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The 7Li+ 28Si elastic scattering was studied at near-barrier energies, namely, 8, 8.5, 9, 10, 11, 13, 15, and
16 MeV, with the aim to map the real and imaginary part of the optical potential and therefore probe the
threshold anomaly. Angular distributions were measured over a wide angular range of(ulab=25° to 150°) for
the lower energies and of(ulab=10° to 100°) for the higher energies. The present data, together with previous
ones on heavier targets(138Ba and208Pb) at near barrier energies, were analyzed by using optical potentials
obtained in a double-folding framework. The results were compared with previous measurements of6Li on the
same targets. It was found that a striking difference occurs between the imaginary potentials of6Li and 7Li,
which, respectively, present an increasing and decreasing behavior approaching the barrier from higher to
lower energies. On the other hand, this energy variation is not fully reflected to the real part of the potential,
as it is described by dispersion relations. The strength of the real potential remains almost constant with a weak
declining and uprising trend for the6Li and 7Li, respectively. For a better understanding of our results,
continuum-discretized-coupled-channel calculations were also performed and are discussed.
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I. INTRODUCTION

In the past years the phenomenon of “threshold anomaly”
in the optical potential around the barrier has been well es-
tablished for stable encounters[1]. It is visualized as a rapid
energy variation of both the real and imaginary parts in the
vicinity of the barrier, where a peak develops in the real part
associated through dispersion relations with the decrease of
the imaginary part as the energy is decreasing[2]. The physi-
cal origin of the effect is due to strong couplings to low-lying
states in both the projectile and target, to inelastic scattering
and transfer reactions.

It was suggested[2] that the same effect may not appear
for weakly bound systems where coupling to breakup chan-
nels gives a repulsive contribution to the real part of the
optical potential, which is almost independent of bombarding
energy, while the associated imaginary potential is very
small. Therefore, the dispersion relation is of no use in these
circumstances. After that, several works were devoted to
studies of elastic scattering in the vicinity of the barrier for
weakly bound systems concerning mainly the nuclei6,7Li
[3–11]. In view of the similarities of weakly bound stable
systems with their associate weakly bound radioactive ones
[12], such studies are of critical importance as they can in-
dicate trends and give initiatives for studies of drip line nu-

clei, while the measurements can be performed by using
stable beams and therefore can decongest the heavy schedule
of radioactive beam facilities. In a very recent study[13,14]
on the elastic scattering of6Li+ 28Si, which was strengthened
by the analysis of previous data on heavier targets into the
same footing, an unusual behavior of both the real and
imaginary part of the optical potential was established at near
barrier energies. More explicitly, the normalization factor of
the real part of the double-folding potential was found to
remain almost constant till the barrier, with a slight declining
trend, and presenting a reduction of,40% similar to the one
that is established for energies well above the Coulomb bar-
rier [15]. The normalization factor of the imaginary potential
was found to present an increasing trend with decreasing
energy. On the other hand, a conclusion for7Li is not
straightforward. From the performed studies thus far, its be-
havior seems to contradict that of6Li, at least in what con-
cerns the imaginary part, which for7Li shows a rather simi-
lar trend with the one exhibited by stable systems. According
to the authors of Ref.[3], for the real part of the potential a
weak peak, blurred however by the scattering of the data,
develops at the barrier. This peak can be described quantita-
tively by dispersion relations only if an assumption is made
about a continuous loss of flux from the elastic scattering
channel below barrier. This is not consistent however with
recenta-breakup measurements[16]. Near the barrier, devia-
tions from Rutherford scattering are mostly featureless, and
thus, in order to draw stronger statements, more data are
necessary in preference with light targets where the Coulomb
potential is smaller. Also, data at several energies are neces-
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sary to map well the potential and apply dispersion relations.
To contribute in that direction, we have undertaken the

study both experimentally and theoretically of the7Li+ 28Si
elastic scattering at near-barrier energies. It should be noted
that this system is studied for the first time at these energies.
We report also, in the same theoretical context, the analysis
of data on heavier targets while making comparisons with
previous results of6Li on the same targets. The outline of
this paper is as follows. In Sec. II we present experimental
details and the measurements. Section III contains the theo-
retical analysis of present and previous data on heavier tar-
gets into a folding context. In Sec. IV our continuum-
discretized-coupled-channel (CDCC) calculations are
presented. In Sec. V we show the analysis of dispersion cor-
rections to the real potential due to the energy variation of
the imaginary part. Finally, in Sec. VI are the discussion and
our conclusions.

II. EXPERIMENTAL DETAILS

7Li 2+ and 7Li 3+ beams were delivered by the TN11/25
HVEC 5.5 MV Tandem accelerator of the National Research
Center of Greece-Demokritos at eight bombarding energies,
namely, 8, 8.5, 9, 10, 11, 13, 15, and 16 MeV. Beam currents
were of the order of 30 nA. The beam impinged on a 210-
mg/cm2-thick, self-supported natural silicon target, tilted by
±45° (depending on the detector position) and the elastically
scattered Li ions were detected in two solid state surface
barrier detectors. One of the detectors was a telescope(the
DE silicon detector was 10mm thick, while theE detector
was 300mm thick) measuring the forward-angle scattering,
while the other one was a thin, 20- or 25-mm-thick silicon
detector measuring the backward scattering. The choice of
the thickness of the backward detector was such as to allow
light particles, like alphas from breakup transfer and other
contaminant reactionss7Li+ 12Cd, to go through while Li par-
ticles stop in the detector. The alpha group was well dis-
criminated in the forward detectors with theDE-E technique.
The detectors were set 24 cm away from the target on a
remote control rotating table. Tantalum masks were placed in
front of each detector and an angular resolution of 0.7° was
obtained. This angular uncertainty was estimated to increase
to 1° due to the beam divergence. The subtending solid angle
was 1.2310−4 sr. An overall normalization was obtained at
each energy by placing two monitor silicon detectors,
300 mm thick, behind the telescopes, 34 cm away from the
target, fixed at ±15° on a bottom table, concentric to the top
rotating one. The scattering at ±15°, concerning the present
bombarding energies, can be considered as being pure Ruth-
erford. These monitors behind the telescopes were shadowed
by one of them when they were rotated between 10° to 20°.
For that reason a third monitor detector was set at 40°. The
scattering on this detector was found to drop from,95% to
70% of the Rutherford scattering from the lower to the
higher energies. A liquid-nitrogen cold trap close to the target
holder reduced the target contamination on carbon to mini-
mum. This was confirmed at the end of the runs in a separate
Rutherford back scattering experiment[17], during which

the carbon contaminant was estimated and the target thick-
ness was established.

Angular distributions were determined in steps of 2° to
10° depending on the energy and angular range. The data
were recorded using a PC controlled acquisition system,
CAMDA [18] and were analyzed off line. The results are
shown in Fig. 1. Under the same conditions we also per-
formed a 6Li+ 28Si angular distribution measurement at
13 MeV, as a test run, since our final goal was to compare
results for the two weakly bound nuclei. The results are
shown in Fig. 2 and show very good consistency with our
previous data[13] and older ones[19].

III. THEORETICAL ANALYSIS-FOLDING FRAMEWORK

For the theoretical analysis, elastic scattering calculations
were performed with the codeECIS [20]. The real part of the
entrance potential was calculated within the double-folding
model [21] by using the BDM3Y1 interaction developed by
Khoa et al. [22]. The densities involved in the real double-
folded potential of the present analysis were obtained from
electron scattering data, adopting a three parameter Fermi
model, for28Si [23], and Hartree-Fock calculations obtained
by Tracheet al. [15] for 7Li. Calculations with harmonic
oscillator densities and densities from phenomenological de-
scriptions[24] for 7Li did not alter the results appreciably.

The imaginary potential was assumed to be of the same
radial shape as the real one and the same folded potential
was adopted, but with a different normalization factor. A
search was performed by using as free parameters the two
normalization factors for the real and imaginary potential,NR
andNI. The results of the best fits are shown in Fig. 3, while

FIG. 1. Present elastic scattering data for the system7Li+ 28Si.
The statistical error was 2–6 %, while the error adopted in all our
fits was 10%. The solid lines represent the best fits adopting a
double-folded potential for the real and imaginary part. The normal-
ization factors are given in Fig. 3.
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the deduced angular distributions are compared with the data
in Fig. 1. It has to be pointed out here that we have consid-
ered it more appropriate to plot these normalization factors
as a function of energy, rather than the values of the real and
imaginary potential at the strong absorption radius, since for

light elements the radial region of sensitivity may change
with bombarding energy. Additionally, the definition of the
strong absorption radius is not straightforward for weakly
bound encounters. As it was pointed out in[12,25] the re-
duced distance of closest approach for the systems6He
+ 208Pb and6,7Li+ 28Si is ,2.2 fm instead of,1.65 fm for
stable encounters. In Fig. 3 we also present our previous
results of6Li+ 28Si [13] analyzed under the same theoretical
footing. As it is seen, no marked difference is observed for
the two weakly bound nuclei. For6Li, a slight increasing
trend of the imaginary potential as the energy decreases to
the barrier cannot establish a different behavior from7Li due
to the errors and to the lack of data points in comparison
with the 7Li case. On the other hand, the6Li data, as it was
pointed out in[13], are also consistent with the increasing
trend seen for6Li scattering on heavier targets. More data at
smaller energy steps might be necessary to complement the
previous6Li ones in order to obtain a more detailed mapping
of the imaginary potential as was done in the present work
for 7Li. Complementary total reaction cross section measure-
ments will also be valuable at that point.

To gain a more global insight into the subject, former data
for the systems6,7Li+ 138Ba [7] and 6,7Li+ 208Pb [3] were
also analyzed in the same context and the results are pre-
sented in Figs. 4 and 5. A marked difference between6Li and
7Li is evident at least in what concerns the energy variation
of the imaginary part, where an increasing behavior is estab-
lished for 6Li and a decreasing one for7Li approaching the
barrier from higher to lower energies. This difference is seen
in a more prominent way for the Pb target, due to an existing
comprehensive list of data points. On the other hand, this

FIG. 2. Present data for6Li+ 28Si (solid circles), from a test run,
are compared with previous data designated with solid boxes[13]
and solid stars[19]. The good consistency of these data gives fur-
ther support to our new data for the system7Li+ 28Si.

FIG. 3. Normalization factors of the real and imaginary poten-
tial for 6,7Li+ 28Si as a function of the lithium bombarding energy
over barrier. Barriers were taken from previous measurements[13]
as 7.8 MeV for both systems in the laboratory frame. The lines
correspond to dispersion calculations(solid line and dotted-dashed
line for 6Li and 7Li, respectively) and to CDCC calculations
(dashed and dotted line for6Li and 7Li, respectively).

FIG. 4. Normalization factors of the real and imaginary poten-
tial for 6,7Li+ 208Pb, as a function of the lithium bombarding energy
over barrier. Barriers in the laboratory were taken from previous
measurements[11] as 25.84 MeV for both systems. The lines cor-
respond to dispersion calculations(solid line and dotted-dashed for
6Li and 7Li, respectively) and to CDCC calculations(dashed and
dotted line for6Li and 7Li, respectively).
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sharp energy variation of the imaginary part is not reflected
in the real part of the potential, which shows for both weakly
bound nuclei an almost constant behavior. We note however
that for the scattering of6Li a weak declining trend develops,
seen mainly on the Si and Ba target data, while for the scat-
tering of 7Li a weak uprising trend develops instead, mainly
seen for the Pb data. In both cases theWsEd energy variation
is significant, a fact that justifies the use of dispersion rela-
tions. The dispersion contribution to the real part of the
optical potential due to theWsEd variation is discussed in
Sec. V.

IV. THEORETICAL ANALYSIS-CDCC CALCULATIONS

These calculations were performed using version
FRXP.18 of the codeFRESCO[26] for the system6Li+ 28Si at
the energy rangeElab=7.5 to 25 MeV and for the system
7Li+ 208Pb at the energy rangeElab=27 to 52 MeV. The
model used was very close to that of Refs.[8,27]. It was
assumed that the nucleus6Li s7Li d has a two-bodya+d sa
+ td cluster structure. Couplings between resonant and non-
resonant cluster states corresponding toa-d sa-td relative or-
bital angular momentumL=0,1,2sL=0,1,3d were in-
cluded. For7Li the excitation to first excited state and ground
state reorientation was also taken into account The con-
tinuum above the6Li →a+d s7Li →a+ td breakup theshold
was discretized into momentum bins. The width of most of
the bins was set toDk=0.26 fm−1 for 6Li and to Dk
=0.25 fm−1 for 7Li. In the presence of the resonant states the
binning schemes were suitably modified in order to avoid
double counting. Upper limits of the continuum states were
taken as 10.6 and 9.3 MeV for the6Li and 7Li on silicon,
respectively, at 13 MeV beam energy. These limits were re-

duced for the lower energies according to the appropriate
value of Ec.m. of the system. All the diagonal and coupling
potentials were generated from empiricala+ target,d+ tar-
get, andt+ target optical model potentials for the correspond-
ing target nucleus by means of the single-folding technique.
For the208Pb target these potentials were the same as in Ref.
[27], while for the 28Si target the corresponding potentials
were adopted from Refs.[28–30].

In the above context, angular distributions with one chan-
nel calculations and CDCC calculations are compared with
some of the data in Fig. 6(6,7Li+ 28Si at 11 and 13 MeV).
The agreement of the data with the calculations is in general
good. It is obvious that the CDCC improvement due to the
breakup is more substantial for the6Li scattering than for the
7Li scattering. Also, it is more substantial at higher energies
than at lower energies. Furthermore, to make comparisons in
terms of the potentials we plot in Figs. 3–5 ratios of the
quantitiesVeff /Vbare sVeff=Vbare+Vpolarizationd at the strong ab-
sorption radiussRsd. We have to point out here that we make
such comparisons with some caution, since as we have stated
before in Sec. III, for light elements the radial region of
sensitivity changes with absorption radius for light elements
and additionally the reduced distance of closest approach for
some weakly bound nuclei is larger than expected for stable
encounters. The ratiosVeff /Vbare for the systems6,7Li+ 28Si
are plotted at the strong absorption radiusRs=10.6 fm=2.2
3 sA1

1/3+A2
1/3d fm according to our findings in[12] for the

distance of closest approach. For the systems6,7Li+ 208Pb we
plot the potentials at a distanceRs=12.4 fm=1.63 sA1

1/3

+A2
1/3d fm used by previous authors, since we have no evi-

dence for the moment about the distance of closest approach
for these systems. In principle, the CDCC calculations fail to
reproduce the data. In more detail, however, the following

FIG. 5. Normalization factors of the real and imaginary poten-
tial for 6,7Li+ 138Ba, as a function of the lithium bombarding energy
over barrier. Barriers were taken as 19.7 MeV in the laboratory
system for both systems. The lines correspond to dispersion calcu-
lations (solid line and dotted-dashed for6Li and 7Li, respectively).

FIG. 6. Elastic scattering data at 11 and 13 MeV for the systems
6Li+ 28Si (left column) and 7Li+ 28Si (right column) are compared
with CDCC(solid line) and one channel calculations(dotted-dashed
line). As it is seen, the effect of breakup is more substantial for6Li
scattering than for7Li scattering and for higher energies than for
lower energies.
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remarks can be made. For the system6Li+ 28Si, the real part
of the potential follows the data well, while the imaginary
part shows a qualitative agreement with the trend but not
with the strength. For the system7Li+ 28Si, the calculations
for both the imaginary and real part are well off the data. For
the system6Li+ 208Pb, we also have a good agreement with
the real potential data but not with the imaginary potential
one. Finally, for the system7Li+ 208Pb the calculations for
both the imaginary and real part are well off the data.

The general conclusion drawn from these results is that
more reaction channels, like thet-transfer channel that is
expected to be very strong for7Li+ 28Si, have to be explicitly
taken into account in model calculations. As it becomes more
and more evident, the competition between breakup and
transfer and/or other reaction processes varies with energy
and target mass number[14] and therefore affects in a unique
way each scattering system. It was shown in[14], that for
6Li+ 28Si the ratio of the predicted breakup cross section to
the total alpha production is very small(of the order of 8%
for Ebeam=13 MeV). On the other hand, test calculations per-
formed in this work for7Li+ 28Si show that this ratio is al-
most zero. For the lead target the role of breakup is more
pronounced since the ratio of the breakup cross section to the
total a production is much larger[14,16] (of the order of
25% for Ebeam=33 MeV). However, even in that case,
breakup is not enough to describe the singularities of the
potential at barrier. Moreover, the effect of reorientation and
excitation to low-lying states, in the case of the7Li scatter-
ing, is indeed impressive concerning breakup cross sections
(the breakup cross section can be increased by a factor of 5).
However, this effect is not enough to give any change to the
potential energy trend since breakup does not seem to be the
major process at barrier for none of the two weakly bound
nuclei.

V. DISPERSION CALCULATIONS

Elastic scattering differential cross sections can be well
reproduced, introducing an effective interaction or optical
potential, and thus reducing the many-body problem to a
one-body problem.

Usr ;Ed = Vsr ;Ed + iWsr ;Ed, s1d

where V and W are the real and imaginary parts related
through the following dispersion relationf2g:

Vsr ;Ed = V0sr ;Ed + DVsr ;Ed,
s2d

DVsr ;Ed =
P

p
E

0

` Wsr ;E8d
E8 − E

dE8,

whereDV is an attractive polarization potential. Although the
behavior ofW at high energies is not known, this has little
effect on the shape ofDVsEd at low energies. Therefore,
instead of relation(2) we can use the dispersion relation in a
subtracted form, normalizingV0 at some convenient energy
Es,

Vsr ;Ed = V0sr ;Esd +
P

p
sE − EsdE

0

` Wsr ;E8d
sE8 − EsdsE8 − Ed

dE8.

s3d

In the following, we will demonstrate the effect of the dis-
persive coupling via relations3d for stable and weakly bound
systems by use of the simple linear segments model sug-
gested inf2g for describingWsr ,Ed.

To establish our method, we started our calculations by
treating elastic scattering data for stable encounters, namely,
data of the12C+209Bi system[31], in the same theoretical
folding context(Sec. III) applied for the systems6,7Li+ 28Si,
6,7Li+ 138Ba, and6,7Li+ 208Pb. The obtained energy variation
of the optical potential, real and imaginary part, is displayed
in Fig. 7. A threshold anomaly of the conventional type is
obvious. To apply the dispersion correction, we have chosen
two linear segments(solid line) for representing the energy
variation of the imaginary potential. To demonstrate the sen-
sitivity of the choice of linear segments, we have also con-
sidered two additional lines with different slopes(dashed and
dotted-dashed lines in Fig. 7). As it is seen the variation of
the slope of the second segment has an effect on the slope of
the line describing the real potential after the barrier(a varia-
tion on the slope of the first segment line would effect the
width of the peak of the real potential at the barrier). In
principle, as it can be seen from Fig. 7, the dispersive effect
on the real part due to the energy variation of the imaginary
part describes adequately well the data.

In the above context we have estimated the dispersive
correction for the systems6,7Li+ 28Si, 6,7Li+ 138Ba, and

FIG. 7. Normalization factors of the real and imaginary poten-
tial for 12C+209Bi as a function of the carbon bombarding energy
over barrier. The barrier was taken as 52.8 MeV in the laboratory
frame. The lines correspond to dispersion calculations. It is obvious
that the dispersion correction follows the data adequately well, giv-
ing further support to our systematic analysis made in this work for
the weakly bound systems.

ELASTIC SCATTERING OF7Li+ 28Si AT NEAR-… PHYSICAL REVIEW C 69, 054602(2004)

054602-5



6,7Li+ 208Pb [13,31,5]. We have also applied here the two-
segment model. For6Li+ 28Si the increasing behavior of the
imaginary potential is not well mapped due perhaps to the
few existing measurements at barrier. Therefore, we have
adopted the linear segments that were consistent with the
imaginary potential data of the heavier targets. For7Li the
imaginary potential was mapped adequately well. Two lines
were fitted to the data. The line of the second segment was
assumed constant, although a declining tendency of the data
with increasing energy was noticed. This was preferred be-
cause a slope of this line had a declining effect on the real
part of the potential at high energies not consistent with the
data. The obtained dispersion corrections to the real part are
plotted in Fig. 3 with the dotted-dashed and solid lines for
7Li and 6Li, respectively. In the same spirit, dispersion cor-
rections to the real potential according to theWsEd variation
were applied for the systems6,7Li+ 138Ba and6,7Li+ 208Pb.

Obviously, the striking difference of the opposite behavior
for the imaginary potential seen for7Li and 6Li is also rep-
resented in the dispersion correction of the real part of their
potential, which in the first case is seen as a positive peak
while in the second as a negative peak. Indeed for6Li there
is a declining tendency of the real potential data around the
barrier that is more evident for Si and Ba targets and an
uprising tendency for7Li data evident for the Pb target.
However, in principle, for both weakly bound nuclei6Li and
7Li the dispersion correction to the real potential is very
weakly followed by the data mostly on a qualitative basis,
since they present a more constant behavior. This, as was
suggested in[13], may indicate an energy dependence of the
breakup polarization potential in the presence of the
anomaly, which as it is repulsive in nature may smooth out
the attractive polarization term due to the anomaly. More
elaborate theoretical calculations are necessary to enlighten
further this point.

VI. SUMMARY AND CONCLUSIONS

We have performed new measurements on7Li+ 28Si elas-
tic scattering at several near-barrier energies. The results
were analyzed in a double-folding model by using the
BDM3Y1 interaction. Previous data of6Li+ 28Si, 6,7Li
+ 138Ba, and6,7Li+ 208Pb were also considered in the same
theoretical framework, in order to draw meaningful compari-
sons.

It was found that in general the trend of the imaginary
potential for7Li strongly contradicts that of6Li. In the first
case, the potential presents a decreasing trend approaching
the barrier from the higher to lower energies exactly in the
same way as it does for stable encounters, while in the sec-
ond case an increasing trend is observed. However, in the
case of6,7Li+ 28Si this differentiation is not so obvious as the
6Li data do not contradict either the increasing trend fol-

lowed by the6Li scattering data on heavier targets or the7Li
scattering data on the same target. This similarity of the be-
havior of the potentials for the6Li and 7Li scattering on Si
may be not accidental and due to the quoted errors or the few
existing data points around the barrier; it may indeed be due
to a more systematic behavior of the scattering of weakly
bound nuclei on lighter targets. This controversy should be
further explored with new measurements at smaller energy
steps around the barrier for the6Li case and complementary
total reaction cross measurements. Furthermore, for all tar-
gets and both weakly bound nuclei6Li and 7Li, the sharp
variation of the imaginary potential is not reflected in the real
part of the potential as ispredicted by dispersion relations.
The real part of the potential for the7Li scattering remains
almost constant with a very weak peak seen only for the Pb
target data. The real part of the6Li potential remains also
almost constant with a very weak decreasing trend seen
mostly for the Si and Ba data.

In conclusion, an anomalous behavior for both the real
and imaginary part of the optical potential develops for the
weakly bound nuclei6,7Li in the vicinity of the barrier, which
in total contradicts the conventional threshold anomaly ap-
plied to stable systems. This behavior may be described only
qualitatively by dispersion relations. The almost constant be-
havior of the real part of the potential, which does not reflect
the sharp energy variation of the imaginary one, raises sev-
eral questions. One may seek answers to an energy depen-
dence of the breakup polarization potential in the presence of
a conventional threshold anomaly for7Li+ 28Si and a new
type of anomaly for6Li+ 28Si. The polarization potential due
to breakup becomes more repulsive and compensates the at-
tractive term of the polarization potential due to threshold
anomaly, leading to a rather constant real potential in the
vicinity of the barrier. Furthermore, CDCC calculations show
that breakup is more important for6Li than 7Li but still not
enough to explain the potential at barrier. In the CDCC con-
text, the different behavior between the6Li and 7Li potential
was not explained taking into account differences of the two
nuclei concerning the reorientation and excitation to the first
excited state of7Li. A key issue for resolving the subject will
be the consideration of the competition between breakup and
transfer for the scattering of6Li and 7Li on light and heavy
targets. This point has to be explored in detail, both experi-
mentally and theoretically, to interpret the observed differen-
tiations.
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