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Eff'ect of breakup reactions on the fusion of a halo nucleus
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We discuss the effect of breakup on heavy-ion fusion reactions induced by a halo nucleus "Li based on

a semiclassical method. Our formula leads to a smaller effect of breakup than that calculated in a recent

paper using unitarity. We show that although the large enhancement of the fusion cross section is

moderated by the breakup, the halo nucleus "Li still leads to a larger fusion cross section than the other
Li isotopes. This trend is especially significant at low energies, but occurs also at energies near the

Coulomb barrier where experimental study is feasible.

PACS number(s): 24.10.—i, 25.60.+v, 25.70.—z, 25.70.Jj

Secondary beams are rapidly opening a new field of
research concerning the structure and reactions of unsta-
ble nuclei, in particular, of very neutron-rich nuclei. A
number of novel features on the structure have already
been revealed such as the existence of a neutron halo in
several nuclei near the neutron dripline and the charac-
teristic low-energy peaks, e.g. , the so-called soft dipole
mode, in the strength function of various multiple transi-
tions [1]. We have shown in previous papers that these
exotic features lead to a large enhancement of the fusion
cross section in heavy-ion collisions at energies near and
below the Coulomb barrier if a halo nucleus is used as the
projectile [2,3]. Extended study on the effect of breakup
reactions is, however, needed in order to make a reliable
estimate of the fusion cross section, because a halo nu-
cleus is expected to be easily broken. This paper is ad-
dressed to this question. A related study has been taken
up by Hussein et al. [4]. As we point out later however,
their approach overestimates the effect of breakup.

For simplicity we incorporate the effect of breakup
through a local dynamic polarization potential VDpp. The
fusion cross section is then given by
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for a given partial wave g(r) is given in terms of the ac-
tion integrals between classical turning points and the
phase shift in the external region [5,6]. We denote two
turning points at the fusion barrier as r1 and r2, r, being
the most external one, and the one inside the potential
pocket as r3. The wave propagation matrix method in
Ref. [6] then gives the following expression for the
asymptotic behavior of (1j(r) as r ~ oo:
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where PF )(l) is the fusion probability in the absence of
breakup, k is the wave number in the entrance channel,
W(r) is the imaginary part of VDpp, rot is the distance of
closest approach for the l wave, and v (r) is the local ve-
locity.

A simply way to justify Eq. (1) is obtained by the semi-
classical theory of the three turning point scattering
problem, where the wave function of the elastic scattering
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Here p is the reduced mass in the entrance channel. U,
is the sum of the point Coulomb and the centrifugal po-
tentials and r, is the turning point in the Coulomb
scattering. I,(r) and O, (r) are the asymptotic expres-
sions of the incoming and the outgoing waves, respective-
ly. The first and the third (2X2) matrices give the gain of
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phase when the particles travel through the potential
pocket and the asymptotic region, respectively. The
product of e ' and the second (2 X2) matrix describes the
change of the wave function when the particles traverse
the potential barrier. The (1X2) vector (1 1) guarantees
the regular boundary condition at the origin. A is the
normalization constant. Details can be seen in Refs. [5]
and [6].

In describing heavy-ion fusion reactions, one often as-
sumes that there is very strong absorption inside the
Coulomb barrier and adopts the incoming wave bound-
ary condition at somewhere inside the potential pocket.
Under such circumstances, Eq. (2) can be rewritten as
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We have assumed that W(r) exists only outside of the
most external turning point r „and also ignored the effect
of the real part of VDPP(r). Equation (6) proves Eq. (1).

C0 is the amplitude of the incoming wave to the left of
the potential barrier, i.e., at r2. The amplitude of the in-
coming wave at r ~~ is given by

C' ' =Coe"'N(ie)e

We assume that the potential V(r) consists of the bare
potential U(r), which is given, for example, by the double
folding procedure, and the dynamic polarization poten-
tial associated with the breakup process VDpp(r) whose
imaginary part is denoted by W(r). Using the semiclassi-
cal expression of the phase shift 6& given by Eq. (3e) and
the properties of the barrier transmission factor N [5,6],
one can easily establish the relationship between the
fusion probability in the presence of breakup PF(l) and
that in the absence of the breakup PF '(l). To the leading
order of W(r), the result reads
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where Po is the wave function of the ground state of the
colliding nuclei in the entrance channel. We consider
only the motion of the halo neutrons as for the intrinsic
motion. Furthermore, we take a dineutron cluster model
for the halo neutrons [2,3,9]. In the examples to be dis-
cussed later in this paper, the intrinsic motion is, there-
fore, the relative motion between the dineutron cluster in
the halo part of "Li and the Li core. The corresponding
Hamiltonian is H0. V, is the coupling Hamiltonian to
cause the breakup of dineutron cluster. We introduce the
adiabatic approximation and set H0 equal to zero. This
is motivated by the fact that the transition strength for
various transition operators is concentrated at energies
close to the threshold of breakup [10]. We assume that
the coupling Hamiltonian is separable. We convert the
originally nonlocal dynamic polarization potential into
the so-called trivially equivalent local potential. The final
expression of the dynamic polarization potential for the
partial wave I then reads

It should be remarked that the argument of the exponen-
tial function in Eq. (6) is half of that in the paper of
Hussein et al. [4], which bases the derivation of the for-
mula on an argument of unitarity. The difference origi-
nates from the fact that Ref. [4) determines the factor to
reduce the fusion probability by considering the effect of
breakup not only in the entrance channel, but also in the
exit channel. Our point is that the breakup only in the
entrance channel should be taken into account in the
evaluation of the fusion cross section. The unitarity ar-
gument also gives Eq. (6) if one treats the fusion and the
breakup processes simultaneously.

An important problem is how to determine the dynam-
ic polarization potential. In this paper, we follow the
prescription of Refs. [4] and [7], partly because we wish
to compare our results with theirs, and to highlight essen-
tial physical features rather than to perform a fully
rigorous calculation for comparison with the experimen-
tal data. We start from the Feshbach formalism of the
dynamic polarization potential [8]
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R&(r) is the solution of the Schrodinger equation includ-
ing the dynamic polarization potential. The wave func-
tions fl(r) and g&(r) are the regular and the irregular
solutions of
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with the asymptotic boundary conditions

where ri, P&, and 5& are the Coulomb parameter, the
Coulomb phase shift, and the nuclear phase shift, respec-
tively. They have been introduced to represent the
Green's function I /(Er + ' —T —U) [11]. F (r) is the form
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fusion cross section in the breakup channel, i.e., the cross
section for "Li to fuse after it was broken into Li and
dipeutrons and to form ' At. It would be very interest-
ing and informative to confirm this separation experimen-
tally.

Another interesting issue is whether one can experi-
mentally observe a clear difference in the fusion cross sec-
tion when the halo nucleus is used as the projectile com-
pared to the cases of the other isotopes. In this connec-
tion, Fig. 4 compares the theoretically predicted fusion
cross section in the collisions of various Li isotopes with

Pb at low energies. The line with open circles is the
same as the solid line in Fig. 2. It represents the fusion
cross section of "Li with Pb. It takes the lowering of
the fusion barrier due to the neutron halo, the enhance-
ment due to the coupling to the soft dipole mode of "Li,
and effect of breakup into account. The excitation func-
tions of the fusion cross section of the other four Li iso-
topes with Pb are denoted by the dot-dashed, the dot-
ted, the solid, and the dashed lines in the order of increas-
ing mass number. They were calculated by using the
Wong formula [13]. The partial wave summation gives
almost the same results except at very high energies. The
fusion cross section gradually increases with the mass of
the Li isotope when it is varied from 6 to 9. It then be-
comes much larger when the halo-nucleus "Li is used as
the projectile. There is an experimental proposal to
confirm this trend [14]. A difficulty is that the beam in-
tensity is extremely low for the halo-nucleus "Li. There-
fore, it may not be practical to compare the fusion cross
section at too low energies. In this connection, it is very
interesting to observe the enhancement of the fusion
cross section for the "Li-induced reaction over the other
cases for a wide range of bombarding energies including
those close to the Coulomb barrier, where the fusion
cross section is fairly large.

In summary, we have presented a semiclassical formula
of the fusion cross section which takes the effect of break-
up into account via a local dynamic polarization poten-
tial. By applying the formalism to the fusion of the exot-
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FIG. 4. Comparison of the fusion cross section of Li isotopes
with Pb. The unit is mb. The line with open circles is that
for the "Li-induced reactions. The other lines are for the other
isotopes as designated in the figure.
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ic halo nucleus "Li with Pb, we showed that the effect
is not so large as that claimed in a recent paper [4], and
that a halo nucleus is still expected to lead to a much
larger fusion cross section than the other isotopes. The
enhancement is predicted to occur for a wide range of
bombarding energies, and becomes especially large at low
energies. Also, we showed that the fusion cross section is
dominated by that in the entrance channel at low ener-
gies, and that in the breakup channel at high energies.
These theoretical findings should supply useful informa-
tion to experimental study of heavy-ion fusion reactions
with neutron-rich beams, though further study is needed
on the mechanism of the breakup reactions and also on
the effect of transfer reactions on the fusion cross section
in order to attain a more quantitative theoretical predic-
tion of the fusion cross section.
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