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Instituto de Fı́sica, Universidade de São Paulo, P.O. Box 66318, 05389-970 São Paulo,
SP, Brazil
E-mail: vguimaraes@if.usp.br
Abstract. The University of Notre Dame, USA (Becchetti et al, Nucl. Instrum. Methods Res. A505, 377 (2003)) and later the University of São Paulo, Brazil (Lichtenthaler
et al, Eur. Phys. J. A25, S-01, 733 (2005)) adopted a system based on superconducting
solenoids to produce low-energy radioactive nuclear beams. In these systems the solenoids
act as thick lenses to collect, select, and focus the secondary beam into a scattering chamber. Many experiments with radioactive light particle beams (RNB) such as 6 He, 7 Be,
8
Li, 8 B have been performed at these two facilities. These low-energy RNB have been
used to investigate low-energy reactions such as elastic scattering, transfer and breakup,
providing useful information on the structure of light nuclei near the drip line and on
astrophysics. Total reaction cross-sections, derived from elastic scattering analysis, have
also been investigated for light system as a function of energy and the role of breakup of
weakly bound or exotic nuclei is discussed.
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1. Introduction
The most active fields in nuclear physics nowadays are investigations on the nuclear
astrophysics and structure of exotic nuclei. For many years, the disadvantage in
these investigations was that beam and target were available only in the form
of stable nuclei. Over the last decade new experimental techniques, which made
possible the production of radioactive beams, have been developed and many new
facilities have been installed or upgraded. The main purpose of these facilities is to
investigate nuclei at extreme conditions in terms of density, temperature, angular
momentum and isospin. Also, the possibility of using radioactive (exotic) nuclear
beams has opened up an exciting field of investigation in nuclear physics with strong
implications in areas such as nuclear astrophysics. Large laboratories are pushing to
produce all kinds of exotic and very energetic species of nuclei. Some efforts have
also been devoted by small laboratories to produce low-energy light radioactive
beams. Among these low-energy facilities we have the Twinsol at Notre Dame,
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USA [1] and RIBRAS at São Paulo, Brazil [2]. These two facilities have been
producing light nuclei radioactive beams such as 6 He, 7 Be, 8 Li, 8 B and others.
These beams have been used to investigate low-energy reactions such as elastic
scattering, transfer and breakup reactions, which can provide useful information on
the structure of light nuclei near the drip line. Reactions induced by radioactive
light particles are useful to investigate exotic structures such as halo properties as
well as nuclear astrophysics, since they can explain the abundances of other nuclei
in many environments.
2. Production of radioactive nuclear beams (RNB)
Production of radioactive nuclear beams (RNB) depends basically on the combination of two factors: the choice of the nuclear reaction which produces the
radioactive nucleus of interest and the system used to select and focus the secondary beam. High-energy radioactive nuclear beams, i.e., radioactive projectiles
with energy E/A > 20 MeV/A, can be produced with relatively good efficiency
using non-selective fragmentation reactions, such as primary-beam fragmentation.
In this way, various nuclides including nuclei far from the valley of stability are produced with relatively large cross-sections. In fact, many extremely neutron- and
proton-rich nuclides were discovered by projectile fragmentation reactions. Also, in
this reaction mechanism, the fragments are emitted with almost the same velocity
as the projectile. Therefore, the separation of nuclides is simple and high collection efficiency can easily be obtained. For low-energy beams, on the other hand,
more selective reactions have to be chosen such as few-nucleons transfer reactions,
fusion or breakup reaction, preferred with large forward-peaked cross-sections. To
transfer the maximum possible projectile energy to the secondary beam, it is better
to use reactions in reverse kinematics (heavy beam on a light target). Also, the
primary beam has to be intense (>0.5 mA) and the production target must be
robust enough to withstand it.
In principle any type of recoil mass separator can be used to select and deliver
secondary beams. However, it would be better, for the sake of intensity, if it
can have a large angular acceptance. This however, has to deal with the quality
of the beam in terms of energy resolution and angular spread. To produce lowenergy RNB, University of Notre Dame and University of Michigan, USA, in a
joint project, [1] and later the University of São Paulo, Brazil [2] decided to use
a system based on superconducting solenoids to select and focus secondary lowenergy radioactive beams. The Twinsol at Notre Dame and RIBRAS at São Paulo
are very similar systems. They consist of two large air-core (30 cm clear warm bore),
superconducting solenoid with 6 T and 6.5 T maximum central field, respectively.
The larger maximum magnetic field for the RIBRAS is because of the future plan to
couple this system to a LINAC post-accelerator, which will deliver a higher-energy
primary beam. With the large bore of the solenoids it is possible to reach a large
angular acceptance, 2◦ < θ < 15◦ , i.e., about 30 msr in solid angle, compared to
about 5 msr which can be obtained from dipole-based system. The magnets are
immersed in LHe Dewar with LN and vacuum shields to minimize LHe consumption
to 0.1 l/h per magnet. This operation is economical because there is no need for
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a helium liquefier or recovery system, considering that the magnets are usually
operated in persistent mode.
The two superconducting solenoids in these systems act as thick lenses to collect,
select, and focus the secondary beam into a scattering chamber. See, figure 1 for
a schematic view of the Twinsol system installed at Notre Dame. The production
target consists of a gas cell, mounted in an ISO chamber with a thin foil for entrance
and exit windows. There is a case where one or both windows are the production
target itself, such as 16 µm thick 9 Be vacuum tight foil. In this case, the gas inside
the cell would have the purpose of cooling the foil heated by the primary beam. In
other situations, the gas inside the cell can be used as a production target and, in
this case, the entrance and exit windows can be just 2.2 µm Havar foils.
After crossing the production target, the primary beam is suppressed in a tungsten Faraday cup which measures its intensity and a current integrator measures
the total incident charge during a run. The first magnet selects the produced ions
and only particles with the same magnetic rigidity, i.e., the same M E/Q ratio,
where M , E and Q stand for mass, energy and charge state of the ion, are transmitted. The purity of the secondary radioactive beam is determined by a system of
blocking apertures. With two solenoids it is possible to use differential energy loss
in an energy degrader foil, located at the cross-over point between the magnets, to
select the ion of interest and move the contaminant ions out of the bandpass of the
second solenoids. This method does not provide a good separation for isotopes. An
additional cleaning of the secondary beam can be obtained by using time-of-flight
(TOF) technique, for which a pulsed primary beam would be very useful.
At low energies (E < 5 MeV/A), transfer reactions are the best options to
produce radioactive nuclear beams. Cross-sections for these reactions are in the
order of 10–20 mb compared to the larger cross-sections for fragmentation reactions
of 100–200 mb at higher energies. For this reason, a system of large acceptance
is required to obtain useful secondary beam intensities. Also, for a system with
large angular acceptance, as RIBRAS and Twinsol, transfer reactions with large
forward-peaked cross-section in the angular distribution would be better. Reactions
with very sharp forward-peak angular distribution such as light projectiles-induced
transfer reactions, (d, p) and (3 He,d) are better for dipole-based on-line separator.
For example, the one-nucleon transfer reactions used for the solenoid-based system
are 9 Be(7 Li,8 Li) and 9 Be(7 Li,6 He) which produce reasonably intense beams of 8 Li
(106 pps) and 6 He (105 pps) for 1 µA of primary beam. However, to produce the
secondary radioactive proton-rich 8 B beams, it is necessary to use a two-proton
transfer such as 3 He(6 Li,8 B)n reaction, where 3 He gas cell would be required and
a lower intensity is obtained (104 pps) (per 1 µA of the 6 Li primary beam). At the
RIBRAS systems, basically 6 He, 8 Li and 7 B secondary beams were produced so far
[3], while at Twinsol, 8 B, 10 Be and 12 N where also obtained [4–6].
If the idea is to measure elastic scattering where the beam of interest is easily identified, the beam contamination is not a matter of concern other than
just counting rate in the detectors. For a more complicated measurement such
as transfer or breakup reactions, the beam contamination may interfere with the
reaction products since they can be in the same locus in the energy spectrum.
To solve this problem, TOF (time-of-flight) may be applied. As an example,
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Figure 1. Schematic view of the Twinsol system at Notre Dame.
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in figure 2 a two-dimensional [C(Z, M ) × Etotal ] plot for the 8 Li+9 Be system at
27 MeV is shown [7]. The particle identification constant, C(Z, M ), is given by:
C(Z, M ) = (Etotal )b − (Etotal − ∆E)b [8], where Etotal = ∆E + Eresidual and b =
1.70 for these light particles. This constant which appears as a straight line is a
function of the energy for each Z and M particle in the two-dimensional spectrum
[C(Z, M ) × Etotal ]. In this plot, the 8 Li scattered beam particles and the 9 Li and
7
Li reaction products from the neutron transfer reactions are shown and could be
easily identified. The beam contaminants 4 He, 6 He and 7 Li2+ (not shown), do not
interfere with the reactions products, 7 Li and 9 Li, of interest.
3. Physics with low-energy RNB
These low-energy RNB can be used to investigate low-energy reactions such as
elastic scattering, transfer, breakup and even fusion evaporation reactions, which
can provide useful information on the structure of light nuclei near the drip line
and astrophysics. Also from the theoretical point of view, the investigation of
low-energy reactions with light exotic nuclei is of interest, since many of the highenergy approximations that simplify the theoretical treatments, such as classical
trajectories, sudden or adiabatic assumptions, are no longer valid. In this way,
investigation of low-energy reactions can be considered complementary to the highenergy regime data.
3.1 Elastic scattering measurements
A good number of experiments related to elastic scattering of radioactive nucleus
on several targets have been performed using the RIBRAS and Twinsol systems.

Figure 2. Typical particle identification spectrum [C(Z, M ) × Etotal ] for
the interaction of 8 Li + 9 Be at 15◦ . The elastic scattering (8 Li) and reaction
products (7 Li and 9 Li) are indicated, as well as the 4 He and 6 He contamination
in the secondary beam.
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141

Valdir Guimarães
In general, measuring elastic scattering can be interesting specially when one of the
interacting particles is a loosely bound nucleus. It can be considered as an effective tool for revealing unusual features in nuclei such as extended halos or neutron
skins. Some of these features can be present in the elastic scattering as influence
of competing mechanisms and coupled-channel analysis would be required. For instance, due to the lower binding energy of the weakly bound nuclei, either direct
or sequential breakup can become an important competing mechanism, even at
relatively low incident energies. In the analysis of elastic scattering measurement,
breakup effect can be responsible, for instance, for a strong enhancement of the
imaginary part of the optical potential giving rise, sometimes, to what is called
breakup threshold anomaly [9]. The breakup can become an important competing
mechanism, even at relatively low incident energies and coupled-channel analysis
would be required. The importance of these couplings is well known in the investigation of elastic scattering of the neutron-rich nuclei 6 He on different targets such
as 209 Bi [10] and 64 Zn [11] or less extensively on light targets such as 27 Al [12] and
12
C [13]. This breakup effect has been investigated also in a recent measurement
of the 8 B elastic scattering on 58 Ni [14].
An interesting way to investigate the role of breakup of weakly bound or exotic
nuclei on a specific reaction mechanism is to plot the cross-section for weakly, and
tightly bound nuclei on the same target nucleus as a function of energy. In this way
different breakup threshold energies are involved and the role of breakup can be
investigated. To compare the total reaction cross-sections for the different systems
we used the procedure suggested in ref. [15], where the cross-sections are divided
1/3
1/3
1/3
1/3
by (AP + AT )2 and the centre of mass energy by ZP ZT /(AP + AT ), with
ZP (ZT ) and AP (AT ) standing for the charge and mass of the projectile (target),
respectively. In this way, the geometrical effects are, in principle, removed and
the eventual anomalous values of the reduced radii r0 , which should be related
to the physical processes to be investigated, are not washed out. Figure 3 shows
the results of the reduced total reaction cross-sections, σred , for many systems
plotted as a function of the reduced energy. The halo systems (8 B + 58 Ni [14] and
two-neutron Borromean nucleus 6 He + 209 Bi, 64 Zn, 27 Al [11,12,16]) systems have
reduced cross-sections which lie above those for the weakly-bound normal nuclei
(Li and Be isotope projectiles [17,18]) and much above than for the tightly bound
projectile 16 O. For the 6 He + 27 Al system the reduction cross-sections are just a
little above the other weakly bound stable systems, indicating that for light target
system the effect of breakup due to the halo on the reaction cross-sections could be
much smaller than the effect observed for heavier target. More recently, we have
performed at the São Paulo RIBRAS system, an elastic scattering measurement
of radioactive 8 Li beam on 12 C [19]. The total reaction cross-section has been
extracted from the optical model analysis. In figure 4 we present the reduced crosssection as a function of reduced energy for lithium isotopes 6,7,8 Li as well as for the
halo Borromean 6 He nucleus and tightly bound 4 He and 11 B on the light target 12 C.
As one can see they all have the same behaviour, indicating that for light systems the
effects of the binding energy through the breakup on the reaction cross-sections is
very small.
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Figure 3. The plots of the reduced reaction cross-sections for many systems
with weakly bound and tightly bound projectiles on medium mass target. The
references for the data are in the text.

Figure 4. Reduced reaction cross-section plots for systems with
and weakly bound and tightly bound projectiles.

12

C target

3.2 Transfer and breakup measurements
A number of transfer reactions have been studied using 20 to 30 MeV 8 Li radioactive beam produced by the solenoid-based systems. The neutron transfer
Pramana – J. Phys., Vol. 75, No. 1, July 2010
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9

Be(8 Li,9 Li)8 Be and 9 Be(8 Li,7 Li)10 Be reactions performed at Notre Dame [7] are
among them. The spectroscopic factors for the h9 Ligs |8 Ligs +ni and h8 Ligs |7 Ligs +ni
bound systems, extracted from the cited angular distributions, were then used to
derive the cross-sections for the 7 Li(n,γ)8 Li and 8 Li(n,γ)9 Li neutron capture reactions based on a potential model [7]. These capture reactions are of interest
for the light elements nucleosynthesis. Another transfer reaction experiment, recently performed at São Paulo, is the proton transfer 12 C(8 Li,9 Be)11 B reaction
[19]. This proton transfer angular distribution has been analysed in terms of FRDWBA (finite-range distorted wave Born approximation) calculation, also using
the code FRESCO [20] and SP potential [21], and the spectroscopic information
for h9 Be|8 Li + pi bound system was obtained. The results of such DWBA calculations are shown in figure 5. These works have shown that low-energy radioactive
nuclear beams can be very suitable not only to perform spectroscopic investigations
but also to determine the non-resonant parts of capture reactions of astrophysical
interest.
One of the most remarkable experiment using secondary beams from solenoidbased system was the breakup investigation of 8 B on 58 Ni [4,22]. In this experiment
the angular distribution for the breakup of 8 B → 7 Be + p on a 58 Ni target has been
measured at an incident energy of 25.75 MeV. The radioactive 8 B beam was obtained from Twinsol and the TOF (time-of-flight) measurement allowed the identification and separation of 7 Be of the breakup from the 7 Be beam contamination.
The angular distribution for the breakup has been analysed with CDCC (continuum
discretized coupled channel) calculation. The data are inconsistent with first-order

Figure 5. Angular distribution for the 12 C(8 Li,9 Begs )11 Bgs proton transfer
reaction at 23.9 MeV incident energy. The curves are indicated in the inset.
The grey thick line corresponds to experimental error of the spectroscopic factor in the FR-DWBA calculation with SP potential. The curves are smeared
out by the angular aperture of the detectors.
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theories but are remarkably well described by calculations including higher-order
effects. Also Coulomb and nuclear interferences have been taken into account. The
comparison with theory illustrates the importance of the inclusion of the exotic proton halo structure of 8 B in accounting for the data. This data may well be the best
evidence yet of an exotic proton halo structure for 8 B. Few-body reactions at lower
incident energies are a challenge to be theoretically and consistently treated. Usually they are far more complicated than higher energy reaction due to the nuclear
and Coulomb interactions that are needed to be treated within the same model to
account correctly for the interference effects. Also multistep processes involving the
coupling to the continuum are even more important at low energy than at higher
energies. So, this set of breakup data has been used over the years as a probe of
many theoretical treatment from different groups, just to list some of them [23–27].
We have suggested in [4] that the discrepancy between theory and experiment at
large angles was due to the neglect of nucleon transfer from the projectile to the
target in the breakup calculations. In principle, a consistent three-body calculation
could include most or all of the transfer yield in the multipole expansion of the
projectile–target interaction. However, it would be very interesting, from both experimental and theoretical points of views, to perform this experiment again with
a better statistics and with coincidence measurement of 7 Be and proton fragment
of the 8 B breakup. This would allow the separation of the 7 Be fragment from 7 Be
of the 58 Ni(8 B,7 Be) proton transfer reaction.
3.3 Fusion experiments
Another remarkable experiment was the investigation of 6 He fusion with a 209 Bi
target at energies near to and below the Coulomb barrier carried out at Notre Dame
[28]. In this experiment a large enhancement of sub-barrier fusion was observed.
This enhancement was later confirmed to be from the coupling to the positive Qvalue neutron transfer channels resulting in neutron flow between the projectile
and the target [29]. The idea is that the transfer and/or breakup channel act as
doorway state that accounts for the observed large sub-barrier fusion enhancement
in this system. This could be interpreted as a Coulomb polarization favouring
neutrons of the halo residing in the region between the core and the target. In
this way, neutrons which are closer to the target could be easily transferred to
it, consistent with observations. On the other hand, an enhancement driven by
particle transfer is not expected for a proton–halo system. Here, one would expect
that Coulomb polarization would result in the valence proton spending more time
at large distances from the target, shielded by the core from the full Coulomb
excitation effect. Core–halo breakup would occur mainly through the long-range
Coulomb force, and proton transfer would be suppressed. Esbensen and Bertsch
[30] have shown that Coulomb breakup is in fact strongly modified by both the halo
nature and the Coulomb polarization of the 8 B projectile. It would be interesting to
observe this polarization effect in the fusion of 8 B + 209 Bi, for instance. However,
such an experiment would require a 45 MeV 8 B beam which is not available at
Notre Dame or at São Paulo. A solenoid system coupled to a 14 MeV tandem
accelerator would be very welcome to perform such an experiment.
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4. Future plans
The experiments performed so far with radioactive beams from solenoid-based system have shown that low-energy radioactive nuclear beams can be very suitable
not only for spectroscopic investigations but also for studying many reaction mechanisms. There are already on-going plans to perform experiments with 6 He, 7 Be,
8
Li and 8 B beams. Test experiment is already scheduled at São Paulo to produce
10
Be and 11 Be with triton and alpha transfer reactions such as 7 Li(7 Li,10 Be)4 He
and 7 Li(7 Li,11 Be)t, respectively, where the first has a very positive Q-value of 14.8
MeV. The challenge here is to produce a self-supporting 7 Li target with a thickness
of about 1–2 mg/cm2 . Also, from the technical point of view, we would like to
make in-beam tests using energy-degrader foils to improve beam purity.
There are also future plans to perform measurements of (α, p) and (p, α) reactions using radioactive beam in inverse kinematics and cooled gas target. These
experiments are very important for nuclear astrophysics.
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