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Improved quantum molecular dynamics model and its applications to fusion reaction near barrier
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An improved quantum molecular dynamics model is developed. By using this model, the properties of
ground state of nuclei fronfLi to 2°%Pb are described very well with one set of parameters. The fusion
reactions for*®Cat °°zr, 4%Ca+ %zr, and “®Cat °°Zr at energies near the barrier are studied by this model.
The experimental data of the fusion cross sectiondea+ °>%Zr at energies near the barrier are reproduced
remarkably well without introducing any new parameters. The mechanism for the enhancement of the fusion
cross sections for neutron-rich nuclear reaction near barrier is analyzed.
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[. INTRODUCTION two-body collisions with Pauli blocking have some effects

on maintaining part of the fermionic feature of systems. In

Heavy-ion fusion reactions at energies below and near théact, two-body collisions are very rare in ground states or in
Coulomb barrier have received considerable attention refusion reactions. To compensate for this shortcoming, the
cently (for example, se¢1-7] and references therginOf ~ tWo-body Pauli potential was introduced by several authors

special interest are the dynamical mechanisms for the en+4—18 to mimic the Pauli principle. The Pauli potential can
hancement of the fusion cross section for neutron-ricfMProve the ground states to a certain extent, but it causes

nuclear reactions at energies near the barrier, such as tHgdeswable problems which may destroy the initial phase-

deformation of the target and projectile before contact, thePace distribution obtained according to the nuclear ground

. . State after a long time. In constrained quantum molecular
neck formation, and the particle transfer after contact. Th%ynamics(CoMD) Papaet al. proposed a phase-space den-

quantgm_molecular dynami¢QMD) mpdel ha_s peen widely sity constrain{13] with which this problem has been partly
used in intermediate energy heavy-ion collisions, and sucgyercome.
cessfully provides much dynamic information about the re- Concerning the wave-packet width in FMD and EQMD
action mechanisnffor example, se¢8—10)). It would be of  [19] models the width is dynamic, and in the normal QMD
great significance if the QMD model could be applied tompdel it is a constant. But the values of width in the QMD
study the dynamical mechanism of heavy-ion fusion at enercalculations are quite different. For example, [it0] the
gies near the barrier. However, it is still of difficulties to Gaussian wave packet width was takenLas4.33 fnt for
apply the QMD model to low-energy reactions. One of thereaction Ca Ca andL=28.66 fn? for Au+Au. In Ref.[20]
main difficulties is that one has to deal with the problem ofthe authors took two different values of the width of the
the time evolution of nuclear many-body systems which areGaussian wave packet for multifragmentation and fusion re-
of fermionic nature. On a quantum-mechanical level, theaction in order to have reasonable results. Therefore, it seems
wave function must be antisymmetrized because of the fero us that it is worthwhile to make a further study of the
mionic nature of the nuclear constituents. In antisymmetrizednfluence of the wave-packet width on the ground-state prop-
molecular dynamic§AMD) [11] and fermionic molecular erties of individual nuclei and the Coulomb barrier in fusion
dynamics(FMD) [12] the wave function of the system is reactions. For this study we propose a system-size-dependent
expressed by a Slater determinent\ofvave packets. AMD  wave-packet width.
and FMD made a great achievement in describing the Aiming at studying the dynamical process of fusion reac-
nuclear reaction and structure for light nuclei. Neverthelesstions at energies near the barrier one will face difficulties by
for AMD and FMD one has to deal with the time evolution using the normal QMD mode, and one needs a model which
of at leastN! terms, which would be computationally very can describe not only the ground-state properties of indi-
demanding, and the CPU time necessary to work out calcusidual nuclei at initial time well but also their time evolution,
lations for heavy systems is very large for practical studiesand which furthermore can provide a reasonable Coulomb
[13]. In the QMD model, each nucleon is represented by @arrier for fusion reaction. In this work we develop an im-
coherent state, and the tothtbody wave function is as- proved QMD model by introducing series improvements,
sumed to be the direct product of coherent states. Thereforand then make careful tests of the model. We expect that our
the QMD calculations are very practical for studying the model can meet the requirement of studying the dynamical
heavy systems. Obviously, the QMD model lacks a fermionigrocess of fusion reaction at energies near the barrier. The
nature due to the neglect of antisymmetrization, althoughstructure of this paper is as follows: In the Sec. II, we intro-
duce our improved QMD model. Then we make an applica-
tion of this model to describing the nuclear ground state and
*Email address: wangning@iris.ciae.ac.cn the fusion reaction process in Sec. lll. Finally a short sum-
"Email address: lizwux@iris.ciae.ac.cn mary and conclusion is given in Sec. IV.
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II. IMPROVED QMD MODEL TABLE |. The parameters adopted in the present work.

In this sgctiqn we intr.odu.ce the improved QMD model_in a(GeV) B(GeV) po(fm=3) go(GeV fm™%) Cy(GeV)
more detail. First, a brief introduction to QMD model is
presented. Then, the main improvements are introduced and-0.124  0.071 0.165 0.96 0.032
their effects are analyzed. Finally, the preparation procedure
of initial nuclei is given.

. oH . dH
N=-—, Pi=——-. ®

A. Brief introduction to the QMD model ap;’

In the QMD model, each nucleon is represented by a co- o ] o
herent state of a Gaussian wave packet, The HamiltonianH consists of the kinetic energy and the

effective interaction potential energy:

b1 =—— o, ) ®

i(r)= expg — 2P, H=T+U, 9
2

wherer; andp; are the centers of thieh wave packet in the T=2 p_, (10)

coordinate and momentum space, respectivelyepresents
the spatial spread of the wave packet. The ththlody wave
function is assumed to be the direct product of these coherent The effective interaction potential energy includes the

states. Through a Wigner transformation of the wave funcnuclear local interaction potential energy and Coulomb inter-
tion, the N-body phase-space distribution function is givenaction potential energy:

by
) U=Ujoct Ucoul (11
(r—ry) 20
frp=2 ﬁ)a p[— 2?2 (p—p)?|. and
2
— 3
The density and momentum distributions of a system read Utoc= J Viocd™r- (12
V|oc IS the potential energy density, which can be derived
— 3h— loc
p(l’)—f f(r.p)d D—Ei pi(r), 3 directly from a zero-range Skyrme interactipi#, 21, and it
reads
g(p)=f f(r,p)d3r=§i) gi(p), 4) ap(n? Bp(r)?® Cslppr)—pa(r)]?
T2 po 3 2 2 Po
respectively, where the sum runs over all particles in the
system.p;(r) andg;(p) are the density and momentum dis- 91 2
tributions of nucleori: * 2 [Vp(r)]". (13
1 (r—rp)? By using
i(n)= exg — , 5
PN o o p[ 202 (5)
L (o—p)? <Q>i=f pi(NQdr, (14
P—pi
9(P)=——>3 S,Zexp[— 5 (6) _ _ _ _
(2may) 20y the nuclear local interaction potential energy can be written
as
whereo, and o, are the widths of wave packets in coordi-
nate and momentum space, respectively, and they satisfy the o B 2 Co( (po—pn)?
minimum uncertainty relation Ugeme > <ﬂ> T N (L _SJ' WPp—Pn) 13
2 Po/ ; 34 pg i 2 Po

%
o= 7
T2 " +f%(Vp)2d3r. (15)

In the QMD model, the nucleons in a system move under
a self-consistently generated mean field, and the time evolu- Because of the Gaussian form of density distribution in
tion of r; and p; is governed by Hamiltonian equations of Eq. (5), all of the integrals in Eq(12) can be done analyti-
motion cally; furthermore all but one of the sums involves oy
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020[ @ 0.0, ©) 020[(0) FIG. 1. The schematic figure of the effect of
| 0.04] ' Sy the surface energy terne) The density distribu-
o~ 015 H - - g~ 015 A tion of Boltzmann form{b) The shape of the sur-
£ H 0.02 i3 i Y . . .
€ 010 = £ 0.10 d | face energy term; the arrows denote the direction
= 0.00 < of corresponding force(c) The comparison be-
0.05 - 0.05 . . . .
_0.02\/ \/ / . tween the density distributions calculated with
0.0 R 000 5% (solid curve and without(dashed curvethe sur-
r (fm) r (fm) r (fm) face energy term taken into account, respectively.
terms. The problem in Eq15) is that=(p?/p3); is of order For illustrating the effect of the surface term on the real-

of N3, and, for a system of hundreds of particles, an evaluistic nuclear system, in Figs. 2 and 3 we show the time evo-
ation of N3 elements is very time consuming and computa-|uti0n of the density distribution of%r calculated without
tionally prohibitive, so it is approximated HyL4] and with the surface term taken into account. The initial
density distribution is obtained by relativistic mean field
2 5 (RMF) theory calculationd23]. When the surface energy
> <p_2> ~> <£> n %(Vp)2d3r, (16)  term is not included, as shown in Fig. 2, the density distri-
T o\po/, T \Pofy bution can be kept stable and the central density can main-
tain a value lower than 0.2 fn? only at the early staggor
S . . . example, see Fig. Bubfigure 1]. With further time evolu-
which is aN® operation. Since the second term in E26) tion, the density distribution changes and deviates from the
has the same func't|onal fom? as the surface energy _term 'Mhitial one. The central density grows gradually and at about
Eq. (15), we combine f[hem into one term and call it thet=400 fm/c [see Fig. 2(subfigure 3] the central density
surface energy term with parametg§=g; +9z. The Cou- oo reaches 0.3 fid. After t=400 fmic the spurious
lomb potential energy is obtained from emission of nucleons appears while the central density is still
too high. When the surface energy term is included, as
1 e? shown in Fig. 3, with time evolution the density distribution
Ucou=5 > fpi(r)—,Pj(r')dsrdsr'- (17 is remarkably stable and its shape is kept the same as the
7 r=r'| initial one. Even at=800 fm/c [see Fig. 3(subfigure 4],
the central density still remains the same value of
Concerning the collision term, the treatment of isospin-=0.165 fn 3 as that at the initial time, and we find the
dependent Pauli blocking is introducéske Ref[22]),which  shape of the density distribution does not change even for
is especially useful for reactions of heavy nuclear systemsmuch longer times. From the comparison of these two fig-
The parameters in this work are listed in Table I. ures, one can clearly see that the surface energy term is ef-
fective to maintain a reasonable density distribution for
B. Effect of the surface energy term and the phase-space ground state of an individual nucleus during the time evolu-
density constraint tion.
The momentum distribution will evolve to a classical dis-
tribution from initial momentum distribution after a long
time, as mentioned in Sec. |. To avoid this, we introduce the

It is obvious that surface effects are important for a finite
system. Let us first study the effects of the tethy, face
=(9o/2)[(Vp)?d® schematically. In Fig. 1, we show a
schematic figure of the effect of the surface energy term. As
mentioned in Sec. |, the initial density distribution of a sys-
tem will evolve to a classical one after a long time according
to the classical equations of motion. Suppose we have & e
Gaussian form of density distribution as shown in Fig)1 < 014
With this density distribution, the surface energy term
Usuriace IS Obtained by definition, and its shape is shown in
Fig. 1(b). From the figure we can see that the particles in the b=
central region experience a repulsion and are forced to movt X (fm)
toward the outside. Thus the density at the central region i< t=400fm/c
refrained from evolving to an unreasonably high value. The 03 (3) j
particles at the surface “feel” an attraction, and move toward ~ .
the inside so that the surface diffuseness of the density dis
tribution will not be too large. Figure(&) shows the influ-
ence of the surface energy term on the density distribution.
The solid and dashed curves are the density distribution cal 5o
culated with and without the surface term taken into account, X (fm)
respectively. It is clear that the density distribution calculated
with the surface term is more reasonable than that without FIG. 2. The time evolution of the density distribution &zr
the surface term. without the surface energy term taken into account.

____ t=5fmic
ORI

p (im®)

p (fm
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t=5fm/c t=200fm/c space density constraint is not taken into account, the num-
: P ber of particles with low momentum increases greatly, and

the momentum distribution deviates from the initial one ob-

: &~ 0.15
%0-10 £ aia viously, as shown by the dashed curves. This problem is
0.05 * 005 usually ignored in the QMD calculations for intermediate-
0.00 - “& 650 5 and high-energy heavy-ion reactions. For describing the
X (fm) 3¢ X (1) N ground state or fusion reactions near barrier, however, this

problem should be considered seriously. From the solid
curves one can find that the behavior of the time evolution of
the momentum distribution, especially the low momentum

t=800fm/c

0.20 | gyt

0.20 14

015 | i 4d

e 015Y E part, is improved a lot after taking the phase-space density
< oty & 10 constraint into account. We note that the high-momentum
0.05 0.05 [~ i part of the distribution has too large diffuseness comparing
0.00 & 000 & with the initial one. This means that the phase-space con-

straint is still not enough in controlling the momentum dis-

tribution to be as good as request. But even so we find that it
FIG. 3. The same as Fig. 2, but with the surface energy termmproves the fusion reaction near the barrier very much. An

taken into account. investigation of further improvements in the behavior of the

time evolution of the momentum distribution is in progress.

phase-space density constraint of the CoMD model proposed

by Papaet al [13] IntO our mOde| We make a teSt fOI’ the C. System_size_dependent Wa\/e_packet W|dth

effect of the phase-space density constraint on the time evo- | e

lution of the momentum space distribution. We find that this |t IS understood that the wave-packet width in the QMD

kind of constraint affects the low momentum part of the mo-.mOdeI can be regarded as a quantity _hgvmg relations W't.h the

mentum distribution strongly, and thus it can effectively re-Interaction range of.a pqrt!cle. _For finite systems, partlclles

strain the number of particles with low momentum from pe-should be localized in a finite size correspondlng to the size

ing too large. Figure 4 shows a comparison of the time°f the system, and thus the wave-packet W!dth shguld have

evolution of the average momentum distribution calculated?®Me refations with the range of the mean field which binds

without taking the constrairtiashed curvésand with taking ~ Particles together. In practice, one already notes that the
the constrain{solid curves for 200 2°%b nuclei. Here the value of the wave-packet width affects the calculation results

momentum distribution means the distribution of the cen-2PViously, so that one usually makes an adjustment to a cer-

troid momentums of wave packets of nucleons in a systenfain €xtent. For example, in RefL0] the wave-packet width
From the figure one can see that at the initial time, the mo!S {@ken to bes,=1.04 fm for Ca-Ca ando,=1.47 fm
mentum distributior{dash-dotted curvess reasonable. With (-6 L=8.66 f? in the notation of Ref| 10]) for Au+Au.
time evolution, the difference in the momentum distributions”S IS Well known, the stability of projectile and target nuclei

between these two cases becomes obvious. When the phal® QMD calculations is a basic requirement for studying the
fusion reaction at energies near the barrier. Here let us make

an investigation in the influence of the wave-packet width on

0
X (fm) X (fm)

04 0.4

initial time app, A t=200Mmic the stability of the ground state of an individual nucleus. As
03 03] N 77 Without conslraint an example, for the ground state ¥FPb, we show the time
2 02 Bos AN— initial time evolution of its density distribution in Figs.(® and gb),
R N— - Z with the wave-packet widths taken to he =1.04 and
o1y \\ 1.44 fm, respectively. One can see from the figures that for
00 o the o,=1.44 fm case the system is stable with no particle

1 Geviey 2 1 eoviey emission, and simultaneously both the density and momen-
" tomic T oot tum distribution are reasonable. Fof=1.04 fm case the
' system becomes unstable even at an early time
=150 fm/c [see Fig. Ba) (Fig. 2)] and there is a spurious
emission of about 30 particles until 800 fnit is because
too small ao, corresponds to too larged,, which leads to
too large an average kinetic energy per nucleon. In describ-
03 ing heavy-ion reactions, if spurious emission becomes seri-
ous, the results will become invalid. Therefore, in Hé&0],

FIG. 4. The time evolution of the momentum distribution of & larger wave-packet width for the AwAu case and a
20 The dash-dotted curves denote the initial momentum distriSmaller width for Ca Ca case were taken. This treatment
bution obtained from the relativistic mean-field calculations. TheSEEMS to us to be reasonable.
dashed and solid curves denote the momentum distribution without For light nuclei, let us look at Fig. 6, which shows the
and with the phase-space density constraint taken into account, réfme evolution of the root-mean-square radius “8€a for
spectively. o,=1.3 and 1.04 fm. The figure demonstrates that if too

p (GeV/c) p (GeVic)
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t=5fm/c 5.0 . .
L\ ST R 40 : |
0.20 0.20 Ca o, size dependent
i — 4.5 --- 6=13fm .
o?E“ 015177 ‘e 0.15 r
S o1t a 0.10
00517 | 0.05 E
8 N o =
SRz o
0 & «i: % 50 - A
X (fm) -12 x (fm) s
t=250fm/c t=600fm/c
0.20 1% ‘ i I b5
e 5 2.5 o
£ o151 £ 0.15
a . = |
0.10 0.10 20 . .
0.05 0.05 0 100 200 300
8
& <0 t (fm/c
0 s e o 6 12 (me)
(@) x(my © 12 12 x (fm)

FIG. 6. The time evolution of the root-mean-square radius of
40ca with the system-size-dependent wave-packet wigiblid
curve and the fixed widthr,=1.3 fm (dashed curve

their own wave-packet widths before contact; after contact to
projectile and target gradually melt into one system, and con-
sequently all particles have a common width. In Sec. IlI B,
we will show the importance of taking a system-size-
dependent wave-packet width into account in describing the

> 8 1% ;
di Coulomb barrier.

t=400fm/c

D. Preparation of initial nuclei

As is well known, the initial condition is very important

in QMD calculations. In the present work, the preparation of
initial nuclei is as the following: First, the neutron and proton
density distributions of the nuclei are obtained by means of
RMF calculations. Then the positions of each nucleon in
nuclei are sampled according to the density distribution ob-
tained. Second, based on the density distribution given by
expression5), the local Fermi momenturRg is obtained by

the local-density approximation. Considering that the mo-
mentum of each nucleon is also represented by a wave

large a wave-packet width is used the fluctuation of the ayPacket with a width ofo, which satisfies the minimum un-
erage root-mean-square radius will become large because 6¢rtainty relationo.o,=#/2, the local Fermi momenturi
the too large localization region. A large fluctuation of the Us€d in sampling the momentums of nucleons should be
root-mean-square radius means the instability of a nucleugmaller thanPg. The differenceA P=Pg—Pg should be
and it should be avoided. roughly equal to the width at the half height of the Gaussian
Based on the above discussion we propose a system-siZ&ave packet in momentum spafsee expressiof6)]. For
dependent wave packet width light nuclei (the mass is smaller than Lé/e make a slight
adjustment ofA P which is less than a tenth &fP.. The
other procedures are similar with the normal QMD model in
making preprepared nuclei. To check the stability of the
whereN is the number of nucleons bound in the system. Wepreprepared initial nuclei, we let the preprepared nuclear sys-
will show in Sec. Il A that after introducing the system-size- tems evolve for at least 600 fm/then the ground state prop-
dependent wave-packet width, our model is able to describerties, including the root-mean-square radius, the binding en-
the bulk properties of nuclei in a wide mass region fréi  ergy, the density distribution, the momentum distribution, the
to 2°%b. In order to introduce the system-size-dependenphase-space distribution, etc. are checked elaborately. Only
wave-packet width into heavy-ion reaction process, in eaclthose preprepared nuclei for which the bulk properties and
time evolution step for each particle we have to check howtheir time evolution are good enough, and there is no spuri-
many particles are bound together with this particle to seelbus particle emission for a long enough time, are selected as
the size of the system to which the particle belongs. Forgood initial nuclei.” They are stored for usage in simulating
heavy-ion fusion reactions, the projectile and target haveeactions.

FIG. 5. The time evolution of the density distribution &b
with the wave-packet width taken to le) o,=1.04 fm and(b)
o,=1.44 fm.

o,=0.16NY3+0.49, (18)
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TABLE Il. The binding energies per nucleon and root-mean-properties of nuclei are quite satisfied. In addition to the
square radii for the ground state of selected nuclei flimto  static properties of the ground state of nuclei the behavior of
?%ppb. The binding energies are compared with experimental dataime evolution of those quantities are also very concerned. In
The root-mean-square radii are compared with those obtained frorpig_ 7 we show the time evolution of the binding energies
the empirical formulg24]. and root-mean-square radii fdfO, “°Ca, %°Zr, and 2°%pPb.

One can see that their binding energies and root-mean-square

Nuclear name Binding energy Mean-square radius 4 i remain constant with a very small fluctuation for a long
QMD EXp. QMD Data enough time. One can further find, that the larger the size of

6L 578 5.33 213 207 a nucleus is, the smaller the fluctuations of the binding en-

160 8.01 797 285 2 64 ergy and mean square root of the radius with time evolution

30p 8.32 8.35 335 312 are which is because the mean field effect becomes stronger

1005 855 855 354 338 as the system size increases.

0zr 8.57 8.71 4.25 4.25 ,

l08pg 841 8.50 4.47 4.48 B. Coulomb barrier

144Nd 8.25 8.27 4.84 4.87 The Coulomb barrier plays a very important role in de-

¥Au 8.01 7.92 5.30 5.35 scribing fusion reactions. Its height and width are two sensi-

208pp 7.87 7.87 5.41 5.43 tive quantities in WKB calculations for fusion cross sections.
In the QMD model, the Coulomb barrier is calculated micro-
scopically by using the expressions

Il. RESULTS
A. Properties of the ground state Vp(r)= f d3r1f A3r oo (ri— 11 )V(ri—r2)pa(ra—rag),
In Table Il we give the calculated results of binding ener- (20

gies and root-mean-square radii for ground states of
6Li, 1%0,%%, 49Ca%zr,%ag, #Nd,'’Au, and 2%%Pb. The
binding energies are compared with experimental data, and
the root-mean-square radii are compared with those obtaineslherep, andp, are the density distribution of projectile and
from the empirical formuld24] target, respectivelyr,;. andr,. are their centers of mass,
~r 13 respectively. By using the QMD model, both the stati_c and
(rey"“=0.82A""+0.58. (19 dynamic Coulomb barrier can be calculated. The static den-
sity distribution of the projectile and target is adopted for
One can see that the calculated binding energies are in goaalculating the static Coulomb barrier, while the dynamical
agreement with experimental data, and the root-mean-squacdensity distribution for fusion partners is adopted for the
radii are also in good agreement with empirical values ob-dynamic barrier. Therefore, for the static barrier the dynami-
tained from Eq.(19) except for small nuclei. For small nu- cal effects experienced by fusion partners during the reaction
clei, our results are a little bit better than the empirical for-process are not taken into account. In this section we only
mula when we compare them with experimental da®e discuss the static Coulomb barrier and leave the dynamical
Ref.[12]). Considering how few parameters we use in thisCoulomb barrier to be discussed in Sec. Il C. Concerning
model, the obtained results in describing the ground-statéhe static density distribution, we let the initial projectile and

r:|rlc_r20|v

6116 61 16
4 (o) £, (0]
c —BMWWMMWNW\W s V\/\/\/\/~r\/\/~/—\/\/
g o °S-c 2
w
0 100 200 300 400 500 600 000 200 300 400 500 600
t (fm/c) 8 t (fm/c)
_; 4"’ca E 4 ‘°Ca
- = R NP S N
_Q,AWWA/WWMWM i_"
v 2
10 . .
W 70 200 300 400 500 600 0 100 200 300 400 500 600 F'G- 7. The time evolution of the b_!ndmg en-
2] o0 t(fmic) —~ | t (fm/c) ergies and the root-mean-square radii for ground
7197 6] " Zr
8 ;5 states of!%0, %°Ca, °°zr, and 2°%pPb.
8 e
Y e R
é 10 v 2
w”
0 100 200 300 400 500 600 0 100 200 300 400 500 600
-6 208 t (fm/c) _8 a8 t (fm/c)
7 Pb Ee Pb
; -8 E: T ————— T —
§_ -9 V4
=
100 200 300 400 500 600 0 100 200 300 400 500 600
t (fm/c) t (fm/c)
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120 T T T T T T " T T 1000 5 T T T T T
Y “Ca+"zr 1*ca+*zr ,MM
1 \ 1 4
100 ! —x— Prox. T - 100—§ 3
H o, size dependent -g ] %—Exp.
S 804 N T g=1.3m i . —e—QMD
o | --- 5=1.04fm o 103
< f s
> ] ;
1_5 |
| E
40+ I ]
: 01 T T T T T
I . o
20 e “ca+*zr .
5 10 15 20 25 30
¢ — 1004 —*—Exp.
r (fm) a —e—QMD
FIG. 8. The static Coulomb barrier fd’Ca+ %zr. The solid g
curve denotes the results with the system-size-dependent wave © |
packet width. The dotted and dashed curves denote the results wit b ]
o,=1.3 and 1.04 fm, respectively. The result of proximity potential /
is given by the crossed curve. J
14 } kK
target nuclei evolve under their self-consistent mean fields 85 90 95 100 105 110 115
individually for about 300 fn. Then we take the density E_ (MeV)
c.m.

distribution at this time as a static density distribution to

calculate the Coulomb bargier. I;iogure 8 shows the average g 9. The fusion cross sections féfCa+ %%7r. The solid
static Coulomb barrier for'®Ca+ °Zr reactions. The solid  cyrves denote the results of this work and the crossed curves denote
curve denotes the results calculated with the system-sizgne experimental datéaken from Ref[26]).

dependent wave-packet width. The dotted and dashed curves

denote the results calculated with a fixed wave-packet width B

o, equal to 1.3 fm(adopted iM13]) and 1.04 fm(adopted in crfus=277f bgs,(E,b)db=27>, bg,< E,b)Ab.

[10]), respectively. In order to make a comparison, in the 0

figure we also show the result from the proximity potential (21)
[25] (the crossed curyeOne can see that the Coulomb bar- . o o
rier calculated with our improved QMD model is in good The distance from projectile to target at initial time is taken
agreement with that from the proximity potentiab], except ~ t© bel=20 fm. o o _

in the case when two nuclei overlap in space. The reason for 1he definition of fusion in the QMD model is still a dif-
the deviation in the overlapping region is that the proximityf'cun problem which needs to con3|der_carefully. In time-
potential is only applicable to the case when two nuclei arélépendent Hartree-FockTDHF) calculations, the fusion
not overlapping, and may not be able to give an accurat&Vent is defined rather ope_ratlonall_y as the event in which the
result at the overlapping region. However, the Coulomb barc0@lesced one-body density survives through one or more
riers calculated with a fixed widthr, , taken to be 1.3 and rot_atlons_of comppsne system or through several ogcﬂl_a’uons
1.04 fm, are either too low or too high compared with a0f its radius. In this work we also use the same definition of

proximity potential. This figure indicates the importance of fusion event with that in TDHF calculations. In addition,

taking the system-size-dependent wave-packet width in dec_onsid_ering_the specific feature of QMD calculati_ons, an
scribing the Coulomb barrier. event in which one or several nucleons escape prior to the

formation of compound nucleus is still regarded as a fusion
_ _ event[18]. Here we consider any event, for which the num-
C. Fusion reaction ber of nucleons that escape during the process of forming
After making the preparation of initial nuclei as men- compound nuclei is equal to or less than 6, a fusion event.
tioned in Sec. Il D, we elaborately select ten projectile nuclei Figure 9 shows the fusion cross sections far “°Ca
and ten target nuclei from thousands of preprepared systems. °°Zr and (b) “°Ca+ %Zr, respectively. Experimental data
By rotating these prepared projectile and target nuclei aroundre taken from Ref.26]. One can see that our model predic-
their centers of mass by a Euler angle chosen randomly, wion agrees with the experimental data remarkably well for
create 100 bombarding events for each reaction ereayyd  both “°Ca+ °%Zr and “°Ca+ %6Zr cases. Neither adjusting pa-
impact parametel. Through counting the number of fusion rameters nor adding some special reaction channels for
events, we obtain the probability of fusion reaction neutron-rich nuclear reactiorisee Ref[27]) are needed in
Orus(E,b); then the cross section is calculated by using theour approach. This implies that our model is quite successful
expression in describing neutron-rich nuclear fusion reactions near bar-
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FIG. 10. The excitation function of fusion cross sections for  E|G. 11. The Coulomb barrier for fusion reactié?Ca+ %7r at
*Cat *zr. the energyE.,=95.0 MeV. The solid curve denotes the static

) _ ) ) o Coulomb barrier and the solid curve with dots denotes the dynamic
rier. To investigate the effect of neutron-rich projectile oncoulomb barrier.

fusion cross sections, we show the calculation results of fu-
sion cross sections fof’Ca+ *°Zr in Fig. 10. From the com- rier Jowering, i.e., the barrier lowering is most significant at

parison of th8e fusg’on cross sections f6?Ca+ zr, AOC{i energy near to the barrier height, was also observed in Ref.
+9%Zr, and **Ca+ *°Zr, one can easily find that there is a [7] for symmetric oxygen and nickel isotopes by means of
strong enhancement of fusion cross sections for neutron-ricfhe mean-field transport theory.

nuclear reactions. In order to study the mechanism of the Now let us study the effect of a neutron-rich target by
enhancement of fusion cross sections for neutron-rict&omparing reaction§’Ca+ °°zr and *°Ca+ %7r at energies
nuclear reactions, we study the height of dynamic Coulomiyear the barrier. Fof°Cat %Zr case, aE,,=107.6 MeV,
barrier, the potential well of compound nuclei, and the neuthe average height of the dynamic Coulomb barrier is about
tron and proton density distributions of compound nuclei.gg 2 MeV which is lower than that of the static Coulomb
Here the height of the dynamic Coulomb barrier means th@garier (about 98.0 MeV), and the average depth of the
height of the highest Coulomb barrier experienced in thgnean potential well of compound nuclai.,, is about
path of fusion. The method for calculating the dynamic Cou-45 38 Mev. Comparing with the non-neutron-rich target
lomb barrier is given in Sec. IlIB. The potential well of @ a5e of49Cat %7r, one can see that at this energy the height

compound system is given by the expression of the dynamic Coulomb barrier for both cases is almost
equal, and the mean potential well of compound nuclei
A0y 965
Vo (r' zf OV(r—r’)d3r, 22 formed in *Cat *°Zr is only about 0.3 MeV deeper than
corl")= | Peom( MV ) 22 that in “°Ca+ °°Zr. But, as the energy decreasesHg,,

) o ~=95.0 MeV, the height of the dynamic Coulomb barrier for
wherepq,n(r) is the density distribution of compound nuclei 40ca+ 97 is about 80.6 MeV which is more than 5 MeV
formed in fusion reactions, anil(r—r’) is the effective |ower than that for the’®Ca+ °Zr case. While the depth of
+%zr, *Cat °Zr, and *Ca+ °Zr at E;n=95.0 MeV  fusion process at this energy increases a little compared with
(just below the barrigrand 107.6 MeV(above the barrig¢r  tnat at E.m=107.6 MeV for both“°Ca+ °Zzr and “°Ca
are listed in Table Ill. One can find that the dynamical Cou- 9%z, cases. From the above discussion, we find that the
lomb barrier is energy dependent. The barrier lowering isyynamic Coulomb barrier for the neutron-rich target case
stronger at 95 MeV than at 107.6 MeV. This feature of bar-40c44 97 decreases much stronger than that for non-

neutron-rich target cas#Ca+ °°Zr as the energy decreases

TABLE Ill. The height of the dynamic Coulomb barrier and the f,om 107.6 to 95.0 MeV. Consequently, it leads to a stronger
depth of the mean potential well of the compound nuclei in fUSionenhancement of the fusion cross sections Rga+ %7r at
reactions*®Ca+ %zr, 4%Ca+ %zr, and “®Ca+ °°zr at E, ,,=95.0 lower energies

and 107.6 MeV, respectively. Let us turn to the neutron-rich projectile cas&Ca
+ 97r. Figure 11 shows a comparison between the static and

dynamic Coulomb barrier for reactioffCa+ °%Zr at an en-
ergy ofE;,,=95.0 MeV. The solid curve denotes the static

Fusion reaction E;,=95.0 MeV E.n=107.6 MeV
Vp(MeV) Viom(MeV) Vy(MeV) Viom(MeV)

“OCat %7r 85.2 44.97 88.1 44.92 Coulomb barrier, and the solid curve with dots denotes the
40Ca+ 9zr 80.6 45.38 88.2 45.29 dynamic Coulomb barrier. One can see that in this case the
48C g4 907¢ 84.4 45.21 85.4 45.03 dynamic Coulomb barrier is lower and thinner than the static

Coulomb barrier. Concerning the height of the dynamic Cou-
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101 ' ' ' ' ' ' ' ] From the above discussion we can attribute the mecha-
— E,,=95.0MeV , nism of the enhancement of fusion cross sections for reac-
S ol 7 ) tions with a neutron-rich target or projectilé’Ca+ %6zr
s a4 48Cat+ %zr, to gaining a larger dynamical barrier lowering,
2 0l or forming a more favorable potential well of a com-
= pound system, or both. However, as soon as the two nuclei
2 -20- approach each other, their shapes can be deformed and,
£ after contact, a neck will develop, which will lead to barrier
30 . lowering. What is the role played by the excess neutrons
in a neutron-rich projectile and target in this dynamical
-40 1 1 process? How do protons and neutrons transfer during the

0 3 4 & & 10 12 1 16 fusion process? All these problems are very important for
further understanding the mechanism of the enhancement of

r (fm) the fusion cross section. They will be studied in our future

FIG. 12. The comparison between the mean potential wells o}/\/ork.
compound nuclei formed in fusion reactiof§Cat °°Zr, “°Ca
+ 987r, and “8Ca+ °°Zr. The dotted, dashed, and solid curves are IV. CONCLUSION

for 4%Cat %0zr, 4%Cat %zr, and “8Ca+ %°Zr, respectively. ) )
In this work, we have developed an improved QMD

lomb barrier, from Table Il one can see that at the energymOdeI' The improvements mainly include introducing the

. . system-size-dependent wave packet width and taking into
Eem= 1%'6 'VE'SV* the height of the dynamic Coulomb bar- ;.o nt the effects of the surface term and the phase-space
rier for "*Cat “Zr is about 850'4 MgeV, Wh'CQO'S al%(gut 3 density constraint. By using this model the ground-state
MeV lower than that for both*°Cat *°Zr and **Ca+ *Zr  yrgperties, including binding energies, root-mean-square ra-
cases. AtE;n=95.0 MeV, the height of the barrier falls gjj density distributions, and momentum distributions, as
about 1 MeV, and is lower than that fo’Ca+ °°Zr but  well as their time evolution for selected nuclei frofhi to
higher than that for*®Ca+ °Zr. The mean potential well of 208pp have been described very well with one set of param-
the compound nuclei formed iffCa+ °zr is a little deeper eters. The Coulomb barrier has also been described well, and
than that formed if°Ca+ °%Zr. On the other hand, the shape the experimental data of the fusion cross sections*fara
of the mean potential well formed in the fusion process may+ °%°Zr have been reproduced remarkably well without in-
also influence the fusion probability. In Fig. 12 we show thetroducing any new parameters. In addition, the fusion reac-
mean potential wells of compound nuclei formed ¥Ca  tions for *®Ca+ °zr at energies near barrier have been stud-
+ 997r (the dotted curve “*°Ca+ %7r (the dashed curye ied. The mechanism for the enhancement of fusion cross
and *8Ca+ 9Zr (the solid curve One can find that the mean Sections for neutron-rich nuclear reaction near a barrier has
potential well of compound system formed #8Ca+ %zr is been analyzed an_d attributed to a larger dynam|<_: lowering of
obviously wider than the other two cases. And when energyh€ Coulomb barrier, or a more favorable potential well of a
decreases frork, ,=107.6 MeV toE.,=95.0 MeV, the compound system formed in a fu§|on process, or both. Nev-
depth of the mean potential well of compound nuclei formecdertheless, the problems concerning the neck dynamics and
in “8Cat %7r increases more than the other two ca@es the mass transfer hav_e _not been discussed in this paper. Work
Table 11l). In order to understand the reason for forming the@Pout these aspects is in progress.
different mean potential wells in these three different reac-
tions, we show the neutron and proton density distributions
of compound nuclei for three cases in Fig. 13. From this
figure one can see that the proton distribution for reaction Supported by the National Natural Science Foundation of
48Ca+ 99Zr is more suitable for forming a more stable com- China under Grant Nos. 19975073, 10175093, and
pound nuclei. This kind of density distribution seems to havel0175089, and by the Science Foundation of Chinese
the advantage of forming a favorable potential well whichNuclear Industry and Major State Basic Research Develop-
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