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Abstract By using an improved isospin dependent quantum molecular dynamics model, the fusion reaction near coulomb barrier is

studied for the '°0 + '90 system. The surface energy of the system is improved by a switch function method, which combines the sur-

face energies of projectile and target with the one of compound nucleus in a proper way. The calculated fusion cross section increases

obviously by using this method, which turns away the unphysical nucleon emission in the process of projectile and target approaching

since the deformation effect of the surface has been embodied by the switch function method.
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The synthesis of superheavy elements( SHEs) was and is
still one of the most hot research objects in nuclear physics.
The properties of SHEs were investigated both theoretically
and experimentallyilig]. There are mainly two methods for
the synthsis of SHEs experimentallym’” , cold fusion reaction
with which the superheavy elements from 110 to 112 were
synthesized at GSI and hot fusion reaction which was used in
Dubna for the synthesis of the elements 114 and 116. The
properties of SHEs were studied theoretically using the Struti-
nsky methodis’ﬁj, where the ground-state deformation, the
fission barrier, binding energy and competition between vari-
ous possible decay modes were also investigated. However,
the dynamical process of the formation of SHEs is not under-
stood well enough:ﬂ. Recently, few aitempts were undertak-
en to develop models for describing the fusion process and for
reproducing the measured cross section data based on dinu-

[7—9]

clear system Microscopic transport theory such as

isospin dependent quantum molecular dynamics ( IQMD )
which has been used successfully for studying isospin effects

10,11]

of heavy ion collisions at intermediate energies[ is a suit-

able model for describing the process of SHE formation. But
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the model meets difficulty to study the fusion reaction near
Coulomb barrier, since some unphysical nucleon emissions in
the process of projectile and target approaching.

In this paper we propose a new method in which the sur-
face term of the system is replaced by a switch function com-
bining the surface terms of the projectile and target with the
one of the compound nucleus. The deformation effect will be
embodied by considering the switch function, where the de-
formation is caused by the nuclear and Coulomb interaction in
the process of projectile and target approaching. The calcu-
lated fusion cross sections increase obviously by using the
method.

In IQMD, nucleon i is represented by a coherent state

of a Gaussian wave packet,

1 - r-r : L ip.er,
Gt = gy T e )

where, r;, p; are the centers of i-th wave packet in the coor-
dinate and momentum space, respectively, which satisfy the
canonical equation of motion. I is the so-called Gaussian
wave packet width (here L = 1.72fm?). The total N-body

wave function is assumed to be the direct product of these co-
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herent states. After Wigner transforming for Eq. (1), we get
the nucleon’s Wigner density distribution in the N-body

phase space

- r 2

firop o) = ysens| LR
— . 2,

[ppé#,]. (2)

e nucleons in the system move under the selfconsis-
Th 1 the syst der the self
tently generated mean-field, and the time evolutions of r; and

p; are governed by Hamiltonian equation of motion

Ipi_ _IH I _IH (3)
at__ari’ at_api’

H=T+U, (4)
2
_ Pi
T = o (5)

The effective interaction potential energy is composed of
the local interaction potential energy and Coulomb interaction
potential energy,

U= U]oc + UCou] ’ (6)

and
Uloc = JV]ocd3r‘ (7)

Ve 1s the local interaction potential energy density and can
be derived directly from zero-range Skyrme interaction poten-
fial 24T,

p(r)2+ g ,O(r)”1+Clm(,op(r)—p,,(r))2
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By using

(F); =in(r)Fd3r, (9)

the local interaction potential energy can be written as,

P B o' Cyn
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(o, — pu)? g
Jp7d3r+J7(Vp)2d3r, (10)
Lo 200
where the former two terms, the third term and the last term
correspond to the volume energy, the symmetry energy and
the surface energy, respectively. The interaction density

0:(r) is given by,

(1) = )3/2Lexp[— (r, - r)2/4L] (11)

(4L
The Coulomb potential energy is obtained from the form,

Utout = A ZJM r)

iz

7 I‘OJ( Erdr . (12)

The symmetry term and the Coulomb potential energy

can be written by the following sum forms:

C

1 (r; = 1)?
_ __sym . _ i I
Usym - 2{00 oy tlztjz 4(7rL)3/2eXP[ 4L ] 3

(13)
1 )erf(ry/ V4L),
(14)

where the i, is the z-th component of the isospin degree of

UCoul = e ZJ

e Ty

=1+ )01 +

freedom for the i-th nucleon, which is equal to 1 and — 1 for
proton and neutron, respectively. The relative distance r; =
The Cg,,

lry =l is the symmetry strength. The parameter

sets for these equations are shown in Table 1.

Table 1. The parameter sets of the model.
a/GeV  B/GeV b Com/CeV  g/CeVefn?  po/fm™3
-0.356 0.303 7/6 0.032 0.12 0.165

The a, 3,7 are taken corresponding to the soft equation
of state, which give the incompressibility coefficient of order
of 200MeV for a saturation density 0.165fm ™3 .

In our model, the surface term of the system is improved
by switch method which connects the surface energies of pro-
jectile and target with the one of compound nucleus. The

switch function is expressed as:

S=cC C Rlow +C ( R- Rlow ) 2 C ( R- Rlnw )
0 R - Rlow > Rup - R]ow " R Rluw *
R_Rlnw )4 ( R_Rlow )5
C4( Rup - Rlnw * CS Rup - Rlow ) (15)

R is the distance of the centers between projectile and
target. R, and R, are the distance between centers at initial
time and final time at which the compound nucleus is formed
(R,, = 15fm and R,,, = Ofm) respectively. The parameters
Cy, C, Cy, C5, C4, Cs are taken to be 0, 0, 0, 10,
—15, 6, respectively, which assures the continuity of the
surface energy and its first derivative. The surface interaction
energy is expressed as

Uston = (Upii + Us) S + Ui (1= 8), (16)

here U™
model, the standard Yukawa potential is replaced by the gra-

denotes the suface term of the i-th system. In our

dient potential .

The neutron and proton density distributions for the ini-
tial projectile and target nuclei are determined from the
Skyrme-Hartree-Fock method! " Using IQMD method to
study the heavy-ion collision at low energies near coulomb

barrier is necessary to construct the stable nucleus. because
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this ensures no nucleon emission before projectile and target
contact each other. The stability can retain over 800fm/ ¢ as
the Fig. 1. The calculated binding energy and root mean
square radii are — 8.18 MeV and 2.58 fm, respectively,
which are consistent with the experimental data —7.98 MeV

and 2 .64fm!"> quantatively .
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Fig. 1. The time evolution of the root mean square radius

(rms) and the binding energy (E,) of the 150 nucleus.

The relation of the surface energy and the distance be-
tween the two centers can be seen from the Fig. 2. The dis-
tance between the centers at initial time is taken to be R =
15fm. The line with solid circles denotes the surface energy
with switch function calculated by Liquid Drop Model
(LDM), the lines with solid squares and solid diamonds are
the surface energy with switch function calculated by Yukawa
and density gradient method, respectively, and the lines with
open squares and open diamonds represent the surface energy
calculated by IQMD with and without including switch func-
tion, repectively. It is clear that the surface energies calcu-
lated with three different methods (LDM, IQMD and switch
function) are almost the same at initial time ( R = 15fm),
however, the surface energies calculated by IQMD increase
obviously after projectile and target touch each other ( R =
6fm) . We can also see from the figure the switch function
method is more reasonable, which the surface energies de-
crease gradually until to the compound nucleus formed and
can bound suitably these unphysical nucleon emissions.

As a test for the switch function, Fig. 3 gives the inter-

action surface energy (solid line) E;, = E, - E, - E, and

the work W :J(Epl -k, - E.) S (R)dR (dashed line)

derived from the switch function as well as the discrepancy
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Fig. 2. The surface energies of the system calculated with

different methods as a function of the distance between centers.

(dotted line) AE = E,, — W. It is clear that, the variance of
the interaction surface energy with the distance between the
centers is more visible than the work before projectile and tar-
get touching each other ( R = 6fm), at the same time, since
considering the switch function, the spherical form of the nu-
cleus '®0 can be retained reasonably. With further approach-
ing until to 4fm, the interaction surface energy and the work
decrease rapidly, this is because the neck dispersion lead to
neck density and the density gradient decreasing gradually.
However, for the distance less than 4fm, the density and the
density gradient increase apparently since the overlapping re-
gion expansion, which result in a rapid increase of the inter-
action surface energy and work. From the figure, we can see
that the interaction energy and the work are almost the same
at initial time and at final time ( R <3fm) at which the com-
pound nucleus is formed. Simultaneously, the difference be-

tween K, and W in the intermediate process is converted into

nt

the volume energy and the kinetic energy etc.
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Fig. 3. The interaction surface energy (—), the work (----)

and their variance ( - - - ) versus the distance between centers.
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The fusion cross section oy, is obtained by following ex-

pression:
oh = 22 db - BP(), (17)

where P((b) stands for the fusion probability for the impact
parameter b. P;(b) is estimated by P (b), which is ex-

pressed as

ﬁf:ﬁ, (18)

where n is the number of complete fusion events and N the
number of total events. The reliability of the estimation is giv-

en in following

| P(b) — P(b) I <AP;, (19)
172
Ama.@-[%] . (20)

In our calculation, the total events are over 2000, the
relative error of the fusion probability AP/ P; is very small.
The fusion cross sections are shown in Fig. 4, which don’t
include the events of nucleon emissions in the fusion reac-
tion. The closed circles with error bars represent the experi-
mental data, the open circles with error bars denote the cal-
culated ones with considering the switch function and the pen-
tagrams with error bars are the calculated ones by the old
IQMD model. The experimental data are taken from Refs.
[16,17]. We can see from the figure that, the calculated fu-
sion cross sections increase apparently (increasing about a
factor of 2 or 3 comparing the old IQMD calculations) after
using the switch function method. Maruyama et al. took into
account the kinetic energy term of the momentum variance of
wave packets to the Hamiltonian'™®! they found that the cal-
culated fusion cross section increases obviously in a version of

QMD with the variance of the wave-packet. Wang Ning et

al. calculated the fusion cross sections for both © Ca + ®Zr

[19,20] , they

and “Ca + *Zr reactions near Coulomb barrier
found that the calculated cross sections were in good agree-
ment with the experimental results, but they included events
with emitting several nucleons (less than 6 nucleons) prior to
the formation of compound nucleus. Without those events in-

cluded, the calculated fusion cross sections would be much

smaller than the experimental values.
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Fig. 4. Comparison of the calculated fusion cross section by

considering the switch function method (O) and no considering

(5% ) with the experimental data (@) .

In summary, within the framework of the improved
isospin dependent molecular dynamics model we calculated
the fusion cross section in the '®0 + '°0 system and found that
the fusion cross sections increase apparently. Shell effect is
very important in heavy-ion collision at the energies near
Coulomb barrier, especially on the studies of superheavy nu-
cleus synthesis. How to take into account this effect in dy-

namical calculation is still an open problem.

References

1 Hofmann S et al. Z. Phys., 1997, A358: 377

2 Adamian G G et al. Nucl. Phys., 1998, A633: 409

3 Hofmann S et al. Rep. Prog. Phys., 1998, 61: 373

4 Oganessian Yu Ts et al. Nature, 1999, 400: 242

5 Strutinsky V M. Nucl. Phys., 1968, Al122: 1

6 Smolanczuk R. Phys. Rev., 1999, C59: 2634

7 Denisov V Yu, Hofmann S. Phys. Rev., 2000, C61: 034606
8 Smolanczuk R. Phys. Rev., 2001, C63: 044607

9 Abe Yetal. ). Phys., 1997, G23: 1275

10 ZHANG F S et al. Phys. Rev., 1999, C60: 064604
11 ZHANG F S et al. Euro. Phys. J., 2000, A9: 149
12 ZHANG F S. Z. Phys., 1996, A356:163

13 Suraud E. Nucl. Phys., 1987, A462: 109

14 Brack M et al. Phys. Rep., 1985, 123: 276

15 Bartel J et al. Nucl. Phys., 1982, A386: 79

16 Fernandez B et al. Nucl. Phys., 1978, A306: 259
17  Saint-Laurent F et al. Nucl. Phys., 1979, A327: 517
18 Maruyama T et al. Phys. Rev., 1996, C53: 297

19 WANG N et al. Phys. Rev., 2002, C65: 064608
20 WANG N et al. Phys. Rev., 2003, C67: 024604



Cial LIRS : A (3 2 I I 5 L WL IR S 45

B C T 2 M A A R AL OFR 5

CTT I T UNES QUENE

TN TR F A8 E S B WS 0 241 730000)
2T ERERIE A AT M 730000)
3CIE S IRTE A HIRRE R PR BT kst 100875)
A(T ERPF B RS b 100049)

BE FAABRENETOTHAFTHAT0+°0 B LMENE RN, HEER KN T A EAN
KERBT kit FIARM T RBRTENENRT R R eREATHENE I, XZFA AWK
TR BL A P R HORE I, AT T REAR AR W ENETRA .

KR EToTHA¥ERE SERH RE#®

2004 - 05 — 12 Wik

% [ HRBEEHEE S (10475100) %l
WM,

1) E-mail: fszhang@bnu. edu. cn



