
higher than that of40Ca due to the shell structure. Furthe
more, from the inelastic scattering study it was shown t
40Ca has a stronger octupole vibration than48Ca @6#. The
situation is different for Zr isotopes for which the energy
the 32 state decreases as the number of neutrons incre
from 90Zr to 96Zr. This structure effect should influence th
fusion dynamics and the fusion cross sections as well. I
not clear how to explicitly implement this effect into ou
model at this moment. However, a dynamical study
neutron-rich fusion reactions can provide us with inform
tion about dynamical deformation which may relate to t
structure of the projectile and target, in addition to inform
tion about the isospin effect on a fusion process, which
quite general. In this work, we make a comparison of
dynamic barrier lowering effect for four reaction system
40,48Ca1 90,96Zr, at energies around the barrier, and furth
more we analyze the causes for the dynamic barrier lowe
in detail, mainly has focused on the stage of the neck form
tion and neck development.
©2003 The American Physical Society04-1
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NING WANG, XIZHEN WU, AND ZHUXIA LI PHYSICAL REVIEW C 67, 024604 ~2003!
The paper is organized as follows. In Sec. II we brie
introduce our ImQMD model. Then we study the mechani
of neutron-rich nuclear fusion reactions in Sec. III. Finally
short summary and discussion are given in Sec IV.

II. IMPROVED QMD MODEL

For reader convenience, in this section we briefly int
duce the ImQMD model. In the ImQMD model, the same
in the original QMD model@17–20#, each nucleon is repre
sented by a coherent state of a Gaussian wave packet

f i~r !5
1

~2ps r
2!3/4

expF2
~rÀr i !

2

4s r
2

1
i

\
r•pi G , ~1!

wherer i andpi are the centers of thei th wave packet in the
coordinate and momentum space, respectively.s r represents
the spatial spread of the wave packet. Through a Wig
transformation of the wave function, the one-body pha
space distribution function forN-distinguishable particles is
given by

f ~r,p !5(
i

f i~r,p !, ~2!

where

f i~r,p !5
1

~p\!3
expF2

~rÀr i !
2

2s r
2

2
2s r

2

\2
~pÀpi !

2G . ~3!

For identical fermions, the effects of the Pauli princip
were discussed in a broader context by Feldmeier
Schnack@21#. The approximate treatment of antisymmetriz
tion used in this paper is explained below. The density a
momentum distribution function of a system read

r~r !5E f ~r,p !d3p5(
i

r i~r !, ~4!

g~p!5E f ~r,p !d3r 5(
i

gi~p!, ~5!

respectively, where the sum runs over all particles in
system.r i(r ) andgi(p) are the density and momentum di
tribution functions of nucleoni:

r i~r !5
1

~2ps r
2!3/2

expF2
~rÀr i !

2

2s r
2 G , ~6!

gi~p!5
1

~2psp
2!3/2

expF2
~pÀpi !

2

2sp
2 G , ~7!

wheres r andsp are the widths of wave packets in coord
nate and momentum space, respectively, and they satisfy
minimum uncertainty relation@22#. The time evolution ofr i
andpi is governed by Hamiltonian equations of motion:
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]H

]pi
, ṗi52

]H

]r i
. ~8!

The HamiltonianH consists of the kinetic energy and th
effective interaction potential energy:

H5T1U. ~9!

The effective interaction potential energy includes t
nuclear local interaction potential energy and the Coulo
interaction potential energy:

U5Uloc1Ucoul , ~10!

and

Uloc5E Vlocd
3r . ~11!

Vloc is the potential energy density, which can be deriv
directly from a zero-range Skyrme interaction@23,24#. Thus

Uloc5
a

2 (
i

K r

r0
L

i

1
b

3 (
i

K r

r0
L

i

2

1
Cs

2 E ~rp2rn!2

r0
d3r

1E g1

2
~¹r!2d3r , ~12!

where

^r& i5(
j Þ i

r i j ~13!

and

r i j 5
1

~4ps r
2!3/2

expF2
~r i2r j !

2

4s r
2 G . ~14!

The third term in the right hand side of Eq.~12! is the sym-
metry potential energy. The gradient term inUloc accounts
for the surface energy and the correction to the second t
in Eq. ~12! @16,23#.

Because in this work we are going to study the isos
effect on the fusion dynamics in neutron-rich nuclear fus
reactions, we pay special attention to the symmetry poten
term. Therefore, we make a more careful treatment on
symmetry potential term; that is, in addition to the volum
symmetry potential term, we further introduce a surface sy
metry potential term according to the finite-range liquid-dr
model @25#, which reads

Usur2sym5
CsCk

2r0
(

i , j Þ i
sisjr i j ¹ i

2r i j , ~15!

where,si is 11 for a proton and21 for a neutron, andCk is
the strength parameter for the surface symmetry term.
find that this term plays an important dynamical role f
reactions48Ca1 90,96Zr, but a minor role for40Ca1 90,96Zr.
It reduces the fusion cross sections for48Ca1 90,96Zr consid-
erably, but almost does not change the cross section
4-2
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40Ca1 90,96Zr. A discussion of the effect of this term will b
given elsewhere. The parameters used in this work are li
in Table I.

Considering the fact that for a finite system the nucleo
are localized in a finite region corresponding to the size
the system, the width of the wave packets represen
nucleons in the system should have a relation to the siz
the system. As in Ref.@16#, here we also adopt a system si
dependent wave packet width to account for the fact, tha

s r50.16N1/310.49, ~16!

whereN is the number of nucleons bound in the system.
In order to overcome the difficulty in describing the Fe

mionic nature of anN-body system in the QMD model, a
approximate treatment of antisymmetrization is adopt
namely, we implement the phase space constraint of
CoMD model proposed by Papaet al. @26# into the model.
This is required by the constraint that the one body occu
tion number in a volumeh3 of phase space centered
(r i ,pi), corresponding to the centroid of the wave packet
particlei, should always be not larger than 1 according to
Pauli principle. The one body occupation number is cal
lated by

f i
ocu5(

j
dt it j

dsi ,sj
E

h3
f j~r,p !d3rd3p, ~17!

where si and t i are the third components of the spin a
isospin of particlei. We have made a check of the tim
evolution of individual nuclei from light nuclei to heavy nu

TABLE I. The parameters used in the calculations.

a(GeV) b(GeV) r0(fm23) g0(GeV fm5) Cs(GeV) Ck(fm
5)

20.124 0.071 0.165 0.96 0.032 1.0
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clei, and found that by using the procedure of phase sp
constraint, the requirement is reasonably satisfied and
phase space distribution is efficiently prevented from evo
ing into a classical distribution from the initial nuclea
ground state distribution for a long enough time.

Concerning the collision part, an isospin depend
nucleon-nucleon scattering cross section and Pauli block
are used@27,11#. This part actually plays a minor role in
fusion reaction.

In this work the initial density distribution of the projec
tile and target is obtained by Skyrme Hartree-Fock calcu
tions @28–30#. The other procedures are the same as in R
@16#. The model was carefully checked, and it turns out t
the ImQMD model works well in describing the ground sta
properties for nuclei from6Li to 208Pb, and calculating the
static Coulomb barrier for fusion reactions as well as fus
cross sections for40Ca1 90,96Zr.

III. RESULTS

Before coming to the numerical results for fusion rea
tions 40,48Ca1 90,96Zr, let us first make a survey of the con
figurations along a fusion path. In Fig. 1 we illustrate o
typical fusion event of the head on reaction of40Ca1 90Zr at
an energy 5 MeV below the barrier. In the figure, we plot t
dynamical barrierVb as a function of the distance betwee
the center of mass of projectile and that of the target. We w
discuss the dynamical barrier in more detail in the followi
section ~Sec. III B! and the definition of it will be given
there. Simultaneously, in subfigures we plot the contour p
of density distributions as well as the corresponding sing
particle potentials at three typical times, i.e., before, at, a
after reaching the highest value of the dynamic barrier alo
the fusion path. The single-particle potential is calculated

Vsp~r !5E r~r 8!V~rÀr 8!d3r 8, ~18!
f

e
s-
tile

e
e

n-
FIG. 1. The fusion path for a typical event o
a head on reaction of40Ca1 90Zr at the energy 5
MeV below the Coulomb barrier. The thick curv
is the dynamical barrier as a function of the di
tance between the centers of mass of projec
and target. Subfigures~1a!, ~2a!, and~3a! are for
contour plots of the density distributions of th
reaction systems at the corresponding tim
pointed in the curve ofVb;d, and~1b!, ~2b!, and
~3b! are the corresponding single-particle pote
tials at the same time as subfigures~1a!, ~2a!, and
~3a!.
4-3
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with r(r ) being the density distribution of the system a
V(rÀr 8) the effective nucleon-nucleon interaction. In su
figures~1a! and ~1b! we plot the contour plot of the densit
distribution as well as the corresponding single-particle
tential at point 1 along the fusion path. One can find fro
these two subfigures that at this point the fusion partners
not in touch@see subfigure~1a!#, and there is a high enoug
inner potential barrier which prevents nucleons from mov
from the projectile to the target, or vice versa@see subfigure
~1b!#. At the time, corresponding to point 2, the dynam
barrier reaches a maximum value. The contour plot of
density distribution@subfigure~2a!# shows that the fusion
partners are at a touching configuration, and that a neck s
to grow and, following this, the inner potential barrier in th
potential well is reduced, allowing a few nucleons to mo
from a projectile to a target, or vice versa@see subfigure
~2b!#. At a time corresponding to point 3, the dynamic
barrier is reduced considerably. Subfigures~3a! and ~3b!
show that the neck develops considerably at this time a
consequently, the inner potential barrier in the potential w
is reduced substantially, and nucleon transfer between
projectile and target becomes much easier than before.
means that a precompound nucleus begins to be form
From this study we have learned how the dynamical fus
barrier is correlated with the development of the configu
tion of fusion partners along the fusion path.

In the following, we show the numerical results for fusio
reactions 40,48Ca1 90,96Zr. First we show the fusion cros
sections. For understanding the mechanism of the enha
ment of the fusion cross sections for40Ca1 96Zr and 48Ca
1 90,96Zr compared with the40Ca1 90Zr case, we show the
dynamic barrier and other quantities relevant to the dyna
lowering of the Coulomb barrier only at head on reactio
Following this we discuss the isospin and structure effec
fusion dynamics for the systems studied. In order to expl
how the isospin is transferred at the neck region, we st
the time evolution of theN/Z ratio at the neck region fo
40,48Ca1 90,96Zr reactions to see how it depends on the init
N/Z ratio.

A. Fusion cross sections for40,48Ca¿ 90,96Zr

After making the preparation of the initial nuclei, w
elaborately select ten projectile nuclei and ten target nu
from thousands of preprepared systems. By rotating th
prepared projectile and target nuclei around their center
mass by a Euler angle chosen randomly, we create 100 b
barding events for each reaction energyE and impact param-
eterb. By counting the number of fusion events, we obta
the probability of fusion reactiongf us(E,b), then the cross
section is calculated by using the expression

s f us52pE
0

bmax
bgf us~E,b!db52p( bgf us~E,b!Db.

~19!

The distance from the projectile to the target at an initial ti
is taken to be 20 fm.
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For the definition of the fusion event, we adopt the sa
operational definition as in TDHF calculations and in t
QMD model calculations@31#. More specifically, in this
work we consider any event, for which the number of nuc
ons escaping during the process form compound nucle
equal to or less than 6, as a fusion event@16#. Figure 2 shows
the fusion cross sections for40Ca1 90Zr, 40Ca1 96Zr, 40Ca
1 90Zr, and 40Ca1 90Zr, respectively. Experimental data fo
the reactions of40Ca1 90,96Zr, taken from Ref.@7#, are also
shown. One can see that the experimental data for40Ca
1 90,96Zr are reproduced well without introducing new p
rameters, and that there is a strong enhancement of the fu
cross sections for neutron-rich reactions. The fusion cr
sections for reactions48Ca1 90,96Zr at energies around th
barrier are higher than those for40Ca1 96Zr. But the en-
hancement of the fusion cross sections for48Ca1 90,96Zr
compared with40Ca1 96Zr is not so strong as the case
40Ca1 96Zr compared with40Ca1 90Zr. For understanding
the feature of the fusion excitation functions for differe
systems shown in Fig. 2, let us first look at the distribution
fusion probabilities with respect to the impact parameters
Fig. 3. In the figure one finds that, for neutron-rich reactio
in addition to having a larger fusion probability, the max
mum impact parameter leading to fusion is larger compa
with non-neutron-rich reactions. For example, at an incid
energy of 5 MeV below the static Coulomb barrier, the ma
mum impact parameter leading to fusion is about 9 fm
reaction 48Ca1 90,96Zr, about 8.5 fm for 40Ca1 96Zr, and
only 6.5 fm for the non-neutron-rich reaction of40Ca
1 90Zr. This means that, for neutron-rich reactions, the
sion partners can be fused at a relative the larger distanc
possible reason for this is that the dynamical elongation
enhanced for neutron-rich fusion systems. The effect of
dynamical elongation on the dynamical lowering of the Co
lomb barrier will be discussed in Sec. III B.

For the cases of the incident energy at 10 MeV above
static Coulomb barrier, the distribution of the fusion pro
ability with respect to the impact parameter shows a sim
tendency, but the effect is weaker.

FIG. 2. The fusion cross sections for40,48Ca1 90,96Zr. The ex-
perimental data are taken from@7#.
4-4
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B. Dynamic lowering of the barrier

In order to understand the reason for the enhancemen
fusion reaction cross sections for neutron-rich nuclear
sions, in this section we study the dynamic Coulomb bar
lowering effect. In the QMD model, the Coulomb barrier
calculated microscopically by using the expressions

Vb~d!5E d3r 1E d3r 2r1~r12r1c!V~r12r2!r2~r22r2c!,

~20!

d5ur1c2r2cu,

wherer1 andr2 are the density distribution of the projecti
and target, respectively;r1c andr2c are their centers of mass
respectively.V(rÀr 8) is the effective nucleon-nucleon inte
action. It is clear that, in general,Vb(d) is a function of time
sincer1 and r2 change from time to time. Only in a stati
case, the density distribution of the projectile and targe
assumed to be the same as that at the initial time; co
spondingly the static barrier is calculated with the static d
sity distribution. Therefore, for the static barrier, the dynam
cal effects experienced by fusion partners during a reac
process are not taken into account. For the dynamic case
density distributions of the projectile and target are cal
lated by using expression~4! with the sum running over al

FIG. 3. The distributions of the fusion probability for reactio
of 40,48Ca1 90,96Zr with respect to impact parameters.
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particles in the projectile and target, respectively. When t
colliding partners approach each other, the density distri
tions of the projectile and target change from time to tim
and their shapes~determined by the density distribution! are
deformed due to the interaction between them. The time e
lution of the shape deformation and the neck formation
pends on the incident system and energy as well as the
pact parameter. Consequently, the dynamical barrier not o
depends on the incident system but also depends on th
cident energy as well as the impact parameter. In the follo
ing we only study the head on collision case, and define
height of the highest Coulomb barrier experienced in
path of fusion as the height of the dynamic Coulomb barr

Generally, the dynamic barrier is lower than the sta
barrier because of the neck formation and the increase o
N/Z ratio at the neck region for neutron-rich nuclear fusi
reactions. As an example, in Table II we show the results
the dynamic barrier for head on fusion reactions of40,48Ca
1 90,96Zr at energies 5 MeV below and 10 MeV above t
static Coulomb barrier. From this table one can see that
dynamic effect lowers the height of the barrier dramatica
and this dynamic lowering is incident energy and syst
dependent. The barrier lowering is stronger for the case
the energy below the barrier than that of the energy above
barrier. This feature of barrier lowering was also observed
Ref. @15# for symmetric reactions of oxygen and nickel is
topes by means of the mean field transport theory.

To illustrate the system dependence of the dynamic b
rier, in Fig. 4 we show the time evolution of the dynam
barrier for head on collisions of40,48Ca1 90,96Zr at an inci-
dent energy 5 MeV below the static barrier. From a compa
son among four curves we see the following trends:~1! The
dynamic Coulomb barrier for neutron-rich reactions is low
than that for non-neutron-rich reactions.~2! The barrier top
position for neutron-rich reactions is shifted to a larger d
tance compared to non-neutron-rich ones.~3! The width of
the barrier for neutron-rich reactions is thinner than that
non-neutron-rich reactions. As for three neutron-rich re
tions, there is no obvious difference in the dynamic Coulo
barrier.

To investigate the causes leading to these trends, le
turn to study the quantities relevant to the dynamic barr
For the purpose of understanding the mechanism, in Tabl
we give only the calculation results for head on collisions
40,48Ca1 90,96Zr at energies of 5 MeV below~lower energy
ns of

1

TABLE II. The comparison between the static Coulomb barrier and the dynamic barrier for reactio
40,48Ca1 90,96Zr.

Reaction 40Ca1 90Zr 40Ca1 96Zr 48Ca1 90Zr 48Ca1 96Zr

Ec.m.(MeV) 93.8 108.8 92.3 107.3 92.5 107.5 92.1 107.

Time reaching the top of barrier~fm/c! 171 141 172 142 176 146 177 145

Height of dynamic barrier~MeV! 85.7 88.6 83.8 87.5 84.3 87.2 84.0 86.5

Dynamic lowering~MeV! 13.1 10.2 13.5 9.8 13.2 10.3 13.1 10.6

Height of static barrier~MeV! 98.8 97.3 97.5 97.1
4-5
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case! and 10 MeV above~higher energy case! the corre-
sponding static Coulomb barrier. The quantities listed
Table III are calculated as follows: for each event, we cal
late theVb(d) at each time step to find the time needed
reach the highest barrier~i.e., point 2 in Fig. 1!. The contour
map withr50.02/fm3 of the density distribution of the sys
tem at this time gives the shape of the system@see subfigure
~2a! of Fig. 1#. The schematic figure of Fig. 5 illustrates th
shape of the system~typically for a head on collision! at this
time, and the geometry quantities listed in Table III, such
the distance between the centers of mass of projectile
target, and the neck radius, etc., are shown in the figure.
results given in Table III are the average values of all cor
sponding events. The elongation given in Table III is equa
the distance between the centers of mass of the projectile
target minus the radii of the initial projectile and target n
clei. From Table III one can find that the height of the d
namic barrier is closely correlated with the elongations
tained for different incident energies and collision syste

FIG. 4. The dynamic barriers as a function of the distance of
center of mass projectile and the target for head on collisions
40,48Ca1 90,96Zr at the incident energy of 5 MeV below the stat
Coulomb barrier.
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listed in the table, i.e., the larger the elongation the lower
barrier. Generally speaking, the elongation at the touch
configuration should depend on the interaction time bef
reaching the touching configuration, and the longer inter
tion time leads to a larger elongation. Therefore, the elon
tion for the lower energy case is always larger than that
the higher energy case. Table III shows that the elonga
for energy below the static barrier case is about 10 % lar
than that for above the static barrier case. Furthermore,
elongation also depends on the structure of the projectile
target and theN/Z ratio at the neck region as well. Now le
us look at the dependence of the elongation on the struc
of reaction systems. For the lower energy case, the lar
elongation is obtained in the reaction of40Ca1 96Zr, while
for the higher energy case the largest elongation is obta
in 48Ca1 96Zr. As is well known that the energy of octupol
vibration of 96Zr is lower than that of90Zr, and we may
consider that96Zr is softer than90Zr. For 48Ca, the energy of
the octupole vibration is about 1 MeV higher than that
40Ca, which implies that48Ca is more rigid than40Ca. The
dependence of the elongation on the different systems g
in Table III clearly shows the influence of the nuclear stru
ture effect. Concerning the isospin effect, it is quite natu
that the increase ofN/Z at the neck region should decrea

e
of

FIG. 5. The definition of the geometric quantities in Table I
arrier

.1

96

577

27
TABLE III. The quantities relevant to the dynamic barrier calculated at the time when the dynamic b
reaches the highest value in the fusion path.

Reaction 40Ca1 90Zr 40Ca1 96Zr 48Ca1 90Zr 48Ca1 96Zr

Ec.m.(MeV) 93.8 108.8 92.3 107.3 92.5 107.5 92.1 107

Height of dynamic barrier~MeV! 85.7 88.6 83.8 87.5 84.3 87.2 84.0 86.5

Distance between centers of massd ~fm! 13.01 12.50 13.24 12.72 13.26 12.78 13.40 12.

Elongation~fm! 5.23 4.72 5.35 4.83 5.31 4.83 5.34 4.90

N/Z at neck region 1.210 1.165 1.407 1.323 1.468 1.360 1.610 1.

Width of neckD ~fm! 1.92 2.22 1.89 2.15 1.91 2.20 1.95 2.16

r at neck (fm23) 0.027 0.029 0.027 0.028 0.027 0.029 0.027 0.0

N/Z of total system 1.167 1.267 1.300 1.400
4-6
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the height of the Coulomb barrier. There is a strong enhan
ment of theN/Z ratio at neck region for neutron-rich rea
tions, as shown in Table III. Consequently, for40Ca1 96Zr
compared with40Ca1 90Zr, both the isospin effect and th
structure effect are in favor of enhancing the fusion cr
sections of40Ca1 96Zr. While for reactions induced by th
48Ca compared with reactions induced by40Ca, the isospin
effect and the structure effect are counterparts; conseque
the enhancement of the fusion cross section induced by
neutron-rich effect is reduced by the structure effect.

C. Time evolution of the NÕZ ratio at the neck region

As seen from the above study, the dynamic lowering
the barrier is closely related to the configuration and com
nent of the neck. TheN/Z ratio at the neck region is one o
the most sensitive quantities with respect to the neck for
tion for neutron-rich nuclear fusion reactions, as shown
Table III. For the isospin symmetry case of40Ca1 90Zr, the
N/Z ratio at the neck region is more or less the same as
averageN/Z ratio of the total system. But for the neutron
rich reactions, theN/Z ratio at the neck region is muc
higher than that of the averageN/Z value of the correspond
ing systems. This effect results from the different behavio
the density dependence of the chemical potential for n
trons and protons in isospin asymmetry systems. The che
cal potential is defined as

FIG. 6. The density dependence of the chemical potentia
protons and neutrons for neutron rich systems.
02460
e-

s

tly
he

f
-

a-
n

e

f
u-
i-

mn/p5
]«~r,d!

]rn/p
, ~21!

where«(r,d) is the energy density andmn/p andrn/p are the
chemical potential and the density of neutrons and proto
respectively. From the definition one can find that the che
cal potential is a function of both the densityr and the isos-
pin asymmetryd. Figure 6 shows the chemical potential
the proton and neutron as a function of density withd5(N
2Z)/(N1Z)50.10. From Fig. 6 one can see that the de
sity corresponding to the minimum of the chemical poten
of neutrons is lower than that of protons for a neutron-r
nuclear system, and thus the neutrons are preferably dr
to the lower density area. This effect has also been stud
and confirmed in the intermediate energy heavy ion co
sions. The increase of theN/Z ratio at the neck region shoul
reduce the dynamic barrier in the fusion process. It would
interesting to study the isospin transfer at the neck reg
therefore, in Fig. 7 we show the time evolution of theN/Z
ratio at the neck region for head on fusion reactions
40,48Ca1 90,96Zr at energies 5 MeV below and 10 MeV abov
the static Coulomb barrier, in which the time starts from t
beginning of the neck formation~when the density at the
touching point reaches 0.02r0). The general trend of the
time evolution of theN/Z ratio is the following: theN/Z
ratio at the neck region first increases as time increases,
soon reaches a maximum value and then decreases, fina
approaches the averageN/Z value of the system. The figur
shows that the enhancement ofN/Z at the neck region at the
early stage of the neck formation strongly depends on
N/Z ratio of the initial system, i.e., the larger the isosp
asymmetry of the initial system is, the stronger the enhan
ment ofN/Z ratio at neck region. The reason for the fluctu
tion appearing in the time evolution of theN/Z ratio for
neutron-rich reactions may be understood as follows: at
beginning when the neck is just formed, neutrons prefera
move to the neck region driven by the chemical potent
not soon, as too many neutrons are concentrated there
symmetry potential attracts more protons to migrate into
neck region and theN/Z ratio is reduced; then, because
the increase of the proton number the Coulomb repuls
plays a role. Thus the interplay of the Coulomb force and
symmetry potential results in a fluctuation behavior in t

f

V
r,
t

FIG. 7. The time evolution of
the N/Z ratio at the neck region
for fusion reactions of 40,48Ca
1 90,96Zr. The right panel is for
the case at the energy of 10 Me
above the static Coulomb barrie
and the left panel is for the case a
the energy of 5 MeV below the
static Coulomb barrier.
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neutron-rich systems. This fluctuation becomes stronger
noncentral collisions. With the growth of the neck, nucle
transfer through the neck becomes easier and the fusion
tem passes over the dynamic barrier. After about 100 fmc,
that is, when a neck develops well, theN/Z ratio at the neck
region gradually approaches the averageN/Z ratio of the
whole system, and the isospin degree of freedom seem
gradually reach an equilibrium; but the dissipation of t
collective motion is still going on. The details of the nucle
transfer and the dissipation of the collective motion in t
neck region will be discussed elsewhere.

IV. SUMMARY AND DISCUSSION

In this work we have introduced a surface-symmetry p
tential term into a QMD-type transport model. We have us
this updated ImQMD model to study the fusion dynamics
40,48Ca1 90,96Zr at energies around the barrier. The surfa
symmetry term seems to play an important role in fus
dynamics for48Ca1 90,96Zr, but a negligible role in that of
40Ca1 90,96Zr. Our calculated results of excitation function
for fusion reactions of40,48Ca1 90,96Zr show a strong en-
hancement of fusion cross sections for the neutron-rich re
tions at energies near and below the static barrier. We h
made a systematic analysis to understand this feature.
have shown that the maximum impact parameter leading
fusion reaction for neutron-rich reactions is larger than t
for non-neutron-rich reactions, which means that the exc
neutrons make the reaction partners to be fused at lo
distance.

We have paid great attention to a study of the dynam
fusion barrier, and found that there is a substantial lower
of the dynamic barrier compared with the static Coulom
barrier due to the neck formation. For the reactions stud
we have observed the following:~1! The dynamic Coulomb
barrier for a neutron-rich configuration is lower than that
a non-neutron-rich case;~2! The barrier top position for a
neutron-rich configuration is shifted to a larger distance co
pared to a non-neutron-rich configuration.~3! The width of
the barrier for a neutron-rich configuration is thinner th
that for a non-neutron-rich case.

We have shown that the time evolution of the ratio
neutrons to protons~the N/Z ratio! at the neck region
strongly depends on the projectile and target isospin. At
early stage of the neck formation, theN/Z ratio at neck re-
c-

c-

ib

,

02460
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gion can reach a value of twice the averageN/Z ratio value
of the whole system for48Ca1 90,96Zr; then, 100 fm/c later,
the N/Z ratio at the neck region gradually approaches
average value of the whole system, which means that
isospin degree of freedom gradually approaches an equ
rium before the dissipation of the collective motion is com
pleted.

A strong enhancement of fusion cross sections for40Ca
1 96Zr compared to40Ca1 90Zr have been found, which is in
good agreement with the observation in experiments. R
tively, the enhancement of fusion cross sections for48Ca
1 90,96Zr compared with40Ca1 96Zr is less strong. The dy-
namic barrier lowering has been studied systematically.
find it relates strongly to the elongation of systems and
N/Z ratio at the neck region at the touching configuration
the fusion path. The results seem to show that the elonga
at the touching configuration for different reaction systems
correlated with the structure of the projectile and target. F
instance, the largest elongation is obtained in the case
40Ca1 96Zr at 5 MeV below the static barrier, consistent wi
the fact that the energy of the octupole vibration decrea
from 90Zr to 96Zr and from 48Ca to 40Ca as well. On the
other hand, the isospin effect which strongly influences
N/Z ratio at the neck region for neutron-rich nuclear fusi
should affect the dynamic barrier strongly and, consequen
affect the fusion cross sections of neutron-rich nuclear re
tions. Further work on exploring how the isospin effect a
the structure effect compete in fusion reactions is needed.
strongly urge future measurements of the fusion cross sec
and the distribution of the barrier for40,48Ca1 90,96Zr to ex-
plore the interplay between these two effects in fusion re
tions.

The problem concerning the mass transfer has not
been discussed, and the neck dynamics is not discussed
oughly in this paper. Work on these aspects is in progres
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