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Elastic scattering investigation of radioactive 13B and 13O projectiles
on a 208Pb target at intermediate energies
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Elastic scattering measurements were performed for the proton drip-line nucleus 13O (with Sp = 1.512 MeV)
and its partner mirror nucleus 13B (with Sn = 4.878 MeV) projectiles on a 208Pb target at intermediate energies,
namely Elab = 413 and 254 MeV, respectively. These secondary radioactive ion beams were produced at the
Radioactive Ion Beam Line in Lanzhou (RIBLL), Heavy-Ion Research Facility in Lanzhou (HIRFL). The elastic
scattering angular distributions for these projectiles show a typical Fresnel diffraction peak at forward angles.
Optical model analyses of the angular distributions, using double-folding and global potentials, were performed
and different densities for these projectiles were probed.
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I. INTRODUCTION

Elastic scattering is the simplest two-body interaction pro-
cess in which the states of projectile and target do not change
during the collision. However, the study of elastic scattering
can provide information on the dynamic effects, as well as on
the structure of the colliding nuclei, e.g., weakly bound and
halo structure of the projectile. In the past, elastic scattering
studies have been widely performed in the literature to un-
derstand the heavy-ion interaction [1–3]. With the advent of
facilities, which allow the acceleration of radioactive beams,
these works have been extended to the investigation of the
structure of weakly bound neutron-rich and proton-rich nuclei
[4,5]. New nuclear structures have been discovered in these
nuclei, such as the existence of a halo structure, where one
or two valence nucleons are loosely bound to a core nucleus,
forming an extended matter distribution [6].

The theoretical study of the elastic scattering is a well-
known inverse problem in quantum scattering theory. The
Woods-Saxon shape potential has been used for the two-body
interaction, where the six free parameters can be obtained
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by fitting experimental angular distributions [1]. However,
in this case, to better determine the potentials involved in
the collision, it is important to measure cross sections with
high precision and over a wide angular range. Additionally,
a high-quality and wide angular distribution allows a better
investigation of the influence of particular nuclear structure
properties of the collision partners. Actually, the investigation
of the interplay between nuclear structure and reaction mech-
anism is active in nuclear physics due to the strong synergy
between the configuration nature of the exotic and weakly
bound (stable and radioactive) nuclei and the dynamics of the
processes involved in the nuclear reaction [7,8].

The elastic scattering angular distributions may be affected
by the nuclear structure, the size and density of the interact-
ing nuclei, which are quite different for tightly bound and
weakly bound ones. For instance, the low binding energy
and peculiar structure of some exotic nuclei can enhance the
breakup and/or transfer cross sections, introducing charac-
teristic dynamic polarization (attractive or repulsive) in the
optical potential, which is not present in the elastic scattering
induced by tightly bound nuclei. To investigate the absorption
effect of the nuclear potential, due to deformation, cluster con-
figuration and/or low binding energy of the projectile, several
elastic scattering measurements for weakly bound nuclei have
been performed on the heavy 208Pb target, in which long-range
nuclear interactions and Coulomb dipole polarizability effects
are expected to be stronger [4,5]. For instance, the influence of
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these effects in the elastic scattering cross section was inves-
tigated by a phenomenological analysis reported in Ref. [9],
where a relationship between the critical interaction dis-
tance and binding energy for a given cluster configuration is
studied.

Several elastic scattering experiments were performed at
energies around the Coulomb barriers. However, by extending
the energy range from close to the barrier to well above the
barrier energies we can increase the scope of elastic scattering
investigation. At higher energies one would expect a smaller
multistep effects, which may appear due to the inelastic exci-
tation, as the collision time is also smaller. Actually, elastic
scattering experiments for the proton drip-line nucleus 8B
have been recently performed at energies close to [10,11]
and above [12–14] the Coulomb barrier, with interesting re-
sults, mainly due to the very weakly bound valence proton
(Sp = 0.1375 MeV) in 8B. For the measurements at higher
energies, the influence of the breakup channel was found to be
only modest in the description of the elastic scattering angular
distributions of 8B on 208Pb. On the other hand, the recent per-
formed experiment for the neutron-rich 11Be projectile [15],
at energies around three times the Coulomb barrier, showed a
surprisingly strong damping of the Fresnel peak in the mea-
sured elastic scattering angular distribution, as first observed
in the previous studies at near-barrier energies [16–18]. This
result is a clear indication that the extra long-range absorptive
contribution, due to the weak nature of the valence neutron in
11Be, manifest at both close to and above the barrier energies
regime. This effect was not observed in the elastic scattering
of tightly bound 10Be projectile on 208Pb target at either close
to [19] or above the barrier energies [20].

The proton drip-line nucleus 13O and its partner mirror
13B have attracted some interest over the years. These two
nuclei have the same isospin T = 3/2, with binding energies:
13O = 12N +p with Sp = 1.512 MeV and 13B = 12B +n with
Sn = 4.878 MeV, respectively [21,22]. In the measurements
of the interaction cross sections for 13O on Be, C, and Al
targets at higher energies, a normal root-mean-square (RMS)
proton radius, Rm

rms = 2.53 ± 0.05 fm was observed for 13O
[23], while Rm

rms = 2.46 ± 0.12 fm was observed for 13B [24].
Conversely, the investigation of quadrupole moment of 13O
suggests the existence of a thin proton halo in this nucleus
[25]. More recently, the level scheme of 13O was compared to
the state-of-the-art ab initio no-core shell model calculations
[26], which indicates a strong proton 1s1/2 structure for the
lowest-energy excited states. But to our knowledge, there
have been no reports of elastic scattering study of 13O on
heavy target, most likely due to the limited beam intensity
this particular nucleus can be produced. In the present work
we report on the investigation of the elastic scattering of
the proton-rich 13O and neutron-rich 13B projectiles on 208Pb
target, at energies well above the Coulomb barrier. The aim
of this study is to investigate the elastic process induced by
these radioactive ion beams on a heavy target, which has
been measured for the first time. The new data for the elas-
tic scattering angular distributions were compared to optical
model calculations using different potentials. A detailed de-
scription of the experimental setup and procedure is given in
Sec. II. The measured elastic scattering angular distributions
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FIG. 1. Sketch of the detector setup. The two DSSDs (SiA and
SiB) were placed upstream from the target to measure the beam
position. The reaction products were detected by the four telescopes
mounted around the beam axis.

for 13B and 13O and optical model analyses are presented in
Sec. III. In Sec. IV, the summary and some conclusions are
presented.

II. EXPERIMENTAL SETUP AND MEASUREMENTS

Angular distributions for the elastic scattering of the 13B
and 13O on a 208Pb target at Elab = 254 and 413 MeV, re-
spectively, corresponding to about five times the Coulomb
barrier [VB(13B) = 48.8 MeV and VB(13O) = 78.0 MeV]
for each system, were measured for the first time. The
experiment was performed at the National Laboratory of
Heavy Ion Research of the Institute of Modern Physics, Chi-
nese Academy of Sciences (IMPCAS). The secondary 13B
and 13O radioactive beams were produced by fragmentation
of a primary 59.54 MeV/u 16O

8+ beam, delivered by the
Heavy-Ion Research Facility in Lanzhou (HIRFL) [27,28],
on a production 9Be target. The thicknesses of the pro-
duction target were 4.5 mm and 2.0 mm for 13B and 13O
beams, respectively. After the production, the 13B and 13O
radioactive beams were purified by magnetic rigidity (Bρ)
with the Radioactive Ion Beam Line in Lanzhou (RIBLL)
[29,30] and focused on a 12.24-mg/cm2-thick self-supporting
208Pb target. The average intensities of 13B and 13O beams
were approximately 1500 and 200 pps, with purities of
53% and 2%, respectively. The beam energies at the cen-
ter of the target were about Elab = 254 MeV and 413 MeV
for 13B and 13O, respectively. These secondary beams were
identified and discriminated by using a combination of
time-of-flight (ToF) and magnetic rigidity (Bρ) signals. The
ToF detectors consisted of two plastic scintillators (C9H10),
50 μm-thick, installed at the second (F2) and fourth (F4)
focal plane of RIBLL, giving a total of 1680 cm flight
length.

The schematic view of the detector setup used in the
present experiment is shown in Fig. 1. Two double-sided sil-
icon strip detectors (DSSDs), 87 μm (SiA) and 65 μm (SiB)
thick, both segmented into 16 horizontal and vertical strips
(3-mm width on each side), were used to provide precise
position and direction of the incident beam particles, on an
event-by-event basis. These two DSSDs were placed 669 mm
and 69 mm upstream the 208Pb target, respectively, as indi-
cated in Fig. 1. The elastically scattered and reaction products
were detected by an array of four silicon telescopes, namely,
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FIG. 2. (a) The calibrated two-dimensional �E − E particle
identification spectrum with a time window on the 13B projectile
obtained by Tel2; (b) the same spectrum but with a time window
on the 13O projectile.

Tel1, Tel2, Tel3, and Tel4, mounted 267 mm away from the
lead target. These telescopes covered an angular range from
3◦−27◦ in the laboratory frame, with a resolution of about
0.4◦. Each telescope consisted of a DSSD (32 × 32 pixels,
64 × 64 mm2) with �E detector ≈150 μm thick backed
by a silicon E detector ≈1, 500 μm thick, which measured
the residual energy of the particles. To ensure a satisfactory
performance, the temperature of this detector array was kept
at −20 ◦C during the whole experiment, using an alcohol
circulating system.

A good separation of the 13B, 13O secondary beams from
the possible beam contaminants is crucial in this experiment.
This was achieved owing to the excellent resolution of ToF
signals, which is better than 2 ns (full width at half maximum).
Typical two-dimensional �E − E particle identification spec-
tra with ToF restrictions on the 13B and 13O beams are shown
in Fig. 2(a) and Fig. 2(b), respectively. As can be seen in
the figures, the elastically scattered 13B and 13O particles can
be uniquely identified and are well separated from any beam
contaminants.

The angles of the elastic scattering particles and reactions
events were determined by considering the incident track
direction of the beam particles extrapolated to the target po-
sition. The directions of the particles were obtained by the
signals from the SiA and SiB detectors in combination with the
hit positions in the telescopes. To evaluate the absolute differ-
ential cross section, Monte Carlo simulations, assuming pure
Rutherford scattering at all angles, taking into account the
actual detector setup geometry and the broad and nonuniform
beam profiles on the target, were performed. More details on

FIG. 3. Elastic scattering angular distribution for 13B + 208Pb at
Elab = 254 MeV and for 13O + 208Pb at Elab = 413 MeV. Error bars
are due to the statistical uncertainty only.

the procedure to obtain the cross sections and to minimize the
systematic errors, are given in Refs. [12,14,31].

The cross sections for the angular distribution for both 13B
and 13O were measured at θlab = 4◦−15◦. A global normal-
ization factor for the measured cross sections was determined
considering the elastic scattering cross sections of 11C + 208Pb
at Elab = 275 MeV, which were assumed pure Rutherford
scattering at forward angles [12]. This global normalization
was applied to the angular distributions for 13B + 208Pb at
Elab = 254 MeV and 13O + 208Pb at Elab = 413 MeV. These
angular distributions in terms of differential cross section ratio
to the Rutherford cross section (σ/σRuth) are shown in Fig. 3.
The uncertainties in the cross sections are purely statistical.
The error bars are smaller for 13B projectile as compared
to 13O since the beam intensity was much higher for 13B
radioactive beam. We should mention that, in principle, since
we could not discriminate the elastic and inelastic scatter-
ing from the excited states of the lead target nucleus, the
data are of quasielastic nature. However, the contributions
from the excited states of the lead target have been found
to be negligible in several experiments with the similar mass
projectile, angular range, and energy as considered in this
experiment [12,13]. The 13O projectile has no bound states
and although 13B projectile has some excited states in between
3.5–4.5 MeV, their influence on the elastic scattering should
be quite small due to the high excitation energies and small
values for the B(E2) of these states [32,33]. For these reasons
we are considering and mentioning the data as elastic scat-
tering data along this paper. The angular range, covered by
these angular distributions, includes the Fresnel peak region
for both systems, which is important to investigate the charac-
teristics of the interaction potential. Since both data are about
5.0 times the coulomb barrier we can compare the two angular
distributions, as shown in Fig. 3. Despite the error bars of the
cross sections, it is clear that the Coulomb-nuclear peak of the
elastic scattering angular distribution for the 13O projectile is
slightly suppressed as compared to that for 13B. As discussed
in Ref. [2], this kind of suppression might be due to the
couplings to inelastic or to the continuum. In our case, 13O
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nucleus has a lower binding energy (1.512 MeV), compared
to 13B, and thus, the coupling to the continuum might be more
important. Usually, the couplings effect can be observed as
deviation of elastic flux from the Coulomb-nuclear peak to
the backward angles. The coupling to the continuum for the
weakly bound 13O projectile is discussed in the next section.
Also, by comparing the angular distributions of 13O and 13B,
we can observe that the cross sections at backward angles are
larger for 13B due to a little stronger absorption for the 13O
projectile, probably by the breakup (coupling to continuum)
channel.

III. DATA ANALYSIS AND RESULTS

The angular distributions for the elastic scattering of 13B
and 13O were analyzed in terms of the optical model (OM)
with different approaches. In this phenomenological analysis,
the interaction between the colliding nuclei is represented by a
complex potential. Although the intrinsic structure properties
of the collision partners are not explicitly taken into account in
this approach, the description of the cross sections for elastic
scattering is very sensitive to the interaction potential between
the projectile and the target nuclei and to the properties of their
structures, such as the radius and diffuseness of their nucleon
density distributions.

For the nuclear potential we first considered the double-
folding São Paulo potential (SPP) in its new version São
Paulo potential-2 (SPP2) [34], which is an improvement of
the previous version [35]. As the first version, the SSP2 is a
potential of double convolution on the nuclear densities of the
projectile and target and it can then be used in association with
the optical model, with NR and NI as the normalization factor
for the real and imaginary part, respectively. It is important
to mention that the convolution is over the nucleon distribu-
tion and not on the nuclear matter distribution. The nucleon
distribution in this model is given by the sum of the proton
and neutron densities, which, by its turn, are determined by
considering the intrinsic matter density of a nucleon with the
charge density of a proton. Thus, the nuclear potential is deter-
mined by the nuclear matter densities of the colliding nuclei
and the effective nuclear interaction between two elements
of matter. See Ref. [34] for further details on the model. By
adopting standard values for the normalization (NR = 1.00
and NI = 0.78), obtained from a large systematic analysis, the
calculation with SPP can be considered as with no free param-
eters. The new version SPP2 considers the charge densities in
the determination of the nucleon distribution, which can be
obtained by two ways: (i) from an external file with extracted
values from electron scattering experiments, which can be
relate as the experimental determination of matter densities
and (ii) from calculated values (inside the code) using an
axially symmetric self-consistent Dirac-Hartree-Bogoliubov
(DHB) mean-field approximation to the nuclear ground state
[36]. In the present work, since there is no electron scattering
experiment on the radioactive 13B and 13O nuclei, we con-
sidered the calculated values of the option (ii) for the matter
densities.

The results of OM calculation with the SPP2 is shown in
Figs. 4 and 5. The calculations can describe well the angular

FIG. 4. Angular distribution for the 13B + 208Pb system at
254 MeV. The curves are the results for the optical model analysis
with the potentials as indicated. See text for explanation.

distribution for the most forward angles up to the Fresnel peak
region. However, the calculations underestimating a little of
the data for the most backward angles for 13B and overesti-
mating those for 13O. It is important to mention that we did
not adjust any parameter in the calculation. The new SPP2 as
the previous version of the SPP should be considered just as
comparative standard calculation. Deviation of such calcula-
tions may indicate that some other important effect may be
playing a role in the collision, increasing or diminishing the
absorption of the elastic flux. A better agreement between the
SPP2 calculation and the data may be achieved by changing
the normalization of the real and/or imaginary potentials or
by considering a Woods-Saxon shape (with three free param-
eters) for the imaginary potential. However, in this case, the
physics of the effect would be hidden in the normalization
parameters.

Another kind of potential, which can be applied in the anal-
ysis of elastic scattering data is global or systematic potentials.
In the optical model analysis for elastic scattering at not so

FIG. 5. Angular distribution for the 13O + 208Pb system at
413 MeV. The curves are the results for the optical model analysis
with the potentials as indicated. See text for explanation.
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high energy, the angular distribution is more sensitive to the
superficial part of the potentials, and, thus, sets of parameters,
producing a similar potential at the surface region, would give
equivalent description of the data [37]. However, by consid-
ering a wide range of masses for the projectile and/or target,
global or systematic potentials may reduce these ambiguities
in the optical model potential. Global potentials from sys-
tematic analysis have been obtained from the investigation of
nuclear reactions induced by radioactive nuclei [38–40] and
applied in association with optical model. Here we considered
a global nucleus-nucleus potential, obtained from a systematic
optical potential analysis by Xu and Pang [41]. This global
potential could reasonably account for elastic scattering and
total reaction cross sections for projectile with mass numbers
up to A < 40, including both stable and unstable nuclei and
at the energies above the Coulomb barrier. This nucleus-
nucleus potential is based on a single-folding model potential
with a semimicroscopic Jeukenne-Lejeuue-Mahaux-Bruyères
(JLMB) potential type [42]. The density distributions of the
projectile and target nuclei are necessary in the process of
calculation using a single-folding potential. The density dis-
tribution of the projectile can be deduced from the observed
interaction cross section and total reaction cross section by
Glauber-model analysis [43], and also by Hartree-Fock calcu-
lation [44]. In the present work, we used the nucleon density
distributions from Hartree-Fock calculations with the SkX
interaction [44] in the single-folding model calculations, with
the RMS matter radii of 2.534 and 2.578 fm for 13B and 13O,
respectively.

The results of the calculations with the Pang global po-
tential for the 13B + 208Pb and 13O + 208Pb systems are also
shown in Figs. 4 and 5 by red dashed lines. Overall, the
calculations agree quite well with the experimental data. Both
potentials are compared in the inset of Figs. 4 and 5 where
we plot the depth of the potential as a function of the dis-
tance. The potential for the elastic scattering process is more
sensitive at the distance of strong absorption. Considering the
quarter-point receipt, this distance of strong absorption can
be obtained converting the angle, where the ratio of the cross
section to the Rutherford cross section is 0.25, to distance of
the closest approach [45]. The strong absorption distance is
found to be 11.7 fm for 13B and 11.9 fm for 13O projectile.
Since the strong absorption distance is a little further for 13O,
we expect just a little more absorption for 13O at backward
angles, as, indeed, it is observed in Fig. 3. These distances are
also just a little larger than R = r0(A1/3

p + A1/3
t ) = 10.75 fm,

and, we can say they are still located at the surface region
of the potentials. At this region, it is also possible to observe
that the depth of the imaginary SPP2 and Pang are about the
same for 13O, giving thus, the same results for the angular
distribution, and the imaginary SPP2 is a little deeper for the
13B, producing a bit more absorption in the calculated angular
distribution for the 13B projectile, compared to the results for
the Pang global potential.

Additionally, the calculated elastic scattering angular dis-
tribution depends on the given density distribution of the
projectile, and, therefore, it can be used to extract their RMS
radii by comparing with the experimental data. The systematic
optical model results with different density distributions for

FIG. 6. Angular distributions for the 13B + 208Pb system at
254 MeV and for the 13O + 208Pb system at 413 MeV. The curves
are the results for the global potentials with different density
distributions.

13B and 13O, and the comparisons with the angular distribu-
tions for 13B + 208Pb and 13O + 208Pb are shown in Fig. 6.
These densities are obtained by stretching the original HF
densities (as used in Figs. 4 and 5) so that the root-mean-
square radii of the resulting nucleon density distributions
varied by factors from 0.8–1.2 with respect to their original
values. Standard minimum χ2 values, defined as 1

N , are used
to quantify the agreement between the theoretical angular dis-
tributions, calculated with these density distributions, and the
experimental data. The results are shown in Fig. 7, where the
χ2 values are plotted as functions of the stretching factors for
13B and 13O, respectively. The optimum proton, neutron, and

FIG. 7. χ 2 values obtained for different density distributions in
the global potential calculations. The green arrows indicate the min-
imum χ 2. See text for explanation.
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TABLE I. The deduced RMS radii of proton, neutron, and matter
in this work, in fermis.

〈r2
p〉1/2 〈r2

n 〉1/2 〈r2〉 1/2

13B 2.354 2.641 2.534
13O 3.095 2.670 2.939

nuclear matter radii, from these calculations, are summarized
in Table I. The extracted matter radius for 13B is the same as
the result from Hartree-Fock calculation. However, the radius
of 13O is 1.14 times larger than the one from Hartree-Fock cal-
culation. This may indicate an exotic structure of the drip-line
nucleus 13O, which is consistent with the possible existence
of a thin proton halo in Ref. [25].

The proton energy separation, Sp = 1.512 MeV, for the
13O projectile can be considered low and breakup channel
might be playing a role in the collision induced by this ra-
dioactive nucleus. The importance of the breakup coupling
effect in the elastic scattering for 13O can be estimated by
performing continuum discretized coupled channels (CDCC)
calculations, which was performed with the code FRESCO [46].
In the calculation, 13O was modeled as consisting of an 12N
core and a valence proton. We considered the possibility of
this valence proton to be either in the 1p or 2s orbital. For sim-
plicity, the spins of both the proton and the 12N nucleus were
omitted. The p- 12N binding potential was of Woods-Saxon
form with parameters r0 = 1.25 fm and a0 = 0.65 fm. The
potential depth was adjusted to give the proton binding energy
(1.512 MeV) for the ground state of 13O. The discretized
bin states were built considering that they are equally spaced
in momentum space, with maximum energy of εbin = 22.65
MeV. The potential multipoles were considered up to λ � 3.
The complex optical potentials, necessary to describe the
12N - 208Pb and p- 208Pb systems, were taken as the system-
atic single-folding potential [41] and KD02 systematics [47],
respectively.

The results of the CDCC calculations are shown in Fig. 8
for both 1p and 2s configurations of the valence proton in 13O.
The calculations describe quite well the experimental angular
distributions. We would like to emphasize that these calcu-
lations are parameter free. As can be qualitatively observed
in the figure, the coupling effect of the CDCC calculations
on the reaction mechanism is deviating the elastic flow from
forward angles to backward angles. Although small, this ef-
fect improves the description of the experimental angular
distribution, mainly at the Fresnel peak, as compared to the
no-coupling calculation.

13O nucleus has no bound states but the excited states of
the 13B nucleus have attracted some attention. Investigation on
the structure of the isotones with N = 8, having 13B nucleus
between the 12Be and 14C, is related to the fading of the
shell closure [33,48,49]. It has been observed that with the
increasing of the N/Z asymmetry, unusual rearrangements of
single-particle orbitals can emerge (intruder states), breaking
down the usual N = 8 magic number. In this sense, positive
parity states in 13B would correspond to neutron excitation
and gap between sp and sd shells. The structure of 13B is

FIG. 8. Angular distribution for the 13O + 208Pb system at
413 MeV. The curves are the results of the CDCC calculations with
1p and 2s configurations for the valence proton.

still under investigation. The calculated B(E2) values, based
on some assumptions for spins, are very small [32,33,48,49].
Combining this information with the fact that the excitation
energies of these states are in the range of 3.5–4.5 MeV,
we would expect a very small contribution of the inelastic
scattering. Although we cannot infer too much about the
structure of 13B from our data, the lack of strong coupling
to the continuum would be an indication that 13B is spher-
ical, as it has been shown by antisymmetrized molecular
dynamics (AMD) calculations [32], and still holds the N = 8
magicity.

IV. SUMMARY AND CONCLUSIONS

Angular distributions for the elastic scattering of the ra-
dioactive nuclei 13B and 13O on 208Pb were measured for
the first time at energies above the Coulomb barrier at
HIRFL-RIBLL. These angular distributions were analyzed
with the optical model using different approaches. First,
double-folding São Paulo and Pang global potentials were
considered in the OM analysis. The latter gave a good de-
scription of both angular distributions, in particular in the
region of the Fresnel peak, indicating the reliability of this
potential. Although all these calculations are parameter free,
the agreement could be further improved with a better choice
of the density distribution, which allowed the extraction of a
RMS radius for 13B and 13O.

This work has shown that elastic scattering data, at inter-
mediate energies, can be useful to understand the key role of
target-projectile effects on the reaction mechanisms. From a
detailed analysis using the global potential, the radii of 13B
and 13O could be investigated, indicating a possible existence
of a thin proton skin for 13O.
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