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Abstract. We have measured the elastic scattering cross-section for 8Li + °Be and 8Li + %'V systems at
19.6 MeV and 18.5 MeV, respectively. We have also extracted total reaction cross sections from the elastic
scattering analysis for several light weakly bound systems using the optical model with Woods-Saxon and
double-folding—type potentials. Different reduction methods for the total reaction cross-sections have been
applied to analyze and compare simultaneously all the systems.

1 Introduction

It is well known that the properties of nuclei far from the
stability valley differ in many aspects from those of ordi-
nary nuclei [1-9]. The peculiarities of nuclear forces and
many-body systems make probable the existence of both
light and heavy weakly bound nuclei with a diffuse sur-
face layer. The correlations of the valence neutrons and
the strong coupling with the continuum can significantly
distort the shell structure as well as the collective proper-
ties of the weakly bound asymmetric nuclei with N > Z.
Effects due to these properties should be expected also
in the dynamics of the reactions induced by these nuclei.
With the improvement of radioactive ion beam accelera-
tion techniques, it has become possible to produce vari-
able energy, relatively intense beams of radioactive nuclei
in a wide range of N and Z. The use of secondary beams
of radioactive nuclei considerably widens the possibilities
to investigate the properties of atomic nuclei and nuclear
reactions. There are three main issues of nuclear physics
to be addressed in the experiments involving short-lived
radioactive ion beams: the investigation of the properties
of the atomic nuclei far from the stability line, the study
of the peculiarities of the dynamics of nuclear reactions
induced by proton- and neutron-rich nuclei, the synthesis
and properties of new elements and isotopes.

The low-energy reactions of few-nucleon transfer in-
duced by radioactive beams open up new possibilities to
investigate the cluster structure and to obtain the spec-
troscopic characteristics of short-lived nuclei [10-12]. Also
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of great interest are some other reactions mechanism in-
duced by radioactive nuclei such as elastic scattering, fu-
sion and breakup. These reaction mechanisms are closely
correlated and give new information both on the structure
of the weakly bound nuclei and on the nuclear dynamics
in which they participate. The elastic scattering of light
exotic nuclei gives information on the nucleus-nucleus in-
teraction of systems far from stability, which are charac-
terized by large isospin and strong coupling to the con-
tinuum, namely the breakup channel of the weakly bound
nucleus. The parameters of this interaction are of inter-
est not only by themselves, but also they are necessary
for analysis and understanding of the dynamics of more
complicated reactions (fusion, breakup and few-nucleon
transfer reactions).

Of considerable interest is the study of elastic scat-
tering on light, medium and heavy targets, that play a
leading role towards the understanding of the dissocia-
tion of the weakly bound systems. From this, it is impor-
tant to study the elastic scattering on different projectile-
target combinations with varying asymmetry, in order to
understand more complicated reactions. The cross-section
of elastic scattering can help to obtain an optical poten-
tial which is necessary to understand the entrance and exit
channel potentials of some transfer reactions. Breakup ef-
fects also play an important role in the scattering mecha-
nism, affecting the interaction potential. One of the impor-
tant points of investigation is whether the effect of breakup
is essentially to increase the total reaction cross-section.
Therefore, it is important to investigate the dependence
of the breakup and total reaction cross-sections on the
breakup threshold for different projectiles on light- and
medium-mass targets.
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In the present work we investigate total reaction cross-
sections for a variety of systems consisting on weakly,
tightly bound (stable) and radioactive proton or neutron
halo projectiles on light targets. As has been shown in
previous works [13-15] the total reaction cross-sections
for the proton halo 8B are larger than for no-halo pro-
jectiles. Here we are particularly interested in the investi-
gation of total reaction cross-sections induced by its mir-
ror nucleus, ®Li. The 8Li nucleus is radioactive and de-
cays to “Li+n with a separation energy of 2.033MeV
which is much higher than the one for the ®B nucleus
(0.137MeV) and similar to the ones of the stable weakly
bound isotopes °Li (1.48 MeV) and “Li (2.45MeV). It is
therefore interesting to investigate whether its total reac-
tion cross-section on different targets behaves more like
to reactions induced by 8B mirror or to the stables iso-
topes SLi and 7Li, as there were not too many data avail-
able for reactions induced by this projectile in literature.
There are only one energy point measurement available for
the 8Li + %1V [16] system and two energy point measure-
ments available for the 8Li + ?Be system [17,18]. More-
over, there is a wide energy gap of 13MeV between the
earlier measurements in the 8Li + “Be system. Therefore,
we have measured some extra elastic scattering angular
distributions for the 8Li + ?Be and 8Li 4 °'V systems at
19.6 MeV and 18.5MeV incident energy, respectively, in
order to complement the present data with the previous
experimental data.

For a systematic study of reaction cross-sections, a di-
rect comparison of data with theoretical predictions for
each system is not very convenient since different sys-
tems would be distorted by differences like the projectile’s
charges or/and sizes. It is then necessary to reduce the
data in a way that the influence of such factors would be
washed out. For this purpose, different proposals can be
found in the literature. A few years ago it was proposed a
reduction method [19] which has been widely used. How-
ever, very recently a new reduction procedure was pro-
posed [20] for the study of fusion of weakly bound nuclei
and later extended to total reaction cross-sections [13].
These methods lead to somehow different results for sev-
eral projectiles on the 27Al target [13,21]. In the present
paper we compare the results of both methods for the
systems investigated.

2 Original measurements of elastic scattering
for 8Li + °Be, %'V

We performed elastic scattering experiments for 8Li 4 ?Be
and ®Li+ °'V systems at the 8UD Pelletron accelerator
of the University of Sao Paulo, Brazil. The secondary ra-
dioactive ion beam ®Li was produced with the RIBRAS
(Radioactive Ton Beams in Brazil) system [16,21-23]. Elas-
tic scattering angular distributions and the corresponding
total reaction cross-sections were available in the litera-
ture for one energy (Ejp = 26 MeV) for the 8Li+ 51V
system [23] and two energies (14 MeV and 27 MeV) [18,24]
for the 8Li + 9Be system. As there are large uncertainties

in the total cross-sections derived from the elastic scatter-
ing of radioactive nuclei, it is important to obtain more
data to be able to include these systems in the systematic.

The description of the production of radioactive ion
beams using the RIBRAS facility has been discussed
elsewhere [16,21-23]. The ®Li radioactive ion beam was
produced using a primary neutron transfer reaction “Be
("Li, 8Li). The thickness of the primary target Be is of
12mg/cm?, which is mounted in an ISO chamber just be-
fore the first solenoid. The primary beam "Li was acceler-
ated with a typical beam intensity of 200 nAe, measured
by using an electron-suppressed Faraday cup, constituted
by an isolated tungsten rod that stops all the particles
in the angular region from 0 to 2 degrees and where the
charges of the primary beam were integrated. A current
integrator is used to measure the total charge incident
on the primary target throughout the run. The secondary
beam produced from the primary reaction is collected and
focused in the IS0-250 scattering chamber by using a su-
perconducting solenoid of the RIBRAS facility. The par-
ticles with different magnetic rigidity were stopped from
reaching the scattering chamber after the solenoid using
a system of blocks and collimators. The average inten-
sity of the secondary beam ®Li at the scattering chamber
was around 5 x 10% pps, which is calculated by assuming
pure Rutherford scattering of the 8Li on the gold target.
Even though some contaminants of *He, *He and "Li were
present in the secondary beam, they did not produce reac-
tion products similar to the ones from our reaction. The
8Li laboratory energy was 19.6 MeV for the °Be target,
and 18.5MeV for the °'V target. The measurements for
the two system were performed in subsequent runs.

The elastic scattered reaction products with ®Li par-
ticles were detected by an array of four Si surface barrier
AE-E telescopes in an angular range of 15-35 degrees
in the laboratory system, in 5 degree steps mounted on
the rotating plate of the chamber. The thickness of AE
and E detectors was 25 um and 1 mm, respectively, both
having an area of 300 mm?. Rectangular collimators were
also used before the detector telescopes which subtended
an angle of 12msr for the definition of solid angles and
to avoid any scattered particles from the slits. The tar-
gets were mounted at the center of the scattering cham-
ber. The secondary targets used were self-supporting, pure
9Be, 'V targets of thickness 1.4mg/cm? and 5mg/cm?,
respectively. A gold target of thickness 300 ug/cm? was
also used. The elastic scattering of ®Li on this gold target
was measured in all runs at different angles and used to
obtain the overall normalization. Since the cross-sections
in the angular interval covered by these detectors could
vary up to one order of magnitude, the average detection
angle was determined by Monte Carlo simulations, which
took into account the collimator size in front of the detec-
tors, the secondary-beam spot size on the secondary tar-
get (4mm), the secondary-beam divergence and the an-
gular distribution in the range of the detector aperture
(Rutherford on gold and calculated in an iterative way for
the “Be target). This correction is important for the most
forward angles. The effective angular aperture of £3.2 de-
grees was calculated with a Monte Carlo simulation. Re-
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Fig. 1. (Color online) A typical 2D particle identification spec-
trum of the elastic scattering angular distribution obtained for
the ®Li 4 °Be system at 19.6 MeV.

action products were identified using a two-dimensional
AE-FE total plot. Figure 1 shows a typical 2D particle
identification [C(Z, M) x Eyota1] spectrum for the 8Li on
9Be experiment at 19.6 MeV. Here, the particle identifica-
tion constant, C(Z, M), is given by: C(Z, M) = (Esota1)’—
(Etotal - AE)b [25]7 where Etotal = AL + E’r‘esidual and
b = 1.70 for these light particles. In this plot, the ®Li scat-
tered beam particles and the #®He beam contaminants
are shown. The secondary-beam energies were calculated
by energy losses and confirmed by the energy measure-
ment in the Si telescope, calibrated with a-particles from
a radioactive 24 Am source and elastically scattered sec-
ondary beams. The FWHM of the elastic peak in the en-
ergy spectrum was about 400keV. The ratios of elastic
scattering angular distributions to the Rutherford scatter-
ing for the ®Li + ?Be, at Ej,, = 19.6 MeV, and 8Li + °V,
at Ejqp = 18.5MeV, are shown in figs. 2(a) and (b), re-
spectively.

3 Optical model analysis of elastic scattering
data

The optical model (OM) analysis of elastic scattering
angular-distribution data has been carried out to ex-
tract the optical potential parameters and reaction cross-
sections for all systems investigated in this work. The po-
tential used for all systems, except those with the halo
SHe and ®B, was the Sdo Paulo double-folding potential
(SPP) [26]. The ECIS code [27] was used for the calcu-
lations. The real potential Vi of SPP is related to the
folding potential Vr by the relation,

Vi (R, E) = Vp(R) exp (_j27’2> , (1)

where v is the local relative velocity between the two nuclei
and c is the velocity of light. The imaginary part of the
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Fig. 2. (Color online) (a) Elastic scattering angular distri-
bution for the 8Li + *Be system at 19.6 MeV, measured in the
present work. (b) Elastic scattering angular distribution for the
8Li + 51V system at 18.5 MeV, measured in the present work.
The solid line corresponds to best fit using the Sao Paulo po-
tential (SPP) and the dashed line using the WS form factors.
See text for details.

interaction is assumed to have the same shape as the real
part, with one single adjustable parameter N; related to
its strength,

W(R, E) = NiVi(R, E). (2)

In the present calculation the adjustable parameters taken
were the strength parameters of the real and imagi-
nary potential (NN, and Nj, respectively). It has been
shown [28,29] that the analysis of elastic scattering angu-
lar distributions with SPP and with the phenomenological
Woods-Saxon (WS) potential give the same results for to-
tal reaction cross-sections for tightly and no-halo weakly
bound systems, but not for halo nuclei, owing to the be-
havior of the potential at long distances, which is incom-
patible with the polarizations generated by the breakup
channels [30]. For this reason, for the systems involving
5He and 2B analyzed in the present work we used WS po-
tentials, instead of SPP. Actually, to avoid repeating WS
potential calculations for the 8B + °Ni system we took
the reaction cross-section reported earlier [31] obtained
by this procedure. For the ‘He + °'V system, only the
depths of the real and imaginary potentials were let to
vary freely in the fit procedure. The reduced radii were
fixed in 1.2 fm for both the real and imaginary part of the
potential and its diffuseness was taken equal to 0.7 fm and
0.9 fm, respectively. Due to its intrinsic ambiguities, other
optical potential parameters would give the same results.
We chose a larger diffuseness for the imaginary potential
to account for the halo structure of the °He projectile.
The fits of the elastic scattering data measured in the
present work are shown in fig. 2. The derived total re-
action cross-sections and barrier parameters predicted by
the SPP for all the systems investigated are shown in ta-
bles 1 and 2. The only exceptions are the reaction cross-
section involving halo projectiles (*He and ®B), for which
the cross-sections were obtained using the WS optical po-
tentials, as mentioned above. For the other systems, tests
were performed using both types of potentials (as shown
in figs. 2(a) and (b) for the data reported in this work),
and they lead to similar total reaction cross-sections. One
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Table 1. Barrier parameters obtained from the Sao Paulo po-
tential (SPP) and derived total reaction cross-sections for the
systems investigated in the present work. The cross-sections
obtained from data measured in the present work are in bold.

Table 2. Barrier parameters obtained from the Sao Paulo po-
tential (SPP) and derived total reaction cross-sections for the
systems investigated in the present work. The cross-sections
obtained from data measured in the present work are in bold.

VB Rp hw Eiap 5 OTR

Systems xX°/n
(MeV) | (fm) | (MeV) | (MeV) (mb)
60 4+%Be | 5.19 | 815 | 244 15.0 | 045 | 187
18.0 | 0.11 | 465
215 | 0.16 | 742
25.0 | 0.39 | 905
8Li+°Be| 197 | 805 | 8379 | 14.0 | 1.79 | 1267
19.6 | 21.9 | 1332
27.0 | 18.2 | 1370
"Be+Be | 2.74 | 7.65| 2.22 17.0 | 7.76 | 1060
19.0 | 8.08 | 1116
21.0 | 7.52 | 1197
"Li+°Be | 200 |7.90| 1.87 15.7 | 2.22 | 1323
24.0 | 5.03 | 1365
30.0 | 4.12 | 1414
51i+°Be | 2.04 | 7.72 | 2.00 4.0 0.78 | 358
6.0 | 0.96 | 763
32.0 | 2.93 | 1082

can notice in tables 1 and 2 that the x?/n for 8Li + “Be
is larger than for the 8Li + ®!'V system. The reason is be-
cause the cross-section at 15° for the ®Li+ ?Be system
(which has a small error) is larger than the calculated re-
sults. On the other hand, the calculation agrees well with
the experimental data at forward angles for the 8Li + 51V
system thereby giving rise to a small x?/n value.

4 Reduction procedure of total reaction
cross-section

In order to perform a systematic study of total reac-
tion cross-sections with different weakly bound projectiles
with several targets, it is necessary to compare the cross-
sections for systems with different Coulomb barriers. For
this purpose, it is necessary to suppress the differences
arising from the size and charges of the systems. This can
be done in different ways. The two most frequent used
reduction procedures are to normalize the collision en-
ergy with respect to the barrier height and to divide the
cross-section by its geometrical value, i.e., to plot or /T R%
against E.,,. —Vp or E.,,. /Vs, where Rp and Vg are, re-
spectively, the s-wave barrier radius and height and should
be evaluated using a realistic treatment of the optical po-
tential similar to the folding model. However, this pro-
cedure does not consider the important influence of the
barrier curvature at the sub-barrier energies [20]. It has
been pointed out [19] that when weakly bound projec-
tile nuclei are involved, care should be taken in order to
preserve the static effects arising from the low breakup
energy of the projectile. So, the reduction method should

g VB Rp hw Eiap 9 OTR
ystems xX°/n

(MeV) | (fm) | (MeV) | (MeV) (mb)

‘He+°'V | 749 |820]| 3.93 23.2 1.0 | 1259

‘He +5Fe | 8.38 | 830 | 4.08 25.0 | 28.0 | 1336

SHe+5'V | 6.61 |9.25]| 2.72 154 | 0.9 | 1901

23.0 | 0.4 | 2474

‘He+%7Zn | 9.50 | 845 | 4.31 13.0 | 0.8 | 585

25.0 | 22.2 | 1365

6114 58Ni | 12.37 | 9.00 | 3.67 | 11.21 | 0.6 19

12.13 | 0.1 | 40

13.04 | 0.1 | 109

14.04 | 0.3 | 225

9.85 | 05 | 1.1

"Be+Ni | 16.59 | 8.95| 3.91 | 15.09 | 0.1 21

17.13 | 0.1 78

18.53 | 0.1 | 193

19.93 | 0.1 | 333

2143 | 0.1 | 499

8B+ 58Ni | 20.80 | 8.92 | 4.09 20.7 | 0.15 | 198

234 | 0.58 | 363

25.3 | 0.33 | 512

27.2 | 041 | 812

29.3 | 0.13 | 1005

SLi+5'V | 993 |9.25| 2.90 185 | 0.3 | 975

26.0 1.5 | 1984

remove the dependence on the masses and charges of the
collision partners but not specific features of the projec-
tile density. The proposed reduction method [19] is to plot
O'R/(A}g/?) + Az/?’)2 versus EC_,,L_(AII,/3 + Ai/?’)/ZpZt. This
method has been extensively used to investigate the role
of breakup of weakly bound nuclei on the fusion and re-
action cross-sections for a variety of systems (see, for ex-
ample, refs. [14, 15,21, 31-39]). However, it was recently
pointed out [20] that the above-mentioned reduction pro-
cedures fail to remove appropriately the static effects on
the fusion reactions of different systems. In the newly pro-
posed methodology [20], this is achieved. This method-
ology was later extended to be used with total reaction
cross-sections [13]. The procedure takes into account not
only the height and radius of the Coulomb barrier, but
also its curvature represented by the quantity hw. The
collision energy and the cross-section are reduced, for fu-
sion cross-sections, as Fr(z) = (2E..,. /hwR%)or and
x = (Ecmm. — Vp)hw. Similarly, for total reaction cross-
sections one uses Frr(z) = (2E. . /iwR%)or k. The bar-
rier parameters are extracted from the optical potential
used. Fp(z) was called fusion function and Frr(z) was
called total reaction function. It has been shown [20] that
this fusion function is system independent when op is
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Fig. 3. (Color online) Total reaction cross-sections for systems
with different projectiles and the same ?Be target, reduced by
the two different reduction methods described in the text. The
curve in (b) is the universal fusion function.

accurately described by Wong’s formula [40]. In this case
F(x) becomes F(x) — Fy(z) = In[l + exp(27x)]. Note
that Fy(x) depends exclusively on the dimensionless vari-
able x. It is a universal function which is the same for any
system. For this reason it is called the Universal Fusion
Function (UFF), and it can be used as a benchmark to
which renormalized data should be compared [20].

5 Results and discussion of analysis of total
reaction by different reduction procedures

In fig. 3 we compare total reaction cross-sections for
the 8Li+ °Be system and the available total reaction
cross-sections for the 57Li + “Be [41,42], "Be + Be [43],
160 + 9Be [44] systems using the two above-mentioned re-
duction methods. We notice that for all systems the target
is a weakly bound nucleus and the projectiles are either
a tightly bound nucleus or a weakly bound one but not a
halo nucleus. The total reaction cross-sections are in the
energy region above the Coulomb barrier. In fig. 3(b) we
also show the UFF, as a reference curve. One can observe
that the results are similar for all the systems when one
reduces the data by both methods. So, both reduction
methods lead to the same conclusions. The radioactive
8Li projectile has the same reduced total reaction cross-
section as the stable SLi isotope. One can notice that the
total reaction cross-section for the tightly bound 6O pro-
jectile is slightly smaller than for the other weakly bound
systems in fig. 3(a), but not in fig. 3(b), where all systems
have total reaction cross-sections similar to the UFF. Sim-
ilar results are present in refs. [13,21] for a similar study
with the 27Al target.

In fig. 4 we compare total reaction cross-sections
for the 8Li+5'V system and the available total reac-
tion cross-sections for the He + %1V [16], °He + °1V [31],
“He + 5Fe [45], *He + %Zn [45-47], °Li+4 °5Ni [31],
"Be + %8Ni [31], ®B + %*Ni [31] and 'O + 54Zn [48] sys-
tems using the same two reduction methods. We notice
that the projectiles are either a tightly bound nucleus or
a weakly bound one, including the neutron halo He and
the proton halo 8B nuclei. Reactions with the halo projec-
tiles ®He and ®B have total reaction cross-sections higher

T T T T — ) ; —
2 10k . x 3 10 ]
g @ v * %] L)
0 g"" 12 10¢
p O‘ + He+sV ] § oL@ UFF
< 20 ,
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Fig. 4. (Color online) Total reaction cross-sections for systems
with different projectiles and targets from A = 51 to 64, re-
duced by the two different reduction methods described in the
text. The curve in (b) is the universal fusion function.

than the others, independently whether they are tightly or
weakly bound nuclei, by both reduction methods. 8Li has
the same behavior as the stable "Li isotope. Once again,
the conclusions are the same from both reduction meth-
ods, although the 0 projectile shows smaller total reac-
tion cross-section by the method of fig. 4(a). These con-
clusions are consistent with the ones obtained in ref. [13]
for heavier systems. In that work, only total reaction func-
tions induced by neutron halo (°He) and proton halo (¥B)
projectiles were larger than for those induced by weakly
or tightly bound nuclei.

For the data analyzed in the present work, both re-
duction procedures lead to the same conclusions. However,
one has to have in mind that the systems investigated here
are not so different having similar product of the projectile
and target charges. By the reduction method of ref. [19]
there is a trend that heavier projectiles on the same target
have smaller total reaction cross-sections, as one can ob-
serve in figs. 3(a) and 4(a) for the O projectile. It is still
a matter of further investigation which is the best way to
reduce total reaction cross-section data.

6 Summary and conclusions

This paper reports the new measurement of elastic scat-
tering cross-section for 8Li+ “Be and ®Li + 51V systems
at 19.6 MeV and 18.5 MeV, respectively, using the radioac-
tive beam facility RIBRAS at Sao Paulo, Brazil. Analyses
were performed for previously reported data for these sys-
tems and for many other light systems. The double-folding
Sao Paulo potential was used in the analysis of all systems,
except for the ones with halo nuclei. In these cases, x2
fits and data analysis were performed using Wood-Saxon
shape optical potentials. Tests were performed by using
both types of potentials for non-halo systems, and they
lead to similar total reaction cross-sections, which were
extracted from the optical model fits. The total reaction
cross-sections for all systems, and by the two reducing
methods used, were found to be similar, irrespective of
the projectile being tightly or weakly bound, stable or ra-
dioactive, except when halo nuclei were present. In this
situation, the total reaction sections were larger than for
the others.
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We have measured the elastic scattering of the weakly bound °Li on the '®!12Sn targets, at energies close to
the Coulomb barrier. The energy dependence of the interaction potential has been investigated by two different
methods and the presence of the breakup threshold anomaly is observed. We have also derived the total reaction
cross sections for the above systems and compared them to those of other systems with halo, weakly bound, and
tightly bound projectiles on targets with similar masses. The reaction cross sections are largest for systems with
halo nuclei, then the systems with no-halo weakly bound nuclei, and the smallest cross sections are those for

tightly bound systems.

DOI: 10.1103/PhysRevC.83.024607

I. INTRODUCTION

It is a well-established fact that the near barrier elastic
scattering of tightly bound heavy ions display an energy
dependence of the interacting optical potential (OP) known
as a threshold anomaly (TA) [1-3]. The basic characterization
of the above terminology is the observation of a localized peak
in the real part of the potential accompanying a sharp decrease
of the imaginary part of the potential as the bombarding energy
declines toward the Coulomb barrier. The name “anomaly”
comes from the expectation that the real and imaginary parts
of the OP are energy independent at higher energies, but not
at near barrier energies. The TA has been understood in the
sense that an attractive polarization potential AV arises from
the coupling of elastic scattering to the other reaction channels
at low energies, leading to a real potential Ve = Vo 4+ AV,
where V) is the real potential at higher energies. In brief, the
coupling to channels other than elastic introduces an attractive
real potential, and the result of the decrease of the imaginary
potential is tacit by the closure of the nonelastic channels
at energies near and below the Coulomb barrier. It has been
shown [4,5] that there is a connection between the real and
imaginary parts of the OP owing to causality and subsequently
they obey the dispersion relation. The attractive polarization
potential has the effect of enhancing the fusion cross section,
because it decreases the Coulomb barrier.

This situation may change in the scattering of weakly bound
nuclei [6]. These nuclei have very low breakup threshold
energies and so they have a large breakup (BU) probability.
At energies above the barrier, fusion cross sections are usually
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larger than BU cross sections, but at energies close to the
barrier, the opposite occurs, and, furthermore, BU probabilities
remain large even at energies below the Coulomb barrier
[7-16]. The BU process feeds states in the continuum and
produces a repulsive polarization potential [ 17-25]. This factis
compatible with the recently demonstrated [26—28] systematic
suppression of a fusion cross section of weakly bound systems
at near barrier energies, owing to the dynamic effects of BU.

Therefore, the net polarization potential in the scattering
of weakly bound nuclei has two components: one attractive,
owing to the couplings of the elastic channel with inelastic
excitations and other direct reactions, and one repulsive,
owing to the BU. The relative importance of each component
determines the final behavior of the polarization potential:
If the attractive potential predominates, the usual TA may
still be observed. Otherwise, an “anomalous behavior” will
be observed for such systems, where, ironically, the new
“anomaly” will be the absence of the TA. In such a situation
one may say that the system presents the breakup threshold
anomaly (BTA) [29,30]. So, contrary to what is written in
some papers in the literature, BTA is the absence of TA
at the Coulomb barrier, and not necessarily the rise of the
imaginary potential when the bombarding energy decreases
toward the barrier. Because the BU cross section does not
decrease significantly in the vicinity of the Coulomb barrier,
this is no longer the threshold of the closing of the reaction
channels. When the repulsive BU polarization predominates,
BTA is more clearly observed by an increase of the imaginary
potential as the energy decreases, associated with a small
reduction in the real part of the potential near the barrier.
In any situation, the real and imaginary parts of the OP should
satisfy the dispersion relation.

©2011 American Physical Society
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Although there have been several works on the elastic
scattering of weakly bound nuclei, both stable [13-15,17,
18,29-48] and radioactive [49-51], a systematic behavior
of the energy dependence of the OP for such systems has
not yet been reached. One of the reasons is that the net
polarization potential, composed by competing attractive and
repulsive parts, depends strongly on the properties of the
weakly bound projectiles, such as their BU energy threshold
and the presence of bound inelastic states. The target structure
also plays an important role, because it may produce a strong
attractive polarization potential, and the relative importance
of the Coulomb BU depends on the target mass. Another
reason is concerned with the difficulties of the measurements,
because one needs very precise data in a large range of the
scattering angle and at low energies, where the scattering
is almost entirely of the Rutherford type, and therefore it is
difficult to extract the interaction potential from the data. One
example of this last difficulty is the fact that, among several
works in this field, only very recently [41] was it possible
to estimate, from experimental data extrapolation, the energy
below the Coulomb barrier for which the imaginary potential
vanishes.

In the present work we try to contribute to this field by
investigating the elastic scattering of the °Li +!1®112 Sn sys-
tems through very precise and complete angular distributions
at energies from below the Coulomb barrier to approximately
twice this value. The Li projectile has a BU (« + d) threshold
energy of 1.48 MeV and no bound excited state. We also
derive the total reaction cross sections for these systems
and compare them with cross sections for other weakly and
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tightly bound systems with targets in the same mass region, in
order to investigate the role of BU on the total reaction cross
section.

In Sec. I we describe the experiments. In Sec. III we
analyze the data by using both the Woods-Saxon form
and double-folding potentials, and investigate their energy
dependence and the presence of the TA or BTA. In Sec. IV
we study the systematic behavior of the total reaction cross
sections for several systems with targets in the same mass
region. Finally, we present the summary and main conclusions.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Bhabha Atomic
Research Centre-Tata Institute of Fundamental Research
(BARC-TIFR) Pelletron facility, Mumbai, India. The beam
of ®Li*3 was delivered by the 14UD Pelletron accelerator
covering the energy range from below to twice the Coulomb
barrier (the nominal barrier is ~22.4 MeV): 20, 21, 22, 23, 26,
30, and 35 MeV for the °Li +''° Sn system, and 21, 23, 25,
and 35 MeV for the °Li +''? Sn system. Beam currents ranged
between 2.5 and 30 nA. The beam energies were corrected for
the half target thickness in the analysis process, which amounts
to a maximum of 92 keV for 20 MeV and a minimum of 63 keV
for 35 MeV for the °Li +''® Sn system and a maximum of
110keV for 21 MeV and a minimum of 79 keV for 35 MeV for
the °Li +''? Sn system. The beam bombarded consecutively
the 450 and 540 pug/cm?, self-supported enriched '16112Sn
(=98% and 99.5%) targets, respectively, and the elastically
scattered °Li ions were detected by three solid-state silicon
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FIG. 1. (Color online) A typical biparametric E-AE spectrum for the °Li+''°Sn system at E1 4, = 35 MeV and § = 35°. The projection
of the SLi elastic peak of the biparametric E-AE spectrum is shown in the inset.
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surface barrier detectors in AE + E telescopic arrangements.
The telescopes used had a thickness (77) with AE = 30 um
and £E=300 um, (73) with AE =25 um and E=1 mm,
and (73) with AE =50 um and E=2 mm. Two monitor
detectors with thicknesses M; = 200 um and M, = 600 um
were used for absolute normalization and beam monitoring.
The telescopes were placed on a rotating arm inside a 1-m
scattering chamber at an angular separation of 10° between
consecutive telescopes, and the monitors were placed at +20°.
The angular distributions were measured in steps of 2.5°-5°
at angles from 20° to 173° at lower energies and from 20° to
105° for higher energies. The measured statistical error in the
data was less than 1% in the forward angles and a maximum
of 2% at the backward angles. Figure 1(a) shows a typical
biparametric E — AE spectrum for the Li+!'%Sn system at
Ep . =35 MeV and 6 = 35°. The inset of Fig. 1 shows the
corresponding projection for the Z= 3 events.

III. OPTICAL MODEL ANALYSIS OF ELASTIC
SCATTERING

In this section we present the analysis of the elastic
scattering angular distribution data. We use two different
kinds of potential in order to check the consistency of the
results that should be model independent. In Sec. III A we
describe the analysis with a phenomenological Woods-Saxon
form interaction potential, and in Sec. III B the analysis is
performed by using the double-folding Sao Paulo potential
(SPP) [52,53].

A. Analysis using the phenomenological Woods-Saxon potential

The optical model fits to the elastic scattering data were
performed using the ECIS code [54]. We used the real and
volumetric imaginary potentials of the Woods-Saxon form.
In order to avoid a fit procedure with too many parameters,
we started the fit by changing only the real and imaginary
depths of the potential, keeping the real and imaginary reduced
radii and diffuseness as 1.06 and 0.67 fm, respectively. After
this first fit was done, once more we kept the radii fixed and
we fitted the depths of the real and imaginary potentials, but
this time we varied the diffuseness from 0.49 to 0.57 fm, in
steps of 0.02 fm. For the lowest energy it was necessary to
reduce the diffuseness of the potentials to 0.43 fm to obtain
physical values (attractive real nuclear potential and absorption
of flux). Very good fits to the data were obtained but, as usual,
we found several families of optical potential parameters that
describe the angular distributions equally well. To reduce the
ambiguities, we determined the radii of sensitivity Rg, and Rg;,
corresponding to the real and imaginary radii, where different
potentials have the same value. The derived mean sensitivity
radii were 10.28 and 8.52 fm, respectively. Figures 2(a) and
2(b) show families of potentials that give similar fits, and
the derivation of the real and imaginary sensitivity radii,
respectively, for 35 MeV. With an average sensitive radius
Rs, =9.40 fm (average between R, and Rg;) and a mean
diffuseness a =0.53 fm for highest energies and a =0.43 fm
for lowest energy, we calculated the energy dependence of the
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FIG. 2. (Color online) Several potentials that produce similar fits
of the data, for 35 MeV. The crossing points are the derived real
(a) and imaginary (b) sensitivity radii.

real and imaginary potentials at this radius. For the °Li+!"?Sn
system the mean diffuseness was kept at a =0.67 fm so as to
derive the total reaction cross sections. The values of r, and
r; were kept at a fixed value of 8.37 fm each in the entire
calculation. Table I shows the potential parameters that best
fit the data for the °Li+''Sn system, whereas Table II shows
the same for the °Li+'!>Sn system. Figures 3 and 4 show the
experimental elastic scattering angular distributions and the

TABLE I. Parameters used with Wood-Saxon potential calcula-
tions for the SLi+'1%Sn system.

Eiw (MeV) a, anda; (fm) V, (MeV) V; MeV) x2/n og (mb)

20 0.43 222.7 2230 11.4 274
21 0.53 89 168 3.7 329
22 0.53 101 244.5 7.6 521
23 0.53 95 100 53 555
26 0.53 157 163 353 1037
30 0.53 95 68 8.7 1261
35 0.53 148 236 13.6 1826
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TABLE II. Parameters used with Wood-Saxon potential calcula-
tions for the °Li+''?Sn system.

Erw MeV) a, anda; (fm) V, (MeV) V; MeV) x%/n ox (mb)

21 0.67 17 25 5.00 235
23 0.67 16 24.7 5.33 480
25 0.67 18 26 4.92 736
35 0.67 204 41 9.46 1660

best fit obtained, with the parameters shown in Tables I and II,
respectively. One can observe that very good fits were obtained.
The corresponding values of the energy dependence of the real
and imaginary potentials for the ®Li+!''%Sn system are shown
in Fig. 5. The analysis for the search of the TA or BTA in the
scattering by the '2Sn target was not possible, owing to the
lack of more angular distribution data. These data will be used
only in the next section to derive total reaction cross sections.
The error bars in Fig. 5 represent the range of deviation of the
potential corresponding to a x 2 variation of one unit.

One can observe that the real and imaginary parts of the
potential have roughly energy-independent behaviors at high
energies. However, for this system, one can observe that the
imaginary potential increases at the lowest energy below the
barrier, and the real potential does not show any characteristic
bell shape that corresponds to the usual TA. The present
behavior corresponds to the presence of the BTA. This remark
is based on the fact that the imaginary part of the optical
potential does not drop to zero below the barrier energies,
and also there is a decrease of the real potential at the lowest
energies.

B. Analysis using the double-folding SPP

The SPP [52,53] is an optical potential that has been
successfully used to describe a large variety of systems in
a wide energy range, including fusion excitation functions
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FIG. 3. Experimental elastic scattering cross sections normalized
to the Rutherford cross sections for the °Li+!'°Sn system and their
best fits from optical model calculations. The curves corresponding
to best fits were obtained using the Woods-Saxon potential (WSP).
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FIG. 4. Experimental elastic scattering cross sections normalized
to the Rutherford cross sections for the °Li+!'?Sn system and their
best fits from optical model calculations. The curves corresponding
to best fits were obtained using the Woods-Saxon potential (WSP).

and barrier distributions of weakly bound nuclei [55,56]. The
trivial energy dependence of the bare interaction arises from
the use of a local equivalent model based on the nonlocal
nature of the interaction. At a limited range of energy, as
occurs in the present work, it can be considered as the usual
double-folding potential based on an extensive systematization
of nuclear densities extracted from elastic scattering data. The
imaginary part of the interaction is assumed to have the same
shape as the real part, with one single adjustable parameter N;
related to its strength. The data-fit procedure is performed with
only two free parameters, the normalization factors for the real
and imaginary parts, Ng and N;. The SPP has been used for
the analysis of near barrier elastic scattering of weakly bound
nuclei of several systems [19,29,30,35-40,42,51].

1.4 1

0.7

-W(E) (MeV)

0.0 1

0.8 ~

0.4

0.0 %/

-V(E) (MeV)

He—t——1
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FIG. 5. Energy dependence of the real and imaginary parts of the
optical potential obtained for the ®Li+''Sn system at an average
radius Rs=9.40 fm. The energy V, of the Coulomb barrier is
22.07 MeV in the center-of-mass frame calculated using the Bass
formula.
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TABLE III. Parameters used with the SPP calculations for the
Li+'"Sn system.

Eps (MeV) Ng N; x*/n o (mb)
20 0.30 2.26 10.00 284
21 0.45 2.02 2.89 334
22 0.34 2.88 6.99 532
23 0.61 1.59 3.83 572
26 0.84 1.87 21.65 1071
30 0.83 0.95 10.44 1233
35 1.03 0.75 14.41 1599

The curves resulting from the best fits using the SPP hardly
can be distinguished from those of the Woods-Saxon potential
and therefore were not shown in Figs. 3 and 4. The resulting fits
of the normalization parameters for the °Li+''%112Sn system
are shown in Tables III and IV. It can be observed that the
energy dependence (Fig. 6) follows the same trend as in the
previous analysis. So, our conclusions concerning the behavior
of the OP energy dependence do not change when either
potential is used.

IV. TOTAL REACTION CROSS SECTIONS
FOR DIFFERENT SYSTEMS

If one wants to perform a systematic study of excitation
functions for different systems, it is required to suppress
differences arising from the size and charges of the sys-
tems. Nowadays the widely used “reduction” method was
proposed by Gomes et al. [S7]. In this method, the quantities
or/(AL> + ALY vs Ecm (A + AYPY ) Zp Zy are plotted,
where P and T are related to the projectile and target,
respectively, and og is the total reaction cross section. The
authors claim that this procedure removes the dependence on
the masses and charges of the collision partners but not specific
features of the projectile density, particularly important when
weakly bound projectile nuclei are involved. However, recently
a new “reduction method” to compare fusion cross sections
of different systems was proposed [26,27], later extended
to be used with total reaction cross sections [58]. The new
prescription is to plot the dimensionless quantities Fr(x) =
(2Ec_m./ha)RzB)aR vs x = (E.m. — Vg)/hw. Here, Vg, Rp,
and hw are the height, radius, and curvature parameter of
the Coulomb barrier, respectively, and Fg(x) is called the
total reaction function. Some reported works follow this new
procedure [59-62].

TABLE IV. Parameters used with the SPP calculations for the
Li+'"2Sn system.

Ers (MeV) Nr N, x*/n og (mb)
21 0.79 2.08 4.21 250
23 0.85 2.01 4.85 496
25 1.01 1.80 6.12 733
35 1.23 3.16 9.00 1691
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FIG. 6. Best fits for Ng and N, as a function of the bombarding
energy obtained from fits with the SPP for the Li+''°Sn system. The
energy V), of the Coulomb barrier is 22.07 MeV in the center-of-mass
frame calculated using the Bass formula.

In the present work we compare the total reaction cross
sections derived from our experimental elastic scattering data
for the ®Li+'!%112Sn systems with other systems involving
tightly bound, stable weakly bound, and radioactive and halo
projectiles with targets in the same mass range. We use both
mentioned procedures. Tables I-IV show the derived total
reaction cross sections for the two systems measured in the
present work.

Figure 7 shows the reduced total reaction cross sections for
several systems, by using the reduction prescription of Gomes
et al. [57], whereas Fig. 8 shows the total reaction functions
for the same systems, plotted as proposed by Shorto et al. [58].
The systems analyzed are as follows: ®Li+'!>119Sn (present
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FIG. 7. (Color online) Reduced reaction cross section vs reduced
projectile energy for the °Li+!'%!12Sn reactions using the prescription
given in Ref. [57], compared to other systems of similar masses:
(a) From Ref. [59], (b) from Ref. [18], (c) from Ref. [60], and
(d) from Ref. [63]. The reaction cross sections were obtained from
optical model fits of the experimental angular distributions.

024607-5



N. N. DESHMUKH et al.

35
30
25

20

Gred

FIG. 8. (Color online) Reduced reaction cross section vs reduced
projectile energy for the °Li+''%112Sn reactions using the prescription
given in Ref. [58], compared to other systems of similar masses:
(a) From Ref. [59], (b) from Ref. [18], (¢) from Ref. [60], and
(d) from Ref. [63]. The reaction cross sections were obtained from
optical model fits of the experimental angular distributions.

work), #%He+'2°Sn [59], 8Li+!?°Sn [60], &"Li+!3¥Ba [18],
67Li+'*Sm [41], °Be+'*Sm [38], and 'O+'**Sm [63]. The
systems with the targets '>°Sn and *®Ba have been analyzed
already in Ref. [59].

From Fig. 7 we observe that the total reaction cross section
is largest for the neutron-halo °He projectile, which has a very
low breakup energy (0.98 MeV). Then there is the group of
lithium isotope projectiles (*7-8Li), with a breakup threshold
between 1.5 and 2.5 MeV. Finally, the tightly bound projectiles
160 and “He produce total reaction cross sections smaller
than the weakly bound projectiles. So we conclude that the
breakup increases the total reaction cross section, and for the
®He nucleus, with a larger breakup probability than the lithium
isotopes, the cross section is even larger. This is not the same
conclusion obtained for a similar analysis with the light 2’ Al

PHYSICAL REVIEW C 83, 024607 (2011)

target, for which it was found [64] that reaction cross sections
induced by SHe are similar to the ones induced by stable
weakly bound projectiles. However, for light systems, the
Coulomb breakup should be much smaller than for the systems
analyzed in the present work. Moreover, the transfer channels
may have a different influence in different mass regions. From
Fig. 8, using an alternative reduction method, one can observe
that the same conclusions can be drawn.

V. SUMMARY AND CONCLUSIONS

We have measured precise elastic scattering angular dis-
tributions, at near barrier energies, for the weakly bound
6141161128 systems. The optical model analyses of the
energy dependence of the interaction potential, performed
by two different kinds of potentials, show the absence of
the usual TA, corresponding to the presence of the so-called
BTA. This behavior is attributed to the repulsive polarization
potential produced by the breakup process. The analysis of
total reaction cross sections for several systems with similar
target masses indicates that the breakup increases the total
reaction cross section in such a way that the neutron-halo °He
projectile-induced reactions have larger cross sections than
the not so weakly bound lithium isotopes, which, however,
have larger cross sections than the tightly bound projectiles
investigated.
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Abstract—We have extracted the total reaction cross sections from the elastic scattering analysis for several light
weakly bound, radioactive and halo nuclei, along with our systems S’Li + "Sn, SLi + 12Sn, using the optical model
with Woods-Saxon potential. Thus to compare simultaneously the effects arising due to the breakup channels on all the
systems, we bave applied two different reduction methods for the total reaction cross-sections.

INTRODUCTION

The ambiguities regarding the breakup process involving the weakly bound nuclei have been tried to
resolve by both theoretical and experimental efforts in the recent years [1]. Thestudy also includes the
effect on the total reaction cross sections, fusion cross sections etc., particularly in the vicinity of the
Coulomb barrier energy. At this regime there is a rich interplay between nuclear structure of the
colliding nuclei and the reaction mechanism, and coupling to the other reaction channels play a major
role in the transmission through the barrier. Thus continuing with the breakup process in the weakly
bound nuclei, it is assumed that there may be three processes in continuation with it, namely: (i) non-
capture breakup {NCBU), where all the fragments of the weakly bound projectile without being
absorbed to the target escapes from its vicinity, (i) incomplete fusion (ICF), where one of the
fragment of projectile unifies with the target and others getaway, and (iii) sequential complete fusion
(SCF), where sequentially all the fragments of the projectiles are absorbed by the target. Of our
considerable interest is the study of elastic scattering on light, medium and heavy targets that play a
leading role towards the understanding of the dissociation of the weakly bound systems. From this, it
is important to study the elastic scattering on different projectile target combinations with varying
asymmetry, in order to understand more complicated reactions. Thus the cross sections obtained in
regard with the elastic scattering helps a lot to acquire an optical potential, which is of prime
importance, to know the entrance and exit channel potentials of some transfer as well as breakup
reactions.

The present study is precisely concerned with the importance of breakup effect on the total
reaction cross section. Hence to examine the dependence of the breakup and total reaction cross
section in the vicinity of Coulomb barrier is one of the most important phenomenons. Thus the task
includes the investigation of total reaction cross section and breakup effect using the two different
reduction procedures for the ’Li + "*Sn system, and comparison with the available systems such as °Li
4 U126, ro7 671 4 18 67T 4 144 9 144 160 144 46 120g 5 ;

n (2], *Li + "*Ba [3], *’Li + "Sm [4], "Be + "Sm [5], 0 +'*Sm [6], **He + '®Sn [7], Li +
1208 [8].

Since different systems are distorted by differences like the projectile’s charges on/and charges, it
is not very reliable to directly compare the data with the theoretical predications to systematically
study the reaction cross sections. Thus reducing the data is the leading consideration s as to avoid the
mentioned affecting factors. Thus different approaches are found in the literature. Therefore years
back, a reduction procedure [9] is being used widely. Thus a couple of years back a new reduction
procedure were proposed [10] to study the fusion of weakly bound nuclei and later extended to the
total reaction cross sections [11].
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EXPERIMENTAL DETAILS

A detailed experimental description is given elsewhere [12], and a brief description of it is mentioned
here. Elastic scattering measurements were performed using the 'Li** beam delivered by the 14UD
Pelletron accelerator at the Bhabha Atomic Research Centre ~ Tata Institute of Fundamental Research
(BARC-TIFR) facility in Mumbai, India, at ten different bombarding energies, namely, 18, 19, 20, 21,
22, 23, 24, 26, 30 and 35 MeV with the beam intensities of 7-40 nA. The beam impinged on a 430

ng/cm?, self supported enriched "*Sn (= 98%) target, and the charged particles were detected by four
solid state silicon surface barrier in the AE + E telescopic arrangements. The angular distributions
were measured in steps of 2.5° to 5° at angles from 20° to 173° at lower energies and from 20° to 105°
for higher energies. The statistical error in this system was found out to be less than 5% in the case of
forward angles and a maximum of 30% in the case of backward angles.

REDUCTION PROCEDURE OF TOTAL REACTION CROSS SECTION

If one wants to perform a systematic study of excitation functions for different systems, it is required
to suppress differences arising from the size and charges of the systems. The most frequent
“reduction” procedure that is adopted nowadays was proposed by Gomes et a/. [9]. In this method, the
quantities or / (Ap ’+At ) versus Ecm. (Ap >+ At Y*)? / Z, Z: are plotted, where P and T are
related to the projectile and target, respectively, and or is the total reaction cross section. However, it
was recently pointed out [10] that the above-mentioned reduction procedures fail to remove
appropriately the static effects on the fusion reactions of different systems. However, recently a new
“reduction method” to compare fusion cross sections of different systems was proposed [10,13], later
extended to be used with total reaction cross sections [11]. The procedure takes ingo account not only
the height and radius of the Coulomb barrier, but also its curvature represented by the quantity heo.

- The collision energy and the crosssection are reduced, as Fr(x) = (2Ecm/AwRs )or and x = (Ecm—Vb)

/hw. Here, Vs, Rp and hw are the height, radius and curvature parameter of the Coulomb barrier,
respectively. Similarly, for total reaction cross=sections one uses Frr(x) = (2Ecm/AwRs)otr. The
barrier parameters are extracted from the optical potential used. Fr(x) was called fusion function and
F1r(x) was called total reaction function. Some reported works follow this new procedure [7,8,14,15].

In the present work we compare the total reaction cross sections derived from our experimental
elastic scattering data for the 'Li + "*Sn systems with other systems involving tightly bound, stable
weakly bound and radioactive and halo projectiles with targets in the same mass range. We use both
the above mentioned procedures. Figure 1 shows the reduced total reaction cross sections for several
systems, by using the reduction prescription of Gomes et al. [9], whereas Figure 2 shows the total
reaction functions for the same systems; plotted as proposed by Shorto ez al. [11].

From Figure 1 it is observed that the total reaction cross section is largest for the neutronhalo ‘He
projectile, which has a very low breakup energy (0.98 MeV). Then there is the group of lithium
isotope projectiles “”*Li, with separation energies, 1.48, 2.47, 2.033 MeV, respectively. The peculiarity
of the presently used projectile "Li is that, other than having almost 1 MeV separation energy more
than °Li, it has one bound excited state at 0.48 MeV. Thus coupling to the breakup channels and
repulsive polarization potential are much stronger in the case of °Li than that of 'Li, but in all the
breakup is significantly observed in both these isotopes of Lithium. Finally, the tightly bound
projectiles °O and ‘He produce total reaction cross sections smaller than the weakly bound
projectiles. So we conclude that the breakup increases the total reaction cross section, and for the *He
nucleus, with a larger breakup probability than the lithium isotopes, the cross section is even larger.
Thus from Figure 2 where an alternate method for the reduction is obtained, one can drawn the same
conclusion.
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Figure 1: (Color Online) Reduced Reaction Cross Section Vs Reduced Projectile Energy for the 'Li + 'Sn Reaction
using the Prescription Given in Ref. [9]. The Reaction Cross Sections were Obtained from Optical Model Fits of the
Experimental Angular Distributions
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Figure 2: (Color Online) Reduced Reaction Cross Section Vs Reduced Projectile Energy for the ’Li + "Sn Reaction
using the Prescription Given in Ref. [11]. The Reaction Cross Sections were Obtained from Optical Model Fits of the
Experimental Angular Distributions

SUMMARY AND CONCLUSIONS

The paper reports the extraction of total reaction cross sections for our ’Li + "Sn system using the
phenomenological WSP, and comparison of it with the several other systems using the two reduction
methods. The total reaction cross-sections for all systems, and by the two reducing methods used,
were found to be similar, irrespective of the projectile being tightly or weakly bound, stable or
radioactive, except when halo nuclei were present. In this situation, the total reaction sections were
larger than for the others.
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Abstract. Elastic-scattering angular distributions of “Li on ''®Sn have been measured at different bom-
barding energies between 18 to 35 MeV. The effects of the weakly bound projectile breakup channel on
the bombarding energy dependence of the interaction potential have been investigated. In this work we
present the experimental results, along with the theoretical analysis using Woods-Saxon potential to in-
vestigate the energy dependence of the interacting polarizing potentials. Total reaction cross-sections are

also presented and discussed.

1 Introduction

During the last few years, the scattering of weakly bound
nuclei colliding at energies near and below the Coulomb
barrier has been a subject of great interest. The energy
dependence of the optical potential (OP) of the elastic
scattering of tightly bound nuclei, at near-barrier ener-
gies, shows a rapid variation of both the real and imag-
inary parts of the potential. This energy dependence is
produced by polarization potentials originated from the
coupling between the elastic scattering and different re-
action channels, such as inelastic excitations, transfer of
nucleons, breakup etc. Dynamic polarization potential,
or simply polarization potential, is such that when it is
added to the bare energy-independent potential, it pro-
duces the same elastic-scattering cross-section as the one
obtained with coupled channel calculations. The net ef-
fect on the energy dependence of the optical potential de-
pends on the importance and strength of the different spe-
cific polarization potentials. For systems containing only
tightly bound nuclei, couplings to bound excited states or
transfer channels produce an attractive polarization po-
tential. This additional attraction of the real potential de-
creases the Coulomb barrier, consequently enhancing the
fusion cross-section, when compared with no-coupling cal-
culations. This phenomenon has been named threshold
anomaly (TA) [1-3]. The energy dependences of the real

# e-mail: nikitdesh@yahoo.com

and imaginary potentials are related to each other and
are consistent with a dispersion relation [1-3]. The basic
characterization of the TA is the observation of a local-
ized peak in the real part of the potential accompanying
a sharp decrease of the imaginary part as the bombarding
energy decreases towards the Coulomb barrier. The be-
haviour of the imaginary part of the potential is related
with the closing of reaction channels when the energy ap-
proaches or is smaller than the Coulomb barrier.

When at least one of the colliding nuclei is weakly
bound, the situation changes because the breakup chan-
nel may become important and this channel has excitation
function that does not drop sharply at energies below the
Coulomb barrier. Furthermore, the breakup channel feeds
states in the continuum, that only under some spatial re-
strictions goes back to fusion. So, the net polarization po-
tential in the scattering of weakly bound nuclei has two
components: an attractive one, due to the couplings of the
elastic channel with inelastic excitations and other direct
reactions and a repulsive one, due to the breakup. If the at-
tractive potential predominates, the behaviour of the net
polarization potential is such that TA is still observed.
However, if the repulsive polarization potential predom-
inates, one says that the system presents the Breakup
Threshold Anomaly (BTA) [4,5]. In the original paper de-
scribing this phenomenon [5], it was mentioned that the
BTA is characterized by the increase of the imaginary po-
tential as the energy decreases towards the barrier. Nev-
ertheless, BTA might also be interpreted as the absence of
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the TA due to the breakup channel [6], and consequently
energy-independent real and imaginary potentials.

The investigation of the presence of TA, BTA or
energy-independent optical potentials through the analy-
sis of elastic-scattering angular distributions is a very dif-
ficult task, since the desired manifestation of the optical
potential behaviour can only be assessed near and below
the barrier energies, where the elastic scattering is pre-
dominantly of Rutherford type, and small deviations from
it may only be obtained from very precise measurements.
Even so, the low sensibility of the nuclear interacting po-
tential at such low energies with the corresponding elastic-
scattering data leads to large error bars in the determina-
tion of such potentials. Satchler [2] has already addressed
this difficulty and, recently, complementary measurements
on that direction were adopted by Zerva et al. [7,8] by the
backscattering technique.

In a recent work we have investigated the elastic scat-
tering of the SLi 4 116:1128n gystems [9]. A clear BTA be-
haviour was observed, with the imaginary potential in-
creasing when the bombarding energy decreases towards
the barrier. This behaviour was found to be consistent
with the systematics obtained from the elastic scattering
of °Li on different targets, from 27Al to 299Bi (27Al, ®®Ni,
64Ni, 64Zn, 997Zr, 144Sm, 208Pb and 209Bi) [4,5,10-17]. For
the scattering of "Li the situation is not so clear. The "Li
nucleus has breakup (« +t) threshold energy of 2.47 MeV
and one bound excited state at 0.48 MeV. As pointed out
by Lubian et al. [18], since "Li has one bound excited state
and the stripping of one neutron may have large positive @)
values for several target nuclei, the attractive component
of the dynamic polarization potential in the scattering of
this projectile may be comparable or even predominates
over the repulsive dynamic polarization potential due to
the breakup. The net result may vary qualitatively for
different targets, since the strengths and the interference
between the different polarization potentials may be dif-
ferent. Actually, a systematic behaviour for the energy de-
pendence of the optical potential in the scattering of “Li
has not been reached so far, since the few systems inves-
tigated in the literature (27Al, 28Si, **Co, *®Ba, 144Sm,
208ph) [4,15,16,19-24] show different behaviours. Partic-
ularly for medium-heavy targets, there is only one work
on the 144Sm target [15], where nearly energy-independent
real and imaginary potentials were observed. For the 38 Ba
target, different analyses lead to different conclusions [4,
23,24].

In order to contribute to obtain a more clear picture of
a possible systematic behaviour for the optical potential
in the near-barrier scattering of “Li, we performed mea-
surements of elastic scattering for the "Li 4 1'Sn system,
also filling the gap between A = 59 and 144 for the target
mass. The energy range of the measurements is from 20%
below the Coulomb barrier to 70% above the barrier. The
total reaction cross-sections have also been extracted by
the optical model fitting of the experimental data and they
are compared with those from the °Li + '16Sn system.

In sect. 2, we give experimental details of this work.
In sect. 3, an optical model analysis of the measured
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elastic-scattering angular distributions is presented in or-
der to study the energy dependence of the interaction po-
tential at near-barrier energies. The derived reaction cross-
sections are compared with the ones for the °Li+ 116Sn
system in sect. 4. Finally, we derive some conclusions in
sect. 5.

2 Experimental details

The experiment was performed at the Bhabha Atomic
Research Centre - Tata Institute of Fundamental Re-
search (BARC-TIFR) pelletron facility, Mumbai, India.
The beam of “Li was delivered by the 14UD Pelletron ac-
celerator. The elastic-scattering angular distributions were
measured for “Li beam at ten different bombarding en-
ergies starting from below the Coulomb barrier, namely,
18, 19, 20, 21, 22, 23, 24, 26, 30 and 35MeV. The nom-
inal Coulomb barrier for this system is around 23 MeV
in the laboratory frame. The beam was bombarded on a
430 pg/cm? self-supported enriched 16Sn (> 98%) tar-
get and the elastically scattered "Li ions were detected
by four solid-state silicon surface barrier AE + E tele-
scopic arrangements. The telescopes used were of differ-
ent thicknesses (77 with AF = 40 upm and E = 1500 mm
thick, Ty with AE = 15 pum and E = 1500 mm thick, T3
with AE = 25 um and £ = 1000 mm thick, and Ty with
AFE = 25pym and E = 1000 mm thick). One monitor of
thickness 600 pm was used for the absolute normalization.
The telescopes were placed on a rotating arm inside a
1m diameter scattering chamber at an angular separation
of 10° between consecutive telescopes. The monitor was
fixed at the forward angle 30°. Beam currents were rang-
ing between 7 and 40nA. The angular distributions were
measured in steps of 2.5° to 5° at angles from 20° to 173°
at lower energies and from 20° to 105° for higher ener-
gies. The uncertainty in the detector angular position is
0.1 degrees. The statistical error in this system was found
out to be less than 5% in the case of forward angles and a
maximum of 30% in the case of backward angles. From the
known abundances of the Sn target the contribution from
the contaminants of the target was estimated to be about
1%. The detectors solid angles uncertainty is 2%. When
one adds the uncertainties in the angular position, in the
beam angle and in the beam spot position one estimates
the overall systematic uncertainty in the normalization as
46.0%. So, the overall errors in the cross-sections are from
8.0% and 31%.

3 Optical-model analysis of elastic-scattering
angular distribution

The phenomenological Woods-Saxon potential has been
used to fit the elastic-scattering angular distribution data
by using the ECIS code [25].

The optical-model potential used to extract the elastic-
scattering differential cross-sections is given by the follow-
ing equation:

U(T) = choul(r) - mf(ra Rraar) - Zsz(Ta Ria ai)a (1)



N.N. Deshmukh et al.: Investigation of the threshold anomaly in the near-barrier ...

where V.o is the Coulomb potential of a uniformly
charged sphere of radius R. = 1.25(14,,1/3 + At1/3) fm,
A, and A; being the mass numbers of the projectile
and target, respectively; f represents the Woods-Saxon
form function which is given by f(r,R,a) = [1 + exp(r —
R/a)]™t, where R is the radius and a is the diffuseness; r;
is the reduced radius, defined as R; = ri(Apl/S + Atl/?’).
Accordingly, the third term in eq. (1) represents the vol-
ume imaginary potential of the optical potential U and
W, symbolizes its depth. The second term is the real part
of the potential U, where V,. symbolizes its depth.

As we did not divide the imaginary part of the optical
potential into two parts (volume + surface), the whole ab-
sorption due to the inelastic scattering, transfer channels,
breakup and fusion processes is taken care by the volume
imaginary potential of the optical potential U. This phe-
nomenological framework contains six parameters, i.e., V.
and W;, namely, the two depths, R, and R;, namely, the
two radii, a,- and a;, namely, the two diffusenesses. These
quantities may be free parameters to fit the experimen-
tal differential cross-sections. However, by varying such a
large number of parameters one may obtain unrealistic
physically values. Therefore, it is usual to keep some fixed
parameters in the fit procedure.

The fitting procedure of the data was performed by
changing only the real and imaginary depths of the po-
tential and by keeping the real and imaginary reduced
radii as 1.06 and 0.53 fm, respectively. After the first fit
was obtained, we once again kept the radii fixed and var-
ied the diffusivity of the potentials from 0.49 to 0.57 fm in
steps of 0.02 fm and the depths of the real and imaginary
potentials were fitted. For the lowest three energies, the
diffuseness of the potentials was reduced to 0.45 fm in or-
der to obtain attractive real nuclear potential and absorp-
tion of flux. As it usually happens in this kind of analysis,
although very good fits were obtained, several families of
optical-potential parameters that describe the angular dis-
tributions fitted equally well the data. These ambiguities
are removed by evaluating the potential at the sensitiv-
ity radii Rg, and Rg; [2], corresponding to the real and
imaginary potential, defined as the value of the radii for
which different potentials with similar good fits have the
same value. The derived mean sensitivity radii were 10.42
and 8.95 fm for real and imaginary potential, respectively.
Figures 1(a) and (b) show, for the energy of 23 MeV, fam-
ilies of potentials that give similar fits, and the crossing
points corresponding to the sensitivity radii for the real
and imaginary parts, respectively. Finally the energy de-
pendence of the interacting potentials were determined
with an average sensitive radius Rg = 9.685fm, i.e., the
average between Rg, and Rg;, along with the mean dif-
fuseness a = 0.53 fm for highest energies and a = 0.45 fm
for lowest energies. Figure 2 shows the experimental elastic
scattering angular distributions and the best fit obtained,
with the parameters shown in table 1. The corresponding
values of the energy dependence of the interacting poten-
tials are shown in fig. 3. The error bars in fig. 3 represent
the range of deviation of the potential corresponding to
a 2 variation of one unit. For energies where x2 is much
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Fig. 1. (Color online) Different families of potential param-
eters that produce similar fits of the data, at 23 MeV. The
real and imaginary sensitivity radii are the values where they
intersect each other, respectively, in (a) and (b).

larger than the unity (21 MeV, 24 MeV and 35MeV), this
criterion leads to unrealistic small error bars, as it can be
observed in fig. 3.

From fig. 3 it is observed that real and imaginary
parts of the interacting potentials are quite energy in-
dependent at energies higher than the Coulomb energy.
However, it can be observed that at energies below the
Coulomb barrier the imaginary part of the OP does not
drop to zero, but rather there is a small increment indi-
cating the absence of the TA. One can also see an almost
constant trend of the real potential at lower energies, in-
stead of the characteristic bell shape that corresponds to
the TA. This behaviour is very similar to the one observed
for the Li+ 4Sm system [15]. For the much lighter
"Li+ 27Al system [21], both the real and imaginary po-
tentials show almost energy-independent behaviours. For
any of those systems, there is no evidence of the presence
of the TA. The BTA behaviour, with a sharp increase of
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Fig. 2. (a) Experimental elastic-scattering cross-sections normalized to the Rutherford cross-sections for the "Li + 15Sn system
at energies Fla, = 18-20 MeV and their best fits from optical-model calculations. The curves correspond to the best fits obtained
using the Woods-Saxon potential (WSP); (b) same as (a) but for energies Ei, = 21-23 MeV; (c) same as (a) but for energies

Elab = 24*35 MeV.

the imaginary potential is also not observed. The expla-
nation for that should be that the attractive polarization
potential due to the “Li bound excited state and transfer
channels is of similar strength as the repulsive polariza-
tion potential due to the breakup for these systems. Also,
very recently it has been shown [26,27] that an important
fraction of the 7Li breakup is not a direct mechanism,
but rather a sequential process where the stripping of one

neutron and the pickup of one proton take place before the
breakup. These first step transfer reactions may decrease
the strength of the repulsive breakup polarization poten-
tial, as compared with pure direct breakup of “Li. On the
other hand, if one compares the present results with those
from our previous measurements of elastic-scattering data
for the Li + 11°Sn system [9], one finds that the later has
a behaviour more compatible with the BTA, since there is
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Table 1. Parameters used with Woods-Saxon potential calculations for the “Li + 1%Sn system and the derived total reaction

cross-sections.

Eiap Vi Vi R, and R; a, and a; 5 or

(MeV) (MeV) (MeV) (fm) (fm) xX/m (mb)

18 2500 3850 7.20 0.45 0.30 21

19 2550 3450 7.20 0.45 2.32 55

20 2580 3500 7.20 0.45 0.88 128

21 757 901 7.20 0.53 3.10 257

22 550 616 7.20 0.53 1.33 327

23 349 552 7.20 0.53 0.67 405

24 855 600 7.20 0.53 4.00 635

26 498 255 7.20 0.53 1.71 730

30 565 61 7.20 0.53 0.81 1059

35 789 31.5 7.20 0.53 6.83 1444
3 scattering of 6Li on 12116Sn, we have compared the de-
N 2_' rived total reaction cross-sections for those systems with
é’ } some other weakly and tightly bound systems. In the
= 14 } present paper we compare the total reaction cross-sections
= § % % . between the ®Li+ ''Sn and “Li+ ''%Sn systems. Fig-
3, 04 ° ° ures 4(a) and (b) show the comparison by the two re-

-V(E) (MeV)
—o—
o
—0—1
o
oA
—0—1
FOH

E¢.m. (MeV)

Fig. 3. Energy dependence of the real and imaginary parts of
the optical potential obtained for the “Li 4+ *'°Sn system at an
average radius Rs = 9.685fm. The energy V of the Coulomb
barrier is shown by the arrow.

a trend of increasing the imaginary potential at energies
below the barrier and some corresponding decrease of the
real potential, as the bombarding energy decreases. The
reason for these different behaviours between the two Li
isotopes should be mainly due to the absence of bound ex-
cited state in °Li and lower threshold energy for breakup
than for “Li. Also, most of the SLi breakup seems to
be direct breakup [26,28] rather than breakup following
transfer.

4 Total reaction cross-sections

The total reaction cross-sections obtained for the
"Li + '16Sn system, which is derived from the optical
model fitting of the experimental data is shown in the
last column of table 1. In our previous work [9] on the

duction methods widely used to compare cross-sections of
different systems in the same plot. Figure 4(a) uses the
method proposed by Gomes et al. [29] and fig. 4(b) uses
the method proposed by Canto et al. [30,31] for fusion
cross-sections and later extended by Shorto et al. [32] for
total reaction cross-sections. A brief description of both
methods can be found in ref. [9]. One can observe that
by both methods the total reaction cross-section for the
6Li + '6Sn system is larger than for the "Li + 16Sn sys-
tem. So, the different behaviour of the energy dependence
of the optical potential for these two systems is reflected in
the total reaction cross-section values. In the SLi scatter-
ing, the breakup plays a more important role than in the
"Li scattering. The breakup cross-section for °Li should
be larger than for “Li, and consequently, the total reac-
tion cross-section is larger for reactions induced by SLi
than by 7Li.

5 Conclusions

In order to contribute to the investigation of the presence
of the threshold anomaly or breakup threshold anomaly
in the optical potential of the scattering of weakly bound
systems, elastic-scattering angular distributions have been
measured for the "Li + 119Sn system at energies around
and below the Coulomb barrier. The present analysis sug-
gests the absence of the threshold anomaly due to the
almost energy independence of the real and imaginary
parts of the optical potential. This result is in agreement
with those obtained for the scattering of "Li by heavier
and lighter targets. On the other hand, several systems
with ®Li as projectile show a clear behaviour typical of
the breakup threshold anomaly, including the one with
the same ''Sn target. We explain these behaviours by
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Fig. 4. (Color online) Total reaction cross-sections for the
6711 4 11°Sn systems. On the upper panel, (a), the reduction
method is proposed in ref. [29] and on the lower panel, (b), the
reduction method is proposed in refs. [30-32].

the fact that the scattering of weakly bound nuclei are
affected by the repulsive polarization potential produced
by the breakup process, important even at energies be-
low the Coulomb barrier, but, for the specific case of “Li,
there is a strong competition between this repulsive polar-
ization potential and the attractive polarization potential
produced by the bound 7Li excited state and transfer re-
actions. For 7Li, these two components of the polarization
potential have similar strengths and the net result is an
almost energy-independent optical potential. This result
cannot be extrapolated for every target, because the rel-
ative importance of the polarization potential produced
by the different reaction mechanisms may vary with the
target structure. The total reaction cross-section for the
SLi + 116Sn system is larger than for "Li + 15Sn system,
corresponding to larger breakup cross-section for the for-
mer than for the later.
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Abstract. Elastic scattering angular distributions using the weakly bound projectile 'Li on
medium — mass target ''®Sn were measured for 10 different beam energies from much below to
above the Coulomb barrier. Optical model (OM) analysis was carried out using the famous
double folding Sdo Paulo Potential (SPP) to investigate the energy dependence of the interacting
polarizing potentials. The absence of the usual Threshold Anomaly (TA) is observed. Thus this
unusual behavior of the interacting potentials indicates the coupling of the breakup channels
with the elastic ones.

Keywords: Elastic Scattering, Sdo Paulo Potential, Weakly Bound Projectiles, Threshold
Anomaly (TA)
PACS: 25.70.Bc, 25.70.Mn

INTRODUCTION

Systems involving weakly bound nuclei which show a strong influence of the breakup
channel on the other reacting channels have attracted great interest in the nuclear
community in the recent years [1,2]. One of the most preferred approaches to study the
breakup mechanism on other reaction channels is the elastic scattering experiment
[3,4]. The systematic analysis therein helps to understand the dependence of optical
potentials (OP) with respect to energy in the vicinity of the Coulomb barrier.
Previously, the aspects using tightly bound nuclei as projectiles were understood by
the Threshold Anomaly (TA) [5-7]. The precise observation of TA can be understood
as a drop in strength of the imaginary potential with the decrease of incident energy
near the Coulomb barrier energy, while the real part of the potential increases and
shows a localized peak in the same energy region. The TA has been described with the
generation of dynamic polarization potential due to coupling of the elastic channels
with the other reaction channels at energies below the barrier. Due to this coupling to
nonelastic channels, an attractive real polarization potential results, whereas the
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outcome of the decreasing imaginary part of the OP implies the closure of the
nonelastic channels at energies near the Coulomb barrier.

Changing the attention from the tightly bound nuclei to weakly bound nuclei
involves °Li, 'Li and *Be, where the dominance of the breakup (BU) channels on the
other reaction channels in the vicinity of the Coulomb barrier is observed. Hence the
behavior of the interacting potentials may be found different than the tightly bound
ones. Thus, accordingly, the coupling to the BU channel leads to the origin of the
repulsive polarization potential [8—10], which contradicts the phenomena occurring in
the usual TA and it can be said that the TA effect may have disappeared. This new
kind of anomalous behavior is called the Breakup Threshold Anomaly (BTA) [11,12].

In the present study of the energy dependence of the interaction potential we report
the analysis of elastic scattering for the 'Li + ''°Sn system at energies below, near and
above the Coulomb barrier. Important characteristics of the projectile are that it breaks
up into o +t, it has a low threshold breakup energy (2.47 MeV), although this value is
almost 1 MeV higher than that of °Li, and it has one bound excited state at 0.48 MeV
(°Li has no bound excited state).

EXPERIMENTAL SETUP

We performed an elastic scattering experiment below and above the Coulomb
barrier viz., from 18 to 35 MeV, using the weakly bound projectile 'Li. The beam was
delivered by the 14UD Pelletron accelerator of the TIFR/BARC facility in Mumbai,
India. The beam bombarded a 430 pg/cm’, self supported enriched ''°Sn (> 98%)
target and the elastically scattered 'Li ions were detected by four solid state silicon
surface barrier AE + E telescopic arrangements. One monitor detector was used for the
absolute normalization. The collimator sizes in diameter for all four telescopes were
around 3.0 mm, whereas for the monitor it was 2.0 mm. The angular distributions
were measured in steps of 5° at angles from 20° to 173° at lower energies and in steps
of 2.5° at angles from 20° to 105° for higher energies. The statistical error in this
system was found to be less than 5% in the case of forward angles and a maximum of
30% in the case of backward angles.

OPTICAL MODEL ANALYSIS

In the present section we mention the analysis of the elastic scattering angular
distribution data. The Sao Paulo potential has been employed for fitting of the elastic
scattering angular distribution data by using the ECIS code [13]. The Sao Paulo
potential [14, 15] is a model for the heavy-ion nuclear interaction. The trivial energy
dependence of the bare interaction arises from the use of a local equivalent model
based on the nonlocal nature of the interaction. Over a limited range of energy, as in
the present work, it can be considered to be the usual double-folding potential based
on an extensive systematization of nuclear densities extracted from elastic scattering
data. The imaginary part of the interaction is assumed to have the same shape as the
real part, with one single adjustable parameter N; related to its strength. At near barrier
energies, due to the strong energy dependence of the optical potential, the data fit
procedure is performed with two free parameters, the normalization factors for the real
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and imaginary parts, Nz and N;. Figure 1 shows the experimental elastic scattering
angular distributions and the best fit obtained. The results of the energy dependence of
the best Ngand N; values are shown in figure 2.
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FIGURE 1. Experimental elastic scattering cross sections normalized to Rutherford cross sections for
the "Li + ''°Sn system and their best fits from optical model calculations. The curves correspond to best
fits were obtained using the Sao Paulo potential (SPP).

It is clearly seen that the real and imaginary parts of the interacting potentials are
quite energy independent at energies higher than the Coulomb energy. However, at
energies below the Coulomb barrier the imaginary part of the OP does not drop to
zero; rather there is a small increment indicating the absence of the usual TA, followed
by a nearly monotonic flat trend of the real part at lower energies contradicting the
characteristic bell shape that corresponds to the usual TA. Thus, one can observe that
the typical behavior of the TA for the real and imaginary potential energy dependence
is not present for this system.

CONCLUSIONS

The present analysis using the Sdo Paulo Potential suggests the absence of
usual the threshold anomaly for this system. However, clear evidence about the
presence of the so called BTA could not be observed. The absence of the TA is due to
the fact that the imaginary part of the optical potential for the present system does not
vanish at the Coulomb barrier, as in the case of bound systems, because there is a
repulsive potential due to breakup coupling.
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FIGURE 2. Best fits for Ng and Nj as a function of the bombarding energy obtained from fits with the
Sao Paulo potential for the "Li + ''°Sn system. The energy ¥}, of the Coulomb barrier is around 21 MeV
in the centre of mass frame calculated using the Bass formula. The solid line is just a trend line to show
the dependence of interacting potential on energy.
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