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We investigate the influence of the neutron halo and the breakup channel on the total6He+238U fusion cross
section at near-barrier energies. To include static effects of the 2n-halo in 6He nuclei, we use a single-folding
potential obtained from an appropriate nucleon-238U interaction and a realistic6He density. Dynamical effects
arising from the breakup process are then included through coupled-channel calculations. These calculations
suggest that static effects dominate the cross section at energies above the Coulomb barrier, while the coupling
to the breakup channel is more important at sub-barrier energies. The comparison of our calculations with
recent data suggests that the coupling to other channels may be influencing the cross section at very low
energies.
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I. INTRODUCTION

The recent availability of radioactive beams has made it
possible to study reactions involving unstable nuclei[1].
Several of the light neutron- and proton-rich nuclei exhibit
halo structures, with a compact core plus one or two loosely
bound nucleons. For example,11Li and 6He are two-neutron,
Borromean halo nuclei, while11Be and19C are one-neutron
halo nuclei. The isotope8B has been confirmed to have a
one-proton halo, while17F is a normal nucleus in its ground
state but becomes a one-proton halo in its first excited state.
One important feature of these loosely bound systems is that
they exhibit the so-called soft giant resonances(pygmy reso-
nances), the most notorious of which is the soft dipole reso-
nance, very nicely confirmed in6He by Nakayamaet al. [2].

Reactions induced by these nuclei are important in pro-
cesses of astrophysical interest, among others. We ask the
question of how the above systems fuse, in particular, how
the fusion induced by these nuclear species behaves as a
function of bombarding energy, especially near the Coulomb
barrier.

The main new ingredient in reactions induced by unstable
projectiles is the strong influence of the breakup channel.
Because of this channel, one may have different kinds of
fusion processes. If all the nucleons in the projectile and in
the target form a compound system, the process is called
complete fusion. If only part of the projectile fragments is
absorbed by the target, the process is calledincomplete fu-
sion. The total fusion cross section, defined as the sum of
complete and incomplete fusion cross sections, is the quan-
tity usually measured in experiments. Theoretical studies
[3,4] of the complete fusion process in reactions induced by
very weakly bound projectiles, e.g.,11Li, indicate that the
coupling to the breakup channel hinders this cross section at
above- and near-barrier energies. However, even in this case
the complete fusion cross section is enhanced at sufficiently
low energies. On the other hand, in the calculations of Ref.
[4] the coupling to the breakup channel is shown to enhance
the total fusion cross section below and above the barrier.
More recent calculations show that this coupling leads to an

important enhancement of the total fusion cross section at
sub-barrier energies and to small effects at energies above
the Coulomb barrier[5].

The experimental activities in this area are increasing at a
fast rate. To be precise, four such measurements have been
published. Signoriniet al. [6] reported the fusion of9,10,11Be
on 209Bi at energies close to the Coulomb barrier. These au-
thors reach the conclusion that in the case of the weakly
bound, albeit stable, isotope9Be, the total fusion cross sec-
tion is found to be significantly reduced at above-barrier en-
ergies owing to the coupling to the breakup channel. The
cases of10Be and11Be are more subtle to understand. How-
ever, the more recent results of Ref.[7] on 6He+238U and of
Ref. [8] on 6He+209Bi do indicate that the total fusion cross
section is enhanced at sub-barrier energies. This clearly in-
dicates that the size of the system, influenced by the halo,
becomes an important feature leading to enhancement of the
fusion process at these low energies, and that the breakup
hinders it at above-barrier energies. This conflicting effect
becomes more pronounced in well developed halo nuclei,
such as11Be (one-neutron halo) and6He (two-neutron halo).
We should mention that Signoriniet al. [6] have further
shown that the fusion of the normal, strongly bound, isotope
10Be is larger at above-barrier energies than that of the one-
neutron halo11Be. This is supported by the work of Hindeet
al. [9] on the fusion of9Be.

The fusion of the proton-rich isotope17F with 208Pb was
measured by Rehmet al. [10]. This weakly bound nucleus
has a normal ground state, but its first excited state is mostly
l=0 and seems to exhibit a halo characteristic. The results of
this measurement indicate a rather normal behavior of the
compete fusion cross section, with very small effect of
breakup, though the breakup channels17F→16O+pd coupling
would result in a lowering of the Coulomb barrier.

Recently, nuclear reactions induced by6He projectile have
attracted considerable interest[11]. In particular, very inter-
esting experimental data on the fusion of He isotopes with
238U have been obtained[7]. These data show an enhance-
ment of several orders of magnitude of the6He+238U total
fusion cross section with respect to that of4He+238U. The
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physical process leading to this result has not yet been estab-
lished. A natural candidate is the coupling with the breakup
channels6He→2He+2nd. This led us to develop a schematic
model to estimate the static and dynamic effects of the
breakup channel on the total fusion cross section. Our model
takes into account both the Coulomb and the nuclear cou-
plings, within the dipole approximation. This breakup states
are approximated by a single effective channel concentrating
the full dipole strength.

The paper is organized as follows. The following section
describes the calculation of the static effects brought about
by the presence of a nuclear halo. The coupling to the
breakup channel is performed, by means of schematic
coupled-channel calculations, in Sec. III. Our conclusions
are presented in Sec. IV.

II. STATIC EFFECTS FROM THE 2 n-HALO

The weakly bound neutrons in6He are expected to influ-
ence the fusion cross section in two ways. First, by the static
effect of barrier lowering due to the existence of a halo.
Second, through the coupling with the breakup channel. In
this section we consider the first of these effects.

Owing to the two weakly bound neutrons in6He, the
nuclear density has a long-range tail and so does the real part
of the optical potential describing the6He-target collision. In
this way, the potential barrier is lowered and the fusion cross
section is enhanced. In order to account for this effect, we
use a single-folding model to describe the real part of the
nuclear6He-238U interaction. This potential is given by the
expression

VNsr d =E yn−Tsr − r 8drsr 8dd3r 8. s1d

Above, yn−Tsr −r 8d is a phenomenological interaction be-
tween a nucleon and the238U target nucleus andrsr 8d is a
realistic 6He density containing the contribution from the
halo. The nucleon-238U interaction is obtained from stud-
ies of the collision of low-energy neutrons with heavy
target nuclei in the actinide region. It can be written as
sdiscarding the spin-orbit partd f12g

yn−Tsxd = − V0f rsxd, s2d

with

V0 = F50.378 − 27.073SN − Z

A
D − 0.354ElabG MeV s3d

and

f rsxd =
1

1 + expfsx − Rrd/arg
, s4d

with the parametersRr =1.264AT
1/3 fm and ar =0.612 fm.

The total optical potential is then given by

Usrd = VNsrd + VCsrd − iWsrd. s5d

Above, VCsrd is the usual Coulomb interaction in nuclear
collisions,

VCsrd =5
ZPZTe2

r
, r ù RC = 1.2sAT

1/3 + AP
1/3d

ZPZTe2

2RC
S3 −

r2

RC
2 D, r , RC,

s6d

and Wsrd is a volumetric strong absorption potential with
small values for both its radius and diffusivity. We use the
parametrization

Wsrd = W0f isrd, s7d

with W0=50 MeV andf isrd a Wood-Saxon shape as in Eq.
s4d with

Ri = 1.0sAP
1/3 + AT

1/3d fm, ai = 0.10 fm. s8d

As a test, we applied the above procedure to4He+238U
fusion. The nuclear potential was evaluated by Eq.(1) using
a Gaussian density. We write

rsrd = C exps− r2/g2d s9d

and choose the parametersC and g so as to give the cor-
rect normalization and experimental rms radius. That is,

E rsrdd3r = A; E r2rsrdd3r = Arrms
2 . s10d

In the present case, we setA=4 and r rms=1.49 fm f13g.
The fusion cross section obtained with our optical model
calculation with the single-folding potential is shown in
Fig. 1 sthin solid lined, in comparison with the data of
Trotta et al. [7] and the data of Viola and Sikkeland[14].
The agreement is very good. Since this calculation contains
no free parameter, this agreement indicates that the proce-
dure is reasonable.

We now consider6He+238U fusion. First, we disregard the
existence of the6He halo and repeat the above procedure. We

FIG. 1. 4He+238U fusion cross sections. The data of Refs.[7]
(solid squares) and [14] (open squares) are compared with the cal-
culations of the present work. The barrier energy is indicated by an
arrow. For further details see the text.
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parametrize the density as in Eq.(9) and scale the density
and rms radius to6He. That is, we set in Eq.(10) A=6 and
rrms=s6/4d1/331.49 fm. This density is then used in Eq.(1)
and the folding potential is determined. The fusion cross sec-
tion calculated with this potential is shown in Fig. 2(dashed
line), in comparison with the data[7]. The agreement is poor
throughout the considered energy range. We now take into
account the existence of the6He halo, replacing the Gaussian
of Eq. (9) by a realistic parametrization[13] of the 6He den-
sity, based on the symmetrized Fermi distribution of Ref.
[15]. It leads to the rms radiusrrms=2.30 fm. Using this den-
sity in Eq. (1), we obtain a potential which includes contri-
butions from the4He core and also from the 2n-halo. The
resulting fusion cross section is represented by a solid line in
Fig. 2. We note that the agreement with the data at above-
barrier energiessEc.m..VB.22.3 MeVd where c.m. stands
for center of mass is considerably improved. Since the Cou-
lomb barrier height is reduced by the attractive contribution
from the halo, the cross section becomes larger. However, at
sub-barrier energies the agreement remains very poor. The
theoretical prediction for the fusion cross section is still sev-
eral orders of magnitude smaller than the experimental data.

III. COUPLED-CHANNEL EFFECTS

It is well known that the coupling between channels en-
hances the fusion cross section at sub-barrier energies[16].
Therefore, coupled-channel effects should be taken into ac-
count in a theoretical description of the fusion process. How-
ever, in the case of coupling to the breakup channel the situ-
ation is more complicated since the breakup channel
involves an infinite number of continuum states. A possible
treatment of the problem is to reduce it to a finite number of
channels using the continuum discretization coupled-channel
(CDCC) method[17]. This was done in Refs.[5,18] for the
fusion of11Be with 208Pb. However, the present case is much

more complicated since6He breaks into three fragments in-
stead of two, and the CDCC method has not yet been devel-
oped for two-nucleon halo nuclei.

In the present work we use a schematic model to estimate
the total fusion cross section. This model is based on two
approximations. The first one consists of neglecting the rela-
tive motion of the two neutrons in the6He halo, treating the
neutron pair as a single particle. This approximation has led
to reasonable descriptions of11Li breakup[19]. On the other
hand, it has been criticized in Ref.[20] as it leads to an
overestimation of6He breakup cross section. The second ap-
proximation consists of replacing the breakup channel by an
effective channel[21]. This state has energy equal to the
breakup threshold and carries the full strength of the contin-
num. This procedure is justified when breakup occurs
through a low lying, long lived resonance(with a half-life
much larger than the collision time), as seems to be the case
[2] with 6He. Since the kinetic energy of the relative motion
between the4He core and the neutron pair is neglected, this
approximation also overestimates the importance of the cou-
pling to the breakup channel. Because of these two approxi-
mations, the simplified model of the present work tends to
overestimate the role of the breakup channel on the fusion
cross section.

The starting point of the coupled-channel method is the
Schrödinger equation for the colliding system,

HCsr , jd = ECsr , jd, s11d

where r is the projectile-target vector,j stands for the
relevant intrinsic coordinates,E is the total energy in the
center of mass frame, andH is the total Hamiltonian of the
system.

One then performs the channel expansion of the wave
function

Csr , jd = o
a

casr dfasjd, s12d

wherefasjd denotes an intrinsic state with energyea and
casr d is the relative motion wave function in channela.
Substituting this expansion in Eq.s11d, we obtain the
coupled-channel equations

sEa − Hadcasr d = o
b

Vabsr dcbsr d. s13d

Above, Ea=E−ea and Ha=T+Uasrd, where Uasrd is the
optical potential in channela. The channels are coupled
through an interactionVsr , jd with matrix elements in
channel space given by

Vabsr d =E djfa
* sjdysr , jdfbsjd. s14d

For practical purposes, it is convenient to carry out angu-
lar momentum expansions. The wave function is then
written asssee, e.g. Ref.f22gd

FIG. 2. Coulomb coupling to the breakup channel for the6He
+238U fusion cross section. Experimental results[7] are compared
with a static calculation similar to that of Fig. 1, with just a scaling
of the potential4He (dashed line), and taking into account the fact
that 6He is a halo nucleus(full line).

INTERPLAY OF STATIC AND DYNAMIC EFFECTS IN… PHYSICAL REVIEW C 68, 054614(2003)

054614-3



Cs+dsa0n0k0;r d =
4p

s2pd3/2 o
JMl0

kJMul0sM − n0dI0n0l

3Yl0sM−n0d
* sk̂0d

3 o
al

Yal
pJMszd

ual,a0l0
J ska, rd

k0r
s15d

and using this expansion in Eq.s11d one obtains the an-
gular momentum projected coupled-channel equations

FEa +
"2

2m
S d2

dr2 −
lsl + 1d

r2 D − Val
J srdGual,0l0

J ska, rd

= o
a8l8

Val,a8l8
J srdua8l8,0l0

ska8, rd.

In the present calculation,a takes only the values 0selas-
tic channeld and 1 seffective breakup channeld. For the
energy of the breakup channel we usede1=0.975 MeV,
which corresponds to the breakup energy. As mentioned
above, this means we neglect the kinetic energy of the
relative motion of the fragments after breakup.

We initially consider the coupling interaction as the elec-
tric dipole term in the multipole expansion of the electro-
magnetic interaction between the projectile and the target.
This is based on the idea that in order to break a very weakly
bound nucleus only a small perturbation is needed. The fact
that the breakup cross section for these nuclei is very large
suggests that this process is important.

In the case of an electric dipole interaction, the coupling
matrix elements are[22]

V1l,0l0
J srd = Ail−l0l̂Î4p

3

1

r2
S l 1 l0

0 0 0
DHJ 1 l

1 l0 0J ,

s16d

with

A = eZTÎBsE1, 0→ 1ds− dJ+1 s17d

Above,

S l 1 l0
0 0 0

D
and

HJ 1 l

1 l0 0J
are the usual 3J and 6J symbolsf23g. Note that the above
matrix elements are fully determined, except for the value
of the reduced transition probabilityBsE1, 0→1d.

Solving the coupled-channel equations, one obtains the
fusion cross section by the formula[below, the constant
s2pd3 arises from the normalization factors2pd−3/2 in ca

s+d]

sF = s2pd3k0

E o
a=0

1

kca
s+duWauca

s+dl. s18d

The method of the present work was used to evaluate the
fusion cross section in the6He+238U collision. We used the
optical potential discussed in the preceding section, which
includes the static effects of the halo. The coupling matrix
elements were given by Eqs.(16) and (17), with BsE1, 0
→1d given by the cluster model[1],

BsE1, 0→ 1d =
3"2e2

16pe1m2n−4He
. s19d

Above,e1 is the energy binding thedineutronto 4He in the
6He nucleus andm2n-4He is the corresponding reduced mass.
Taking the numerical value of Eq.s19d, we obtainBsE1, 0
→1d=1.37e2 fm2.

Recently, Haginoet al. [18] have shown that the effects of
the nuclear coupling may extend quite far in the case of
weakly bound nuclei. In order to estimate the additional dy-
namic effects arising from the nuclear interaction, we must
include the coupling due to the nuclear potential. Since we
use an effective channel to describe breakup states, the cal-
culation of the nuclear form factor is a complicated task. For
the estimates of the present work, we considered the nuclear
interaction potential associated with6He breakup to be the
difference between the sum of the nuclear potentials between
238U and 4He and the dineutron, and between238U and the
6He projectile, i.e.,

Vint
N sr , xd = V4Hesr + x/3d + V2nsr − 2x/3d − V6Hesr d.

s20d

Above,x is the vector going from the dineutron to the4He
cluster,V2n is twice the potential of Eq.s2d and V4He and
V6He are the folding potentials of the preceding section.
We carry out the angular momentum expansion

Vint
N = o

l,m
Ylmsr̂dYlm

* sx̂dVl
Nsr, xd s21d

and keep only the dipole termsl=1d. In this way, the
nuclear form factor is

Fl=1
N sk;rd =E

0

`

drf0sxdV1
Nsr, xdu1sk, xd, s22d

where f0sxd is the radial function associated with the
bound state of the 2n-4He system andu1sk, xd is the l =1
continuum radial wave function for the same system, with
energyEk="2k2/2m2n-4He. Both functions are calculated us-
ing the radial Schrödinger equation associated with the
internal coordinatex. The depth of theV2n-4He potential
was set in order to have the second S state with energy
E0=−0.975 MeVsto be consistent with the Pauli principle
we discarded the first S stated. Owing to the normalization
of u1sk, xd, the above form factor vanishes in thek→`
limit. However, the absolute strength ofFl=1

N should be
treated as a free parameter, since the final state is an ef-
fective channel. In this way, we adopt the form factor

F1
Nsrd = F0fsrd, s23d

with
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fsrd = lim
k→`

F Fl=1
N sk;rd

Fl=1
N sk;0dG . s24d

To estimate the strengthF0, we adopt the following pro-
cedure. First, we evaluate the Coulomb form factor as we
evaluated the nuclear one. Instead of usingBsE1, 0→1d
=1.37e2 fm2, we calculate reduced matrix elements of the
dipole term in the Coulomb coupling using the analog of
Eq. s22d. The resulting Coulomb and nuclear dipole form
factors are shown in Fig. 3. Since the dipole term of the
nuclear coupling cannot be written as a product of a func-
tion of r times a function ofx, as can the Coulomb cou-
pling to a good approximation, the shape of the nuclear
form factor depends on the energy of the continuum state
in the x space. However, the shape of the nuclear form
factor does not change much ask→0. Although both form
factors go to zero in this limit, they decrease by a common
factor. In Fig. 3, we show the Coulomb and the nuclear
form factors for a very low energy in the continuum. We
see that the ratio of these form factors changes strongly
with the radial distance. The Coulomb form factor domi-
nates at large separations while the nuclear form factor is
larger at small separations. They have approximately the
same strength atr .16 fm. In the present calculation, we
use the experimentalBsE1, 0→1d value and choose the
parameterF0 such that the ratio between the nuclear and
the Coulomb form factors is maintained. We should re-
mark that although the nuclear coupling is treated in an
approximate way, the present calculation fully contains
Coulomb-nuclear interference.

Figure 4 shows the6He+238U total fusion data in com-
parison to the static(dashed line) calculation of the preced-
ing section, and two coupled-channel calculations. The thin
line is the coupled-channel calculation restricted to Coulomb
breakup. We notice that the cross section at high energies is
little affected by the inclusion of the breakup channel. Al-
though the sub-barrier cross section is larger than that found
in the preceding section, it remains much smaller than the
experimental values.

The solid line is the calculation including also the nuclear
coupling. We notice that it also changes little the cross sec-
tion at high energies, and although the nuclear coupling af-
fects more the fusion cross section at sub-barrier energies,
the slope remains much larger than that suggested by the

data. Changing the strength or diffuseness parameters of this
coupling does not change this behavior.

It should be pointed out that the coupling with excited
states of238U is not likely to be relevant for this issue, since
they were not necessary for the description of the4He
+238U fusion data, considered in Sec. II. As our calculation
should provide an upper limit for the cross section, the ex-
perimental fusion cross section at the lowest energies cannot
be explained through our calculations. However, one should
keep in mind that in the calculations presented here we have
not included effects due to coupling to channels other than
breakup and, in particular, the transfer channels. As transfer
close to the optimal Q value may be quite important at sub-
barrier energies[24], coupling to these channels, which
should not affect much the4He+238U fusion, is expected to
influence strongly sub-barrier6He+238U fusion. This could
also be the case for the6He+209Bi total fusion cross section
where the data[8] show a similar trend as sub-barrier ener-
gies.

IV. CONCLUSIONS

We have investigated static and dynamic effects on the
6He+238U fusion cross section. Static effects of the halo were
taken into account through the use of an appropriate optical
potential. This potential was obtained by the single-folding
model, with a nucleon-target interaction which is able to re-
produce the4He+238U fusion cross section and from a real-
istic 6He density. Our calculations have shown that static
effects are important at all collision energies in the range
considered. Dynamical effects were considered in a simpli-
fied coupled-channel calculation, in which the neutron halo
was treated as a dineutron cluster and the breakup channel
was represented by a single state with zero energy, concen-
trating all the low-energy dipole strength. From our calcula-
tions we concluded that the static effects dominate the be-
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FIG. 3. Coulomb and nuclear dipole form factors(a) and their
ratio (b). See text for details.

FIG. 4. Total fusion data of6He incident on238U in comparison
to the static calculation, including the6He halo, of Fig. 2(dashed
line), a coupled-channel calculation including only the Coulomb
interaction(thin full line), and also including nuclear effects(thick
full line). See text for details on these two last calculations.
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havior of the fusion cross section at energies above the
Coulomb barrier and that the coupling to the breakup chan-
nel is important mostly below the barrier.

The main conclusion of the present work is that the cou-
pling with the breakup channel cannot, by itself, reproduce
the main trends of the data of Trottaet al. [7] in the sub-
barrier region. This conclusion should not be affected by the
simplifying assumptions of our schematic model, since the
adopted approximations tend do overestimate the influence
of the breakup channel and thus the sub-barrier fusion cross
section. As pointed out by Diaz-Torres and Thompson[5],
the coupling among the continuum states, which was not
included in our schematic model, leads to a reduction of the
complete and the total fusion cross sections. This indicates
that a full description of the6He+238U fusion cross section at
sub-barrier energies requires the inclusion of neutron-transfer
channels.

After the completion of this paper we have learned[25]
that the data of Trottaet al. [7] have been reanalyzed and

new data with a different experimental setup have been
taken. The new set of data seems to indicate that the large
enhancement at sub-barrier energies is due to fission induced
by neutron transfer rather than fusion-fission events.1
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