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Quasielastic scattering angular distributions of radioactive (!Li, "'°Be, and ®'?B) and stable (’Li, °Be, and
11B) projectiles on a Be target are presented. The angular distributions have been analyzed by the optical model
using Woods-Saxon form factor and Sao Paulo potential. Total reaction cross sections have been obtained from
the optical model analysis and a comparison between different systems is presented. Coupled channels (CC),
coupled reaction channels (CRC), and continuum-discretized coupled channels (CDCC) calculations have been
performed to investigate the effect of the cluster configuration in the projectile inelastic excitation, breakup, and
stripping reactions on the quasielastic angular distributions.
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I. INTRODUCTION

Low energy scattering experiments induced by weakly
bound stable and unstable projectiles have been performed
in recent years [1-9]. Many experiments combine the in-
cidence of light projectiles on intermediate or heavy mass
targets [10—13] in situations where the ratio between the beam
energy and the Coulomb barrier is not too large (E/Vp =
1-2), while experimental data with light targets is still very
scarce [2,3,5]. For collisions induced by exotic neutron halo
projectiles such as °He, ''Li, and ''Be on intermediate and
heavy mass targets such as ®*Zn, '2°Sn, 2%°Pb, and 2*Bi, a
strong suppression of the Fresnel peak has been observed, in
comparison to stable systems [6,13—18]. This suppression is
a well known phenomenon, due to the coupling between the
elastic scattering with the projectile breakup channel. How-
ever, this effect has not been observed in the scattering of the
proton-rich (p-rich) halo ®B nucleus on intermediate *3Zn [19]
and heavy 2%Pb [20] mass targets.

For light mass systems, the decrease in the relative im-
portance of the Coulomb repulsion (E/Vp > 2) changes the
situation. As the ratio £ /V,, increases, the Fresnel peak shifts
to forward angles and the elastic cross section quickly de-
creases, with the onset of oscillations. This pattern can be
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understood as the result of an interference phenomena be-
tween two scattering amplitudes: the near-side amplitude
corresponds to a trajectory that emerges on the same side of
the scattering axis from where it has entered, and the far-side
amplitude emerges from the opposite side [21]. At low E/V},
ratios, the first component dominates the angular distribution
(Fresnel regime); as the energy increases the magnitude of
the far-side component is enhanced and starts to significantly
interfere with the near-side component. The period of the
resulting oscillations is related to the grazing angular mo-
mentum of the collision (A6 = 7 /l,), and a transition from
Fresnel to Fraunhofer regimes takes place. The magnitude of
the Sommerfeld parameter (n = Z,Z,e?/hv) gives an idea of
the dominant regime, being n >> 1 for Fresnel and n ~ 1 for
Fraunhofer diffractions.

Usually, the total reaction cross sections are enhanced from
strongly bound (*He) to weakly bound (®’Li, °Be) and to
exotic projectiles (*He) on similar mass targets. For inter-
mediate mass and heavy targets, researchers have already
observed an enhancement of the total reaction cross sec-
tions of exotic systems when compared with stable tightly
bound systems [10,22—25]. For lighter targets, understanding
the importance of each reaction channel on the total reaction
cross section still requires more experimental data [2,3,5].

In this paper we present new data of quasielastic scattering
induced by stable and radioactive projectiles *7-Li, 71°Be,
and 311128 on a ?Be target. In Sec. II, we described the exper-
imental setup. In Sec. III, we analyze the angular distributions

©2022 American Physical Society
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FIG. 1. RIBRAS scheme.

with optical model calculations, with a discussion for each
system. In Sec. IV, we present a systematic analysis of the
total reaction cross section. In Sec. V, the results of cou-
pled channels (CC), continuum-discretized coupled channels
(CDCC), and coupled reaction channels (CRC) are presented.
Finally, in Sec. VI we draw our conclusions.

II. EXPERIMENTAL SETUP

Two experimental campaigns were performed in the sec-
ondary chamber (2) of the RIBRAS system (Radioactive Ion
Beams in Brasil; see Fig. 1) [16,26-28] at the Nuclear Physics
Open Laboratory of the Institute of Physics of the University
of Sdo Paulo. In the first experiment, '' B primary beams at 34
and 38 MeV are provided by the 8-UD Pelletron accelerator
and impinged on a beryllium production foil (2.59 mg/cm?)
located in the primary chamber (1). A secondary cocktail
beam was produced with ®78Li, >1°Be, and !'!>B isotopes.
In the second experiment, a 32 MeV °Li primary beam and
a 3He gas primary target were used to produce 'Be and B
secondary beams, in addition to the scattered °Li. The gaseous
target consists of a 3.6 cm long cell sealed by two 2.04(2) um
Havar foils, kept at 1014 mbar pressure at room temperature.

The magnetic field of the first solenoid, located after the
primary chamber, was adjusted (through current variation) to
maximize the 'Be and B beams in the center of the ISO-
250 secondary chamber (2). A °Be foil with 1.92 mg/cm?
thickness was mounted as a secondary target in the center of
the scattering chamber (2). An additional '°’ Au (4.5 mg/cm?)
foil was used to monitor the secondary beam intensities and
provide the cross section normalization. The secondary beam
intensities were obtained by measuring the scattered beam on
a gold target, and its average value is given in Table I for
each experiment. The full widths at half maximum (FWHM)
presented in Table I are related to the peak energy resolutions
measured in the spectra of the present work and will be dis-
cussed later.

During the '°Be + °Be experiments two silicon surface bar-
rier telescopes detectors, with 25 um (AE) and 1000 um (E)
thickness, were mounted in the scattering chamber to provide
an energy measurement and particle identification in the an-
gular range 12° < 0}, < 40°. A set of 3 x 12 mm rectangular
collimators were used a distances of 6.3 and 8.2 cm from the
target resulting in a 1.3° geometric angular aperture and an
approximate 5 msr detection solid angle. Figure 2 presents

TABLE I. Average secondary beam intensities and the FWHM
of the peaks (see text for more details).

Experiment Projectile Intensity (pps) FWHM (MeV)
1 2.5 %103 0.905
i 1.6 x 10* 0.878
81i 1.8 x 10° 0.751
°Be 2.1 x 10* 1.230
0Be 3.0 x 10* 1.031
g 1.2 x 10* 1.423

UBe +‘Be 2p 2.2 x 10* 1.244
61 2.8 x 10° 1.903
"Be 2.8 x 10* 1.874

5B +‘Be Bz 4.0 x 10° 1.683

two AE-Ery, spectra measured at 12° with gold (a) and
beryllium (b) targets for the first experiment.

In both '°Be 4+ ?Be experiments, the AE energy resolu-
tion allows the separation of all particles. The mass (m) and
charge state (¢) identification was done by imposing that they
must have same magnetic rigidity [(Bp)?> = 2mE /¢*] after the
solenoid selection, where E is the measured energy corrected
by the energy loss in the secondary target. Figure 3 shows
a (Bp)? plot as a function of a generic peak number. We see
from this figure that any misidentification of mass-charge ratio
(m/g*) or nuclear number would produce incompatible values

n
[63]
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FIG. 2. AE-Ery. spectra of the cocktail beam produced in the
B + ?Be reaction at Eig = 34 MeV scattered on gold (a) and °Be
(b) targets at Gy, = 12°.
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FIG. 3. Full identification of the cocktail beam by magnetic
rigidity (Bp)?; the full and dashed lines shows the mean and devi-
ation of (Bp)?.

of (Bp)?* (blue points), as observed in all wrong combinations
for different boron isotopes (peaks number 7 and 8).

For the B+ °Be experiment, only one silicon surface
telescope detector with 20 um (AE) and 1000 um (E) thick-
ness was mounted to observe the elastic scattering at forward
angles. As in the '’Be experiments, a pair of 3 x 12 mm rect-
angular collimators were used. Figure 4 shows the AE-Eoq
spectra for the gold (a) and beryllium (b) targets for the
second experiment. As one can observe, in this case the
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FIG. 4. AE-Ery, identification spectra of the cocktail beam pro-
duced in the °Li 4 *He reaction at Fe;; = 32 MeV scattered on gold
(a) and °Be (b) targets at 6,, = 12°.
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FIG. 5. Monte Carlo simulation of the distribution of scattering
angles reaching one detector. The solid line is a Gaussian fit.

identification of the mass (m) and charge state (g) of the peaks
was unambiguous, because there is only one peak for each
interest atomic number (°Li, "Be, and $B).

The energy resolution of the secondary beams produced at
RIBRAS is determined mainly by two factors. The first is the
energy straggling in the primary target, which is given by the
difference between the outgoing projectile energies produced
in the beginning and the end of the primary target. This is
a significant factor for transfer reactions involving charge
transfer (62%-84%). The second contribution stems from
the kinematic broadening in the angular acceptance of the first
solenoid (~12%-35%). In addition to these two factors, the
final energy resolution has a small contribution from the pro-
cesses taking place in the secondary target, such as the kine-
matic broadening due to the angular acceptance of the de-
tectors and the contribution from the electronic noise and
detector resolution. This value was measured directly from the
peak width (FWHM) using the gold target and is presented
in Table I, together with the secondary beam intensities. In
some cases such as 78Li, "Be, and 2B the energy resolution
is not sufficient to separate the ground state and the low
lying excited states. Therefore, the elastic peaks are possibly
contaminated with counts from the inelastic scattering. In
order to estimate this effect, we performed coupled channel
calculations, which showed that this contribution would be
negligible. These results will be presented and discussed in
detail in Sec. V.

The angular resolution is mainly determined by three fac-
tors: the aperture of the telescope collimators, the beam spot
size, and the angular divergence of the RIBRAS secondary
beam. The latter is defined by the combined effect of angular
acceptance (2°-6°) and magnification of the first solenoid,
resulting in an intrinsic angular divergence of the secondary
beam between 1.3°-4.0° in the center of the secondary
scattering chamber. A three-dimensional Monte Carlo simu-
lation [29] was performed to estimate the effective angular
acceptance of the detectors, taking into account the beam di-
vergence, the geometry of the collimators, the beam spot size
and the angular straggling in the secondary target. As a result
of this simulation (see Fig. 5), a distribution of scattering an-
gles actually accepted by the detector was obtained as §6,, ~
2.9° (FWHM = 2.355 x §6p). For almost symmetric
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FIG. 6. Angular correction for the '°Be 4 7 Au system.

systems, as in the present case, the kinematic angular trans-
formation to the center-of-mass (CM) system is rather large,
which makes the angular resolution in the CM system almost
double that of the laboratory system (6cy ~ 2614). As a con-
sequence, a smoothing effect in the amplitude of oscillatory
angular distributions will take place. This effect was properly
taken into account before comparing the calculations with the
data, as described in the next section.

To monitor the secondary beam intensities and to obtain
the normalized absolute cross sections, runs with 7 Au target
were performed periodically before and after each °Be run.
The elastic cross section on the gold target, at the energies
and angles of these experiments, is pure Rutherford scattering
and, due to this fact, provides an absolute normalization of
the experimental cross sections, which is calculated by the
following expression:

do NLJ! 0
dQi  NIN/AQ

where the index i refers to each secondary target (i = Au or
i = Be), N! is number of events in the peak, J' is the Jacobian
transformation factor between the laboratory and center-of-
mass frameworks, N/ is the areal density of particles in the
target, N/ is the number of incident secondary beam particles,
and A is the solid angle of the detection system.

Figure 6 shows the o /oryy ratio for '°Be 4 '*7Au mea-
sured at 26.9 MeV calculated using Eq. (1) (red dots). We
see that, for large angles, the o /oRyy ratio is constant around
unity. However, for angles below 20°, the ratio starts to in-
crease to values larger than 1, indicating that some spurious
effect is taking place at very forward angles. The reason for
that is the large angular acceptance associated with the rapid
decrease of the Rutherford cross section, which increases the
peak counts with frontal events. This effect shifts the aver-
age detection angle to forward, with respect to the nominal
geometric central angle of the detector. This shift can be
obtained by the Monte Carlo simulation, for each angle, and
the corrected values are presented in Fig. 6 (black points).

The absolute normalized scattering cross sections for the
‘Be target are

do do Ruth NBe JBe NAu NAu
c t b , (2)

dSme " 9 < | NM TR NE N

N
Ny
integration, measured by a Faraday cup in the corresponding
runs (see Fig. 1), and % is the ratio of the Jacobians for
beryllium and gold targets as defined in Eq. (1). The solid
angle dependence cancels out in the above expression because
itis a pure geometric quantity not depending on the secondary
target element used. This quantity cannot be easily determined
given its dependence with the beam spot size, divergence,
collimators, and detector geometry. The experimental uncer-
tainties were taken to be the statistical errors («/ﬁ) plus a
small contribution due to the error in the target thickness,
which was estimated as 5%.

where %z is taken to be equal to the ratio of the primary beam

III. ANALYSIS OF THE ANGULAR DISTRIBUTIONS

In this section, the angular distributions and the results of
optical model calculations for all projectiles on the °Be target
are presented. The theoretical analysis were performed using
the code FRESCO [30]. We used complex volumetric potentials
combined with two different shapes: a Woods-Saxon (WS)
potential and the double folding Sao Paulo potential [31]. The
usual WS form factor is given by

1

ai

filr) = 3

where the index i stands for the real and imaginary compo-
nents, R; = ro (A;/ 3 + A!7?) being the interaction radius and a;
the nuclear diffuseness. The values initially used here for the
reduced radius and the nuclear diffuseness are, respectively,
ro = 1.25 fm and a; = 0.65 fm. The complex optical potential
are formed by the WS form factor as VO‘;S =V fre + W fim,
where V and W are the real and imaginary depths, respec-
tively.

The double folding Sdo Paulo potential (SPP1) has the
same form factor (fspp) for the real and imaginary compo-
nents with different normalization values. The final complex
Sdo Paulo potential is given as Vosplfp = (Nre + iNim) fspp,
where the standard normalization [32] values (Nge = 1 and
N = 0.78) were used in the present work, initially, for all
systems. Eventually, to better reproduce the data, the real
and imaginary normalizations were varied with a routine that
will be described latter in this section. We also used the new
version of the Sdo Paulo potential (SPP2) [33], which includes
realistic information about nuclear density of stable isotopes
or away from the stability valley. The values of the real and
imaginary normalizations were varied to best fit the data.

As mentioned in the experimental section, due to the large
angular acceptance involved in these measurements, all the
theoretical angular distributions were folded with a Gaussian
distribution centered in the scattering angle (6’), with stan-
dard deviation equal to the experimental angular acceptance
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FIG. 7. x?/N map of the °Be + °Be system at 24.3 MeV and 30.1
MeV (Fig. 13).

(80cm):

0'+m _©-0')?
<d_o> = / (d_g> ;e 28 df (4)
d conv 0'—m ds2 theo 60cMV/ 27T

The effect of this folding is to slightly reduce the amplitude of
the oscillations in the angular distributions.

We use an automatic search method to find the best pa-
rameters. Initially, the Woods-Saxon depths (V and W) or Sdo
Paulo potential normalizations (Nge and Ny, ) were varied in a
grid. A routine was written to set initial parameters and grid
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FIG. 8. Angular distributions of the °Li +°Be system at Ej,, =
11.2 (a), 21.1 (b), and 25.7 MeV (c) compared with theoretical
results.
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FIG. 9. Angular distributions of the ’Li + °Be system at Ej,, =
17.7 (a) and 21.9 MeV (b) compared with theoretical results.

definitions (range and step), run the optical model to obtain
the theoretical cross sections, perform the angular convolution
as described above and calculate the chi-squared values in
the grid. Then, the program Mathematica [34] is called to
interpolate and find the minimum in the grid. The uncertain-
ties were obtained as the width of the map when the total
x? is increased by one unit around the minimum. Whenever
necessary, a search in the Woods-Saxon geometry parameters
(ro, ap, r;, and a;) was performed to improve the fit. The
obtained x? maps were compared for the same projectile and
target combination at different energies and, if they presented
nearby minima, a global x2/N plot was built to provide a
unique potential. Figure 7 shows an example of a contour plot
for the “Be + *Be system at two energies. The normalizations
of the Sdo Paulo potential were varied from 0 to 2 in a 0.025
steps. Detailed results for each system will be presented in the
next subsections.

10 Err T T T T T T T = =
Eg . 9 — — Standard SPP1 - /N =0.5
F Li+ Be e H
L —— SPPI Fit-%"/N=0.5
E 100§ SPP2 Fit- 7°/N = 0.5
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© 10 N E
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10 e T > =
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FIG. 10. Angular distributions of the 3Li + °Be system at Ejy, =
15.4 (a) and 18.9 MeV (b) compared with theoretical results.
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TABLE II. Optical model parameters for the lithium systems, obtained by a systematic search (the parameters without uncertainties were

kept fixed during the search). See the text for more details.

Woods-Saxon SPP1 SPP2

Projectile  Ejyp Vv To ap w r; a; X2/N  Nge Nim x2/N  x*/N  DNge Nim x2/N
MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) Stand. Varied Varied

112 12212) 125 065 7312) 125 0.65 0.6 1.0 0.78 0.7 0.58(2) 0.41(2) 0.5

21.1  12212) 125 065 7312) 125 0.65 0.4 1.0 0.78 0.9 0.58(2) 0.41(2) 0.8

oLj 257 12212) 125 065 7312) 125 0.65 0.8 1.0 0.78 0.7 0.58(2) 041(2) 0.7

17.7 9.6(2) 125 065 154(3) 125 0.65 1.9 0.672) 1.072) 2.6 1.9 0.32(8) 0.67(1) 1.9

"Li 21.9 9.6(2) 125 065 154(3) 125 0.65 1.1 0.6712) 1.072) 2.5 1.2 0.32(8) 0.67(1) 1.4

154 12.5(4) 125 0.65 4.8(1) 1.4(1) 0.8(1) 0.6 1.02) 1.2(3) 0.5 0.5 0.6(1) 0.8(1) 0.5

814 189 158(5) 125 0.65 7.212) 125 09(1) 24 1.02) 1.2(3) 2.3 2.0 0.6(1) 0.8(1) 2.2

A. Lithium isotopes

The ®73Li elastic scattering on Be was measured at
Efall;i =11.2,21.1, and 25.7 MeV; Elzllgi = 17.7 and 21.9 MeV;
and E,5 = 15.4 and 18.9 MeV. The Coulomb barriers are at
Vol = 3.31, V,U = 3.48, and V, 1 = 3.64 MeV [35] in the
laboratory system. The results are presented in Figs. 8—10 and
the final parameters in Table II.

All the experimental data of the °Li isotope were well
reproduced by the same general potential: the geometric pa-
rameters used in the WS form factor were fixed in the stan-
dard values (r; = 1.25 fm and a; = 0.65 fm). Results using
SPP1 with the standard normalization values (Nge = 1 and
N = 0.78) are in good agreement with the data. For SPP2
a systematic reduction in the normalizations was obtained,
where it is important to highlight the differences in nuclear
densities and interaction form between the two versions of the
Sao Paulo potentials that can cause these differences.

The Li data are in reasonable agreement with the theoret-
ical results of a general potential. For the WS potential, the
geometric parameters does not need to be varied, imaginary
depths are larger then the real counterparts. For SPP1 we
observed that the standard normalizations provides a reason-
able description of the elastic cross section, reproducing the
oscillations. However, the search for parameters gives greater

Real Potential

Imaginary Potential
Re[SPP1]:

Im[SPP1]

Re[WS]

Re[SPP2]:
Im[SPP2]

;15.4MeV
0 2 4 6 8

18.9 MeV o
10 0 2 4 6 8 10 12
r (fm)

FIG. 11. Optical potentials obtained for lithium systems.

importance to points with smaller uncertainties in specific
regions and, therefore, the validity of the standard normaliza-
tions cannot be discarded. Again, the SPP2 values are smaller
than the SPP1 ones.

For the radioactive 3Li+°Be system, equal normaliza-
tions (SPP1 and SPP2) for both energies are obtained and
slightly different WS potentials are needed. Compared with
the real ones, larger imaginary geometric parameters and
normalizations were obtained in all cases, showing the ef-
fect of the strong cluster configuration 8Li — "Li+n (S, =
2.032 MeV). This potential shape causes a strong absorption,
that may increase the direct reaction channels’ importance.
Comparing the obtained potentials shapes, we can obtain
interesting clues about the sensitivity radius of the real and
imaginary parts. This plot can be observed in Fig. 11 for the
lithium systems, where only one image will be presented for
systems with global potentials. As can be observed, there are
differences in the potential depths in the internal region (r
< 6 fm), where SPPs are deeper than the WS one, and still
lack more backward data to obtain information about the inner
potentials. However, the ®’Li real and imaginary potentials
converges in the peripheral region, resulting in almost iden-
tical cross sections in the angular range of the data (Igo’s
ambiguities [36]). For the ®Li cases a long range imaginary
potential was produced by a high nuclear diffuseness in the
WS form factor, but not reproduced by SPPs.

1
102\7\”9‘”””””””__ PR
F "Be + Be Standard S ! -%/N= .6:
L — SPPIFit-¢/N=14
Lok —— SPP2Fit-%/N=1.4
£ 0 E — WS-yN=17
2 r ®  Experimental Data
b C
©
10°F 3
r17.3 MeV 1
2l b b e b b e b e b e by w

109020 30 40 60 70 80 90

50
O, (deg)

FIG. 12. Angular distribution of the "Be + °Be system at Ejy, =
17.3 MeV compared with theoretical results.
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TABLE III. Optical model parameters for the beryllium systems, obtained by a systematic search (the parameters without uncertainties

were kept fixed during the search).

‘Woods-Saxon SPP1 SPP2
Projectile  Ejy Vv To a w r; a; x>/N  Nge Nim X2/N  x*/N  Nge Nim x>/N
MeV) (MeV) (fm) (fm) MeV) (fm) (fm) Stand. Varied Varied
"Be 17.3  11.1(1) 125 0.65 7.0(1) 125 1.04(1) 1.7 1.14(1) 0.87(2) 1.6 1.4 0.69(4) 0.56(1) 14
243  13.7(2) 125 0.65 127(2) 125 0.65 1.3 0.94(1) 0.80(1) 2.0 1.4 0.56(1) 0.53(1) 1.4
°Be 30.1 13.7(2) 125 0.65 12.72) 125 0.65 2.8  0.94(1) 0.80(1) 2.0 2.0 0.56(1) 0.53(1) 20
21.8 14.212) 125 0.65 10.6(2) 125 0.88(5) 24 2.07(4) 0.85(2) 4.6 2.5 1.33(2) 0.54(2) 2.6
10Be 269 127(2) 125 0.65 12.1(2) 1.25 0.65 1.9 0.82(1) 0.81(1) 2.5 2.0 0.54(1) 0.56(1) 2.1

B. Beryllium isotopes

A "Be 4 “Be angular distribution was measured at E, 5° =

17.3 MeV, well above the Coulomb barrier at Vb7 Be — 4,79
MeV. The experimental data and optical model fits can be
observed in Fig. 12, where one can observe that a reasonable
fit is obtained with both versions of the Sdo Paulo potential
and a considerable improvement in the x2/N is obtained
using a Woods-Saxon form factor with parameters given in
Table III. There is noticeable large imaginary diffuseness of
the WS potential due to the loosely bound "Be — “He + *He
(S = 1.587 MeV) cluster configuration, in agreement with
the results from Ref. [5].

Two angular distributions for the symmetric *Be + °Be
system at E,B° =24.3 and 30.1 MeV (V, B¢ = 5.24 MeV)
are presented in Fig. 13 and the obtained parameters are in
Table III. In all cases, the oscillations in the angular distribu-
tions are well reproduced by the same general potential. The
standard SPP1 provides reasonable fits, with a slight variation
to best reproduce the data, and smaller normalizations are
required by SPP2. In the case of the WS analysis, a standard
geometric shape was used in imaginary and real components.

For the 'Be +°Be scattering, two angular distributions
were measured at E;;fe =21.8 and 26.9 MeV (meBe =547
MeV). The results are presented in Fig. 14 and in Table III.
The oscillations in the angular distributions are well repro-

Be +OBe

— — Standard SPP1 - y/N = 2.0
— SPPIFit-y/N=14 f
—— SPP2Fit-y’/N=14

— WS-y/N=13
®  Experimental Data
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=
T
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10 L L O B N B B B ) I B > =
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[ —— SPPIFit-y’/N=2.0 [
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\b 1* ®  Experimental Data
10°F E
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1070720 30 40 0 70 80 90

50 [§
ec.m. (deg)

FIG. 13. Angular distributions of the °Be + *Be system at Ejy, =
24.3 (a) and 30.1 MeV (b) compared with theoretical results.

duced by both Sao Paulo and Woods-Saxon potentials, with
small variations around the standard geometries. A slight
increase in the WS imaginary diffuseness seems to be nec-
essary to improve the fit at lower energy, possibly indicating
some increasing surface absorption for this neutron rich sys-
tem. However, significant real normalizations (SPP) are also
needed to reproduce the data. At higher energy, all potentials
parameters indicate some equivalence by refraction and ab-
sorption.

The potentials plots for the beryllium systems can be ob-
served in Fig. 15. Again, a clear difference is observed in the
inner potential when WS and SPPs are compared. For the "Be,
the WS form factor extends its imaginary potential to greater
distances than the real counterpart, producing a strong ab-
sorption in this region. The °Be potentials show a remarkable
consistency in the peripheral region, producing compatible
theoretical cross section at forward angles. The relatively
strongly bound 'Be isotope presents the same behavior as
"Be and ?Be at lower and higher energies, respectively.

C. Boron isotopes

The '"12B + ?Be scatterings were measured at Eth? =314
MeV and at Ell:t? = 28.3 and 34.3 MeV, above the Coulomb

barriers at V, ® = 7.28 and V, ® = 7.57 MeV. The results can
be observed in Figs. 16 and 17 and the final parameters are

E 2 H

F'%Be +'Be = = Standard SPP1 - (/N =46 §

[ —— SPPIFit-y’/N=25 f

£ 100§ — SPP2Fit-3/N=26

& = — WS-y/N=24 i

% | r ®  Experimental Data at

10 £ E

£ - ]

t(a)21.8 MeV SO

107 ¢

E — — Standard SPP1 -3 /N=2.5H

r —— SPPIFit-%’/N=20 f

£ 10°F — SPP2Fit-y'N=2.1

& E < — WS-y/N=19 &

\b 1 r Experimental Data A

© 10's E

F(b) 26.9 MeV ]

1072 P R R SR P IR B B T =
20 30 40 50 60 80 90 100 110

70
O . (deg)

FIG. 14. Angular distributions of the '°Be+°Be system at
E, = 21.8 (a) and 26.9 MeV (b) compared with theoretical results.
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FIG. 15. Optical potentials obtained for beryllium systems.

given in Table IV. The ''B +°Be data are well reproduced
by the WS potential with no variation in geometry parameters
and standard normalizations in SPP1. Again, SPP2 required
minor values to be in agreement with the data.

For the '’B projectile, the optical model calculations
provided a general potential and an agreement with the ex-
perimental data using standard geometry parameters. The
standard Sao Paulo potentials are in good agreement with the
128 4 °Be experimental angular distributions, reproducing the
oscillations rather well. Although '>B + °Be is a very neutron
rich system, no long range imaginary potential was necessary
to reproduce the data.

The potential plot for the !"1>B projectiles is shown in
Fig. 18. As can be observed, both boron isotopes present
similar potentials and show the same peripheral behavior.
Again, the angular range of the experimental points provides
information about the peripheral region, and more data at
backward angles are needed to analyze the internal potential.

1. The B +’Be scattering

The B+ °Be angular distribution at E, =23.7 MeV
deserves a separate analysis. The 3B projectile is a very
exotic p-rich nucleus which has a strong cluster structure
formed by a loosely bound proton (S, = 0.136 MeV) and a
"Be radioactive core. The Coulomb barrier for the ®B + °Be

g e — Standard SPP1 - y’/N = 0.9]
[ — SPP2Fit-x/N=08
oL — WS-y /N=08
§ 10 E - ® Experimental Data
© [ ]
~
°
10°F E
F31.4 MeV 1
10
2 30 4 50 7 80 90

FIG. 16. Angular distributions of the ''B + °Be system at Ejy, =
31.4 MeV compared with theoretical results.

E 2 ‘9‘ - AN =250
F "B+ Be SlandardSPfl * /N 2.5:
[ —— SPPI Fit-x’/N=2.0
g 10° —— SPP2Fit-%/N=2.0
2 F * — WS-y/N=19
?b) | r Experimental Data
10°F
[ (a) 28.3 MeV
107 e L
E — — Standard SPP1 - y’/N = 1.7
F —— SPPIFit-y/N=18 f
£ 10° — SPP2Fit-3/N=18
CH- L] ] — WS-y'N=16
% 1’ ® Experimental Data
10 £
[(b) 34.3 MeV
Y Y L1 Ll i ‘
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FIG. 17. Angular distributions of the '>B + °Be system at E},, =
28.3 (a) and 34.3 MeV (b) compared with theoretical results.

system lies at ng B — 6.43 MeV. The experimental data can
be observed in Fig. 19 and the final search parameters are
presented in Table IV. Despite the limited angular range of
the 3B + °Be measurements, a clear oscillation is observed
in the data, which is not reproduced by the usual standard
Sao Paulo potential. In contrast to the previous systems, the
8B experimental angular distribution required very unusual
optical potentials to reproduce the data. An unrealistic nor-
malization in the real part of both versions of the Sdo Paulo
potential was obtained, indicating that the double folding po-
tential geometry had to be changed for this system. Thus, we
decided to focus the subsequent analysis only on the pure
Woods-Saxon potential, where the geometry shape can be
changed. A good fit was obtained with geometric parameters
close to the standard values in the imaginary part; however, a
large diffuseness in the real part was necessary, indicating the
unusual shape of the 8B + “Be potential.

Figure 20 presents the radial dependence of the best fit
obtained with the WS potential. The top image shows the
components of the WS potential, and, as one can see, the real
part interacts at larger distances than the imaginary one. In the
bottom image we plot the W (r)/V (r) ratio as a function of the
radial distance, where we see that the ratio is approximately
constant in the nuclear interior, presenting a maximum around
r = 4 fm and quickly dropping down to negligible values at
larger distances. This image also shows a comparison between

Real Potential Imaginary Potential
Rews] [ .- Im[WS]
Re[SPP1] F77==% >~ Im[SPP1] £

Re[SPP2] Im[SPP2]

Both Energies )
8 10 0 2 4 6 8 10 12
r (fm)

FIG. 18. Optical potentials obtained for boron systems.
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TABLE IV. Optical model parameters for the boron systems, obtained by a systematic search (the parameters without uncertainties were

kept fixed during the search).

Woods-Saxon SPP1 SPP2
Projectile  Ejy %4 To a w 7 a;  x’/N  Nge Nim x2/N  x*/N  Ng Nim x>/N
MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) Stand. Varied Varied
B 23.7 18.2(1) 1.32(6) 1.3(1) 16.8(1) 1.27(1) 0.8(1) 0.9 36.9(3) 0.370(4) 62.8 2.6 152(2) 0.1023) 1.9
g 314 13.7(2) 125 065 1252) 125 065 0.8 1.0 0.78 0.9 0.68(1) 0.59(2) 0.8
g 283 17.32) 125 0.65 9.3(2) 1.25 065 1.9 1.0 0.78 2.5 0.81(1) 0.492) 20
343 17.3(12) 125 065 9312) 125 0.65 1.6 1.0 0.78 1.7 0.81(1) 0.49(2) 1.8

the W(r)/V(r) ratio for the fitted Woods-Saxon potential
(ap = 1.3 fm) and the same ratio with smaller real nuclear
diffuseness (ap = 0.8 fm) (dashed-dotted line), indicating the
dominance of the real potential (V > W) for r > 6 fm in the
former case. This result can be understood as a peripheral
transparency where refraction is still present but with a very
small absorption.

The Fig. 21 shows the near-far scattering amplitude de-
composition for the *B + ?Be system. The near side is clearly
dominant at very forward angles, where no data are avail-
able. At intermediate angles, where data are available, the far
side becomes comparable to the near side in magnitude, and
the near-far interference produces the observed oscillations.
The near side continues to drop as the far side becomes
dominant for backward angles, where only one experimental
point is available at 57°. The near-far interference and far-
side dominance for angles above 40° is an effect of the long
range attractive potential associated with a small peripheral
absorption. Although an analogous behavior has already been
predicted [37] and observed in neutron halo nuclei, such as
in the ®He + '2C [38—40] and ''Li + '2C [41] scattering, this
pattern had never been observed in proton halo cases.

Interesting clues about the structure features of the B iso-
tope can be obtained by a comparison with its mirror nucleus
8Li. For the 8Li + °Be scattering, at both energies measured
in this work, the near-far interference is not as important as
in the ®B +?Be case (Fig. 22). At the lower energy (15.4
MeV) the near-side amplitude (dashed-dotted line) seems to
dominate over the far-side amplitude (dashed line), which is
at least one order of magnitude smaller in all of the angular
range. For the higher energy the far-side amplitude becomes
more expressive and presents the same order of magnitude as

10 F 1 R
F 8B +9Be — — Standard spfl.;f/N:sz.x
L —— SPPI Fit- 3 /N=2.6
< 1007 : SPPZint—lz/N:I.Q
=1 3 WS- /N=09
b[:4 E ®  Experimental Data !
B
10 ¢ E
[ 23.7 MeV ]
102 ! ! ! \ ! ! L
10 20 30 40 50 60 70 80 90
ec.m. (deg)

FIG. 19. Angular distributions of the *B + °Be system at Ejy, =
23.7 MeV compared with theoretical results.

that of the near side at backward angles (6., > 60°). The
obtained Woods-Saxon parameters for the ®B and 8Li nuclei
have similar imaginary parameters, but very different real
ones.

A larger total reaction cross section (see Table V) was
obtained for the potentials that reproduce the 3B + °Be data
in comparison to the other systems measured here. The ob-
served effect seems to be more of a refractive one rather
than an absorptive one in the nuclear surface; however this
large total reaction cross section indicates that the absorption
was very strong in the nuclear interior (see Fig. 20 bottom).
Reasonable fits could also be obtained using strongly absorp-
tive WS potentials; however, the extracted total reaction cross
sections were unrealistically large to be taken as a physically
acceptable result.

IV. TOTAL REACTION CROSS SECTIONS

The total reaction cross sections (TRCS) obtained from
the optical model analysis are given in Table V. The average
values are presented in the last column and were calculated
by averaging the three values weighted by the inverse of the
x2/N of the fits. The uncertainties are given by the standard
deviations. In order to compare these quantities for different
systems and energies, it is necessary to rescale the TRCS in

10 ET T T T 1 T T T T T T

E — Re[WS] (a;= 1.3 fm)

% 10'E — Im[WS] (a; = 0.8 fm)
= ]
S
= 10'E E
107 pA————— e

E .= WS (a0=0.8 fm);

= . Oé — WS (a,=1.3 fm) E
> ;
i it
B 05; ................... ‘:
00E L L L L | " ) | . E
-0 5 10 15 20

r (fm)

FIG. 20. Woods-Saxon potentials obtained for the ®B +°Be
system.
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FIG. 21. Near-far decomposition of the B + °Be system.

order to remove the trivial geometric effects due to different
nuclear sizes and energies with respect to the Coulomb bar-
rier. Considering the well know geometric formula and only
energies above the Coulomb barrier, the reduction method
consist in defining the following quantities: o,.q = Or /JTR%
and E.g = E/Vp for each system. Here Rz and Vjp are the
Coulomb barrier radius and height, respectively, and are cal-
culated by the realistic values computed by the formulas from
Ref. [35].

A comparison between the obtained values and the other
data, compiled by Ref. [4], can be observed in Fig. 23. Here
it is possible to define three different regions by the nucleus
kind: tightly bound (green contour), weakly bound or unstable
(blue contour), and halo (red contour). Light systems still lack
more accurate data to separate the weakly bound and unstable
region and populate the tightly bound systems at E.q > 8.
The obtained TRCS for the ”'°Be nuclei are slightly above
the predictions, but other high values were also obtained in
other works [4]. Finally, a systematic increase of the reduced
total reaction cross section is observed for the halo systems
and especially for the *B + *Be system measured in this work,
which is a very exotic system due to the low binding energy
of the projectile and the target.
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10 & — WS-x/N=06
4:5 F e Experimental Data
2 | e S B
o 10 £ \/-\;Z
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To b e e e e L
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4'5‘5 F e Experimental Data
2|
b 10 F _ =
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© [ = ]
10°g-" =
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FIG. 22. Near-far decomposition for the WS potential of
8Li+ °Be system, showing the near-side (green dashed-dotted line)
and far-side (blue dashed line) cross sections.

TABLE V. Total reaction cross sections.

System Ei., MeV) WS SPP1 SPP2 og (mb)
11.2 1079 1104 1134 1107(16)
*Li+°Be 21.1 1151 1185 1217 1176(19)
25.7 1144 1183 1216  1183(21)
17.7 1271 1269 1289 1276(6)
"Li+°Be 21.9 1303 1301 1320 1307(6)
15.4 1376 1207 1224 1257(54)
8Li+°Be 18.9 1516 1293 1323 1353(70)
"Be +°Be 17.3 1445 1281 1286 1332(54)
243 1311 1309 1313 1311(1)
‘Be +°Be 30.1 1344 1341 1346 1344(1)
21.8 1604 1469 1462 1513(46)
Be +‘Be 26.4 1343 1350 1355 1349(3)
5B +°Be 23.7 1773 1982 1404  1717(169)
B +°Be 31.4 1331 1340 1328 1333(4)
28.3 1329 1370 1348 1342(9)
2B 1 °Be 34.3 1376 1422 1502 1390(10)

V. CC, CDCC, AND CRC

The strong cluster structure present in most of the projec-
tiles studied here suggests that the coupling to the inelastic
excitation, projectile breakup, and transfer reaction channels
could have an effect on the angular distributions. In addition,
the low lying bound excited states of some projectiles associ-
ated with our limited energy resolution require an estimation
of the effect of an inelastic contamination in the elastic scat-
tering peaks (quasielastic scattering). All these effects were
investigated by the coupled channels method: CC calculations
for the inelastic scattering, CDCC for the projectile breakup,
and CRC for stripping reactions. The calculations were per-
formed using the program FRESCO [30] and the cluster model
was used to describe the projectile-target interaction:

Vp,t = (¢p| Veer + Voi 191) s (®)]

2 Reduced Total Reaction Cross Section

°6He + 9Be - Pires 2018
© °He + C - Pires 2018
Halo . :Ee +:Be - Pires 2018
i+ Be - Pires 2018

1.0y 197Li + *Be - Pires 2018
O%Li + °Be - Pires 2018
©7Be + ’Be - Pires 2018
®°Li+’Be
1%L+ Be

ch + QBC
™ llB + 9BC
o°Li+Be
7@ "Be + ’Be
- "Be + ‘Be
Tightly bound ‘e 25 , 95,
0.4 ‘ ‘ ‘ ‘ *°5 1 Be

Y 4 8 12 16 20

Ered.

0.6 Weakly bound and unstable

FIG. 23. Reduced total reaction cross section for stable, unstable,
and halo projectiles on light targets. Comparison of the present data
and obtained from Pires (2018) [4].
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TABLE VI. Cluster configurations for each projectile, core-
valence binding energies and the energy of the low lying excited
state.

Cluster (¢ + V) BU (MeV) E. MeV)
°Li > a+d 1.473 2.186
i - a+t 2.467 0.477
SLi — "Li+n 2.032 0.980
"Be — “He+°He 1.587 0.429
‘Be > a+a+n 1.664 1.684
0Be — °Be+n 6.812 3.367
S8 — "Be+p 0.136 0.769
g — "Li+4« 8.664 2.124
2B — lB4p 3.369 0.953

where ¢, is the projectile-target wave function, and V.,
and V,, are the complex core-target and valence-target
interactions, respectively. All breakup (BU) configurations are
presented in Table VI. In the cases of CC and CDCC calcu-
lations, the core-target optical potentials were obtained from
the standard S@o Paulo potential or from other measurements
involving light systems ("Be + °Be [42] or “He + °Be [43]).
The core-valence and valence-target interactions were de-
scribed using the Perey-Perey optical model compilation [44].
For CRC calculations, the bare and core-residual potentials
must be explicitly included and will be further explained.
Furthermore, it was considered that all excitation, breakup,
or transfer processes come from the projectile ground state. In
most systems, a very weak effect on the elastic cross section
was noted due to coupling with reaction channels; therefore,
to summarize all the results only the most relevant ones will
be present. In all cases, the core remains in the ground state
after the reaction.

A. CC calculations for the inelastic excitation

Primarily, we will present the CC results for *Li, "Be and
128, due to the fact that the low lying excitation energies of
these isotopes are smaller than our beam resolution. These
calculations are performed using the single-particle model for
the excited states and no collective excitation model was in-
cluded. All states below the breakup threshold (bound states)
were included [45].

The results for the 78Li + ?Be, 'Be + ?Be, and 2B + °Be
systems are shown in Figs. 24-27. As one can observe, the
theoretical results of pure elastic scattering (dashed green line)
and the sum over ground and all included excited states (red
line) have almost the same behavior in the experimental data
region. Furthermore, the inelastic cross sections (dotted
line) are at least one order of magnitude smaller than elastic
ones in that angular range. These facts indicate that elastic
scattering is dominant and the effect of projectile excitation
would be very small in this angular region. Its also notable that
the coupling of inelastic channels does not have a remarkable
effect since no significant differences can be noted between
the bare (dashed blue line) and coupling calculations (red
line). This negligible effect can be interpreted by the high
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FIG. 24. CC calculations of the "Li + °Be system at Ej,, = 17.7
(a) and 21.9 MeV (b) compared with experimental data.

scattering energy when compared with the barrier height, that
minimizes the Coulomb excitation.

B. CDCC for the breakup

For the exotic B case, the radioactive core ('Be) is also
a weakly bound isotope and, due to this fact, we explore
the sensitivity of the CDCC calculations for different core-
target interactions. Three optical potentials were used for
the "Be +?Be system: one obtained in this work and two
in Refs. [5,42]. No core (7Be) excitation was considered in
the CDCC procedure and the ejected proton’s total angular
momentum has been set up to the maximum value [ = 3 (f
wave), in order to ensure the convergence of the calcula-
tions. The Fig. 28 shows the comparison between the data
and CDCC results, and, as one can see, the coupling with
the continuum slightly attenuates the oscillations amplitude;
however, it does not reproduce the experimental data.
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FIG. 25. CC calculations of the 8Li+ °Be system at Ej,, = 15.4
(a) and 18.9 MeV (b) compared with experimental data.
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FIG. 26. CC calculations of "Be +°Be system at Ep, = 17.3
MeV compared with experimental data.

The only system that showed some effect due to the cou-
pling with the breakup channel was "Be + °Be. The core (‘He)
remains in the ground state (J™ = 0") after the reaction and
the calculation convergence was achieved when the valence
particle total angular momentum was set up to [ = 4 (g wave).
The core-valence (*He + *He) binding state was described by
a real potential [44], where the depth was varied to reproduce
the biding energy. The “He + °Be and *He + °Be optical po-
tentials were obtained from Refs. [46] and [43], respectively.
The calculations (see Fig. 29) show a small effect at forward
angles followed by a decrease in x2/N values for greater
angular momenta. However, more data at backward angles are
needed to assert that this coupling is relevant to the elastic
scattering process.

C. CRC for stripping

Finally, we performed CRC calculations to investigate the
effect of the transfer (stripping) channel coupling with the
elastic scattering data. Only the analysis for the B + °Be
system will be presented. The choice of the bare potential
plays a critical role in this case and we used three types of
potentials. The first potential is SPP1 potential [see Fig. 30(a)]
and the second is SPP2 [see Fig. 30(b)], both with Ng, = 1.0
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0:, B +'Be (ﬁ) 28.3 MeV - — - Elastic i
10°E P oo JT=2T-E =095 MeV
E . B il
g 10,1? - I"=2-E=167MeV ||
g N J=1"-E=262MeV |
B 107°F < I"=0'-E~272MeV §
Y PR —— Sum f
10 B n ® Experimental Data
T R Y L N L A S
E — — Bare
Oi(b) 34.3 MeV + = - Elastic 0
10 g - coe J"=2"-E=095MeV§
g 10,1; - I"=2"-E=1.67MeV |
6 N J=1"-E=262MeV |
B 10°F - I"=0"-E~2.72MeV
_3: . |—— Sum f
10 E. ® Experimental Data :
Lo D TR R EARN LTV TE sed ]
15 30 45 60 75 90

FIG. 27. CC calculations of the '>B + ?Be system at Ey,, = 28.3
(a) and 34.3 MeV (b) compared with experimental data.
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and Ny, = 0.6. This imaginary normalization was already
successfully used in transfer reaction calculations [5,47]. The
third potential is a long range WS potential [Fig. 30(c)],
with the parameters obtained in this work and a rescaling
of the imaginary depth to avoid doublecounting of the con-
sidered reaction channel (similarly to that performed in the
Sdo Paulo potential case). Again, we apply three potentials
to the "Be + °Be interaction (obtained in this work and in
Refs. [5,42]). The valence-target (p + °Be) binding potential
was obtained from Ref. [44], with a variation of the real depth
to reproduce the BU energy. For the core-residual potential we
used SPP1 with the standard normalizations. The residual nu-
clei ('°B) spectroscopic factors were experimentally measured
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more details).

using the °Be(d, n) '°B reaction [48—51] and compiled for this
calculation. As one can see (Fig. 30), the different 'Be + *Be
used potentials did not result in relevant differences and only
the long range WS bare potential showed some agreement
with the data. However, the theoretical cross section without
any coupling (bare) already reproduced the oscillation pattern,
indicating that the refractive behavior is caused by a static po-
tential of this system. The small decrease in the x2/N values
leads to the possibility of a significant coupling between the
stripping and elastic channels, but only more backward data
can prove this.

These coupled channels method calculations (CC, CDCC,
and CRC) show us that the effects of couplings of the inelastic,
breakup, and transfer channels in the elastic scattering are not
as relevant as those found in heavier systems [10,25,52,53] in
the angular region of the experimental data measured in this
work.

VI. SUMMARY AND CONCLUSIONS

Sixteen quasielastic angular distributions of weakly bound,
unstable and exotic projectiles (®7-3Li, 7%1°Be, and ®'1-12B)
on a ’Be target have been measured using a cocktail secondary
beam produced by the RIBRAS facility, at energies ranging
from 4 up to 7 times the Coulomb barriers. The experimental
angular distributions present an exponential fall with oscilla-
tions in the o /ogryn ratio typical of near-far interference. All

the angular distributions have been optical model analyzed
using the double folding Sdo Paulo potential and a Woods-
Saxon parametrization adjusted to best fit the data. Most of
the angular distributions present oscillations which are well
reproduced by the standard Sao Paulo or Woods-Saxon po-
tentials with standard geometries. A comparison between the
different potentials shows that, for most of the systems, the tail
of the potentials above r > 5 fm is well determined, indicating
that this is the region of sensitivity of the data. The tails of the
real and imaginary potentials seem to be the same for WS and
SPP except for the ®Li, "Be, and °Be projectiles, for which
the WS potential apparently has a larger diffuseness, crossing
the SPP tail at r &~ 6.5 fm. For inner regions (r < 5 fm) the
potentials differ considerably, the SPP being much deeper.

For the 8B + “Be system the potentials with usual geome-
tries were not to able to reproduce the angular distribution.
For this system, the standard Sdo Paulo potential predicts
differential cross sections considerably above the data and
an unrealistically large real normalization is necessary to im-
prove the fit, in both versions (SPP1 and SPP2). Better results
were obtained with the Woods-Saxon potential, and a long
range real potential seems to be necessary to reproduce the
data. This real long range tail contrasts with the observations
seen so far for scattering induced by exotic projectiles on
heavy targets, where a long range imaginary potential, rather
than a real one, was observed. However, given the limited an-
gular range of the 8B + ?Be elastic scattering data no definite
conclusion is possible here.

Total reaction cross sections have been obtained from the
optical model calculations for all systems. The cross sec-
tions have been reduced and compared in the same plot
for different systems. An increase in the total reaction from
tightly to weakly bound and to the exotic ®B projectile, which
presents the highest cross section, was observed.

The CC, CRC, and CDCC calculations were performed
for all data considering the projectile excitation, coupling to
transfer reactions (stripping), and coupling to the projectile
breakup, and no significant effect in the angular range of
the present data was observed. In particular for the 8B + °Be
system, the CDCC and CRC calculations considering p 4+ 'Be
do not seem to give an explanation for the observed anomaly
in the 8B + °Be optical model potential.
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