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Optical model calculations on the threshold anomaly for the °Li + 28Si and "Li + ?3Si systems
at near-Coulomb-barrier energies
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A simultaneous analysis of elastic scattering, fusion, and total reaction cross sections for the weakly bound
systems ®’Li 4+ 28Si at energies close to the Coulomb barrier is performed by optical model calculations. The
nuclear polarization potential U is split into volume part U, which accounts for fusion reactions and a surface
part Upg, responsible for direct reactions. The parameters of the Woods-Saxon potentials are determined by a
x? analysis of the data. The presence of the threshold anomaly or the breakup threshold anomaly is investigated
from the energy dependence of both the fusion and direct reaction parts of the polarization potential.
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For some time it has been known that reactions with
heavy systems present the so-called threshold anomaly (TA),
i.e., the real and imaginary parts of the optical potential
obtained from elastic scattering fits around the Coulomb
barrier, and show a distinctive energy dependent behavior.
The imaginary potential drops sharply as the energy decreases
toward the barrier energy, while the real potential strength
shows a strong localized peak around the barrier. At higher
energies both potentials are almost energy independent [1].
This energy behavior of the optical potential is understood
in terms of the strong coupling between the elastic scattering
channel to other reaction channels that produce an attractive
polarization potential. The absolute value of this attractive
real polarization potential increases the strength of the already
attractive nuclear potential which, in turn, lowers the fusion
barrier and consequently produces an enhancement of the
fusion cross sections at energies below the Coulomb barrier.
This energy dependence of the real potential is expressed
frequently by

V(E) = Vo + AV(E), e))

where V| is the real nuclear potential at high energies and
AV (E) the polarization potential. The decrease of the imag-
inary potential W(E) of the optical potential as the collision
energy approaches the barrier is due to the closing of reaction
channels. It is also well known that the energy dependence
between the real and imaginary polarization potentials are
connected by the dispersion relation expressed by the principal
integral value [2],
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It is then clear that any strong change in W(E) must be
accompanied by a localized strong variation in AV (E). In
the case where weakly bound projectiles are involved, many
studies reveal that the situation is quite different. Due to the
weak binding energy of the nucleus, strong couplings between
breakup and elastic channels at energies below the Coulomb
barrier may arise. In such a situation, the imaginary part W(E)
of the optical potential cannot sharply decrease, as it does for
tightly bound nuclei, since it must account for the appreciable
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breakup cross-section yields observed at energies below the
barrier. Accordingly, the real part of the polarization potential
AV (E) does not contribute to an increase in the strength of
the nuclear potential, but instead has a repulsive characteristic.
This new phenomenon has been termed the breakup threshold
anomaly (BTA) [3]. Based on their measured transfer cross
section much higher than the breakup cross section at the near
barrier energy for the ®Li + 2Si system, Pakou et al. [4-8]
argue that transfer channels can also be important at low
energies for some weakly bound systems, and therefore those
channels may be the main reason for the nondecreasing of
the imaginary potential at near barrier energies. The BTA
has been investigated in a large number of nuclear systems
involving weakly bound projectiles with a variety of medium
and large mass targets, for instance 9Be with 2’Al [9], with
647n [10-13], with '**Sm [14,15] and with ?%Pb,?®Bi [16,17];
®Li and "Li with targets 2°*Pb [3,18], A1 [19-21], '*Sm [22],
38.64Ni [23,24], %Co [25], °Zr [26], '*¥Ba [11,27,28], 2Si [6].
Although the BTA is observed in all systems involving °Li,
for Li its presence is observed for some systems but not for
others. The reason may probably be due to the competition
between the attractive polarization potential due to the bound
excited state of "Li [28] and the repulsive breakup polarization
potential [29]. The BTA has also been observed is some
neutron and proton radioactive halo nuclei such as, ®He with
209Bi [30] and 8B with 8Ni [24,31].

Several optical model potentials have been used to describe
elastic scattering data for the systems cited above, as for
example, double folding potentials. Woods-Saxon potentials
with volume and surface parts have also been applied to
the simultaneous description of fusion and elastic scattering
data of various systems [14,24,32]. In this case, the volume
potential is defined as responsible for fusion reactions whereas
the surface part is responsible for direct reactions, including
breakup and transfer processes.

It is the aim of the present work to show the results of
calculations performed for the systems ®7Li on the target
28Si, obtained when such a simultaneous description of fusion
and elastic scattering data is looked for. The parameters of
the fusion Up (volume) are determined in such a way that
fusion cross-section data o are fitted, while those of the
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direct reaction potential Upg (surface) are found from the
fit to direct reaction cross sections opp = or — o, where or
is the total reaction cross section. o7 is calculated from the
total absorption imaginary potential Wr = W + Wpp, that
is,

oi = (2/hv) < xP|W;|x*® >, i=T,F, DR, (3)

where x™ is the solution of [T 4+ V™ = Ex™, V=
Veour — (Vo + U), and Vj is the energy independent nuclear
Hartree-Fock potential, U represents the polarization potential
U= UF + UDR with UF = VF +lWF and UDR = VDR +
iWpg. The real parts Vi, Vpgp and the imaginary parts
Wp, Wpr are correspondingly connected by the dispersion
relation. This approach has been applied to a large number
of tightly and weakly bound systems and a more extensive
description of it is given in Refs. [24,32,33]. The energy
behavior of Ur and Upg, that is of Vi, Wg, Vpg, and Wpg,
can thus be obtained and the presence of either the TA or
BTA can be inferred as the collision energy approaches the
barrier. Simultaneous fits to elastic scattering, fusion, and total
reaction cross-section data are then performed to extract the
optical potential parameters of the fusion and direct reaction
potentials.

For the system °Li 4 28Si, elastic scattering measurements
by Pakou er al. [4] at the near barrier energies
Eip=75,9,11, and 13 MeV have been used, while
at higher energies, E;,;, = 20, 27, and 30 MeV, we used data
from Refs. [34-36]. For fusion cross sections o, the recent
sub- and above-barrier measurements of Sinha er al. were
used [37]. The total reaction cross sections o7 are those from
Refs. [5,38]. For 7Li+ 28Si, elastic scattering, fusion and
total reaction cross section data are those of Refs. [6,39,40]
and [5,7], respectively. In the simultaneous fitting calculations,
we used fixed diffuseness and reduced radii for the fusion
and direct reaction potentials for all energies: ar = 0.6 fm,
rp=1.4fm,apgr = 0.6 fm, and rpg = 1.6 fm for °Li + 28Si
and ar =06 fm, rrp =14 fm, apr =07 fm, and
rpg = 1.6 fm for Li + 28Si. As described in Refs. [14,24,32],
the real Vy and imaginary Wy parts of the Woods-Saxon
fusion polarization potential Ur are assumed to have the
same geometric volume shape, with the same diffuseness and
reduced radius. On the other hand, the corresponding direct
reaction real and imaginary polarization potentials Vpg and
Wpr of Upg have the same surface geometric shape, with the
same diffuseness and reduced radius. So, only the strengths
Vi(E), Weg(E), Vpr(E), and Wpr(FE) are the variables to be
obtained in the simultaneous x? analysis of the data.

In Figs. 1 and 2, the results for the fusion and direct reaction
potential strengths that fit elastic scattering, fusion and total
reaction data for ®Li + 28Si and "Li + ?8Si are shown. As can
be seen from these figures, for both systems, as the collision
energy approaches the corresponding barrier energy Vg, the
energy variation of the absorption fusion potentials Wg(E)
decreases even above the barrier, while the real counterparts
Vr(E) have an increasing behavior. This is a signature that
the TA is present for the fusion potentials. On the other
hand, the surface potential strengths Wpg(E) and Vpr(E)
show an energy behavior compatible with the BTA for both
systems, although it is much more clear for the SLi+ 2Si
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FIG. 1. Strengths for direct reaction and fusion potentials as
obtained from the simultaneous x? analysis of elastic scattering,
fusion and total reaction cross-section data for °Li+ 28Si.

system than for 7Li + 28Si, probably due to the reasons that we
have mentioned above. For both systems, Wpr(E) does not
decrease above the barrier as the bombarding energy decreases
toward the barrier. On the contrary, there is a slight increase of
Wpr(E) at the barrier energy region. The decrease of Wp(E)
starts only at energies below the barrier. For SLi 4 28Si, the
lines shown in Figs. 1(b) and 1(d) were used to fit the Wpg(E)
and Wg(E) values and also to integrate the energy scaled
dispersion relation [2],

1
Vt(E) = Vi(Es,i) + (E - Es,i);P

(o] ‘E/
x/ Wi(E") dE', i=F,DR, 4
o (E'—E;)(E' —E)

the results are shown by the lines in Figs. 1(a) and 1(c),
respectively. For the direct reaction potential, the reference
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FIG. 2. Same as Fig. 1 for the "Li + 2Si system.
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FIG. 3. Energy dependence of the fusion and direct reaction
real V and imaginary W parts of the polarization potentials at the
corresponding strong absorption radius Ry, for (a) °Li+ 8Si and
(b) "Li + 8Si.

value of the potential is set at Vpr(Es pr) = 0.5 MeV, at
the reference energy E; pr = 7.3 MeV, while for the fusion
potential, Vp(E; r) = 5.0 MeV at E; p = 8.2 MeV. Similarly,
for the "Li+ ?8Si system, the results are shown in Fig. 2,
where Vpr(Es pr) =0.2 MeV at E; pg = 6.95 MeV and
Vr(Esrp) =4.0 MeV at E; r = 8.3 MeV. As observed in
Figs. 1(a), 1(c), 2(a), and 2(c), the values of the direct reaction
Vpr(E) and fusion Vg (E) potential strengths obtained from
the simultaneous fit of the elastic, direct reaction, and fusion
data are close to those values predicted by the dispersion
relation.

It is interesting to notice that since the diffuseness parame-
ters ar and apg and reduced radii rr and rpg of the potentials
are kept constant at all energies for both nuclear systems, the
same energy behavior for the potential strengths shown in
Figs. 1 and 2 is obtained for the radial dependent volume and
surface geometric functions Vpr(E, 1), Wpr(E, 1), Vr(E, 1),
and Wr(E, r), when these are evaluated at the strong absorp-
tion radius Ry,. This is illustrated in Fig. 3, where also it is
observed that |Wr(E, Ry,)| < |Wpr(E, R,,)| at all energies.
Thatis, direct reactions dominate over fusion ones, particularly
as the energy approaches the barrier energy Vp. As claimed
by Pakou et al. [4-8], direct reactions are not just breakup
processes, but also transfer channels, which may even be more
important than breakup at some energies for these systems.

The results of the simultaneous fits for the elastic scattering
angular distributions for both systems are excellent. They are
not shown in this Brief Report due to the limits of the length of
this paper. The calculated values for fusion cross sections o
are shown in Fig. 4 for both systems. Reaction cross sections
or are shown in Fig. 5. For those energies where elastic
scattering measurements are available but fusion data were
not explicitly measured, we assumed those values obtained
from a Wong fitting to the existing data [41]. Similarly, for
those energies where reaction cross sections are not directly
measured, we considered those values extracted from the
correspondin elastic scattering data.
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FIG. 4. (Color online) Calculated fusion cross-section values
as obtained from the simultaneous x? analysis. To distinguish
the systems, those values corresponding to °Li+ 28Si have been
multiplied by 10.

In conclusion, from the results of the present work,
the conjugated effects for the energy dependence of the
polarization potentials indicate that the systems °Li + 28Si and
"Li+ ?8Si present the so-called breakup threshold anomaly.
This phenomenon is more clearly observed for the °Li 4 28Si
system than for "Li+ 28Si. It is observed that at R,,, direct
reaction potentials dominate over fusion ones at all energies,
particularly as the energy approaches the barrier. This is in
agreement with the fact that direct reactions, particularly
breakup and/or transfer cross sections, are important and
nonvanishing at energies below the barrier energy. The simul-
taneous x 2 analysis of the data for both systems ®Li + 28Si and
"Li+ 28Si are in close agreement to the data. We have shown
very clearly that the method of separating the optical potential
into fusion and direct reaction potentials is a powerful tool to
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FIG. 5. (Color online) Same as Fig. 4 for reaction cross sections.
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disentangle the opposite effects of production of attractive
and repulsive polarization potentials by different reaction
mechanisms. The two combining effects may lead to different
net effects on the energy dependence of the total optical
potential of different combinations of projectiles and targets.

Finally, it is important to mention that a very recent
and interesting work by Zerva et al. [42] investigated the
behavior of the optical potentials for these same systems by the
alternative method of measuring quasielastic backscattering
and deriving the corresponding barrier distribution. In that
paper it is found that for the °Li+ ?8Si system the optical
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potential follows the dispersion relation, as we found in the
present work, but for the 7Li+28Si system the dispersion
relation is not satisfied, contrary to our conclusions. From both
works and others in literature, one observes that the behavior
of the optical potential for the scattering of °Li is, at present,
much better understood than for Li. Further investigation is
required for a deeper understanding of the scattering of the
7Li nucleus.
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