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By using the updated improved quantum molecular dynamics model in which a surface-symmetry potential
term has been introduced, the excitation functions for fusion reactioffs*t@a+ °°°%Zr at energies around the
Coulomb barrier have been studied. The experimental data of the fusion cross sectiti@afo?>°Zr have
been reproduced remarkably well without introducing any new parameters. The fusion cross sections for the
neutron-rich fusion reactions ¢fCat+ °*°Zr 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 M ratio at the neck region has been firstly
illustrated. A large enhancement of thEZ ratio at neck region for neutron-rich nuclear fusion reactions is
found.
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[. INTRODUCTION rameters. From that study, the experimentally observed en-
hancement of fusion cross sections f8€a+ °°Zr compared
Being encouraged by the synthesis of superheavy elewith the non-neutron-rich fusion reaction $iCa+ °°zr was
ments, the investigation of the fusion mechanism at low enattributed to a stronger dynamical lowering effect of the
ergies has recently received a great deal of attention bot@oulomb barrier for the neutron-rich target reaction of
theoretically and experimentaljl—8]. Since the central re- “%Ca+ %Zr. Based on that investigation, it would be very
gion of superheavy elements was predicted to be located atteresting to study the dynamics of fusion reactions induced
Z=114 or 120 andN= 184, which is strongly neutron-rich, by the neutron-rich projectilé®Ca at energies around the
the study of the dynamics for neutron-rich fusion reactions isCoulomb barrier with the same model. As is well known,
highly demanded for the purpose of the synthesis of super*®Ca has a double closed shell structure and a spherical
heavy elements. The dynamics of the fusion process for noshape the same &Ca. Therefore, the static deformation
mal nuclear systems was studied 815 In these studies, effect of the projectile on the enhancement of fusion cross
it was shown that neck formation, dynamical deformation,sections at energies around the barrier can be ruled out, and
etc., result in a lowering of the fusion barrier, and further-the role of the isospin effect should be shown by a compari-
more it was demonstrated that this lowering effect is mostlyson between the two cases. But, on the other hand, the shell
significant at energies near the barrier; consequently the sultructure of*8Ca is rather different fronf°Ca, and the en-
barrier fusion cross sections are enhanced compared with theggy of the octupole vibrations oféCa is about 1 MeV
prediction of the WKB approximation. But for neutron-rich higher than that of°Ca due to the shell structure. Further-
systems, the dynamics of the fusion process is much lessiore, from the inelastic scattering study it was shown that
studied. For neutron-rich systems, the symmetry term of*%Ca has a stronger octupole vibration th&iCa [6]. The
EOS should play a significant dynamical role. Therefore, itsituation is different for Zr isotopes for which the energy of
seems to us that it is highly requisite to study how the symihe 3~ state decreases as the number of neutrons increases
metry potential influences the mechanism of neutron-rich fufrom °°zr to zr. This structure effect should influence the
sion reaction process dynamically. In this work, we devotefusion dynamics and the fusion cross sections as well. It is
ourselves to study the fusion dynamics for neutron-rich sysnot clear how to explicitly implement this effect into our
tems at energies around the barrier by means of the improve#lodel at this moment. However, a dynamical study of
quantum molecular dynami¢dmQMD) model[16]. In Ref.  neutron-rich fusion reactions can provide us with informa-
[16] we showed that the IMQMD model can describe thetion about dynamical deformation which may relate to the
properties of the ground state of selected nuclei flimto  structure of the projectile and target, in addition to informa-
208ph very well with one set of parameters, and the experition about the isospin effect on a fusion process, which is
mental data of fusion reaction cross sections f€a  quite general. In this work, we make a comparison of the
+ 9097 [7] can also be reproduced well with no extra pa-dynamic barrier lowering effect for four reaction systems,
40.48Ca+ 097y at energies around the barrier, and further-
more we analyze the causes for the dynamic barrier lowering
*Email address: wangning@iris.ciae.ac.cn in detail, mainly has focused on the stage of the neck forma-
"Email address: lizwux@iris.ciae.ac.cn tion and neck development.
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The paper is organized as follows. In Sec. Il we briefly . OH ) I9H
introduce our IMQMD model. Then we study the mechanism r :5—p_, Pi=— o (8)
of neutron-rich nuclear fusion reactions in Sec. lll. Finally, a ' !
short summary and discussion are given in Sec IV. The HamiltonianH consists of the kinetic energy and the
effective interaction potential energy:
Il. IMPROVED QMD MODEL
H=T+U. 9

For reader convenience, in this section we briefly intro- o _ _ .
duce the ImMQMD model. In the INQMD model, the same as The effective interaction potential energy includes the
in the original QMD mode[17-20, each nucleon is repre- nuclear local interaction potential energy and the Coulomb
sented by a coherent state of a Gaussian wave packet  interaction potential energy:

(r—ri)z i U=UoctUcour (10)
(r)= - +—r-p
¢I(r) (277(]_"2)3/46)( 40_r2 ﬁ r pl ’ (1) and
wherer; andp; are the centers of thieh wave packet in the U, :f Vo d3r. (11)
coordinate and momentum space, respectivelyrepresents ¢ o¢

the spatial spread of the wave packet. Through a Wigner . . . . .
transf%rmatioFr)l of the wave funcrt)ion, the one—gbody ph(‘:jasev'oc is the potential energy density, which can be derived

space distribution function foN-distinguishable particles is directly from a zero-range Skyrme interactifit8,24. Thus

given by 2 ¢ 32
U2 (L) L Bs (2 +_sfMdsr
25 \po/, 3T \po/; 2 Po
f(rp)=2 fi(rp), 2
+ [ Lwprar, 12
where
) where
fi(tp) F{ 2 ) @
i(hp)= expg — - P—pi)"|-
() 207 h? (P)i=2 pij (13
j7i
For identical fermions, the effects of the Pauli principle
were discussed in a broader context by Feldmeier ané"
SchnacK21]. The approximate treatment of antisymmetriza- )
tion used in this paper is explained below. The density and o 1 ex (ri—ry) (14)
momentum distribution function of a system read Pi (4ma?)3? 402 |

The third term in the right hand side of E@.2) is the sym-
p(r)=J f(r,p)d3p=§i: pi(1), ) metry potential energy. The gradient termUh,. accounts

for the surface energy and the correction to the second term

in Eq. (12) [16,23.
g(p)=f f(r,p)dsrzz gi(p), (5 Because in this work we are going to study the isospin

: effect on the fusion dynamics in neutron-rich nuclear fusion

reactions, we pay special attention to the symmetry potential
&erm. Therefore, we make a more careful treatment on the
symmetry potential term; that is, in addition to the volume
symmetry potential term, we further introduce a surface sym-
metry potential term according to the finite-range liquid-drop

respectively, where the sum runs over all particles in th
system.p;(r) andg;(p) are the density and momentum dis-
tribution functions of nucleor

()= ext| - (r—r)? (6  model[25], which reads
I (2770}2)3/2 20r2 '
CSCk 2
1 - ( )2 Usur—sym: 200 i%i SiSjPijVi Pij » (15
P—pi ‘
9i(P)= 5580 ————5—|. (7) - _
(2mop) ] 20y where,s; is +1 for a proton and-1 for a neutron, an, is

the strength parameter for the surface symmetry term. We
whereo, and o, are the widths of wave packets in coordi- find that this term plays an important dynamical role for
nate and momentum space, respectively, and they satisfy theactions*®Ca+ °*°%Zr, but a minor role for*®Ca+ 0%,
minimum uncertainty relatiofi22]. The time evolution of; It reduces the fusion cross sections f6€a+ °°°Zr consid-
andp; is governed by Hamiltonian equations of motion: erably, but almost does not change the cross sections of
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TABLE I. The parameters used in the calculations. clei, and found that by using the procedure of phase space
constraint, the requirement is reasonably satisfied and the
a(GeV) B(GeV) po(fm™%) go(GeV f) C4(GeV) C(fm®)  phase space distribution is efficiently prevented from evolv-
0124 0071 0165 0.96 0032 10 ing into a clqssipal 'distribution from the 'initial nuclear
ground state distribution for a long enough time.

Concerning the collision part, an isospin dependent
40ca+ 9097 A discussion of the effect of this term will be nucleon-nucleon scattering cross section and Pauli blocking

given elsewhere. The parameters used in this work are listedf© used27,11]. This part actually plays a minor role in a
in Table I. usion reaction.

Considering the fact that for a finite system the nucleons, !N this work the initial density distribution of the projec-
are localized in a finite region corresponding to the size ofil® @nd target is obtained by Skyrme Hartree-Fock calcula-

the system, the width of the wave packets representin(gons [28—30. The other procedures are the same as in Ref.
nucleons in the system should have a relation to the size 6]. The model was carefully checked, and it turns out that
the system. As in Ref16], here we also adopt a system size the IMQMD model works well in describing the ground state

. . - 20 .
dependent wave packet width to account for the fact, that i?rOPerties for nuclei fronfLi to ***b, and calculating the
static Coulomb barrier for fusion reactions as well as fusion

o, =0.16N"%+0.49, (16)  cross sections fof%Ca+ °9%r.

whereN is the number of nucleons bound in the system. . RESULTS

In order to overcome the difficulty in describing the Fer-
mionic nature of arN-body system in the QMD model, an Before coming to the numerical results for fusion reac-
approximate treatment of antisymmetrization is adopted{ions “**Ca+ %0-%%Zr, let us first make a survey of the con-
namely, we implement the phase space constraint of théigurations along a fusion path. In Fig. 1 we illustrate one
CoMD model proposed by Payet al. [26] into the model. typical fusion event of the head on reaction’8€a+ zr at
This is required by the constraint that the one body occupaan energy 5 MeV below the barrier. In the figure, we plot the
tion number in a volumeh® of phase space centered at dynamical barrieilVy, as a function of the distance between
(ri,p), corresponding to the centroid of the wave packet ofthe center of mass of projectile and that of the target. We will
particlei, should always be not larger than 1 according to thediscuss the dynamical barrier in more detail in the following

Pauli principle. The one body occupation number is calcusection(Sec. lll B) and the definition of it will be given
lated by there. Simultaneously, in subfigures we plot the contour plots

of density distributions as well as the corresponding single-
ocu_ 3.3 particle potentials at three typical times, i.e., before, at, and
fi _; Ori7 95, 5 jhaf,-(r,p)d rd°p, A7 after reaching the highest value of the dynamic barrier along
the fusion path. The single-particle potential is calculated by
wheres; and 7; are the third components of the spin and

isospin of particlei. We have made a check of the time _ , A3
evolution of individual nuclei from light nuclei to heavy nu- Vep(r)= | p(r))V(r=r")d=’, (18
100
o] @) I‘éﬁi ol @) o ()
g o 2 ° oo
4 < 3 > -10
00 : Qi
10 % -30
80+ 2045405 6 5 10 0 . .
z (fm) A o0 00 FIG. 1. The fusion path for a typical event of
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(2b) a head on reaction d°Ca+ °%Zr at the energy 5

§ ] g'z MeV below the Coulomb barrier. The thick curve
o zm is the dynamical barrier as a function of the dis-
g 604 L o o tance between the centers of mass of projectile
~° 2 (fm) “Ca+"Zr b=0fm _ and target. Subfigureda), (2a), and(3a) are for
incident energy is 5MeV below the barrier contour plots of the density distributions of the
1 15 reaction systems at the corresponding time
10/(3) BN pointed in the curve o¥,~d, and(1b), (2b), and
40 E : ” ?m (3b) are the corresponding single-particle poten-
X s > tials at the same time as subfigufés), (2a), and
i o a0 (3a).
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with p(r) being the density distribution of the system and L L
V(r—r') the effective nucleon-nucleon interaction. In sub- 19003 3
figures(la) and(1b) we plot the contour plot of the density ] 7 ot
distribution as well as the corresponding single-particle po- ]
tential at point 1 along the fusion path. One can find from g
these two subfigures that at this point the fusion partners arg
not in touch[see subfiguréla)], and there is a high enough g
inner potential barrier which prevents nucleons from moving ©
from the projectile to the target, or vice velsaee subfigure 10
(1b)]. At the time, corresponding to point 2, the dynamic ]
barrier reaches a maximum value. The contour plot of the
density distribution[subfigure (2a)] shows that the fusion ] I
partners are at a touching configuration, and that a neck start 1 L '9'0 S VR T KO WAL e
to grow and, following this, the inner potential barrier in the
potential well is reduced, allowing a few nucleons to move E. . (MeV)
from a projectile to a target, or vice ver$see subfigure
(2b)]. At a time corresponding to point 3, the dynamical
barrier is reduced considerably. Subfigur@s) and (3b)
show that the neck develops considerably at this time and,
consequently, the inner potential barrier in the potential well For the definition of the fusion event, we adopt the same
is reduced substantially, and nucleon transfer between theperational definition as in TDHF calculations and in the
projectile and target becomes much easier than before. Th@MD model calculationg31]. More specifically, in this
means that a precompound nucleus begins to be formedork we consider any event, for which the number of nucle-
From this study we have learned how the dynamical fusiorons escaping during the process form compound nuclei is
barrier is correlated with the development of the configuraequal to or less than 6, as a fusion evidi]. Figure 2 shows
tion of fusion partners along the fusion path. the fusion cross sections fd’Ca+ °zr, “°Ca+ %zr, “°Ca

In the following, we show the numerical results for fusion 1 907y ang 4%ca+ %7y, respectively. Experimental data for
reactions “**Car+- **%Zr. First we show the fusion cross the reactions of%Cat %97, taken from Ref[7], are also
sections. For understanding the mechanisgrg of the4§nhanc§hown_ One can see that'the experimental ('jataMP@,a
ment of the fusion cross sections féiCa+ °Zr and *Ca +90967; are reproduced well without introducing new pa-

90,9 i 0, 90
+%29Zr compared with the'®Ca+ *Zr case, we show the .rameters, and that there is a strong enhancement of the fusion

dynamic barrier and other quantities relevant to the dynam'%ross sections for neutron-rich reactions. The fusion cross

lowering of the Coulomb barrier only at head on reac’uons.sections for reactiondiCat ©97 at energies around the

Following this we discuss the isospin and structure effect i X .
g b %arrler are higher than those féfCat+ °Zr. But the en-

100 5

—*Ca+¥zr exp.
- — -%Ca+*Zr exp.
—=—“Ca+™Zr our work
—e— “°Ca+™Zr our work
—0—*Ca+*Zr our work
—%—“®Ca+"Zr our work

FIG. 2. The fusion cross sections f8t*Ca+ °%°Zr. The ex-
perimental data are taken froji].

fusion dynamics for the systems studied. In order to explor . . #8Ear 90967
how the isospin is transferred at the neck region, we stugj@ncement of g\e fugéon cross sections foCat r
the time evolution of theN/Z ratio at the neck region for coompaggd with™Cat “Zr > not so strong as the case of
40,485+ 9097 reactions to see how it depends on the initial *'Cat+ *°Zr compared with*Ca+ °Zr. For understanding

N/Z ratio. the feature of the fusion excitation functions for different
systems shown in Fig. 2, let us first look at the distribution of
fusion probabilities with respect to the impact parameters in

A. Fusion cross sections for*®4&Ca+ %9r Fig. 3. In the figure one finds that, for neutron-rich reactions,

After making the preparation of the initial nuclei, we N @ddition to having a larger fusion probability, the maxi-

elaborately select ten projectile nuclei and ten target nucléiUm impact parameter leading to fusion is larger compared
from thousands of preprepared systems. By rotating thes&ith non-neutron-rich reactions. For example, at an incident
prepared projectile and target nuclei around their centers d¥nergy of 5 MeV below the static Coulomb barrier, the maxi-
mass by a Euler angle chosen randomly, we create 100 borfaum impact parameter leading to fusion is about 9 fm for
barding events for each reaction enefggnd impact param-  reaction “®Cat+ °-°%Zr, about 8.5 fm for“’Ca+ %zr, and
eterb. By counting the number of fusion events, we obtainonly 6.5 fm for the non-neutron-rich reaction df’Ca

the probability of fusion reaction,(E,b), then the cross =+ °°Zr. This means that, for neutron-rich reactions, the fu-

section is calculated by using the expression sion partners can be fused at a relative the larger distance. A

X possible reason for this is that the dynamical elongation is
_ max _ enhanced for neutron-rich fusion systems. The effect of the
U“‘S_ZWJO bgrus(E,b)db=272. bgu(E,b)Ab. dynamical elongation on the dynamical lowering of the Cou-
(19 lomb barrier will be discussed in Sec. Il B.
For the cases of the incident energy at 10 MeV above the
static Coulomb barrier, the distribution of the fusion prob-

The distance from the projectile to the target at an initial timeability with respect to the impact parameter shows a similar

is taken to be 20 fm. tendency, but the effect is weaker.
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FIG. 3. The distributions of the fusion probability for reactions
of 404 Cat 90971 with respect to impact parameters.

B. Dynamic lowering of the barrier
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particles in the projectile and target, respectively. When two
colliding partners approach each other, the density distribu-
tions of the projectile and target change from time to time
and their shape&letermined by the density distributipare
deformed due to the interaction between them. The time evo-
lution of the shape deformation and the neck formation de-
pends on the incident system and energy as well as the im-
pact parameter. Consequently, the dynamical barrier not only
depends on the incident system but also depends on the in-
cident energy as well as the impact parameter. In the follow-
ing we only study the head on collision case, and define the
height of the highest Coulomb barrier experienced in the
path of fusion as the height of the dynamic Coulomb barrier.
Generally, the dynamic barrier is lower than the static
barrier because of the neck formation and the increase of the
N/Z ratio at the neck region for neutron-rich nuclear fusion
reactions. As an example, in Table 1l we show the results for
the dynamic barrier for head on fusion reactions*®féCa
+ 90967y at energies 5 MeV below and 10 MeV above the
static Coulomb barrier. From this table one can see that the

In order to understand the reason for the enhancement gynamic effect lowers the height of the barrier dramatically,

fusion reaction cross sections for neutron-rich nuclear fuand this dynamic lowering is incident energy and system
sions, in this section we study the dynamic Coulomb barriefeépendent. The barrier lowering is stronger for the case of
lowering effect. In the QMD model, the Coulomb barrier is the energy below the barrier than that of the energy above the

calculated microscopically by using the expressions

Vb(d):f d3r1f dsrzpl(rl_rlc)V(rl_rZ)pZ(rZ_rZC);
(20)

d:|rlc_r2c|a

wherep,; andp, are the density distribution of the projectile
and target, respectively;. andr,. are their centers of mass,
respectivelyV(r—r') is the effective nucleon-nucleon inter-
action. It is clear that, in general,(d) is a function of time

sincep,; andp, change from time to time. Only in a static

barrier. This feature of barrier lowering was also observed in
Ref.[15] for symmetric reactions of oxygen and nickel iso-
topes by means of the mean field transport theory.

To illustrate the system dependence of the dynamic bar-
rier, in Fig. 4 we show the time evolution of the dynamic
barrier for head on collisions of®*Ca+ °*%Zr at an inci-
dent energy 5 MeV below the static barrier. From a compari-
son among four curves we see the following trerd$:The
dynamic Coulomb barrier for neutron-rich reactions is lower
than that for non-neutron-rich reactio®) The barrier top
position for neutron-rich reactions is shifted to a larger dis-
tance compared to non-neutron-rich ongy. The width of
the barrier for neutron-rich reactions is thinner than that for

case, the density distribution of the projectile and target isxon-neutron-rich reactions. As for three neutron-rich reac-
assumed to be the same as that at the initial time; corrdions, there is no obvious difference in the dynamic Coulomb
spondingly the static barrier is calculated with the static denbarrier.

sity distribution. Therefore, for the static barrier, the dynami- To investigate the causes leading to these trends, let us
cal effects experienced by fusion partners during a reactioturn to study the quantities relevant to the dynamic barrier.
process are not taken into account. For the dynamic case, ttk@r the purpose of understanding the mechanism, in Table 111
density distributions of the projectile and target are calcuwe give only the calculation results for head on collisions of
lated by using expressio@) with the sum running over all  4%4Ca+ %97r at energies of 5 MeV belowlower energy

TABLE Il. The comparison between the static Coulomb barrier and the dynamic barrier for reactions of
404851 07y,

Reaction “0Cat 0zr 40Cca+ %zr “&Ca+ 9zr “&Ca+ %zr
E.m(MeV) 93.8 1088 923 107.3 925 1075 92.1 107.1
Time reaching the top of barrig¢fm/c) 171 141 172 142 176 146 177 145
Height of dynamic barrietMeV) 857 886 838 875 843 872 840 865
Dynamic lowering(MeV) 131 102 135 9.8 13.2 103 13.1 10.6
Height of static barriefMeV) 98.8 97.3 97.5 97.1
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104 p..=a/b
90 ] Ca_ o1’ ™4
—X— zCa+::Zr BZr=a2/b2
—&—"Ca+ Zr
—A—*®Ca+™zr 5+
804 —o—*Ca+*zr| }
— b b
S _ ] )
[ E 0- A
= = a d 1 a
B v 1 2
> 704 i
54
60+ incident energies -10
are 5MeV below the barrier T T T T T
-15 -10 -5 0 5
z (fm
50 T T T T T T T ( )
10 12 14 16 18 20

d (fm) FIG. 5. The definition of the geometric quantities in Table 1lI.
FIG. 4. The dynamic barriers as a function of the distance of thdisted in the table, i.e., the larger the elongation the lower the
center of mass projectile and the target for head on collisions obarrier. Generally speaking, the elongation at the touching
2048Ca+ 0%y at the incident energy of 5 MeV below the static configuration should depend on the interaction time before
Coulomb barrier. reaching the touching configuration, and the longer interac-
tion time leads to a larger elongation. Therefore, the elonga-
case and 10 MeV abovehigher energy casethe corre- tion for the lower energy case is always larger than that for
sponding static Coulomb barrier. The quantities listed inthe higher energy case. Table Il shows that the elongation
Table Il are calculated as follows: for each event, we calcufor energy below the static barrier case is about 10 % larger
late theV(d) at each time step to find the time needed tothan that for above the static barrier case. Furthermore, the
reach the highest barri¢ice., point 2 in Fig. ). The contour elongation also depends on the structure of the projectile and
map with p=0.02/fn? of the density distribution of the sys- target and the\/Z ratio at the neck region as well. Now let
tem at this time gives the shape of the sysfeee subfigure us look at the dependence of the elongation on the structure
(2a) of Fig. 1]. The schematic figure of Fig. 5 illustrates the of reaction systems. For the lower energy case, the largest
shape of the systeftypically for a head on collisionat this  elongation is obtained in the reaction #iCa+ °Zr, while
time, and the geometry quantities listed in Table 1lI, such ador the higher energy case the largest elongation is obtained
the distance between the centers of mass of projectile anid *Ca+ °Zr. As is well known that the energy of octupole
target, and the neck radius, etc., are shown in the figure. Thebration of %Zr is lower than that of°®Zr, and we may
results given in Table Il are the average values of all correconsider thaP®Zr is softer thar®Zr. For “®Ca, the energy of
sponding events. The elongation given in Table Il is equal tahe octupole vibration is about 1 MeV higher than that of
the distance between the centers of mass of the projectile arf§Ca, which implies that®Ca is more rigid tharf°Ca. The
target minus the radii of the initial projectile and target nu-dependence of the elongation on the different systems given
clei. From Table IIl one can find that the height of the dy-in Table Il clearly shows the influence of the nuclear struc-
namic barrier is closely correlated with the elongations ob+ture effect. Concerning the isospin effect, it is quite natural
tained for different incident energies and collision systemghat the increase dfi/Z at the neck region should decrease

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

Reaction 40cat %0zr 4Ocat %6zr “8Cat 0zr “Cat *zr
E.m(MeV) 93.8 108.8 92.3 1073 925 1075 92.1 107.1
Height of dynamic barrie(MeV) 85.7 886 838 875 843 872 84.0 865
Distance between centers of makgfm) 13.01 12,50 13.24 12.72 13.26 12.78 13.40 12.96
Elongation(fm) 523 472 535 483 531 483 534 490
N/Z at neck region 1.210 1.165 1.407 1.323 1.468 1.360 1.610 1.577
Width of neckA (fm) 192 222 189 215 191 220 195 216

p at neck (fm %) 0.027 0.029 0.027 0.028 0.027 0.029 0.027 0.027
N/Z of total system 1.167 1.267 1.300 1.400
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de(p,d)

Mn/p:Tmp- (21)

wheree(p, 6) is the energy density and,,, andp,,, are the
chemical potential and the density of neutrons and protons,
respectively. From the definition one can find that the chemi-
cal potential is a function of both the densjiyand the isos-
pin asymmetrys. Figure 6 shows the chemical potential of
the proton and neutron as a function of density with (N
—2Z)/(N+2Z)=0.10. From Fig. 6 one can see that the den-
sity corresponding to the minimum of the chemical potential
of neutrons is lower than that of protons for a neutron-rich
nuclear system, and thus the neutrons are preferably driven
to the lower density area. This effect has also been studied,
nd confirmed in the intermediate energy heavy ion colli-
ions. The increase of thi¢/Z ratio at the neck region should
reduce the dynamic barrier in the fusion process. It would be
é’pteresting to study the isospin transfer at the neck region;
therefore, in Fig. 7 we show the time evolution of tNéZ
ratio at the neck region for head on fusion reactions of
4048 a+ 9997y at energies 5 MeV below and 10 MeV above
he static Coulomb barrier, in which the time starts from the
eginning of the neck formatiofwhen the density at the

FIG. 6. The density dependence of the chemical potential o
protons and neutrons for neutron rich systems.

the height of the Coulomb barrier. There is a strong enhanc
ment of theN/Z ratio at neck region for neutron-rich reac-
tions, as shown in Table lll. Consequently, ffiCa+ °zr
compared with*°Ca+ °Zr, both the isospin effect and the
structure ezfoect agg in favor of enhancing the fusion cros
sections of**Cat+ *°Zr. While for reactions induced by the . .
48 , : : : .~ touching point reaches 0.pg). The general trend of the
Ca compared with reactions induced fCa, the isospin ime evolution of theN/Z ratio is the following: theN/Z

effect and the structure effect are counterparts; consequentl%tio at the neck region first increases as time increases, then
the enhancement of the fusion cross section induced by th 9 '

neutron-rich effect is reduced by the structure effect. soon reaches a maximum value and then decreases, finally it
approaches the averatZ value of the system. The figure
shows that the enhancementNZ at the neck region at the
early stage of the neck formation strongly depends on the
As seen from the above study, the dynamic lowering ofN/Z ratio of the initial system, i.e., the larger the isospin
the barrier is closely related to the configuration and compoasymmetry of the initial system is, the stronger the enhance-
nent of the neck. Th&l/Z ratio at the neck region is one of ment ofN/Z ratio at neck region. The reason for the fluctua-
the most sensitive quantities with respect to the neck formation appearing in the time evolution of tH¢/Z ratio for
tion for neutron-rich nuclear fusion reactions, as shown inneutron-rich reactions may be understood as follows: at the
Table lIl. For the isospin symmetry case #iCa+ °%Zr, the  beginning when the neck is just formed, neutrons preferably
N/Z ratio at the neck region is more or less the same as thmove to the neck region driven by the chemical potential;
averageN/Z ratio of the total system. But for the neutron- not soon, as too many neutrons are concentrated there, the
rich reactions, theN/Z ratio at the neck region is much symmetry potential attracts more protons to migrate into the
higher than that of the avera@fZ value of the correspond- neck region and th&l/Z ratio is reduced; then, because of
ing systems. This effect results from the different behavior othe increase of the proton number the Coulomb repulsion
the density dependence of the chemical potential for neuplays a role. Thus the interplay of the Coulomb force and the
trons and protons in isospin asymmetry systems. The chemsymmetry potential results in a fluctuation behavior in the

C. Time evolution of the N/Z ratio at the neck region

cal potential is defined as time evolution of theN/Z ratio at the neck region for
4.0 T T T 4.0 v , :
incident energy is 5MeV incident energy is 10MeV
3.5- below the barrier b=0fm 1 354 /\ above the barrier b=0fm . . .
T 13 FIG. 7. The time evolution of
3,0_‘."._ \, —%Ca+’zr A 3_0_,‘ ".\'\ 00a4o7r the N/Z_ ratio at Fhe neck region
. Y o0, %, /A o 90gs%7y for fusion reactions of “%“&Ca
% 254 %o\ 0,97 g Yo + 9097 The right panel is for

the case at the energy of 10 MeV
above the static Coulomb barrier,
and the left panel is for the case at
the energy of 5 MeV below the
static Coulomb barrier.

0 50 100 150 200
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neutron-rich systems. This fluctuation becomes stronger fogion can reach a value of twice the aver@y& ratio value
noncentral collisions. With the growth of the neck, nucleonof the whole system foféCa+ °°°%Zr; then, 100 fm¢ later,
transfer through the neck becomes easier and the fusion sygie N/Z ratio at the neck region gradually approaches the
tem passes over the dynamic barrier. After about 10@fm/ average value of the whole system, which means that the
that is, when a neck develops well, tNéZ ratio at the neck isospin degree of freedom gradually approaches an equilib-
region gradually approaches the averdgZ ratio of the rium before the dissipation of the collective motion is com-
whole system, and the isospin degree of freedom seems fueted.

gradually reach an equilibrium; but the dissipation of the A strong enhancement of fusion cross sections fi¢a
collective motion is still going on. The details of the nucleon + °6Zr compared td*°Ca+ °°Zr have been found, which is in
transfer and the dissipation of the collective motion in thegood agreement with the observation in experiments. Rela-

neck region will be discussed elsewhere. tively, the enhancement of fusion cross sections f€a
+ 90967y compared with*®Ca+ %Zr is less strong. The dy-
IV. SUMMARY AND DISCUSSION namic barrier lowering has been studied systematically. We

i . find it relates strongly to the elongation of systems and the
In this work we have introduced a surface-symmetry po-\;7 ratio at the neck region at the touching configuration on
tential term into a QMD-type transport model. We have usegne fsion path. The results seem to show that the elongation

this updated ImMQMD model to study the fusion dynamics of5¢ the touching configuration for different reaction systems is

40,4 90,9 H H . . .
Cat+ **%Zr at energies around the barrier. The surfaceqrelated with the structure of the projectile and target. For

symmetry term seems to play an important role in fusionnstance, the largest elongation is obtained in the case of
dynamics for™"Ca+ = Zr, but a negligible role in that of 40ca1 957 at 5 MeV below the static barrier, consistent with
Cart 09Zr. Our calcu&ted regsoug!ts of excitation functions he fact that the energy of the octupole vibration decreases
for fusion reactions of**4Cat 9*9Zr show a strong en-  fom %7 to %7r and from %%Ca to “°Ca as well. On the
hancement of fusion cross sections for the neutron-rich reagsiner hand. the isospin effect which strongly influences the
tions at energies near and below the static barrier. We havg, 7 ratio at the neck region for neutron-rich nuclear fusion
made a systematic analysis to understand this feature. Wg,,|q affect the dynamic barrier strongly and, consequently,
have shown that the maximum impact parameter leading t0 &ect the fusion cross sections of neutron-rich nuclear reac-
fusion reaction for neutron-rich reactions is larger than thations Further work on exploring how the isospin effect and
for non-neutron-rich reactions, which means that the excesge structure effect compete in fusion reactions is needed. We
neutrons make the reaction partners to be fused at long&f ongly urge future measurements of the fusion cross section
distance. and the distribution of the barrier fd#&Ca+ °°°%Zr to ex-

We have paid great attention to a study of the dynamicagqre the interplay between these two effects in fusion reac-
fusion barrier, and found that there is a substantial Iowerlnqions_

of the dynamic barrier compared with the static Coulomb 114 problem concerning the mass transfer has not yet

barrier due to the neck formation. For the reactions studie@)oan giscussed. and the neck dynamics is not discussed thor-
we have observed the followingl) The dynamic Coulomb q,gh1y in this paper. Work on these aspects is in progress.
barrier for a neutron-rich configuration is lower than that for

a non-neutron-rich casé€2) The barrier top position for a
neutron-rich configuration is shifted to a larger distance com-
pared to a non-neutron-rich configuratidB8) The width of We thank Professor H. Q. Zhang and Professor Z. H. Liu
the barrier for a neutron-rich configuration is thinner thanfor stimulating discussions. The work was supported by the
that for a non-neutron-rich case. National Natural Science Foundation of China under Grant

We have shown that the time evolution of the ratio of Nos. 19975073, 10175093, and 10175089, and by the Sci-
neutrons to protongthe N/Z ratio) at the neck region ence Foundation of Chinese Nuclear Industry and Major
strongly depends on the projectile and target isospin. At theState Basic Research Development Program under Contract
early stage of the neck formation, tiNZ ratio at neck re- No. G20000774.
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