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Abstract. We present a quick description of RIBRAS (Radioactive Ion beams in Brazil),
which is a superconducting double solenoid system, installed at the Pelletron Laboratory of
the University of Sao Paulo and extends the capabilities of the original Pelletron Tandem
Accelerator of 8MV terminal voltage (8UD) by producing secondary beams of unstable nuclei.
The experimental program of the RIBRAS covers the study of elastic and inelastic scattering
with the objective to study the interaction potential and the reaction mechanisms between
weakly bound (RIB) and halo (*He and ®B) projectiles on light, medium and heavy mass
targets. With highly purified beams, the study of resonant elastic scattering and resonant
transfer reactions, using inverse kinematics and thick targets, have also been included in our
recent experimental program.

1. Introduction
Great progress in our understanding of nuclear structure is due to experiments performed in
many laboratories using radioactive ion beams (RIB). Before the use of RIB, knowledge of
nuclear structure and reactions was based on experiments using systems of stable or very long
lived nuclei. However, more than 90% of all nuclei, most of them still unknown, are located
between the stability line and the drip lines, where many new phenomena can take place.

The use of transfer reactions to produce RIB is possible at quite low energies (E< 10MeV/n)
and, in this way, small university laboratories can also make important contributions in this
field. Their main advantage is that they produce low energy RIB. At energies near the Coulomb
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barrier or above, valuable information on the structure of exotic nuclei and on the dynamics of
the nuclear reactions between them can be obtained. Important issues, such as fusion below the
Coulomb barrier, and the role of the neutron halo with respect to fusion, can be studied only
with low energy beams. Many experiments were performed with light exotic nuclei presenting
halo, such as He, 8He, ''Li, or ''Be among others [1]. On the other hand, recent experiments
with radioactive ion beams have been very successful in nuclear astrophysics investigations,
where many stellar scenarios involve short-lived nuclei [2]. In this paper we intend to give a
short description of the experimental device [3,4] and of the scientific results achieved recently.

2. Experimental devices and method

The RIBRAS system consists of two superconducting solenoids of 6.5 T maximum central field
(5 Tm axial field integral)[5]. The production system (primary target) can be a gas or a solid
target, such as a ?Be foil, mounted before the first solenoid. The primary beam, but also
the secondary beams, in the angular range between zero and 2°, are stopped and collected by a
tungsten rod with electron and geometrical suppression (Faraday cup), located downstream after
the production target. A collimator at the entrance of the first solenoid limits the maximum
angular acceptance to 6°, so, in this set-up, the angular divergence of the secondary beams
entering the first solenoid is 4°, between 2° and 6°. The angular divergence of the secondary
beam in central chamber is 3.2°, between 1.3° and 4.5°.

Figure 1. The RIBRAS facility. The stable beam comes from the left, the production target
is located on the left side of the first solenoid. Between the two solenoids one can see the
intermediate scattering chamber. At the right extremity, after the second solenoid, the new,
large scattering chamber can be seen. Taken from reference [3].

The first solenoid makes an in-flight selection by the magnetic rigidity of the reaction products
emerging from the primary target in the forward angle region. As the first magnet focuses all
ions with the same magnetic rigidity, i.e., the same M E/Q? ratio, where M, E and @ stand
for mass, energy, and charge state of the ion, the beam of interest can be accompanied by
many contaminant beams of the same magnetic rigidity, but with different charges, masses and
energies.
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Table 1. Secondary beams produced at the RIBRAS facility and the nuclear reactions used
for their production. The intensities, energy resolution (FWHM) and energies obtained for the
beams at the central chamber are also shown. The intensities are reported in pps per 1uA of
primary beam.

Secondary beam Production reaction Q-value intensity (pps) Energy resolution
(MeV) FWHM (keV)/Energy

6He 9Be("Li,%He)''B -3.390 10° - 106 1000/22 MeV
"Be 3He(°Li,"Be)d +0.112 10* - 10° 800/18.8 MeV
"Be "Li(°Li,"Be)®He -4.369 10* - 10° 1000/22 MeV
8Li 9Be("Li,’Li)®Be +0.367 10° - 10° 500/25.8 MeV
B 3He(°Li,®*B)n -1.975 10% 1000/15.6 MeV
10Be ‘Be(11B,!"Be)!’B -4.642 10° 800/23.2 MeV
125 9Be(1'B,?B)®Be  +1.705 10° 800/25.0 MeV

3. Elastic scattering of 2-n halo projectile “He: Experimental results and analysis
Until recently almost all experiments performed at RIBRAS were on elastic scattering using
only the first solenoid. Elastic scattering angular distributions were measured for the available
radioactive beams (°He, ®Li, 7"'9Be and ®B) on light, medium mass and heavy targets at various
energies, near and above the Coulomb barrier [4,6-17]. The He and ®Li secondary beams were
produced respectively by the one-proton and one-neutron transfer reactions, *Be("Li,%He)''B
(Q= - 3.39 MeV) and ?Be("Li,’Li)®*Be (Q = 0.3677 MeV), using the 7Li primary beam
accelerated by the Pelletron tandem and a ?Be target. A central scattering chamber, located
between the two solenoids, was used and the reaction products were detected using AE-E Si
telescopes, with detector thicknesses of 20 - 500 (or 1000) pm respectively.

These measurements are important since they allow the determination of the optical
potentials between the radioactive projectiles and the targets. The elastic scattering also gives
information on the total reaction cross section and on the size of the nuclei involved. The
coupling of the elastic scattering to other important channels, as breakup or transfer, can also
be investigated through the elastic scattering experiments. In the case of radioactive projectiles,
these effects are strongly enhanced and their study as a function of the target mass or the
incident energy was achieved by our measurements.

We have measured the elastic scattering of the 2-neutron halo projectile °He, on “Be, 27Al,
51V, 58Ni and '20Sn targets at energies around and above the Coulomb barrier. The data on
2TAl, 1V were analyzed using optical model and the ”Sao Paulo optical potential” [18,19]. The
normalization of the imaginary part N; and the diffuseness, a, of the projectile were adjusted
to reproduce the data [16,20]. For He + %'V at 23.0 and 15.4 MeV, both N; and a had
to be increased, when compared to typical, strongly bound, stable nuclei, indicating a larger
absorption. This feature is different from the ®He + 27Al case [16], where the N; and a values
were similar to the values used for typical, strongly bound, stable nuclei, respectively, N;y = 0.78
and a=0.56(2)fm.

For the systems with 5He projectile, on “Be, ®Ni and '?°Sn targets, the elastic scattering
angular distributions were compared to Continuum Discretized Coupled Channels (CDCC)
calculations [21]. CDCC has been applied to a number of cases in recent years, first for the
three-body problem [22-26] where the projectile is considered as a core plus a valence particle.
In the three-body model, the SHe structure is simplified to an alpha-particle core plus a di-
neutron which means that the neutron pair is treated as a single particle bound to the alpha
core by 0.973 MeV. More recently, full four-body calculations [27-30], applied to the problem of
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2-neutron halo projectiles as °He, were also realized.

In Figure 2 we present an example of our data compared to CDCC calculations [6,9]. For
the SHe4°®Ni system (Figure 2) the elastic scattering angular distribution is compared with
no-continuum CDCC, three, and four-body CDCC calculations, considering projectile breakup
[6]. The agreement between the four-body CDCC and the experimental data is remarkable in
the whole angular range.

I I I I
L E A | 80 —
BN Het+ Ni @ 16.5MeV 1 % * “He+"Ni (a)
. R \- n . 6, 51
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Figure 2. Angular distribution of  Figure 3. Reduced reaction cross sections for
CHe+%8Ni elastic scattering.  The  different projectiles on intermediate mass (A ~60)
experimental angular distribution is  targets: Ref. (a) from [6,31,32], (b) from [20], (c)
compared to calculations: red dotted  from [33], (d) from [34] and (e) from [35-37]. The
curve is without coupling to the units of o,..q and E,.q are, respectively, mb and
continuum, blue dashed curve is 3b-  MeV. The lines are to guide the eye. Taken from
CDCC calculation and the black solid  ref. [4].

line is the 4b-CDCC. Taken from ref.

[6]-

The total reaction cross section can also be obtained from the experimental data of elastic
scattering or from the optical model or CDCC calculations used to reproduce the elastic data.
Comparing total reaction cross sections for different systems can be an interesting way to
investigate the influence or competition of reaction mechanisms, such as breakup, transfer,
and fusion. This can be particularly revealing, if these systems have weakly bound or exotic
projectiles. In order to compare total reaction cross sections for systems of different masses
and charges at different energies, it is necessary to use a scaling procedure [35, 38—40] to remove
trivial effects due to different sizes and energies with respect to the Coulomb barriers.

We present on Fig.3 the reduced reaction cross sections for different projectiles on
intermediate mass (A ~60) targets. We see three bands, the one with lowest reduced reaction
cross section corresponds to tightly bound, a-cluster (10 and “He) projectiles on ®4Zn and
%8Ni targets, respectively. The one with the highest reduced reaction cross section corresponds
to exotic halo nuclei, *He and ®B, on %%Zn, 'V, and ®Ni targets. The band between both
corresponds to reactions of weakly bound, stable (°Li and ?Be) and radioactive (*Li and "Be)
projectiles. A strong enhancement is observed in the total reaction cross section of the exotic
6He projectile compared with tightly bound and weakly bound stable systems, probably due to
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the coupling to Coulomb break up.

4. Scattering on hydrogen target: ®Li +p excitation functions

The use of two magnets in RIBRAS is important to purify the secondary beams. With two
solenoids, it is possible to use the differential energy loss in an energy degrader foil, located at the
crossover point between the magnets, to select the ion of interest and move the contaminant ions
out of the band pass of the second solenoid. The 8Li(p,p)®Li measurement was performed in the
large scattering chamber located after the second solenoid with a nearly pure (95-99%) ®Li beam
on the secondary target of a proton-rich [CHy],, polyethylene foil of 7.7 mg/cm? thickness. The
8Li(p,p)BLi elastic scattering excitation function and the 8Li(p,d)"Li and 8Li(p,a)®He reactions
could also be observed in this experiment [41]. The excitation functions are shown in Figure
4 together with R-matrix calculations [42,43]. With the R-matrix fits we could determine, or
at least constrain, values of spins, parities, total and partial widths (I',, I'y, and I'y) for three
resonances, located at E.,, = 1.13, 1.69 and 1.76 MeV.

200 —— : 35 ey 40
8 8 - 1 J |
1 Li(p.pyLi 130 *Li(p,d)'Li } .
7 150 - 1 25 1
0 ]
E 4 -
= 201
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Figure 4. FExcitation functions for the elastic scattering 8Li(p,p)®Li and for the reactions
8Li(p,a)°He and 8Li(p,d)"Li with R-matrix calculations [41]. The blue and red curves are best
fits with somewhat different parameters
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