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Abstract: To explain the experimental observation that the fusion cross-section of a proton-halo nucleus with a heavy

target nucleus is not enhanced as expected, the shielding hypothesis was proposed, where the proton-halo nucleus is

polarized and the valence proton shielded by the core. In the frame of the improved quantum molecular dynamics

. . 17 208
model, the fusion reaction F on

Pb around the Coulomb barrier is simulated. The existence of the shielding effect

is verified by the microscopic dynamics simulations. Its influence on the effective interaction potential is also invest-

igated.
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1 Introduction

Heavy-ion fusion reactions have attracted much atten-
tion in recent years [1-4], because they are not only one
of the important ways to synthesize new super-heavy ele-
ments (SHE), but also an important method to study nuc-
lear structure and nuclear reaction mechanisms. With rare
radioactive beams provided by many laboratories in the
world, it is possible to study the properties of nuclei loc-
ated near the drip lines, and to study nuclear reactions by
using projectiles with exotic properties, considerably dif-
ferent from those along the B stability line. Because of
new phenomena in weakly bound nuclei [5-12], such as
increased probability of neutron transfer and fusion [13]
and increased breakup probability, one of the hot topics
in SHE synthesis is the fusion with weakly bound nuclei,
especially with halo nuclei.

Halo nuclei, in which the valence neutron(s) or pro-
ton(s) are very weakly bound, are expected to give rise to
new phenomena in nuclear reactions. In the semiclassical
picture, the nucleus with a low binding energy usually
has a larger radius, and the probabilities of specific reac-
tion channels, such as neutron transfer and fusion, in-
crease [13]. However the experiments with the proton
drip line nucleus ''F on “*Pb at energies around the Cou-
lomb barrier do not observe enhancement of the fusion
cross-section due to breakup or to the large interaction ra-

dius [14]. For the reaction "F+%Pb at energies around
the Coulomb barrier, Liang showed that the influence of
breakup of ''F on the fusion cross-section is quite weak
[5]. One of the hypothesis to explain the expenmental
data is the so-called "shielding effect". In the reaction, F
is excited to the first excited state becomes a proton-halo
nucleus (hereafter denoted as 'F ) and is polarized as the
valence proton 1s repelled by the reaction partner, and is
shielded by the '°O core. With such a shielding effect the
effective interaction radius is smaller than one of ''F in
the first excited state, and the fusion rate does not in-
crease as expected.

In this work, using the improved quantum molecular
dynamics model (ImQMD) and taking "F+ *®Pb as an
example, we try to verify the existence of the shielding
effect of the valence proton in fusion reactions, and in-
vestigate its influence on the effective interaction poten-
tial. The paper is organized as follows. In Sec. 2, we
briefly introduce the model. In Sec. 3, we present the im-
provement of the ImMQMD model needed to describe the
halo nucleus and the shielding effect in fusion reactions.
Finally, a brief summary is given in Sec. 4.

2 The model

The quantum molecular dynamics (QMD) model built
by Aichelin and Peilert et al. [15, 16], which intuitively
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describes the microscopic dynamics of a nuclear reaction,
is a powerful tool for studying heavy-ion collisions
(HICs) at intermediate energies. Several versions of the
QMD model, such as ImQMD, IQMD, IQMD-BNU,
IQMD-IMP, IQMD-SINAP, JAM, JQMD, TuQMD, Ur-
QMD, have been developed and successfully applied in
various research fields. A detailed discussion of the QMD
models can be found in Refs. [17-19]. The ImQMD mod-
el [20-26], used in this work, is briefly described below.
In the ImQMD model, the nucleon is represented by a
Gaussian wave packet, which reads
(r=r)* i
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where r;, p; is the center of the wave packet of the ith
nucleon in the coordinate and momentum spaces, and o,
is the width of the wave packet in the coordinate space.
Considering the size of the system, o, can be expressed as

éi(r) =

o, =00A P+ o, 2

where 4 is the nucleon number, and o and o are the
parameters obtained by fitting the properties of many 8
stable nuclei. Using the Wigner transform of the nucleon
wave function and summing over all nucleons, one can
get the phase space distribution function of the nuclear
system, which reads
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where o, is the width of the wave packet in the mo-
mentum space, which satisfies the minimum uncertainty
relation o,-0, = 4. The center of the wave packet for
each nucleon evolves following the Hamilton canonical
equations,
OH ) O0H
= = 4)
pi or;
The Hamiltonian, including the kinetic energy, Coulomb
energy and nuclear local potential energy, reads

¥

Uioc = fvlocdr’ (8)

where Vi, is the Skyrme potential energy density func-
tional without the spin-orbit term, which can be ex-
pressed as
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Here, p and py are the nucleon density and the saturation
density, respectively, and ¢ =(p,—p,)/p is the isospin
asymmetry. The parameter set used in Eq. (9), called
1Q3a, which has been successfully applied to the study of
fusion reactions [27, 28], is listed in Table 1.

3 Results and discussion

3.1 Preparation of the halo nucleus

The first step to simulate the reaction with the Im-
QMD model is the initialization of the projectile and tar-
get nuclei. As is well known, a good initial nucleus is
very important for QMD calculations, especially for reac-
tions at low energies. A typical method for preparing the
initial nucleus in QMD is the following: first, the posi-
tion of each nucleon is determined by Monte Carlo
sampling according to the size of the nucleus. Second,
based on the density distribution

(r—r)?

1 A
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the local Fermi momentum is obtained in the local dens-
ity approximation Pr = (3p)!/> — Apr, where APy is the
contribution of the width of the wave packet and is de-
termined by the binding energy. The initial momentum of
each nucleon is sampled randomly in the range 0-Pg. To
check the stability of the prepared nucleus, the prepared
nuclear system is evolved on its own for a short or long
period of time, depending on the type of reaction. Only
those nuclei with satisfactory properties, such as the root-

}, (10)

H=T+Ucou + Uloc- (5)  mean-square (rms) radius, binding energy, and time evol-
Each term of the Hamiltonian is written as ution, and for which there is no spurious particle emis-
A sion for a sufficiently long time, are selected as "good ini-
T = Z ﬂ’ (6)  tialnuclei".
; 2m In order to describe the halo-nucleus, which is a
| ) weakly bound nucleus, with such a semi-classical model,
Ucoul = = f pp(r) _c pp(r)drdr’, (7 special treatment in ImQMD must be used. The halo-nuc-
2 Ir—r| leus is usually considered as a system with a loose
Table 1. The model parameter set IQ3a.
a/MeV B/MeV Y gsur/( MeV fm?) g/MeV n Cs/MeV Ks/fm? p0/fm™3 oo/fm o/fm
-207 138 /6 16.5 14.0 5/3 34.0 0.4 0.165 0.02 0.94
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valence nucleon moving around a tight core. Taking the
proton-halo nucleus 17F* , its rms radius is 2.71 £0.18 fm,
and the rms radius of the valence proton is 5.33 fm [29-
31]. Hence, !7F* is considered as a system with a "0 core
and a valence proton. To save CPU time in ImQMD cal-
culations, the initial distance between the projectile and
the target is not infinity, as in the real situation, but has a
ﬁnlte value of 40 fm. There is a very large probability for

F to be excited by the heavy target nucleus at such a
short distance. Therefore, we sample the !7F* nuclei in the
initial state. In the ImQMD model, the '°O core is pre-
pared by the standard method. The experimental value of
the rms radius of the neutron in the first excited state of
17p* is 2.478 fm, meaning that the 'O core of 17F* is
smaller than the ordinary 'O nucleus, which has an rms
radius of 2.710 fm. As a result, the radius and the wave
packet width calculated using the ordlnary %0, are both
multiplied by 0.9 in the sampling of the %0 core. In or-
der to set the valence proton with reasonable properties,
two factors are considered. One is the position of the
valence proton, which should be far away from the core
in order to form the halo. The other is the wave packet
width of the valence proton, which reflects the range of
the nuclear force and has a clear effect on nucleus sur-
face diffusion [32]. It is obvious that Eq. (2) for the wave
packet width of the ordinary nucleon is not suitable for
the loosely bound Valence proton. The extreme surface
diffusion structure of ''F, i.e. its halo, requires a relat-
ively large width of the Valence proton wave packet By
optimally fitting the experimental data for "F , the initial
distance between the valence proton and the center-of-

mass of the core is set to R=R, + 1.6 fm where R, is the
radius of the proton dlstrlbutlon of the '°O core [33 34].
The wave packet width and the initial momentum is set to
V2 fm and 25 MeV/c, respectively.

The ImQMD model is a semiclassical model with the
Skyrme 6&-type interaction. It is quite difficult for a
weakly bound nucleus, such as a halo nucleus, to be
stable for a long time in this kind of model. The valence
proton will finally fall into the core due to its strong at-
traction. To maintain a stable halo, the so-called "sphere-
shell constraint”" is introduced into the model. If the
valence proton is too close to the core and tends to move
towards the core, or if it is too far and tends to move back
to the core, its momentum direction is changed randomly
by elastic scattering with the nucleon nearby.

Modifications of the method of preparing the initial
nucleus and the introduction of the sphere-shell con-
straint, allow to get !7F* which has sufficiently good
properties and is stable enough. In Fig. 1, the density dis-
tributions of the nucleons, protons, neutrons and the
valence protons in !7F* at 0 and 1000 fm/c are shown.
The experimental data [30] and the relativistic density de-
pendent Hartree theory (RDDH) [30, 35], are also shown
for comparison. It can be seen that although the halo of
the initial 17F* is small, the distributions given by the Im-
QMD model are reasonable. As the nucleons self-adjust
with time, the ImQMD model gives quite a good distribu-
tion, close to the experimental results and the RDDH the-
ory.

In Fig. 2 , we show the time evolution of the devi-
ation of the binding energy and of the rms radii of nucle-
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(color online) Density distributions of the nucleons, protons, neutrons and the valence protons in 17F* from experiments (a), re-

lativistic density dependent Hartree(RDDH) theory (b), and the ImQMD calculations (c) (d).
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Fig. 2. (color online) Time evolution of the deviation of the

binding energy and of the rms radii of nucleons, protons
and neutrons in ' 'F .

ons, protons, and neutrons in F". The binding energy
and the rms radii remain stable, with small fluctuations,
for a sufficiently long time.

3.2 Proton-halo nucleus fusion reaction

To obtain a stable halo structure, the sphere-shell con-
straint, which is not a self-consistent treatment, was intro-
duced into the model. The halo structure is easily des-
troyed when the halo nucleus enters the field of the target
nucleus. Hence, the sphere-shell constraint should be
switched off at a proper moment in the simulation, and
the valence proton can then move self-consistently in the
field of the system. To select a proper switch-off time, the
time evolution of the ratio between the force on the
valence proton from *®pb and from the core '°O was in-
vestigated, shown in Fig. 3 by the solid curve. For com-
parison, we also calculated the ratio between the Cou-
lomb force on the valence proton from **Pb and from the
core '°0, shown by the dashed curve, assuming that the
projectile and target are two charged points located at
their individual center-of-mass, and that they move with
their initial velocities. One can see that at the early stage,
the effect from the target is quite weak and that the Cou-
lomb force dominates. The influence of the target be-
comes rapidly stronger from 150 fm/c, and the effect of
the nuclear force becomes obvious. Therefore, the sphere-

0-20T 85 MeV "F*+**Pb b=0 fm
| - -- Coulomb

oz 0.10 -7 A
005 7 - 7
0.00 . . . . . . . .

0 50 100 150 200
t (fm/c)
Fig. 3. (color online) Time evolution of the ratio between

the force on the valence proton from **pb and from the
core of "'F .

shell constraint is switched off at 150 fm/c in the follow-
ing calculations.

We first checked the shielding of the valence proton
by the "0 core in the reaction ''F +"Pb at the energy
Ec.m = 85 MeV and b =0 fm. As illustrated in Fig. 4, the
angle 6 between the position vector of the valence proton
and the center-of-mass of ‘O could be a criterion for
shielding. If cosf < 0, the valence proton is considered to
be shielded by the %0 core.

The proportion of valence protons which are shielded
is defined as the ratio N;/N;, which is shown in Fig. 5. N
and N, are the number of events in which the valence pro-
ton is shielded during the reaction and the total number of
events, respectively. The case for the individual 17F* is
also shown for reference. One can see that for the indi-
vidual 17F*, the valence proton is distributed uniformly in
the halo. In the early stage of the "F+®Pb reaction,
when the projectile is far from the target, there is no obvi-
ous shielding effect. As the projectile moves closer to the
target, the shielded proportion increases. From 500 fm/c,
there are more events with the valence proton shielded by
the core. After 700 fm/c, when '°O is absorbed by the tar-
get to form the compound nucleus or is elastically
scattered, the shielding effect is disturbed.

By generating a large number of events at each incid-
ent energy E.n, and each impact parameter » and count-
ing the number of fusion events, the fusion probability
gtus(Ecm..b) can be obtained and the corresponding fu-
sion cross-section calculated as

valence 208py,
proton g
160 17 =
core F
Fig. 4. (color online) Sketch of the valence proton shielded
by the core.
0.70
0.65
c
2 0.60
S 055
S 0.50
0.45 . L . L . L .
0 200 400 600 800
t(fm/c)
Fig. 5. (color online) Time evolution of the proportion of

events in which the valence proton is shielded by the core.
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Ofus(Ecm.) =27ngfus(Ec.m.’b)bdb

227 )" gius(Eem »b)biAb, (11)

where Ab = 1 fm. An event is counted as a fusion (cap-
ture) event if the center-to-center distance between the
two nuclei is smaller than the nuclear radius of the com-
pound nuclei. Here, the quasi-fission probability for the
considered reaction systems is neglected [27].

In Fig. 6, we show the fusion excitation functions of
"F'+%Pb and "*0+**Pb calculated by the InQMD mod-
el. The experimental data are shown for comparison. The
results for "°O+*"Pb are shifted in energy by the factor
9/8 (the ratio of charges of F and O). The fusion cross-
section around and above the Coulomb barrier is repro-
duced quite well. Below the Coulomb barrier, the fusion
cross-section of ''F +"Pb is slightly higher than of
160+208Pb, but both overestimate the experimental data,
which is probably due to the fact that many quantum ef-
fects, such as the shell effect and the tunneling effect,
cannot be simulated in the present semi-classical Im-
QMD model. Although the present version of ImQMD
cannot describe fusion reactions at very low energies, it is
still reasonable to investigate the shielding effect by com-
paring the fusion cross-sections of "F+®Pb and
"0+**Pb. From F ig. 6, one can see that the fusion cross-
sections of ''F +""*Pb and '°0+""'Pb are close to each oth-
er, with no enhancement above or below the Coulomb
barrier.

As is well known, the classical fusion cross-section is
Ofus = nRgff, where R.g is the effective interaction radius
which is directly related to the radii of the projectile and

10°
1025- E
—~~
2 1
£ 10F
~— F
L [
0- 17E4208pp, Exp. =
10°F . F*+2%Ph IMQMD ——
: é | '%0+%%Ppb Exp(shifted) e
ot °O+™"Pb ImQMD(shified), —
70 75 80 85 90 95 100 105
Ecm. (MeV)
Fig. 6. (color online) Fusion excitation functions of
"F'+*Pb and "°O+"Pb calculated by the ImnQMD model

and compared to the experimental data. The results of
"%0+*"Pb are shifted in energy by the factor 9/8.

target. The system with a larger projectile and target nuc-
lei will have a larger fusion cross-section. The rms radii
of ''F and "°O are similar in the ground state. Once YFis
excited by **Pbtoa proton-halo nucleus with a larger ra-
dius, the fusion cross-section should be enhanced com-
pared to '%0+**Pb. However, the enhancement is not ob-
served in experiments. Taking the shielding effect into
consideration, the valence proton is pushed toward or
even behind the '°O core, and the thickness of the halo fa-
cing the target becomes smaller. This effect reduces the
effective interaction radius and changes the effective in-
teraction potential between the projectile and target nuc-
lei. In Fig. 7, we show the effective interaction potential
for the fusion reaction ''F +"°Pb at the energy E.n, = 85
MeV and b =0 fm, for the valence proton distributed uni-
formly, and for two extreme cases, the valence proton
located in front of the 'O core (6=0) and totally shiel-
ded (6 = 7). One can see that before the projectile touches
the target, the effective interaction potential is larger for
0 =0 than for 6 = &, while after the projectile touches the
target, the effective interaction potential is larger for 6 = n
than for 6 = 0. The competition between effective shield-
ing and no shielding of the valence proton may be one of
the possible reasons why the enhancement of the fusion
cross-section is not observed. The result for '‘O+*"*Pb at
the energy E.., = 76 MeV and b =0 fm is also shown in
the figure, shifted in energy by the factor 9/8. The simil-
arity of the effective interaction potentials of TF %Py
and '°O+""Pb indicates that these two systems essen-
tially have the same behavior, as indicated by the fusion
excitation functions.

80 .

70 .
S
(]
S 60 .
>

%0 F1604208ppy (shifted) - - T

[17TE*4208ppy =10 -~ =0 ...
40 s 1 s 1 s
10 15 20 25
R (fm)

Fig. 7. (color online) Effective interaction potential for the

. . 17-% | 208.
fusion reactions F +

b=0 fm, and 18042%
b=0 fm.

Pb at the energy E.m = 85 MeV and
Pb at the energy E.m = 76 MeV and
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4 Summary

Experiments have shown that the fusion cross-section
of a proton-halo nucleus with a heavy target nucleus is
not enhanced compared to the regular nucleus as was ex-
pected. A reasonable hypothesis is that the valence pro-
ton moves away from the target nucleus and is shielded
by the core of the halo nucleus, which is the so-called
shielding effect. In this work, this effect was verified in
fusion reactions by using the ImMQMD model. To obtain
satisfactory initial proton-halo nucleus, a special
sampling method of the initial nucleus was introduced in
ImQMD. The shielding phenomenon was verified in the

reaction ''F +"Pb by tracing the relative position of the
valence proton with respect to the core “O'in microscop-
ic dynamics simulations. The probability of shielding of
the valence proton increases when the projectile and tar-
get get closer together. It is found that before the pro-
jectile and target touch, the shielding effect reduces the
effective interaction potential, while after they touch, the
shielding effect increases the effective interaction poten-
}i7a1. Z"gshe fact t&at tg%)e8 effective interaction potentials for

F+7"Pb and O+ Pb are similar leads to similar fu-
sion excitation functions of these two systems.

The authors thank Dr. Ning Wang for careful read-
ing of the manuscript and valuable discussions.
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