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Probing the potential and reaction coupling effects of 6,7Li + 28Si at sub- and near-barrier energies
with elastic backscattering
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The excitation functions for 7Li + 28Si quasielastic scattering at 150◦ and 170◦ have been measured at sub-
and near-barrier energies (0.6 to 1.3 VB) and the corresponding barrier distributions derived. The results were
analyzed within the framework of the optical model using a procedure similar to one used on previous results
for 6Li + 28Si employing double-folded potentials calculated using the BDM3Y1 effective interaction. The
variation of the surface strength of the optical potential as a function of incident energy was compared for the
two systems 6Li + 28Si and 7Li + 28Si, the barrier distributions being used to help better define the potential at
the lowest energies. The barrier distributions were also analyzed with continuum-discretized coupled-channel
(CDCC) and coupled reaction channel (CRC) calculations as a means of investigating the influence of breakup
and transfer reactions on these quantities for these light, weakly bound projectiles.
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I. INTRODUCTION

The contribution of coupling effects to near-barrier fusion
cross sections and elastic scattering has been extensively
investigated in the past [1–4]. To describe the elastic scattering,
either these couplings have to be taken into account explicitly
through coupled-channel theories, or the various optical model
parameters must be allowed to vary substantially with incident
energy as the Coulomb barrier is approached (the “threshold
anomaly”).

The influence of couplings on near-barrier fusion cross
sections was further elucidated by barrier distributions ex-
tracted from precise fusion excitation function measurements,
a method initially suggested by Rowley, Satchler, and Stel-
son [5]. Similar results were obtained with backward-angle
quasielastic [6] and elastic [7] scattering excitation functions
forming barrier distributions via their first derivatives:

Dqel(E) = − d

dE

[
dσqel

dσRuth
(E)

]
,

(1)

Del(E) = − d

dE

[√
dσel
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(E)

]
.

The role of backscattering measurements in probing the
properties of the optical potential has also been important
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in recent years. A large amount of work has been devoted to
systematic studies of the surface properties of the optical model
potential (diffusivity of Woods-Saxon potentials) through
high-precision backward-angle quasielastic scattering mea-
surements [8–13] at sub-barrier energies. At these backward
angles, deviations from unity of the ratio to Rutherford of the
(quasi)elastic cross sections are mainly sensitive to the surface
properties of the potential [9].

Recently, going a step further, we used the elastic backscat-
tering as a tool to help probe the energy dependence of the
potential at near- and sub-barrier energies for the weakly bound
nucleus 6Li scattered by the light target 28Si [14]. Previous
inconsistencies [15,16] with regard to the new potential
anomaly observed in this system were clarified. Additionally,
continuum-discretized coupled-channel (CDCC) calculations
for the 6Li → α + d breakup were performed to investigate
the influence of this coupling on the barrier distribution, but
no transfer coupling was included.

By extending our backscattering measurements to
7Li + 28Si, in this work we compare the two systems, 6Li + 28Si
and 7Li + 28Si, in order to investigate differences in the
behavior of the optical model potential for these two weakly
bound projectiles. CDCC calculations are presented for the
7Li + 28Si system and coupled reaction channel (CRC) cal-
culations for the 6Li + 28Si system, where couplings to the
(6Li,5Li) single-neutron stripping channels were added to the
6Li breakup couplings included in the CDCC calculations
of our previous work [14]. In this work we shall refer to
calculations that include breakup couplings alone as CDCC,
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while calculations that include both breakup and transfer
couplings will be referred to as CRC. All CDCC and CRC
calculations presented in this work were performed using the
code FRESCO [17].

A few other measurements of the elastic and quasielastic
backscattering for weakly bound nuclei have been reported
previously [18–22], but they were for heavier targets and
emphasized the coupling effects rather than the energy
dependence of the optical potential.

II. EXPERIMENTAL DETAILS AND DATA REDUCTION

Details of the experimental method were given in [14].
We give here some points pertinent to this work. Beams
of 6,7Li3+ ions were delivered by the TN11/25 HVEC
5.5 MV Tandem accelerator of the National Research Center
of Greece-Demokritos at several bombarding energies from 5
to 12 MeV. Beam currents were of the order of 1–5 nA. The
beams impinged on a 200 µg/cm2 thick self-supporting 28Si
target, with the target frame fixed perpendicular to the beam
direction. (Quasi)elastic backscattering events were recorded
in four silicon detectors set at ±150◦ and ±170◦ (for 7Li,
quasielastic events were recorded because the 7Li 1/2− first
excited state could not be separated). The beam flux was
normalized via a measurement of the Rutherford scattering
in two silicon detectors set at ±30◦.

Ratios of the (quasi)elastic cross sections to Rutherford
were formed as follows:

σel

σRuth
(170◦–150◦) = N (170◦–150◦)

N (30◦)

σRuth(30)

σRuth(170)

�30

�170(150)
,

(2)

where N30 and N170(150) are the (quasi)elastic scattering total
counts in the forward and backward detectors, and �30 and
�170(150) are their respective solid angles. The ratio of solid
angles was determined during the experiment by scattering
11 MeV lithium ions from a thin gold target. At this energy, the
elastic scattering is pure Rutherford for both forward and back-
ward detectors, and the ratio of solid angles can be determined
with negligible error. Therefore, the only errors involved in re-
lation (2) are the statistical errors, which at most of the energies
were less than 2%, except at the highest energies where they
were up to 20%, partly due to the low beam current available
from the accelerator in combination with the small backward-
angle elastic cross section at these energies and partly due to a
high background. This background was partly due to scattering
and partly to reaction products giving a continuous energy
spectrum. In future measurements, this “background” could be
avoided with the use of telescopes with gas detectors in the first
stage, since the energy of the recoiling lithium is very small.

III. EXCITATION FUNCTIONS AND BARRIER
DISTRIBUTIONS: OPTICAL MODEL ANALYSIS

The excitation function for 7Li + 28Si is shown in Fig. 1(a)
while the corresponding barrier distribution, obtained using

FIG. 1. (Color online) (a) Quasielastic cross sections (stars), the
error-weighted mean of the measured cross sections at 150◦ and 170◦,
as a function of laboratory energy for 7Li + 28Si. The associated
errors do not exceed the size of the data points and in most cases
are of the order of 2%, although at the highest energies they are
up to 20%. The lines represent ECIS calculations with the optical
potentials presented in Fig. 4, with the same notation. The dashed
line represents calculations using an optical potential where the real
and imaginary parts obey a dispersion relation, while the solid line
represents calculations where they do not (see text). (b) Barrier
distributions derived from the excitation functions shown in (a).

the left-hand relation of equation (1), is shown in Fig. 1(b).
Previous results for 6Li + 28Si [14] are repeated in Figs. 2(a)
and 2(b) for ease of comparison. As noted above, for 7Li the
0.478 MeV 1/2− inelastic peak was not resolved, and the
results are quasielastic rather than elastic scattering. However,
we consider that the quasielastic nature of the 7Li data is not an
impediment to our comparisons with the 6Li elastic scattering
data or in general for our conclusions. According to the two-
channel calculations described in Sec. IV, the influence of the
inelastic scattering on the barrier distribution is negligible. This
is demonstrated in Fig. 3, where two calculated barrier distribu-
tions for 7Li + 28Si two-channel calculations (including reori-
entation of the 7Li ground state and excitation to its first excited
state only) are presented, one for the pure elastic scattering and
one for the quasielastic scattering including excitation of the
experimentally unresolved 7Li 1/2− first excited state. The
resulting barrier distributions are essentially identical.

The interpretation of the backscattering results within
the optical model framework is described in the following
subsection.

A. 7Li + 28Si

In Fig. 4, we present previous results on the potential
anomaly, obtained within the double-folding model framework
[16] using the BDM3Y1 effective interaction. The decreasing
trend of the imaginary potential strength approaching the
barrier is readily apparent. First, adopting such a behavior for
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FIG. 2. (Color online) (a) Previously measured elastic scattering
cross sections [14], the error-weighted mean of the measured cross
sections at 150◦ and 170◦, as a function of laboratory energy for
6Li + 28Si. The lines represent ECIS calculations with the optical
potentials presented in Fig. 5, with the same notation. The dot-dashed
line (black) corresponds to a decreasing imaginary potential from
higher to lower energies, the solid line (blue) corresponds to an
increasing imaginary potential, which best fits the backscattering
data. The thin solid line (pink) represents a similar imaginary
potential but which drops to zero earlier, and finally the dashed line
(red) represents a potential with an increasing trend from above but
with a steeper slope. (b) Elastic backscattering barrier distributions
with the same notation as in (a).
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FIG. 3. (Color online) Barrier distributions for 7Li + 28Si calcu-
lated for elastic scattering (solid line) and for quasielastic scattering
(dot-dashed line) calculated with a two-channel model taking into
account reorientation of the 7Li ground state and excitation to the
first excited state.
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FIG. 4. (Color online) Previously determined normalization fac-
tors of the 7Li + 28Si real and imaginary potential as a function of 7Li
bombarding energy [16], denoted by the solid circles. To describe
the behavior of the imaginary potential we draw two lines, one
constant and one decreasing with decreasing energy. At low energies,
a “step” of 0.1 MeV is additionally considered. Two corresponding
real potentials are given: the dot-dashed curve represents a potential
derived from the imaginary part via the dispersion relation [23] and the
solid line is an energy-independent curve drawn through the empirical
points without taking the dispersion relation into account.

the imaginary part, we calculated the expected energy variation
of the real part of the potential with the dispersion relation [23],
designated in the figure by the bell-shaped dot-dashed curve.
Second, assuming that the dispersion relation does not hold for
the 7Li + 28Si system, we simply drew a straight line through
the points denoting the strength of the real part of the potential,
i.e., no variation with energy. With these two potentials—the
bell-shaped and constant real parts with in both cases the
same imaginary part—we calculated the corresponding
backward-angle elastic scattering cross sections as a function
of energy. The results are shown in Figs. 1(a) and 1(b) for the
excitation function and the corresponding barrier distribution,
respectively. It is obvious that the appropriate optical potential
is that where the real part is described by a straight line and
which therefore does not obey the dispersion relation. We note
that the “step” in the imaginary potential at very low energies,
equal to a constant surface imaginary potential strength of
0.1 MeV, is necessary in order to fit the barrier distribution. A
constant imaginary potential at sub-barrier energies implies a
continuous loss of flux to reaction channels other than elastic
scattering, possibly to transfer. Experimental evidence for a
strong transfer channel at low energies with a transfer-to-total
cross section ratio that increases with decreasing energy
below the barrier is given in Ref. [24]. Moreover, we note that
some evidence for similar behavior of the imaginary potential
in the 7Li + 208Pb system was found by Keeley et al. [25] and
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attributed to a continuous loss of flux, suggested as possibly
being due to Coulomb breakup, impossible for the present
case because of the low atomic number of the target. We
also note the unusual behavior presented in a recent elastic
scattering study of the 7Li + 144Sm system [26], where the
imaginary part remains constant till very low energies well
below the Coulomb barrier, while the real part shows a slight
increasing behavior. It therefore appears that the type of
potential anomaly for 7Li is not always consistent with the
traditional type met with for tightly bound projectiles, while it
is strongly dependent on the target and therefore on the open
reaction channels in this low-energy regime.

B. 6Li + 28Si

In Fig. 5, we present previous results on the potential
anomaly obtained from optical model fits to angular distribu-
tion measurements within the double-folding framework [15]
using the BDM3Y1 effective interaction. In the same figure,
we also present results from Ref. [14] where using a similar
procedure we had attempted to define in a more accurate
way the optical potential, extending its energy dependence
to lower energies. The results of the analysis of the elastic
backscattering according to the various alternative optical
potentials described in detail in Ref. [14] are presented in
Figs. 2(a) and 2(b) for the excitation function and barrier
distribution, respectively. It is apparent that the potential which
best reproduces all the data is that with an imaginary part
having a small but definite increasing trend as the incident
energy is lowered toward the Coulomb barrier, see Fig. 5, and
which extends to very low energies before dropping to zero.
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FIG. 5. (Color online) Previously determined normalization fac-
tors of the 6Li + 28Si real and imaginary potentials as a function of
the 6Li bombarding energy [15], denoted by the solid circles. For
the imaginary potential we have made four different assumptions
(dot-dashed black, dashed red, solid blue, and thin solid pink
lines). The corresponding real potentials were calculated using the
dispersion relation [23].

It is also obvious by comparing Figs. 4 and 5 that the
fall of the imaginary potential starts much later (i.e. ,at lower
energies) for 6Li than for 7Li. In more detail, while for 6Li
the imaginary potential around the barrier starts to increase
and then at very low energies drops to zero, for 7Li its starts
to drop around the barrier but does not continue to zero,
rather presenting a flat behavior to very low energies. The
above analysis made it clear that the elastic scattering barrier
distribution can be a valuable tool for mapping the threshold
anomaly. Moreover, it can be used to help further extend below
the barrier the energy dependence of the optical potential.

IV. REACTION MECHANISMS

A. Effects of breakup

In our previous work [14], we showed by means of CDCC
calculations that the breakup of 6Li strongly affects the barrier
distribution for the 6Li + 28Si system, shifting it to slightly
higher energies and reducing the peak height by at least 20%
while simultaneously making the distribution more broad.

In this work, we have performed similar calculations for
7Li + 28Si, following closely those presented in Ref. [16]. It
was assumed that 7Li has a two-body α + t cluster structure.
Couplings between bound states of 7Li (the ground and first
excited state) as well as resonant and nonresonant cluster states
from the continuum were included, with multipolarity up to
�L = 3. The continuum above the breakup threshold was
discretized into momentum bins of width �k = 0.25 fm−1. In
the presence of resonances (the 7/2− at Ex = 4.63 MeV and
the 5/2− at 6.68 MeV), this binning scheme was modified to
avoid double counting. The continuum was truncated at about
12 MeV excitation energy at the highest beam energy. This was
reduced at lower beam energies according to the appropriate
value of the center-of-mass energy of the scattering system.
All diagonal and coupling potentials were generated from
empirical α + target and t + target optical model potentials
using single folding. The calculations reproduced well the
data for 7Li + 28Si elastic scattering [16] over the beam energy
range 8–16 MeV with one free parameter: renormalization of
the real parts of the input potentials, set to Nr = 0.6.

Since in the backscattering measurements the inelastic part
was not resolved from the elastic part, the calculations for
7Li represent the quasielastic scattering (elastic + excitation
of 7Li to its first excited state). The backscattering results are
presented in Fig. 6(a). The dot-dashed curve shows the results
of two-channel calculations, with just reorientation of the 7Li
ground state and excitation to the first excited state included.
The results of the full CDCC calculations with couplings to
the resonant and nonresonant states of the α + t continuum
included are plotted as the solid curve. The effect of breakup
channels on the barrier distribution is very small, much smaller
than for 6Li + 28Si (the results for this system taken from
Ref. [14] are given in Fig. 6(b) for ease of reference). This
may be due to the almost negligible breakup cross section for
7Li compared to that for 6Li.

B. Effects of transfer reactions

In a series of experiments aimed at studying the 6Li + 28Si
interaction [16,24,27,28], it was found that the largest cross
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FIG. 6. (Color online) Coupling effects on the elastic backscat-
tering barrier distributions: (a) 7Li + 28Si data (solid circles) and
(b) 6Li + 28Si data (solid stars). The dot-dashed curves show the
results of optical model calculations with the bare potentials, while
the solid curves denote calculations including the 7Li → α + t and
6Li → α + d breakup for (a) and (b), respectively. For 6Li + 28Si
the 1n-transfer reaction 28Si(6Li,5Li)29Si was taken into account, and
the dotted curve represents the results of CRC calculations with the
breakup and transfer couplings included simultaneously.

section is for one-neutron transfer leading to excited states in
29Si at excitation energies above 1.27 MeV. The value of the
summed cross section for this reaction at an incident energy
of 13 MeV was 113±29 mb, more than five times larger than
that for 6Li → α + d breakup. We therefore investigated how
much this process affects the elastic scattering and thus the
barrier distribution.

We performed CRC calculations with couplings to breakup
and one-neutron transfer channels explicitly included, as indi-
cated in Fig. 7. In these calculations we assumed that the trans-
fer reaction may lead to 5Li in its ground and first excited states
(both are resonant states in the α+p continuum) and that the fi-
nal nucleus, 29Si, could be excited to states up to 6.5 MeV. Eight
states of 29Si in this energy range, with the largest spectro-
scopic amplitudes, were taken into account. Details of CDCC

 Li +  Si 29Si + Li56 28

FIG. 7. Coupling scheme used in the 6Li + 28Si CRC calculations.

calculations for 6Li →α + d breakup as well as distorted-wave
Born approximation (DWBA) calculations for one-neutron
transfer may be found in Refs. [16,27,29]. The calculations re-
produced the experimental data for 6Li breakup [27]. However,
they underestimated the measured one-neutron transfer cross
section. To improve the latter agreement, the spectroscopic
amplitudes had to be renormalized by a factor of 2.

The effect of breakup and one-neutron transfer on the 6Li
elastic backscattering is illustrated in Fig. 6(b). Inclusion of
the 6Li → α + d breakup coupling significantly affects the
barrier distribution, reducing the maximum height by at least
20%. The effect of one-neutron transfer is much smaller, even
with the renormalized spectroscopic amplitudes. These results
demonstrate that transfer and breakup have opposite effects
in this case and that the coupling effect is not proportional to
the cross section of a particular process but rather depends on
its nature.

We have not attempted CRC calculations for the 7Li
system, as here the most important transfer partition is the
28Si(7Li,5Li)30Si two-neutron stripping reaction [24], and the
corresponding calculations are more technically challenging.
Due to the light target, two-step paths may contribute signif-
icantly to the reaction mechanism. Test calculations in which
only the single-step direct transfer of a dineutron-like cluster
was considered gave unrealistically large coupling effects,
completely destroying the agreement with the measured barrier
distribution obtained with the two-channel and full CDCC
calculations while considerably underestimating the measured
transfer cross section. More sophisticated calculations in-
cluding two-step transfer paths proceeding via the (7Li,6Li)
one-neutron transfer are left for the future, since the currently
available data are not accurate enough to trace the expected
small differences in the barrier distributions between full CRC
calculations and simple two-channel calculations because the
latter reproduce adequately well these data.

V. SUMMARY AND CONCLUSIONS

Elastic backscattering measurements were performed for
the 7Li + 28Si system at sub- and near-barrier energies and the
barrier distribution was derived. The results were presented
together with previous ones on 6Li + 28Si for purposes of
comparison.

It was found that elastic backscattering can be a useful tool
to probe the optical model potential at sub-barrier energies.
For 6Li + 28Si, it was found that an imaginary potential that
increases in surface strength as the incident energy is reduced
toward the Coulomb barrier best reproduces the whole data set,
as is the case for all other systems involving this weakly bound
projectile. The resulting potential behavior is consistent with
the dispersion relation and gives a real part almost independent
of energy with a small dip around the barrier, with a bell-shaped
peak appearing at very low energies, the latter being essentially
impossible to confirm experimentally. However, the technique
of combining angular distribution measurements with their
rather low sensitivity to the potential at near-barrier energies
with measurements of the (quasi)elastic barrier distribution
appears a promising way to extend our knowledge of the
potential to sub-barrier energies.
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On the other hand, for 7Li + 28Si, it was found that, in
contrast to 6Li, the imaginary part of the optical potential
reduces as we approach the barrier at much higher energies
following the well-established behavior for tightly bound
nuclei, but does not seem to continue to zero below the
barrier. Rather, there is evidence of a continuous loss of flux
at deep sub-barrier energies in the shape of a flat, nonzero
imaginary potential in this energy regime, possibly due to
positive Q-value transfer channels in this case. This imaginary
potential is not connected via a dispersion relation with the
real one, the latter presenting a rather constant behavior as a
function of energy to very low energies.

(Quasi)elastic backscattering barrier distributions are also
a good means of probing coupling effects at near-barrier
energies. While breakup cross sections with this low Z

target are very small, coupling to the continuum has a
strong influence on the elastic channel for 6Li. On the other
hand, transfer presents a large cross section but has a small

coupling influence, of opposite sign to that for breakup.
For 7Li, it was found that the barrier distribution could be
well described by two-channel calculations including just
ground-state reorientation and coupling to the 7Li 1/2− first
excited state, suggesting that other couplings should have a
negligible influence.
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