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Breakup threshold anomaly in the elastic scattering of 6Li on 27Al
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(Received 3 November 2006; published 17 January 2007)

Elastic scattering of the weakly bound 6Li on 27Al was measured at near-barrier energies. The data analysis was
performed using a Woods-Saxon shape optical potential and also using the double-folding São Paulo potential.
The results show the presence of the breakup threshold anomaly (BTA), an anomalous behavior when compared
with the scattering of tightly bound nuclei. This behavior is attributed to a repulsive polarization potential
produced by the coupling to the continuum breakup states.
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It is well accepted that in the elastic scattering of heavy ions
at energies near the Coulomb barrier, the real and the imaginary
parts of the optical potential show an energy dependence,
known as threshold anomaly (TA) [1,2]. This behavior is
characterized by a localized peak in the real part of the potential
and by the decrease of the imaginary part of the potential as the
bombarding energy decreases towards the Coulomb barrier. At
higher energies, both the real and the imaginary potentials are
energy independent.

The TA may be ascribed mainly to the coupling of the
elastic scattering to other reaction channels that produces an
attractive polarization potential �V , leading to a real potential
Veff = V0 + �V , where V0 is the real potential at higher
energies. This additional attraction due to the increase of
the real potential decreases the Coulomb barrier and leads to
the usual sub-barrier fusion enhancement that is observed in
several systems. The dependence of the imaginary potential
on the energy reflects the closure of nonelastic peripheral
channels at energies near and below the Coulomb barrier. The
correlation between the real and the imaginary potentials is
due to the causality that imposes the condition that no scattered
wave emerges before the incident wave reaches the target. The
mathematical relation involving causality and the TA is the
dispersion relation, which connects the real and imaginary
potentials through a principal value integral [3,4].

This situation may change substantially for systems that
involve weakly bound nuclei. In these cases there is a strong
coupling of the elastic channel with the breakup process [5],
which may have a much larger cross section than fusion at
sub-barrier energies. The imaginary potential strength does not
necessarily diminish when the bombarding energy decreases
and the TA may no longer be present. Actually, it has been
recently proposed [6] a new phenomenon for this kind of
behavior, called breakup threshold anomaly (BTA). In those
systems, the coupling to the breakup channel continues to
be important even for energies below the barrier, thus the
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threshold could occur at an energy below the barrier itself, and
therefore the imaginary potential could even increase at lower
energies. In that case, due to the dispersion relation the real
part of the potential should decrease. This can be related to
a repulsive polarization potential produced by the coupling to
the continuum breakup states, leading to a hindrance of the
sub-barrier fusion cross section. The BTA phenomenon has
been clearly observed in the scattering of 6Li+208Pb system
[6]. On the other hand, in the 6Li+138Ba [7,8] and 9Be+64Zn
[8–10] systems, it was possible to experimentally observe
the increase of the imaginary potential for only one energy
value and, consequently, the BTA could not be unequivocally
identified.

In this work we describe the measurement of elastic
scattering angular distributions in the 6Li+27Al system from
energies below the Coulomb barrier (about 8.0 MeV) up to
more than twice this value. The 6Li nuclide is the most loosely
bound stable nucleus, therefore the breakup process is expected
to be important (for this projectile, the alpha-deuterium
breakup threshold energy is 1.48 MeV). Thus, the study of
the elastic scattering in the 6Li+27Al system contributes to the
understanding of the role of the breakup process on the elastic
scattering of light systems. In order to have results which
are independent of the data analysis, two different potentials
were used. The results are compared with those of recent
measurements of the elastic scattering of 7Li on 27Al [11].

Beams of 6Li at energies of 7, 8, 10, 12, and 18 MeV
were delivered by the 20 UD tandem accelerator at the
TANDAR Laboratory in Buenos Aires irradiating 75 µg/cm2

thick 27Al foils. Typical beam currents were of the order of
10 nA. An array of eight silicon surface barrier detectors
placed inside a 30-in.-diameter scattering chamber was used
to measure elastic-scattering angular distributions, which were
taken in steps of 2◦ or 5◦, depending on the bombarding
energy and angular range. The angular resolution of all the
detectors was better than 0.5◦ and their energy resolution
ranged from 0.5% to 1.3%. Figure 1 shows a typical en-
ergy spectrum, where one can see that the elastic peak is
well separated from the scattering on 12C and 16O target
contaminants. Elastic-scattering cross sections were obtained
from the number of counts in these peaks at each energy,
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FIG. 1. Energy spectrum for the 6Li+27Al system taken at
ELab = 7 MeV and θLab. = 40.0◦. Exit channels are indicated in the
figure.

normalized by the integrated current obtained with the aid of
an electron-suppressed Faraday cup and a monitor detector
placed at 15◦. The estimated overall uncertainty of the cross
sections ranges from 5% to 15%. Figure 2 shows the angular
distributions of the elastic-scattering cross sections divided by
the corresponding Rutherford cross sections. The curves are
the best fits obtained, as it will be described in the following.

For the data analysis we used two different potential mod-
els, (i) a phenomenological Woods-Saxon potential (WSP),
and (ii) the São Paulo folding potential (SPP) [12,13]. The
ECIS code [14] was used for both models.

The phenomenological potential used in the calculations
was energy dependent but with fixed geometric parameters
(reduced radius and diffuseness). The real part was a Woods-
Saxon characterized by a depth V , a reduced radius r0 and
a diffuseness a. The imaginary part consists of two terms,
a volume Woods-Saxon term and a surface term, described
by W, ri0, ai and WS, rsi0, asi, respectively. The volume term
takes the fusion channel into account, whereas the surface
term, which is proportional to the derivative of a Woods-Saxon
shape, accounts for the flux of the quasi-elastic channels.

In order to obtain the starting parameters, we performed a
global best fit procedure for all energies. Then, we fixed the
volume imaginary potential as W = 50 MeV, ri0 = 1.09 fm,
and ai = 0.22 fm. The reduced radii of the real and the surface
imaginary potentials were also fixed at r0 = 1.30 fm and

FIG. 2. Elastic scattering data for the system 6Li+27Al. The solid
lines represent the best fits using the Woods-Saxon potential and the
dotted lines correspond to São Paulo folding potential fits.

rsi0 = 1.30 fm, while the diffuseness took the values a =
0.53 fm and asi = 0.711 fm, respectively. The adjustable pa-
rameters were the depths of these potentials. They were derived
from the best fit procedure for each angular distribution.

The comparison of the potentials at different energies was
performed at the sensitivity radius RS , i.e., the approximate
radius at which all the potentials that fit the data intersect
[15]. The sensitivity radius for the real as well as for the
imaginary parts, RSV and RSW , respectively, were evaluated at
each energy by selecting a set of slightly modified diffuseness
parameters a (taken in steps of 0.025 fm around the best value)
and adjusting both the radius parameter and the potential depth
to fit the data. In this way, different families of optical model
potentials with similar values of χ2/point were obtained. The
derived sensitivity radii at different energies are not strictly
constant, but they fluctuate around average values of RSV =
8.7 ± 0.3 fm and RSW = 9.6 ± 0.3 fm.

Table I shows, for each energy, the derived parameters
for the Woods-Saxon potential taken at an average sensitivity
radius Rs = 9.2 fm. These derived values are shown in Fig. 3.
The solid line corresponding to WS is an adjustment based on
the functional schematic dependence of the surface imaginary

TABLE I. Energy dependence of the 6Li+27Al optical model parameters (values of V and WS evaluated at an average sensitivity ra-
dius Rs = 9.2 fm) using the phenomenological potential with fixed geometry and the normalization factors (NR and NI ) of the folding
São Paulo potential. For the phenomenological potential the reduced radii and diffuseness of the real and surface imaginary parts were
r0 = rsi0 = 1.30 fm and a = 0.53 fm and asi = 0.711 fm, respectively, and the parameters for the volume imaginary part were W =
50 MeV, ri0 = 1.09 fm and ai = 0.227 fm. The fourth and the seventh columns show the χ2/point values obtained using the
Woods-Saxon and the São Paulo potentials, respectively.

Ec.m.(MeV) V (MeV) WS (MeV) χ 2/point NR NI χ 2/point

5.7 0.046 ± 0.007 0.30 ± 0.01 1.14 0.83 ± 0.08 2.6 ± 0.3 1.15
6.5 0.194 ± 0.005 0.15 ± 0.02 1.47 1.66 ± 0.04 2.0 ± 0.2 1.44
8.2 0.144 ± 0.001 0.110 ± 0.007 3.68 1.20 ± 0.03 1.3 ± 0.1 3.85
9.8 0.149 ± 0.001 0.126 ± 0.004 3.17 1.28 ± 0.01 1.35 ± 0.03 2.97

14.7 0.356 ± 0.007 0.09 ± 0.02 16.2 2.5 ± 0.2 2.4 ± 0.3 18.2
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FIG. 3. Values of the real and imaginary parts of the optical
potential at the average sensitivity radius Rs = 9.2 fm, for the system
6Li+27Al. See text for more details.

potential given in [6]. From this, the real part V , represented
by the dashed line, is obtained using the dispersion relation.
One can observe that, at low energies, the imaginary potential
increases whereas the real potential drops leading to the
breakup threshold anomaly.

As a second approach to the data analysis we used the
São Paulo potential [12,13]. This double-folding potential was
derived in the framework of an extensive systematization of
nuclear densities. The energy dependence of the bare potential
was accounted for by a model based on the Pauli nonlocal
nature of the interaction of exchange of nucleons between
projectile and target. This potential is able to describe a large
variety of systems in a very wide energy range [16] and
different reaction channels [17]. In the SPP, the imaginary
part of the interaction is assumed to have the same shape
of the real part, with just one single adjustable parameter
related to its strength. Details concerning the SPP have been
described in many papers and can be obtained, for instance,
in Refs. [11–13,16,17]. In the fit procedure, the adjustable
parameters were the normalization factors of the real and
imaginary parts of the potential (NR and NI , respectively).
The results of the fits are shown as dashed curves in Fig. 2.
The energy dependence of the real and imaginary parts of the
SPP are shown in Fig. 4. The dashed line for NR is obtained
by means of the dispersion relation using the same procedure
as in the case of the phenomenological potential previously
described. One can observe a very similar result, as compared

c.m.

FIG. 4. Normalization factors of the real and imaginary potential
(NR and NI ) for 6Li+27Al, as a function of the energy. See text for
more details.

to the WSP approach. The presence of the breakup threshold
anomaly is clearly noticed.

In conclusion, we can observe a rather different behavior in
the elastic scattering of 6Li (present work) and 7Li [11] on 27Al.
For both projectiles the usual threshold anomaly is not present,
which can be attributed to the repulsive polarization potential
produced by the coupling to the continuum breakup states.
However, there are, indeed, important differences between
the two Li isotopes: On the one side, 6Li has a much lower
threshold energy for alpha breakup than 7Li (almost 1 MeV
lower); on the other side, 7Li has one bound excited state at
0.48 MeV, whereas 6Li has none. Therefore, the couplings
to breakup channels should be much stronger in the 6Li
scattering than in the 7Li case, and consequently the repulsive
polarization potential is much stronger on the 6Li scattering
than on the 7Li. So, the strength of this coupling on the 7Li
scattering is enough to destroy the usual threshold anomaly
and leaves the real and imaginary parts of the potential as
energy independent, compensating the attractive polarization
potential due to inelastic and transfer channels. In the 6Li case
the repulsive polarization potential predominates, thus leading
to the so-called breakup threshold anomaly phenomenon.
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