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Abstract Experiments with secondary radioactive beams
%He, "Be, 8Li and 8B on several targets have been performed
inrecent years at the Radioactive Ion Beams facility in Brasil
(RIBRAS). We present results of elastic scattering and reac-
tion measurements performed with this facility. A prelimi-
nary Coulomb excitation experiment using gamma-particle
coincidence technique is described.

1 Introduction

Interest in low energy reactions has been revived over the last
decades by the increasing use of radioactive ion beams (RIB).
Light mass nuclei such as helium, lithium, berilium, boron
have unstable bound isotopes which present interesting fea-
tures such as the nuclear halo and cluster structures. Such fea-
tures manifest in low energy scattering as an enhancement in
the total reaction cross section and a strong coupling between
different reaction channels. The Radioactive lon Beams in
Brasil (RIBRAS) facility [1-3] includes a double solenoid
system which has been operating since 2004 in the Nuclear
Physics Open Laboratory (LAFN) of the University of Sao
Paulo delivering secondary beams of light exotic nuclei such
as °He, 8Li, "Be, 8B among others. The 8UD-Pelletron pro-
duces primary beams of stable isotopes of energies in the
range 3-5 MeV/nucleon.

Several studies involving elastic scattering and reac-
tions induced by exotic projectiles have been performed in
RIBRAS since 2004 [4-12]. By using different mass tar-
gets we are able to study the interplay between Coulomb
and nuclear forces in the scattering process. For light pro-
jectile/targets (A < 12), the Coulomb barrier is small and
one can go several times above the Coulomb barrier. In this
regime, there is a large projectile-target matter overlap and
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the strong nuclear interaction dominates, with the opening
of a large number of reaction channels such as fusion, trans-
fers and breakup. As we move towards intermediate mass
(12 < A < 80) to heavier targets (A > 80), the Coulomb bar-
rier becomes more important, increasing the closest approach
distance and reducing the projectile-target overlap. As a con-
sequence, reaction channels are closed and processes such as
elastic, inelastic scattering, Coulomb breakup and Coulomb
excitation (Coulex) become relatively more important. The
use of different mass targets and projectiles allows the study
of the behavior of the elastic scattering and the total reac-
tion cross sections for different energy over Coulomb barrier
ratios.

In this paper, we present experimental data of the colli-
sion of °He, "Be, 8B and 3Li beams on ?Be, “8Ni and '2°Sn
targets, previously reported [6,8,11,13,14]. In Sect. 2, we
describe the RIBRAS system and some characteristics of 8B,
"Be and 8Li secondary beams. In Sect. 3, we present results
of °He, "Be, 8B and 8Li scattering. The elastic scattering
angular distributions have been analysed by Optical Model,
three and four-body Continuum Discretized Coupled Chan-
nels (CDCC) calculations which are, currently, the state of the
artin terms of theoretical analysis. In Sect. 4, we present data
of reaction channels other than elastic scattering and discuss
the effect of neutron transfer/breakup in low energy reactions
induced by radioactive projectiles. In our last review [3] we
foresaw the installation of a gamma-particle detection sys-
tem in RIBRAS. In Sect. 4.2, we present the results of the
first experiment of gamma-particle coincidence performed
in RIBRAS. A Coulomb excitation experiment is described
and some preliminary results are presented. Finally, in the
last section, we summarize the results and present the con-
clusions.
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2 The RIBRAS system

The Radioactive Ion Beams in Brasil (RIBRAS) system con-
sists of two superconducting solenoids used to select and
focus the secondary particles of radioactive nuclei produced
in the collision between a primary beam, delivered by the
8UD-Pelletron accelerator of the University of Sao Paulo
(USP), and a primary target. The system is installed in the
45B beam line of the LAFN of the Nuclear Physics depart-
ment of the Physics Institute of USP. The original project to
fund the purchase of the RIBRAS system and its installation
was proposed by Mahir Saleh Hussein, who was the head
of the Nuclear Physics Department in 1997. Hussein’s idea
was to open a new experimental research line for radioac-
tive ion beams (RIB) in Brazil. At that time, RIB was the
new frontier of research in low/intermediate energy nuclear
physics and by 1985-1990 several laboratories all over the
world were installing facilities to produce secondary beams
of exotic nuclei. Most RIB facilities operated at intermedi-
ate energies (20 MeV/nucleon—1 GeV/nucleon) and only a
few laboratories were able to produce low energy secondary
beams, RIBRAS being the first in the southern hemisphere.

The two RIBRAS superconducting solenoids (see Fig. 1)
operate in line and produce a maximum field of B =6.5 T
each (at I =90 A) and a field integral of 5.0 T.m in a 30 cm
diameter 1m long bore. The superconducting magnets are
stored in 1 m x 1 m cylindrical cryostats inside a 300 1 liquid
helium vessel surrounded by a 180 1 liquid nitrogen cover to
minimize liquid helium evaporation.

The secondary beam is produced by the in-flight method,
and the main components of the beam line are shown in
Fig. 1: the primary target chamber (chamber 1), Faraday
cup, first solenoid, central scattering chamber (chamber 2),
second solenoid and scattering chamber 3. The secondary
particles produced by nuclear reactions in chamber 1 enter
the angular acceptance of the first solenoid (2° < 6 < 6°)
and are focused in scattering chamber 2 in different posi-
tions, according to their magnetic rigidity up to a maximum
Bp = 2 T.m. The primary target is a gas cell of 2.3 cm length
with two havar windows. The exit window can be replaced
by a *Be foil, which is the standard target for the ®He and 3Li
beams production. The Faraday cup is there for both, to stop
and measure the primary beam intensity. The Faraday cup
current is integrated providing a measurement of the total
number of primary beam particles incident in the primary
target during the experiment. Collimators and blockers are
placed in strategic positions to block unwanted secondary
particles. Nevertheless, the secondary beam in chamber 2
is still contaminated by degraded primary beam particles in
addition to other light particles such as protons, deuterons,
tritons and alpha-particles produced in the primary target.
An additional selection is possible by placing an absorber
in the central chamber and using the second solenoid to re-
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select and focus the secondary beam of interest on chamber
3, which improves its purity to about 92 —97% in some cases.
Experiments have been performed either in chamber 2 or in
chamber 3 depending on the required secondary beam purity.

The secondary beams are produced by nucleon transfer
reactions between the primary beam and primary target.
Usual primary beams are ®7Li, '%11B, 12.13C among oth-
ers, and the most common primary targets are °Be, LiF and
an He gas cell. In Table 1, we present some of the secondary
beams produced so far by RIBRAS.

The standard detection system consists of silicon detector
AE-E telescopes to identify and measure the energy of the
scattered particles. Thin AE detectors of 25 — 50 pwm and
150 — 300 mm? area followed by thicker E detectors of 150 —
1000 wm permit identification of most of the light particles
produced in the secondary reactions. In Fig. 2, we show two-
dimensional AE-E spectra obtained in chamber 2 with *®Ni
and gold secondary targets. The 8Li secondary beam was
produced by the reaction reported in Table 1.

Scattering measurements at forward angles with gold tar-
gets provide the secondary beam intensity and also its con-
taminants since the scattering on the gold target at RIBRAS
energies is pure Rutherford and almost no reactions are
expected to occur. In Fig. 2b, we clearly see the light contam-
inants p,d, t, o and SHe well separated from the 8Li peak.
On the other hand, the spectrum with ®Ni target shown in
Fig. 2a presents a large yield of 7Li produced in reactions, in
addition to the contaminants of the secondary beam. We see
that our mass resolution is sufficient to clearly separate the
78 isotopes.

In Fig. 3, we show a spectrum of the 8B beam scattered in
a Gold target. The 8B beam was produced by the *He(°Li,’B)
reaction using a gas cell primary target (see Table 1) and this
is the only known reaction to produce a 8B beam at these low
energies. The 8B peak is well separated from the other (more
intense) 'Be, °Li and 3*He contaminants. The 8B secondary
beam intensities are in the range of 103~ pps.

The secondary beam energy resolution has been measured
for each secondary beam and is very much dependent on
the production reaction varying from 470 keV for 8Li up to
1 MeV for °He or > 1 MeV for ®B. Straggling in the pri-
mary target and the reaction kinematics within the solenoid
acceptance are the main factors that determine the secondary
beam energy resolution.

All the measurements in RIBRAS have been performed
using a gold target to normalize the data. Scattering in gold
target is pure Rutherford for almost all angles and ener-
gies of the experiments, providing a way to normalize the
cross sections by comparing adjacent gold target runs per-
formed before and after each run with the target of interest.
This method of normalization cancels out the detectors solid
angles dependence and depends only on the ratio of the sec-
ondary beam intensities in adjacent runs. This ratio is taken
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Fig. 1 RIBRAS system installed in the 45B Pelletron beam line

Table 1 Secondary beams produced at the RIBRAS, nuclear reactions
used for their production and the intensities, reported in pps per I[nA

of primary beam

Secondary beam

Production reaction

Intensity (pps)

8Li 9Be("Li,’Li)®Be 10°-10°
%He 9Be("Li,°He)'°B 10*-10°
"Be 3He(°Li,’Be)d 10%-10°
"Be 7Li(°Li,”Be)°He 10%-10°
8B 3He(°Li,®B)n 1034
10Be 9Be(!!B,!0Be)!OB 10°

2B Be(''B.'?B)*Be 10°
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as equal to the integrated primary beam ratios, obtained from
the integrated Faraday cup current. This method provides an
absolute normalization of the angular distributions and no
additional normalization is done.

Among other similar low energy facilities which are in
operation in the world, we mention the Notre Dame Univer-
sity (EUA) TwinSol [17] facility, the CRIB at RIKEN [18]
in Toquio and EXOTIC at Legnaro (Italy), [19-22], among
others. RIBRAS is very similar to the TwinSol system and
its installation in Sao Paulo was indeed firstly suggested by
J. Kolata to M. Hussein during a workshop held in Sao Paulo
in 1997. The idea was to install RIBRAS after the 10 MV
LINAC pos-accelerator, which was under construction in the
Sao Paulo Nuclear Physics department. As the RIBRAS sys-
tem was completed before the LINAC, a decision was taken
to first install RIBRAS in one of the 8UD-Pelletron accel-
erator beam lines (45B). Very similar secondary beams and
intensities are available in RIBRAS, TwinSol and EXOTIC
facilities. The Legnaro-EXOTIC facility uses a different opti-
cal system with a dipole, quadrupoles and a Wien filter in line
to select the secondary beam. Other ISOL (Isotopic on-Line)
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Fig. 2 Two-dimensional AE-E spectra obtained with a >Ni and b gold
targets at Oy = 32° and Ej4p=26.1 MeV. Figure taken from [15]

facilities using higher energy driver accelerators are in oper-
ation in the world which are capable of producing low energy
secondary beams of light exotic nuclei farther from the sta-
bility valley such as ''Li, ' Be and others [23-27].
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Fig. 3 Two-dimensional AE-E spectrum obtained with ®B beam on a
gold target at O, = 12° and Ejyp = 25.8 MeV. Figure taken from [16]

3 Elastic scattering of A = 6—8 nuclei

Helium-6 and lithium-8 were the first secondary beams pro-
duced in RIBRAS during its inauguration in the XIII Swieca
Summer School on experimental physics held in Sao Paulo
in 2004. The °He and 3Li secondary beams have been pro-
duced by proton pickup and neutron stripping ’ Li+°Be reac-
tion (see Table 1). Helium-6 presents a o + n + n structure
bound by 0.973 MeV with 8~ decay half-life of 806.7 ms
[28]. The « particle and the two neutrons in helium-6 form
a three-body Borromean nucleus which is bound only if the
three components are present. No two-body subsystems are
bound and the two weakly bound neutrons form an extended
nuclear halo around the o core which increases the nuclear
radius. As a consequence, the total reaction cross-section of
systems with a ®He projectile are larger when compared to
similar mass stable systems as will be shown further in this
section.

All the experiments reported in the next subsections were
performed in scattering chamber 2 (Fig. 1). The purity of the
secondary beams in scattering chamber 2 are poor, ranging
from 2—4 % in the case of the proton rich nuclei "Be and
8B up to 16% and 44% in the case of the neutron rich *He
and 8Li, respectively [3]. In scattering chamber 3, the purity
is very much improved to values above 90% for the neutron
rich ®He and 3Li beams.

3.1 %He+’Be scattering

The ®He+°Be measurement has been performed in scattering
chamber 2 of the RIBRAS facility. The ®*He secondary beam
was produced by the Be(’Li,°He)'B reaction with a 12-
wm °Be foil and a 200—nAe "Li primary beam of 22.18
and 26.10 MeV. A tungsten Faraday cup to stop the primary
beam and measure its current during the experiment. In those
conditions, the ®He average secondary beam intensity was of
about 10* pps.

@ Springer

— T ‘ T \ ‘ ™3
([ ® RIBRAS data E=16.2 MeV ]
100 — OM: smeared E
= E — 4b-CDCC E
Z 10 E
© 2
S~ E
[3) i 3
10°F E
i (@) ]
102 \ \ \ |
0 30 60 90 120
T \ T T
E=21.3 MeV

G/GRuth
)
j=]
.ol
[
Lo
|

tof

2 ! ! \ (b)
30 60 90 120
ec‘m. (deg)

S
(=]

Fig. 4 Elastic scattering angular distributions of the °He+Be system
[11]. Figure taken from refs. [11,12]

Table 2 Parameters of the optical model calculations

Elp Potencial Vj ro ap Wo i a;
(MeV) MeV) (fm) (fm) MeV) (fm) (fm)

16.2 2n+°Be
21.3 2n+°Be

61.01 1.51  0.55
21.41 1.51 054

20.00 1.20 1.01
10.02 1.35 1.56

In Fig. 4, we show two °He+°Be angular distributions
measured at RIBRAS and analysed by optical model and
four-body CDCC (Continuuum Discretized Coupled Chan-
nels) calculations [11,29-31]. For this light system, we can
g0 8—10 times above the system Coulomb barrier (Vcll‘jb =20
MeV)'! and the angular distributions present a typical Fraun-
hofer diffractive pattern with oscillations, whose angular
period is related to the inverse of the grazing angular momen-
tum. The analysis corresponds to a four-body CDCC (blue
color) [11] calculation using optical potentials for the «+°Be
and n+°Be given in refs. [33,34] and an optical model fit (red
color). In the latter, the interaction between the projectile *He
and the ?Be target has been calculated in the cluster-folding
model, separated into two contributions, one for the alpha-
target (core), taken from Ref. [35], and another for the di-
neutron-target (halo) taken in a Woods—Saxon (WS) shape.
Only the di-neutron-target (halo) part has been adjusted to fit
the data, resulting in a long-range diffuseness in the imagi-
nary part of the WS potential shown in Table 2 [12].

In Fig. 5, we compare the total reaction cross sections
obtained from these analyses with systems of similar masses
in a reduced plot. The reduced cross sections and energies
were obtained from the expressions below [36]:

1 All Coulomb barriers have been calculated using the formula given
in Refs. [10,32].
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Fig. 5 Total reaction cross-section for several projectiles on *Be target.
The total reaction cross sections for different projectiles can be found
in Ref. [12] and references therein. Solid line is an optical model calcu-
lation using Sao Paulo optical potential [37]. Dashed and dotted lines
are a guide to the eyes. This figure is based on the results of Ref. [12]

Oexp
Ored = — )
(A}/3 +Aé/3)2
red = 717,

In the expressions given above A; and Z; stand for the
masses and atomic numbers of the projectile and target and
Oexp 18 the total reaction cross section obtained from the fit.
We observe a large enhancement of the ®He cross sections
compared to the “He core. Compared to the light weakly
bound neighbour systems, there is a smaller but still signifi-
cant enhancement of 15-25 % which is attributed to the *He
halo effect. This effect will be amplified for heavier targets
as we will show in the next subsections.

3.2 "Be+7Be elastic transfer

The "Be+’Be quasi-elastic scattering was measured at
RIBRAS witha23.1 MeV (V/9? = 4.6 MeV). The "Be beam
was produced by the LiF(°Li,”Be) reaction with lithium-
fluorine primary target. During the experiment, the 'Be sec-
ondary beam intensity was of the order of 5 x 10* pps. These
results were first reported in Ref. [13].

In Fig. 6, we show a bi-parametric AE-E spectrum of the
scattered secondary beam on the ?Be target. We see the 'Be
peak well separated from the ®7Li, “He and light particles
contaminants. In addition, there are a few counts above the
"Be elastic peak (see Fig. 6). Those events correspond to °Be
particles detected at forward angles which come either from
back scattered target particles or from a 'Be two-neutron
pick-up reaction. In Fig. 7, we present the cross sections.
The forward angles correspond to the Be particles and the
four points at backward angles correspond to the °Be events
detected at forward angles in the laboratory. The observed

AE (MeV)

E_total (MeV)

Fig. 6 Two-dimensional AE-E spectrum obtained with ’Be beam on
9Be target at O =15° and Ej,p=23.1 MeV. Figure taken from Ref. [13]

backward cross sections of about 1 mb are in the lower limit
of the RIBRAS sensitivity. The observed events are in the
9Be line and have the correct energy. This is confirmed by
rigorous energy calibrations of the E and AE detectors so
that they can not be confused with '°B events coming from
the Be(’Be, °Li)'B reaction [38].

The observed ?Be cross sections at backward angles were
orders of magnitude larger than optical model predictions,
indicating that processes other than pure elastic scattering
are taking place at backward angles. The Be(’Be,’Be) elas-
tic transfer reaction is the candidate to explain this backward
rise. In Fig. 7, we present the results of Coupled Reaction
Channels (CRC) calculations considering the coupling to the
two-neutron transfer channel. In those CRC calculations, the
scattering amplitudes for the elastic transfer process have
been added to the elastic scattering (f(0) + Sy f;(m —0)) to
explain the backward angles effect. IC stands for the inde-
pendent coordinate model used to describe the two-neutron
transfer [39]. The Sao Paulo double folding potential [37] was
used in both real and imaginary parts of the optical poten-
tials of the entrance and outgoing partitions. In the entrance
partition, a strength factor 0.6 was used for both real and
imaginary parts. The use of this factor is justified as taking
into account the missing couplings to dissipative processes
[40], as well as, for the coupling to the continuum states that
were not explicitly included in the coupling scheme.

Shell model calculated spectroscopic factors, Sy, were
used to normalize the transfer amplitudes. The results show
that the observed yields can be explained by the effect of the
two-neutron elastic transfer reaction on the elastic scattering.
Calculations have been performed using two types of optical
potentials (bare), a Woods-Saxon (WS) adjusted to fit the for-
ward angles and a double folding Sao Paulo potential (SPP)
[37]. The WS provides a very good fit at forward angles but
underestimates the backward cross sections whereas de SPP
reproduces the backward angles but do not fit very well the
forward angles showing that the results depend on the optical
potential choice.
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Fig. 7 Elastic scattering angular distribution of the ’Be +° Be system
[13]. The forward angles data correspond to events detected via 'Be
and the backward correspond to events detected via 9Be, all detected at
forward laboratory angles. Figure taken from Ref. [13]

3.3 ®He +°8 Ni scattering

The experiment was performed in the scattering chamber
2 of the RIBRAS system. A ’Li** primary beam of ener-
gies Ejgp, = 18.0, 22.0, and 27.0 MeV and intensity of
I ~ 200 nAe was used to produce the ®He?>" secondary
beam by the Be(’Li,° He) !B reaction. A 12 pum °Be foil
was used as primary target and an average secondary beam
intensity of about 10° pps was measured.

In Fig. 8, we present *He +>8 Ni angular distributions
at 12.2, 16.5 and 21.7 MeV in the laboratory (V{f,‘jb = 8.7
MeV). These results have been first reported in Ref. [14].
The angular distributions have been analysed by 3b- and 4b-
CDCC calculations. We see that the calculated angular dis-
tributions present a different diffraction pattern with a pro-
nounced Fresnel peak at forward angles and an exponential
decrease of the cross section for backward angles. The data,
on the other hand, present an increase of the cross sections at
backward angles when compared to the no-coupling calcu-
lations (dotted line). The 4b-CDCC calculation nicely repro-
duces these features without any parameter adjustment (blue
line) whereas three-body CDCC accounts for only a part of
the overall effect. No parameter variation was done in these
calculations. In Table 3, we present the optical potentials used
in the 4b-CDCC calculations.

In Fig. 10, we plot the reduced total reaction cross sec-
tions for A = 60 systems including the °He +°8 Ni data.
The following formulas were used for the reduced quanti-
tes: Ored = Oexp/T R,% and Eyoq = Ecn/ Veb where Vg, and
R, were obtained using the formulas given in Refs. [10,32].
Note that, since the formulas from Ref. [10,32] provide real-
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Fig. 8 Elastic scattering angular distributions of the ®He-+>8Ni system.
Figure taken from Ref. [14]

istic values of V., and Rj, the reduced cross sections are
all below unity tending to one as the energy increases and
Eeq = 1 stands for the real Coulomb barrier position, dif-
ferently from the reduction used in subsection 3.1. Again, we
see three classes of reduced cross sections increasing from
tightly bound to weakly bound and finally to the ®He halo
projectile.

3.4 He +'% Sn scattering

Four ®He +'?° Sn elastic angular distributions were measured
at 17.4, 18.05, 19.8 and 20.5 MeV (V/4> = 13.3 MeV).
During the experiment the *He beam intensities were around
10* — —10° pps at the secondary-target position in scattering
chamber 2.

These results were first reported in Ref. [6] and are
shown in Fig. 9. The data have been analysed by Optical
model, 3b and 4b-CDCC calculations and the total reaction
cross sections have been obtained. The ®He—!2Sn diagonal
potential was calculated in the cluster-folding method using
fragment-target interactions represented by optical poten-
tials that reproduce the elastic scatterings at the correspond-
ing energies. The n—'2Sn potential was taken from the
global parametrization of Koning and Delaroche [43] and
the «—'20 Sn potential was from the global parametrization
of Avrigeanu et al. [44].
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Table 3 Optical potentials used
p . Eab Vo ro ap Wo ri a; W4 rd ag References
in the CDCC calculations at the
three energies, respectively, for (MeV) MeV) (fm) (fm) MeV) (fm) (fm) (MeV) (fm) (fm)
58N 58N
a+"Ni (top row) and n+°"Ni 122 60.00 162 054  0.50 162 054 1584 152 044  [41]
(bottom row). Table taken from
Ref. [14] 6136 145 057 - - - 1.28 145 050  [42]
16.5 165.90 1.62 0.40 11.40 1.62 0.4 23.98 1.52 0.44 [35]
42.00 1.46 0.35 6.09 1.46 0.35 - - - [35]
21.7 135.10 1.35 0.64 7.64 1.34 0.50 18.97 1.52 0.44 [35]
42.00 1.46 0.35 6.09 1.46 0.35 - - - [35]
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Fig. 9 Elastic scattering angular distributions of the ®He +'20 Sn sys-
tem [6]. Figure taken from Ref. [6]

The 3b- and 4b-CDCC calculations have reproduced quite
well the data considering the experimental error bars. As seen
previously, a comparison of the ®He +!'%0 Sn total reaction
cross section with weakly and strongly bound projectiles is
presented in Fig. 11 using the same reduction as in Sect. 3.1.
The results show three classes of reduced cross sections,
increasing from strongly bound to weakly bound and finally
the exotic ®°He projectile. The reaction channels contributing
to this enhancement will be investigated in Sect. 4.

3.5 8B4+27Al scattering

8B is one of the most exotic nuclei in the proton rich side of the
nuclear chart. Its p+’Be breakup energy of only 0.138 MeV
is the lowest binding energy in the light nuclei region what
makes it a proton halo candidate. The 8B secondary beam is
produced by the *He(°Li,®B) reaction using a gas cell at 1
atm JHe pressure and 2.2 jum havar windows. The primary
target was bombarded with a 300 nAe, 26.5 MeV 9Li beam
producing a 8B beam of 103~* pps in the secondary target
position (chamber 2).

In Fig. 3, we see that the contaminants of the 8B beam are
intense but well separated in energy. The most intense con-
taminant is °Li from the primary beam particles scattered

Fig. 10 Reduced total reaction cross-section for systems with target
mass around A = 60. Dashed lines are guidelines. This Figure is based
on the results presented in Ref. [3]
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Fig. 11 Reduced total reaction cross-section compared to systems with
target mass around A = 120 [6]. Dashed lines are guidelines. This Figure
based on the results of Ref. [6]

in the havar foils of the gas cell. There are also 'Be and
lighter particles such as alphas 3He, protons, deuterons and
tritons. If we project the AE-E spectrum in the total energy
axis, we see the °Li, "Be and 5B peaks well separated (see
Fig. 12). Telescopes are mounted at forward angles to pro-
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Fig. 12 Monoparametric spectrum of the 8B+27Al collision. Figure
based on results from Ref. [8]

vide a identification of the 8B secondary beam. At backward
angles, the 3B particles usually do not have enough energy to
punch through the 25 wm AE detectors but, nevertheless, it
is possible to measure ®B and "Be scattering by using single
energy detectors due to the good separation in energy of the
contaminants.

Two 8B+27 Al angular distributions at 15.3 and 21.7 MeV
(Vclgb = 13.4 MeV) are presented in Fig. 13. These data have
been measured in two different experiments, one performed
at RIBRAS (15.3 MeV) and another in TwinSol (21.7 MeV)
[17]. In the RIBRAS experiment, we used one telescope at
forward angles for particles identification and two single E
detectors at backward angles. In the TwinSol experiment at
21.7 MeV, four large area (23 mm x 23 mm) X-Y position
sensitive detectors were used to cover the angular range from
20° to 55°. The analysis of these data was performed by
dividing the PSD detectors (x signal) into two halves (due
to the very low statistics), so only two angles per detector
were obtained. A blocker was placed on the forward half of
the more frontal PSD detector to avoid direct impingement
of the beam on it.

Optical model and CDCC calculations have been per-
formed. A Woods-Saxon potential was used in the optical
model calculations whose geometry was fixed (r-; = 1.3 fm
and a,; = 0.65 fm) and only the strengths Vjy and Wy of the
real and imaginary parts were varied to best fit the angular
distributions. The resulting parameters are shown in Table 4.

The CDCC calculation and coupling to the p+’ Be breakup
channel also provide a good description of the data. The stan-
dard Sao Paulo potential [37] was used for both fragment-
target interactions, p—2’ Al and ’Be-?’ Al, with strength coef-
ficients N, = 1.0 and N; = 0.78, respectively for real and
imaginary potentials.

The total reaction cross sections for several projectiles
on 27Al target are shown in Fig. 14. In order to compare
different projectiles, the cross sections have been reduced
as described in Refs. [8,10,32] and in Sect. 3.3. This plot
shows the increase in the total reaction cross section as we
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Fig. 13 Elastic scattering angular distributions of the 8B+27 Al system.
Figure taken from Ref. [8]

Table 4 Parameters of the optical model fits and total reaction cross
sections for the 8Be+27 Al system [8]

Enap Vo Wo oR x%/N Setup
(MeV) (MeV) (MeV) (mb)

15.3 21.7 29.6 506 0.31 RIBRAS
21.7 32.1 . 16.0 1074 0.99 TwinSol

go from systems with strongly bound projectiles such as '°0
to weakly bound stable and finally the exotic ’Be and ®B, the
latter presenting the highest cross sections.

The total ®B+?7Al reaction cross section of 1074 mb
at 21.7 MeV can be compared to the fusion cross section
obtained from a similar system (¥B+23Si) at a similar energy
20 MeV [45] and the fusion cross section of 553 mb exhausts
about one-half of the total reaction cross section.

4 Beyond elastic scattering

In the previous sections we discussed the effects of the elas-
tic breakup channel on elastic scattering angular distribu-
tions as described by Continuum Discretized Coupled Chan-
nel (CDCC) calculations. In the case of ®He projectile, the
breakup into an alpha particle and two neutrons involves four
particles in the final channel, requiring the use of four-body
CDCC calculations to be described [25,30,31,46,47]. How-
ever, as we look to reaction channels other than the elastic
scattering such as alpha-particle production in the case of
®He, we immediately see that CDCC is not able to explain
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the large yield of alpha particles seen in the two-dimensional
spectra (see Fig. 15). The CDCC calculations predict breakup
cross sections considerably smaller than the observations
[48,49]. There are clear indications that reactions channels
other than the direct breakup are contributing to the observed
alpha particle yields [5,48]. Among those possible reactions,
particle transfers to bound and excited states of the >0Sn tar-
get, incomplete fusion and non elastic breakup comprise a set
of inclusive processes in which a particle or a fragment of the
projectile is captured by the target, forming a highly excited
recoil nucleus, which will subsequently decay by gammas
and/or particles whereas the projectile fragment continues
on to the detector.

In the next subsection, we will present some results of
measurements of angular and energy distributions of «-
particles from ®He 4!2° Sn collision performed in scatter-
ing chamber 3 (see Fig. 1). A preliminary particle-gamma
coincidence experiment performed in scattering chamber 3
is reported in Sect. 4.2.

4.1 The '29Sn(°He,w) reaction

The %He 4% Sn collision and the alpha-particle production
were investigated as a function of the incident energy. Exper-
iments have been performed in scattering chamber 2 and in
scattering chamber 3 where the *He secondary beam is more
pure. A 10° pps ®He average secondary beam was obtained
during the experiments.

We performed measurements of the 12OSn(6He,oz)X reac-
tion [5,48] at several energies (see Figs. 16 and 17). In Fig.
16 (left), we present the energy distributions of the alpha-
particles as seen in the AE-E spectrum (see Fig. 15). On
the right, we transformed the energy axis to Q-value con-
sidering the kinematics of the two-neutron transfer reac-

tion 120Sn(°He,«)!?2Sn. This transformation allows us to
compare alpha-particle distributions measured at different
angles. In this experiment, the alpha-particles were measured
at angles around 60 deg in the laboratory, which is around the
grazing angle as shown in Fig. 17. We see from Fig. 16 that
the transfer reaction populates excited states of the '*2Sn
nucleus below and above Q... = 0.0 MeV covering a wide
excitation energy range in the recoil '>2Sn nucleus. Reaction
Q-values go from values around zero at 17.4 MeV bombard-
ing energy up to negative values around —5.0 MeV at 24.5
MeV. As the ground state Q-value for the 2n-transfer reaction
is +14.01 MeV, the measured Q-values (Q < 0) correspond
to a region from 13.5 to 19.5 MeV excitation energy in the
recoil nucleus [48]. These excitation energies correspond to
states in the '22Sn continuum, well above the 8.815 MeV
In-threshold.

The alpha-particle angular distributions are shown in
Fig. 17 for four incident energies [5]. The total (angle inte-
grated) alpha-particle cross sections and estimated errors
obtained from the DWBA curves from Fig. 17 are given as:
940(216), 1031(114), 977(293) and 1141(228) mb respec-
tively for the energies 17.4, 18.05, 19.8 and 20.5 MeV.

In Fig. 18, we compare our results with data from the lit-
erature [50-55] for other stable and exotic systems. In order
to compare different systems at different energies, the data
are presented as a function of the ratio £/ V.. The Coulomb
barriers have been calculated using the formulas of Refs.
[10,32]. A reduction procedure was also ap}3:>lied to the cross
sections which were divided by (A %/ 3 + Aé/ ) for each corre-
sponding system. This scaling takes into account geometrical
effects in the magnitude of the cross sections due to different
system radii. In the case of direct reactions, it is expected the
cross sections to scale with a ring rather than a disk area, as
in the case of total reaction cross sections. The ring area is
given by: 0 o 2w Ra where R is the system radius and a is
a length parameter related to the diffuseness of the system.
Here, we consider a as a constant. This scaling method was
suggested by Hussein in [56].

We observe in Fig. 18 that the reduced alpha cross sec-
tions for the ®He exotic projectile are considerably larger
than the stable °Li ones. This indicates that neutron trans-
fers/breakup reactions are enhanced in collisions with ®He.
It is interesting to mention that, in the reduced plot, the data
for the ®Li+-2%8Pb system are falling along the same line as
the lighter stable systems despite their very different masses
showing that the reduction is working well.

4.2 First steps to particle-gamma coincidence
measurements in RIBRAS

Usually, a large number of reaction channels are open in col-

lisions induced by exotic projectiles. Due to their low binding
energies, large deformations and large spectroscopic factors
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for certain configurations, inelastic scattering, particle trans-
fers, breakup and incomplete fusion reactions are enhanced
even at low energies. The identification of reaction mecha-
nisms other than elastic scattering requires the measurement
of additional degrees of freedom such as neutrons and gam-
mas.

In this section, the initial steps towards the implementa-
tion of a particle-y coincidence technique in RIBRAS and the
results of a preliminary Coulomb excitation (Coulex) exper-
iment on the 8Li+'2Sn system are outlined.

Coulex is one of the most interesting reaction channels
for y -particle coincident experiments. Former Coulex exper-
iments with 8Li indicate a rather large quadrupole excitation
probability [57], which is difficult to be understood in the
light of nuclear structure models [58].

The Gamma-particle coincidence technique would pro-
vide a more stringent measurement of the ®Li excitation
probability and it has motivated us to perform some experi-
ments using the RIBRAS 8Li secondary beam. However, the
RIBRAS system has some features, such as the high fringe
magnetic field around its solenoids and a significant pro-
duction of secondary neutrons in the primary target which
impose limitations to the experiments and detectors that can
be used.

For instance, proportional gas detectors, ionization cham-
bers or the old photo-multipliers have their uses extremely
limited at RIBRAS. The residual magnetic field of the
solenoids can reach hundreds of Gauss in the region of the
scattering chambers which practically prevents the operation
of detectors based on slow electrons collection. In addition,
the fast neutrons flux produced in the primary target in the
forward direction has the potential to damage the Ge(Li) and
Ge(HP) crystals, preventing their use as gamma detectors.
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Newer types of crystals, such as the LYSO(Ce) [59], which
are very efficient as gamma and X-ray detectors and are not
critically damaged by neutrons. However, LYSO(Ce) crys-
tals have an intrinsic radioactivity around 300 counts/cm’/s
[60] from the '"Lu B decay. This radioactive background
can contribute to random coincidences, eventually imposing
some limitations to experiments.

A preliminary experiment was conducted in RIBRAS with
a®Libeam produced at 19.5 MeV and 22 MeV (Vcll‘jb =20.5
MeV) on a 3.8 mg/cm? '2°Sn target. The secondary beam
was filtered out by the two solenoids in cross over mode and
focused in scattering chamber 3.

Four LYSO(Ce) detectors (model J-60035-4P-BGA) cou-
pled to SiPM (silicon photo multiplier) [61]: 4 x 4 — 3.8 mm?
for each pixel were mounted in scattering chamber 3 to detect
the gammas. Two LYSO configurations were employed; in
the first, the LY SO crystals 1 and 2 were rectangular parallel-
ograms shaped with a 12.4 mm? square cross-section and 4
cm length; and, in the second one - LYSO 3 and 4: 16.0 mm? x
5 cm. Those detectors were positioned at the following dis-
tances from the secondary target: 3.2 cm; 3.5 cm; 4.1 cm; and
3.1 cm, respectively. With this setup, an overall gamma detec-
tion efficiency of about 1.5% was estimated using GEANT4
taking into account the actual geometry of this arrangement
and the LYSO(Ce) photo-peak efficiency.

Three single silicon detectors and a AE-E telescope were
mounted in a support with the 4 detectors pointing towards
the target at 20° with respect to the beam direction.

Timing between the particle and gamma signals was mea-
sured by a TDC (16 channels -Phillips-7186) triggered by
the particle signals within a range of 200 ns.

Coincidence events were observed between gammas and
particles in the silicon detectors. Few gammas were observed
around the expected 8Li decay energy (980 keV), in coin-
cidence with 3Li particles. However, the number of coinci-
dences is still larger than expected from true Coulomb excita-
tion events and seems to be more consistent with the expected
number of random coincidences between the elastic 8Li peak
and the intrinsic detector radioactivity.

As apreliminary conclusion from this experiment, we can
say that the LYSO(Ce) gamma detectors seem to work well
in the RIBRAS environment, but they present a large back-
ground of events that can not be completely eliminated by
the gamma-particle coincidence condition. It is expected that
with a better particle energy resolution and measurements at
larger scattering angles, where the proportion of elastic to
inelastic is not so large, this background would be under
control. In a next round of experiments, it is planned to sig-
nificantly increase y-detection efficiency by increasing the
number of LYSO crystals.

5 Conclusions

A review of the recent and some of the previous RIBRAS
activity is presented. Elastic scattering angular distributions
of 6He, "Be, and 8B on several targets have been measured
and analyzed by several models. The analysis includes Opti-
cal Model and CDCC calculations considering the effect of
the projectile breakup on the elastic angular distributions. For
the ®He case, 4b-CDCC calculations reproduce quite well the
elastic angular distributions for heavy ( 1208p), intermediate
(°®Ni) and light (?Be) mass targets, without parameter adjust-
ments.

The total reaction cross sections obtained from those anal-
yses have been reduced and compared with cros sections
from stable weakly bound and tightly bound projectile sys-
tems showing an increasing pattern from tightly, to weakly
bound and finally to the ®He and 8B exotic projectiles, the
two latter presenting the largest reduced cross sections.

Non-elastic reaction channels such as alpha-particle pro-
duction in the ®He +!?° Sn collision via the inclusive
1205n(®He, o)X reaction show large yields with differential
cross sections in the range of hundreds of millibarns. The
angle integrated alpha-particle cross-sections of ®He induced
reactions are of the order of 1 barn, considerably larger than
those obtained in other systems with the °Li projectile.

In summary, low energy elastic scattering and transfer
reaction measurements of exotic projectiles show a large
total reaction cross section in comparison with similar sta-
ble systems. The coupling to the projectile breakup chan-
nel explains well the elastic angular distributions but not the
projectile fragment distributions, which are largely under-
estimated by the CDCC calculations. In the case of the He
induced reactions, DWBA transfer to continuum calculations
provide results in better agreement with the observed alpha
particle yields, indicating that at low energies, neutron trans-
fers can play an important role in the reaction mechanism.
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