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Elastic scattering angular distributions for "Be, °Be, and '°Be isotopes on >C target were measured at laboratory
energies of 18.8,26.0, and 23.2 MeV, respectively. The analysis was performed in terms of optical model potentials
using Woods-Saxon and double-folding form factors. Also, continuum discretized coupled-channels calculations
were performed for ’Be and °Be + '2C systems to infer the role of breakup in the elastic scattering. For the
10Be 4 12C system, bound states coupled-channels calculations were considered. Moreover, total reaction cross
sections were deduced from the elastic scattering analysis and compared with published data on other weakly
and tightly bound projectiles elastically scattered on the '2C target, as a function of energy.
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I. INTRODUCTION

A topic of great interest in nuclear physics research
nowadays is the study of properties of proton- or neutron-rich
nuclei, i.e., those far from the stability line. An important tool
to investigate these nuclei is elastic scattering on light and
heavy targets. Elastic scattering has been used extensively to
investigate the inner structure and the influence of different
reaction mechanisms of several systems that involve unstable
weakly bound nuclei [1-6]. Due to the lower binding energy
of these nuclei, breakup can become an important competing
process even at relatively low incident energies, and a coupled-
channels analysis is required. Thus, from a complete analysis
of the elastic scattering, important information of other
reaction channels can be obtained. Also, from an optical-model
analysis of the elastic scattering, the total reaction cross
section can be deduced. Recently, several systematics of total
reaction cross section have been reported in the literature
with the aim of investigating how the dynamic, static, and
geometrical effects of the projectile influence the reaction
channels [7-11].

In this paper we report measurements of elastic scattering of
"Be, °Be, and °Be on a natural carbon target. The main goal of
these measurements is to investigate the importance of breakup
on the scattering of the weakly bound isotopes "Be and Be on
a light target in comparison with the strongly bound unstable
10Be isotope. To investigate the influence of dynamic effects
on systems with these beryllium projectiles, we performed a
systematics involving many other stable and unstable, tightly
and weakly bound light projectiles, all scattered on a carbon
target.

The organization of this paper is the following. Section II
describes the experimental and detection setups used. Sec-
tion III exhibits the experimental results and the theoretical
analysis with optical-model and coupled-channels calcula-
tions. The comparison of reduced total reaction cross sections
for many systems is also presented in this section. We present
a summary of the results and the conclusions for this study in
Sec. IV.
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II. THE EXPERIMENT

Elastic scattering angular distributions of the beryllium
isotopes, 7.9.10Be on a natural carbon target were measured at
Ep = 18.8, 26.0, and 23.2 MeV, respectively. These angular
distributions were obtained using secondary radioactive beams
produced by the RIBRAS facility [12] at the Universidade
de Sdo Paulo, Brazil. In this facility, radioactive ion beams
are produced in-flight from transfer reactions between a stable
accelerated beam and a light target. The secondary radioactive
beam is selected and focused by a strong magnetic field
(Bmax = 6.5 T) from a superconductor solenoid with angular
acceptance ranging from 2° to 6°. The "Be ion beam was
obtained by impinging a 28-MeV primary beam of °Li** on
a 3He gas target kept at 1 atm pressure. The '°Be beam was
produced by a ''B3* primary beam of 35 MeV on a ?Be target
12 pm in thickness. Due to the fact that particles with the
same magnetic rigidity can be selected together with the beam
of interest, the °Be beam was also obtained as a contaminant
of the '°Be beam.

After passing through the production target, primary beams
are stopped in a Faraday cup, which integrates the charge and
allows the measurement of their intensities (about 200 e nA).
Foreach 1 uA of primary beam, the secondary beam intensities
of "Be, *Be, and '’Be were 4 x 10°,5 x 103, and 2 x 10 pps,
respectively. The secondary beams were collected and focused
on the reaction targets, '>C (1.05 mg/cm? in thickness) and
gold (5.29 mg/cm? in thickness), which were used in separate
runs to obtain the overall normalization.

The elastic scattered particles were identified by three A E-
E (telescope) silicon detectors, placed at different angles. The
AE detector of 20 xm in thickness and 300 mm? in area was
backed by the E detector of 1000 um in thickness. These
telescopes had collimators with apertures that subtended solid
angles of about 12 msr. The energy resolution of the detectors
ranged from 5% to 8% for detected particles. Typical AE-E
particle identification spectra can be seen in Figs. 1 and 2.

The angular distributions were measured over an angular
range of 15° to 60° in the laboratory frame. A correction to the
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FIG. 1. (Color online) Particle identification AE-E spectrum of
elastic scattered particles on gold target at 15°. The "Be and the
contaminant °Li, “He, and 3He particles are identified.

average angle of detection was necessary due to the angular
aperture of the collimators of the telescopes (about 5° to 6°
in the laboratory system, which corresponds to almost 10° in
the center of mass system). This correction was made using
a Monte Carlo simulation program that takes into account the
effective area of the detector, the radius, and the divergence
of the secondary beam and also the angular straggling of the
beam as it passes through the target.

The experimental differential cross sections for the beryl-
lium isotopes can be seen in Figs. 3, 4, and 5. The uncertainties
in differential cross section were calculated by considering
the statistical uncertainty in the yield, the uncertainty in the
secondary beam intensity (about 15%), the uncertainty in the
number of particles in the targets (1%), and the uncertainty in
the solid angle (2%).
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FIG. 2. (Color online) Particle identification AE-E spectrum of
elastic scattered particles on gold target at 15°. The '°Be and the
contaminant °Be particles of interest are identified as well as the
other "B, "Li, °Li, and “He contaminants.
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FIG. 3. Differential cross section for the elastic scattering of the
12C("Be,’Be)'2C system. The experimental data are from the present
work and from Barioni et al. [11]. The lines refer to calculations with
Woods-Saxon and double-folding potentials as indicated. See text for
details.

III. ANALYSIS

To complement the experimental angular distributions for
"Be and °Be, data from previous experiments from Ref. [11]
for "Be and Ref. [13] for *Be measured at the same energies
were also considered. For 'Be + '2C, the elastic scattering
has been measured for the first time at low energy. Theoretical
analysis of the present angular distributions was performed
with the code FRESCO [14] and is divided in three parts: optical-
model (OM) calculations, coupled-channels calculation, and a
systematics of the total reaction cross section of several light
projectiles scattered on a '>C target.
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FIG. 4. Differential cross section for the elastic scattering of the
12C(°Be,’Be)'2C system. The experimental data are from the present
work and from Jarczyk et al. [13]. The lines refer to calculations with
Woods-Saxon and double-folding potentials as indicated.
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FIG. 5. Differential cross section for the elastic scattering of
the '>C('°Be,!°Be)'?C system. The lines refer to calculations with
Woods-Saxon and double-folding potentials as indicated.

A. Optical-model calculations

The OM analyses were carried out in terms of both
volume type Woods-Saxon (WS) and Sao Paulo double-
folding (SPP) potentials. The SPP is an energy-dependent
double-folding potential that takes into account the effects
of Pauli nonlocality due to exchange between nucleons from
the projectile and the target [15]. The nuclear densities
used to determine this potential come from average values
obtained from electron scattering data and calculations with the
Dirac-Hartree-Bogoliubov approximation. Within the context
of OM analysis the imaginary potential can be obtained as a
normalization factor multiplied by the real potential (Vgspp):

Vom = Vspp(1 + iNp). (D

The normalization factor employed to analyze the present
systems is N; = (.78, which was obtained from an analysis of
elastic scattering data using the optical potential of Eq. (1) in
multiple systems [16]. The WS optical potentials considered
in our calculations were obtained from other works with
projectiles of similar mass on a carbon target. The parameters
of each potential can be seen in Table I. Also, optical potential
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(WS) parameters were obtained from a fitting of the "Be and
10Be angular distributions. Although a better description of
the angular distribution is achieved for the parameters from
the fitted angular distributions, all potentials give similar total
reaction cross sections, also listed in Table I. The results of
the optical-model analysis can be seen in Figs. 3, 4, and 5.
The WS potentials considered give a good description of the
data at forward angles. The SPP, which can be considered
as a bare potential, also gives a reasonable description of the
data at forward angles, but fails to reproduce backward angles,
indicating the possible importance of other reaction channels.

B. Coupled-channels calculations

To verify the influence of any other reaction channel
on the elastic scattering we refined the analysis by consid-
ering coupled-channels calculations. Continuum discretized
coupled-channels (CDCC) calculations were performed for
the weakly bound isotopes 'Be (B.E. = 1.59 MeV) and °Be
(B.E. = 1.67 MeV) as the breakup may be an important
reaction channel. For the tightly bound !°Be, only the two
first bound states’ channels were coupled.

The starting point of the CDCC calculation is to adopt the
cluster-folding model to describe the interaction between the
projectile and the target, and thus the "Be was considered
a *He + 3He cluster, with a binding energy of 1.59 MeV.
The coupling to the continuum was made up to an excitation
energy of €n,x = 5 MeV above the threshold and was divided
in bins of angular momenta £ =0, 1, and 2 %. The width
of the bins was I' = 0.5 MeV for angular momentum £ = 0
and I' = 1.0 MeV for the other values of £. The interaction
between the core and the target (*He + 12C) was described
by the SPP, whereas the fragment-target (*He + '>C) inter-
action was outlined by the Woods-Saxon optical potential
from Ref. [18]. To describe the core-fragment (*He + “He)
interaction, areal WS potential was adopted with radius param-
eter R = 1.2(3'/3 4 41/3) fm and diffuseness parameter a =
0.56 fm, similar to the parameters in Ref. [19]. These potentials
are shown in Table I. As one can see in Fig. 6, both CDCC
and cluster-folding model potential calculations (no couplings)

TABLE I. Optical-model potential parameters used in the calculations. Radii are given by R, = r, X (Ajp/3 + AIT/ ?). The depths are in MeV,

the radii and diffuseness in fm, and the cross sections in mb.

Potential \% ry ay w rw awy re oR Reference

WS-1 33.69 1.00 0.92 6.53 1.56 0.49 0.65 1278 °Be + 12C [17]
WS-2 94.18 1.26 0.60 59.84 1.48 0.20 1.48 1224 This work
WS-3 60.00 1.18 0.60 32.60 1.18 0.60 0.63 1428 °Be + 12C [13]
WwS-4 100.00 1.23 0.48 17.00 1.30 0.26 1.45 1327 1B 4+ 12C [18]
WS-5 100.00 1.15 0.50 10.00 1.30 0.22 1.40 1182 0B 4 12C [18]
WS-6 32.35 0.89 0.85 5.77 1.37 0.36 0.62 1004 This work
3He + *He (CDCC) 110.00 1.20 0.56 This work
n + $Be (CDCC) 110.00 1.20 0.40 This work

\% ry w rw Voo Tso a, re

3He + '2C (CDCC) 125.40 0.74 12.50 0.74 0.69 0.86 [18]
n + 2C (CDCC) 48.00 0.97 3.20 0.73 5.50 0.84 0.4 [18]
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FIG. 6. Differential cross section for the elastic scattering of the
12C("Be,’Be)'2C system. The experimental data are from the present
work and from Barioni et al. [11]. The solid line is the result of
the CDCC calculation and the dashed line is the cluster-folding
parametrization with no couplings to the continuum.

describe very well the experimental angular distribution and
the effects of the coupling is rather small.

The stable weakly bound ?Be isotope was considered to
have a8Be + 7 cluster configuration. In this representation, the
three-body CDCC calculation has been providing good results
in other systems [20,21], although the core particle is not
bound. For the present calculation, special attention was given
to the continuum discretization of the °Be nucleus because it
has many resonances. In particular, the resonances 1/ 2%,5/27,
5/2%, and 3/2” in “Be were considered as bins centered at
their respective energies. The couplings to the continuum were
made up to an energy of €p,,x = 8 MeV above the threshold
and divided in bins of angular momenta £ =0, 1, 2, and 3
7. Similar to the calculation for "Be, the interaction core-
target (*Be + '2C) was described by the SPP. The parameters
for the fragment-target (n + '>C) and core-fragment (n + ®Be)
potentials are listed in Table I, including a spin-orbit term
considered for the fragment-target interaction. The calculated
angular distribution reproduces reasonably the data up to an
angle of 65°, as shown in Fig. 7. The coupling to the continuum
has a small contribution to the elastic scattering as can be seen
by comparison with the no-coupling calculation.

The °Be is a tightly bound nucleus with a neutron
separation energy of B.E. = 6.81 MeV. Due to this high
binding energy, the Coulomb dissociation channel should not
play an important role for this system. Therefore, to describe
the experimental angular distribution, we have performed
coupled-channels calculations including the 2] and 0] bound
states. These excited states correspond to the two most
probable quadrupolar transitions in '’Be [22]. For the analysis,
we adopted the vibrational model of two phonon states with
reduced transition probabilities B(E 2)(2]+ — Og) = 8.0 W.u.

S
and B(E2)(0T — 2;’) = 2.5 W.u., taken from Ref. [23]. The
results of such calculations are shown in Fig. 8. In this figure,
the bare potential corresponds to a complex potential with the
real part given by SPP and the imaginary part as a short-range
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FIG. 7. Differential cross section for the elastic scattering of the
12C(°Be,’Be)'2C system. The experimental data are from the present
work and from Jarczyk et al. [13]. The solid line is the result of
the CDCC calculation and the dashed line is the cluster-folding
parametrization with no couplings to the continuum.

Woods-Saxon potential with parameters taken from Ref. [24],
V =80 MeV, R = 0.8 fm, and a = 0.6 fm. This short-range
potential is used to not disturb the competition between the
surface channels and to take into account the effects of
the fusion channel. It simulates the boundary conditions of the
incoming wave and its parameters do not have a large influence
on later calculations [25,26]. By including the first excited
state (2]) the bare distribution is strongly affected and it is
possible to see the loss of flux of the elastic channel. The
inclusion of the second excited state does not change very
much the calculated angular distribution, which demonstrates
that the first excited state is the most important inelastic
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OM (bare)
0 2"
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107!

CC calculation

107 ' ' ' ' ' ' '
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FIG. 8. Differential cross section for the elastic scattering of
12C('9Be,'"Be)'?C system. The dashed line corresponds to cal-
culations with the bare potential. The dotted line is the result
after including the first excited state 2] and the solid line corre-
sponds to the results after including the first and second excited
states, 27 and 0.
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TABLE II. Data and parameters used to determine the total reaction function F(x) and reduced reaction cross sections as described in the
text. The energies, potentials, and hiw, are in MeV, the radii in fm, and the cross sections in mb.

System E... Rp Vg Ty OR X F(x) Ref.

4He + 2C 8.81 6.90 2.34 4.15 591 1.56 5.26 [34]
“He + 2C 9.35 6.90 2.34 4.15 572 1.69 5.41 [34]
“He + 2C 10.50 6.90 2.34 4.15 597 1.97 6.34 [34]
4He + 2C 12.00 6.90 2.34 4.15 735 2.33 8.92 [34]
“He + 2C 13.50 6.90 2.34 4.15 813 2.69 11.10 [34]
“He + 2C 14.25 6.90 2.34 4.15 810 2.87 11.68 [34]
%He + 2C 5.99 7.97 2.04 3.30 1285 1.20 7.36 [31]
%He + 2C 6.60 7.97 2.04 3.30 1168 1.38 7.36 [30]
%He + 2C 12.00 7.97 2.04 3.30 1521 3.02 17.44 [10]
SLi 4 12C 3.00 7.52 3.37 3.93 107 —0.10 0.29 [27]
°Li 4 12C 6.00 7.54 3.33 3.93 811 0.68 4.36 [28]
SLi 4 12C 7.30 7.55 3.33 3.91 962 1.01 6.30 [28]
SLi 4 12C 16.00 7.59 3.24 3.81 1307 3.35 19.08 [29]
°Li 4 2C 20.00 7.67 3.13 3.82 1366 4.42 24.32 [29]
Li+ 2C 2.84 7.57 3.34 3.82 67 —0.13 0.17 [27]
"Li+ 12C 6.95 7.76 3.17 4.08 1004 0.93 5.68 [28]
"Li+ '2C 8.21 7.76 3.17 4.08 1103 1.23 7.37 [28]
Li+ 2C 9.47 7.76 3.17 4.08 1170 1.54 9.02 [28]
"Li 4+ 2C 13.26 7.76 3.17 4.08 1275 2.47 13.76 [28]
8Li+ 12C 14.34 8.03 2.97 2.91 1605 3.90 24.50 [4]
"Be + 2C 11.87 7.77 4.11 2.69 1198 2.89 17.54 This work
°Be + 12C 12.00 8.05 3.92 5.07 1334 1.59 9.75 [13]
°Be + 12C 14.90 7.98 3.99 3.03 1436 3.60 22.19 This work

TABLE III. Data and parameters used to determine the total reaction function F(x) and reduced reaction cross sections as described in the
text. The energies, potentials, and Ziw, are in MeV, the radii in fm, and the cross sections in mb.

System E.. Rp Vs Ty oR X F(x) Ref.

0Be + 12C 12.66 7.98 4.05 3.96 1197 2.17 12.01 This work
$B + 2C 15.48 7.74 5.16 2.80 1282 3.69 23.67 [11]
B 4+ 12¢C 5.40 7.82 5.29 3.97 164 0.03 0.73 [32]
B 4+ 12C 6.50 7.83 5.28 4.05 395 0.30 2.07 [32]
B 4 12¢ 7.20 7.83 5.28 4.08 527 0.47 3.03 [32]
B 4 12C 8.10 7.84 5.28 4.12 667 0.69 4.27 [32]
B 4+ 12C 8.60 7.84 5.27 4.14 734 0.80 4.96 [32]
1B 4 12C 9.60 7.85 5.27 4.19 842 1.03 6.27 [32]
1B+ 12C 10.50 7.85 5.27 423 1128 1.24 9.09 [32]
B 4+ 12C 11.50 7.86 5.26 4.25 993 1.47 8.69 [32]
B 4 12C 13.00 7.86 5.25 433 1081 1.79 10.51 [32]
B 4+ 12C 20.90 7.90 5.22 4.65 1320 3.37 19.01 [32]
B 4+ 12C 25.57 7.80 5.17 3.30 1413 6.18 35.96 [33]
2c412C 14.56 8.13 6.03 3.38 870 2.52 11.33 [35]
2c412¢ 16.02 8.13 6.03 3.38 871 2.95 12.48 [35]
2c4+12C 17.36 8.13 6.03 3.38 899 3.35 13.96 [35]
2c412C 18.30 8.13 6.03 3.38 932 3.63 15.26 [35]
2Cc+12C 19.62 8.13 6.03 3.38 927 4.02 16.26 [35]
2c 4 12C 20.75 8.13 6.03 3.38 931 435 17.28 [35]
2c412C 22.76 8.13 6.03 3.38 878 4.94 17.86 [35]
2c 4 12C 26.24 8.13 6.03 3.38 955 5.97 22.42 [35]
2Cc+12C 28.04 8.13 6.03 3.38 875 6.51 21.94 [35]
2Cc+12C 30.90 8.13 6.03 3.38 909 7.35 25.12 [35]
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channel to describe the elastic scattering of the '°Be + '>C
system at the present energy.

C. Total reaction cross sections

From the analysis of the elastic scattering angular distri-
butions it is also possible to deduce the total reaction cross
sections. The total reaction cross sections for 'Be, ?Be, and
10Be + !2C obtained from the coupled-channels analysis are
listed in Tables II and III together with the values obtained
from other works with systems of light projectiles on '*C.
Among these systems we have combinations of weakly bound
SLi [27-29], "Li [27,28], 8Li [4], and ?Be [13]; exotic nuclei
®He [10,30,31] and ®B [11]; and tightly bound ''B [32,33]
projectiles. We also included the total reaction cross section
for a-cluster nuclei “He [34] and '>C [35]. To compare the total
reaction cross sections for different systems, it is important to
reduce properly the data to reveal the role of static or dynamic
effects on the reaction channels. The halo nuclei, for example,
have a longer radial extension that reduces the Coulomb barrier
causing the enhancement of transfer or fusion channels. On the
other hand, the dynamic effects on weakly bound nuclei can
affect the total reaction cross section due to the importance of
the breakup and transfer mechanisms.

In this work we considered the reduction procedure pro-
posed by Canto et al. [8], which was modified by Shorto
et al. [9] by replacing fusion cross section (o) for the total
reaction cross section (og), i.e.,

x = ﬂ and F(x)= Z—EUR. 2)

th thR%

The parameters Vg, Rp, and hwy were determined by a
parabolic fit of the real part of the optical potential obtained
in the original works of each system listed in Tables II
and III, with a radius close to the Coulomb barrier radii [9].
Here, x is the reduced energy and F(x) is called the total
reaction function because it is related to the total reaction cross
section instead of the fusion cross section as in Ref. [8]. In
principle, this procedure eliminates the geometrical and static
effects, with only the dynamic ones of each system remaining.
We can compare these results with Wong’s [36] dimensionless
equation

Fy(x) = In[1 4 ¢?7 9], (3)

also called the universal fusion function. The systematics for
the different light projectiles scattered on the carbon target
are shown in Fig. 9. All systems, excluding those involving
“He and '2C, follow the same trend guided by the universal
fusion function. This behavior differs from that observed for
weakly bound projectiles on heavy targets [8,9], where an
enhancement of the total reaction cross sections at near barrier
energies was observed. Therefore, in the present case, it is
possible to infer that dynamic effects have a small influence
on the reaction channels of weakly bound nuclei on light
target, compared to halo projectiles (°He and ®B). Also, since
the trend of reduced reaction cross sections is the same for
more strongly bound projectiles, such as '°Be and ''B, and for
exotic nuclei such as °He and ®B, we can conclude that the
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FIG. 9. (Color online) Reduced total reaction cross section
systematics for several light beams scattered on a carbon target. The
parameters are listed in Tables II and III.

Coulomb and nuclear breakup do not affect very much the total
reaction cross sections for these light systems. Similar results
were obtained when we considered the CDCC calculation. On
the other hand, systems formed by a-cluster projectiles (*He
and '>C) have smaller reduced total reaction cross sections
in comparison with those of the other systems presented in
Fig. 9. These nuclei have a high separation energy (for proton
or neutron), which may quench reaction channels such as
transfer. To quantify the lowering of the reduced total reaction
cross sections for these nuclei we have multiplied the universal
fusion function [Fy(x)] by a constant k = 0.6. Therefore, the
reduced reaction cross section for “He and '2C + '2C systems
are about 40% lower than the results obtained for the other
reactions studied in this work.

IV. SUMMARY

We report here the study of elastic scattering angular
distributions for "Be, °Be, and '°Be on a carbon target. The
analyses were performed in terms of an OM with WS and SPP
potentials. From these analyses we can conclude that the WS
optical potential can describe quite well our systems. Also,
the SPP potential with N; = 0.78 describes reasonably all the
angular distributions.

To obtain information on other important reaction mecha-
nisms, a detailed analysis with coupled-channels calculations
was performed for each system. CDCC calculations were
performed for the weakly bound "Be and ?Be isotopes. From
this analysis we conclude that the Coulomb and nuclear
breakup effects are not relevant for these light systems on the
light target '2C. For '°Be, which is a tightly bound nucleus,
the elastic angular distribution was analyzed coupling the first
two bound states, which involve quadrupolar transitions. In
this analysis, it was shown that by only including a short-range
imaginary bare potential (to account for the fusion channel)
and the coupling to the bound states, it was possible to describe
the experimental angular data for the '°Be + '>C system.
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We also deduced from the elastic data the total reaction
cross sections and compared them with values from several
light projectiles elastically scattered on a carbon target. The
total reaction cross sections were reduced in terms of the total
reaction function to compare the influence of the coupled-
channels on the different systems. From this systematics
we can derive two interesting conclusions: weakly bound
nuclei scattered on light targets do not have an important
enhancement in the total reaction cross section (due to dynamic
effects) when compared with systems formed by tightly bound
projectiles, and the most strongly bound nuclei included in the
systematics, the “He and '>C system, present a lowering of the

PHYSICAL REVIEW C 84, 034611 (2011)

reduced reaction cross sections, possibly due to their structure,
which may cause reaction channels to be closed.
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