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We present B+27Al elastic scattering angular distributions for the proton-halo nucleus B at
two energies above the Coulomb barrier, namely Ej., = 15.3 MeV and 21.7 MeV. The experiments
have been performed in the Radioactive Ion Beams in Brasil facility (RIBRAS) in Sao Paulo, and
in the TwinSol facility at the University of Notre Dame, USA. The angular distributions were
measured in the angular range of 15-80 degrees. Optical model and Continuum Discretized Coupled
Channels calculations have been performed and the total reaction cross sections have been derived.
A comparison of the ¥B+27Al total reaction cross sections with similar systems including exotic,
weakly and tightly bound projectiles impinging on the same target is presented.

PACS numbers: 25.70.Bc, 25.70.Mn, 25.60.-t

I. INTRODUCTION

The scattering of nuclei away from the nuclear stability
line has been one of the principal fields of research in low-
energy nuclear physics over the last decades [1-8]. As one
moves away from the valley of stability we find the so-
called exotic nuclei which often have several interesting
properties. In particular the light exotic nuclei present
unusual features. Such nuclei are unstable by beta emis-
sion or electron capture, with relatively long lifetimes
(milliseconds up to seconds), sufficient to produce a sec-
ondary beam. Light exotic nuclei usually present a pro-
nounced cluster structure, with very low separation en-
ergies in comparison to their stable partners and can be
found either in the neutron rich [9-18] or in the proton
rich sides [19-24] of the nuclear chart. One of these nu-
clei is ®B which is formed by a “Be core plus one proton
bound by only 0.137 MeV to the core. The B nucleus has
several interesting properties. Due to its very low binding
energy, it is one of the few candidates to present a proton
halo on the proton rich side of the chart of nuclides. In
addition, it has importance in astrophysics, particularly
in the Solar model where it plays a role in the production
of high energy solar neutrinos. Moreover, studies involv-
ing A=8 nuclei are relevant because of the mass gaps
at A=5 and A=8. The lack of stable A=5,8 nuclei is a
barrier to the nucleosynthesis of heavier elements. The
doublet of mirror nuclei ®Li (T}, = 839.9ms) and *B
(T2 = 770ms) is unstable by beta emission and both
decay to 8Be which immediately decays into two alpha
particles. However, due to the their relatively long life-
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times, the presence of A=8 nuclei in certain astrophysical
sites could provide paths for the nucleosynthesis to pro-
ceed further to the formation of heavier elements.

Because of the relevance of ®B in astrophysics [25], as
well as in nuclear structure and reaction theories, there
are various reports in the literature studying its prop-
erties and the respective influence on different reaction
mechanisms [26-37]. These works report experimen-
tal data and/or theoretical calculations for the elastic,
breakup and fusion cross sections.

Scattering data involving A = 8 nuclei are scarce (espe-
cially data involving light targets) yet important because
they can provide information about the nuclear interac-
tion potential which is a necessary ingredient in many
calculations of astrophysical interest.

To contribute to the study of reactions involving 8B nu-
cleus we present here 3B+27Al scattering measurements
at or near Coulomb barrier energies, where the interplay
of different reaction mechanisms is expected to be more
intensive. These results complement those in a previous
publication on "Be scattering [24] which is the core of 8B.

In section II we describe the experiment, in section
IIT we present the results of optical model and a Con-
tinuum Discretized Coupled Channels (CDCC) analysis.
In section IV we present a comparison of the total reac-
tion cross section derived in the present work from the
elastic scattering of 8 B4-27 Al system with the ones of sev-
eral other weakly and tightly bound systems. Finally in
section V we present some conclusions.

II. EXPERIMENT

The measurements have been carried out in two exper-
iments performed at the Nuclear Physics Open Labora-



tory (LAFN) of the University of Sdo Paulo, Brazil and
at the Nuclear Structure Laboratory (NSL) of the Uni-
versity of Notre Dame, USA. In both experiments the
8B secondary beam was produced by the *He(°Li,®B) re-
action using a SLi primary beam and a 3He gas target.
The energies of the 5Li primary beams were 26.5 and 32.6
MeV, respectively, in the RIBRAS and TwinSol facilities.

In the RIBRAS facility the primary target consisted
of a 3.6 cm length gas cell filled with 1 atm of 3He
gas, held by two 2.2um havar windows. The primary
target was bombarded with a 26.5 MeV 6Li3* beam of
intensity around 300 nAe, producing a mixture of 2B,
"Be, SLi, and « particles. The intensity of the ®B beam
was of about 10* particles per second. The 3B beam
was focused by the first RIBRAS solenoid into a scat-
tering chamber located between the two solenoids where
the secondary targets and detectors had been mounted.
The detection system consisted of one silicon AE(20pm)-
E(1000pm) telescope placed at forward angles and two
single E(1000um) detectors at backward angles. The
telescope was mounted in the forward angles where the
secondary beam particles had sufficient energy to cross
through the 20um AFE detector, allowing particle identi-
fication. The single E detectors were used at backward
angles where the scattered 8B peak is well separated in
energy from the other contaminant beams. An exam-
ple of measured two dimensional and single spectra are
shown in Figures 1 and 2, respectively.

Two secondary targets have been used, 27Al of
2.1 mg/cm? and 7Au of 4.6 mg/cm?. The latter was
used for normalization purposes, since the scattering on
gold is pure Rutherford at these energies.
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Figure 1. (color online) Bidimensional AE — E spectrum for
8B+27 Al corresponding to an average energy Eeq =15.3 MeV
and 0lab = 200 .

The experiment at the higher energy has been per-

formed in the 10 MV tandem of the Nuclear Structure
Laboratory of the University at Notre Dame, with the
TwinSol system. The 8B production reaction and pri-
mary target setup was the same as in the RIBRAS exper-
iment. Two solenoids were used to select the secondary
beam with no absorber in the mid-plane. The ®B beam
intensity was of the order of 10* pps for a Li beam in-
tensity of 350 nAe. The detection setup consisted of four
(x-y) position-sensitive detectors (PSD) of 23 x 23mm to
cover the angular range from 20—55 deg in the laboratory
frame. A single AF — FE telescope was placed at 15 deg to
provide particle identification. The analysis of these data
was performed by dividing the PSD detectors (x-signal)
into two halfs (due to the low statistics), so as only two
angles per detector were obtained. A blocker was placed
on the forward half of the more frontal PSD detector to
avoid direct beam on it. The absolute normalization of
the cross sections was provided by normalization mea-
surements using a gold target.

The 8B+27Al angular distributions are presented in
Figure 3. An important point to consider in this exper-
iment concerns the energy loss in the secondary targets.
The targets are thick and the ®B loses a considerable
amount of its initial energy during its path through the
target. As a consequence, the measured cross section is
the result of an energy average over the target thickness.
In reference [24] we have shown that, for pure Ruther-
ford scattering, the energy average is equivalent to the
cross section at a certain equivalent energy given by E¢q=
v EoF1 where Ey and E; are the beam energies respec-
tively before and after the target. As our measurements
have been performed at energies around the Coulomb
barrier, where the Rutherford scattering dominates, we
adopt the geometrical mean as the nominal energy of the
angular distributions. Thus we will refer to Ey for the
incident ®B energy before the target and to Eeq, as de-
fined above, for the energy of the angular distributions.
The Coulomb barrier for this system is at V}** = 13.42
MeV using the formula deduced in Ref. [38].
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Figure 2. One dimensional spectrum for the secondary beam
scattered on 27Al obtained at the RIBRAS facility. The B
beam incident energy is Eo=18.0 MeV.
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Figure 3. (color online) The 8B +27 Al elastic scattering angu-
lar distributions. The solid circles represent the experimental
data, while the dotted red and the dashed curves are the re-
sults of calculations using the SPP and WS potential, respec-
tively. The CDCC results are represented by the solid blue
curve and the dot-dashed curves represents results where all
the couplings are switched off (one-channel).

III. THEORETICAL ANALYSIS
A. Optical Model Analysis

The elastic scattering angular distributions have been
analyzed by optical model (OM) and Continuuum Dis-
cretized Coupled Channels Calculations (CDCC).

We performed optical model calculations using two dif-
ferent types of nuclear potentials, the usual Sao Paulo
Potential (SPP) [39] and a Woods-Saxon (WS) poten-
tial described below [38]. At near barrier energies, the
Sao Paulo potential is essentially an usual double folding
potential that has no free parameters, since it has been
derived from the systematics of nuclear matter densities
in the region. It has been recently shown [34] that mi-

Table I. Values of energy and the strengths of the real and
imaginary parts of the WS potential (in MeV) and the calcu-
lated total reaction cross sections (in mb).

Eo Ele‘f]b Vo Wo or X?/N setup

18.0 15.3 21.7 29.6 506 0.31 RIBRAS
24.1 21.7 32.1 16.0 1074 0.99 TwinSol

croscopic Hartree Fock Bogolyubov calculations for the
matter densities of 8B nucleus give very similar results
for the cross section of the 8B + ®2Ni system when com-
pared with ones obtained using the matter density from
systematics. The Sao Paulo potential was used for the
real and imaginary parts of the optical potential with
strength coefficients N, = 1 and N; = 0.78, respectively.
The results of these calculations are shown in Figure 3
as the dotted curves. The total reaction cross sections
obtained from the Sao Paulo potential calculations are:
351.8 mb at 15.3 MeV and 895.0 mb at 21.7 MeV.

For the Woods-Saxon we used a potential introduced
in Ref. [38]:

Vn(r) = —Vof(”’, R,, av) - iWof(”’, Ry, aw)v (1)

where the Woods-Saxon form factor is given by:

1

TvR'aa' = =3
/R 1+ exp =2

i=v,w (2)

where Vy and Wy represent depths of the real and imag-
inary parts of the potential, respectively. The radii are
given by R; = rOi(Azl)/ 3 —i—Ai / 3) where rq; are the reduced
radii and a; the diffusenesses. The index p, ¢ stands for
the projectile and the target, respectively.

This potential has a fixed geometry rg,= ro,= 1.3 fm
and a,= a,= 0.65 fm and, the depths Vy and Wy are
varied to fit the data [38]. In reference [38] it has been
shown that a Woods-Saxon form factor with this geome-
try and depths between 10 —20 MeV can reproduce quite
well the tail of the double folding potential for a num-
ber of stable systems. We used the same procedure here
and obtained again good agreement between the Woods-
Saxon and double folding potentials in the tail region,
the important region for the description of the elastic
scattering.

All calculations were performed using the code
SFRESCO [40], the search version of the FRESCO code.
The final results are shown as dashed curves in Figure 3.
The agreement with the experimental data is very good,
as expected from a fitting procedure. In Table I the final
parameters Vg and Wy, the total reaction cross sections
obtained and the x?/N, that refers to the x? per exper-
imental point, are presented.



B. CDCC Analysis

It is well known that the best technique to study the
elastic breakup is the CDCC method [41-43]. By elas-
tic breakup it is understood a process where after the
breakup all the fragments of the broken nucleus remain
in its intrinsic ground state, as well as the target nucleus
that participates in the reaction. The potential energy of
the interaction is transformed to relative kinetic energy of
the fragments that feed different continuum states. The
effect of target excitations and other possible reaction
mechanisms are taken into account through the effective
optical potential of the interactions of the fragments and
the target (if one supposes that the projectile is the nu-
cleus that breaks during the interaction). CDCC calcu-
lations involving the 8B proton-halo projectile have been
reported for different targets ranging from the light 2C
[26], medium mass **Ni [27-30] and heavy 2°8Pb [31, 32]
targets. Most of the studies have been concentrated on
the elastic, quasi elastic, or breakup cross section.

Our present CDCC calculations used the same model
space as in previous papers [26-30]. The 8B projectile is
modelled as an inert core of “Be plus a proton as a valence
particle. Its ground state wave function is a 1pz/, state
bound by 0.137 MeV. The binning method was used to
generate a basis on which the total wave function can be
expanded and has a property of being square-integrable
wave functions. They are obtained by averaging, in some
energy interval, the scattering wave function of the rel-
ative motion of the proton and the core [41]. The bin
state discretization was carried out up to maximum rel-
ative energy e,q. = 8 MeV, equally spaced in momen-
tum. The continuum bins were calculated integrating up
to Ry, = 60 fm. This distance was enough to guaran-
tee the orthogonality between bin wave functions. Bins
with relative p-"Be orbital angular momenta | < 3 were
included. The optical potential to derive the p-"Be wave
functions was taken from [44]. The real part of this po-
tential was also used to bind the ®B ground state. As all
interactions are independent of the “Be intrinsic spin, it
was neglected.

Concerning the projectile-target relative movement,
the convergence was obtained by using partial waves up
t0 Lmax = 1000 and radii up to Rpar = 500 fm for
the computation of the relative-motion wave functions.
In the expansion of the projectile-target potential mul-
tipoles up to A < 3 were considered. For both proton —
2TAl and "Be — 27Al optical potentials the standard Sao
Paulo potential [39] was used for both real and imagi-
nary parts with strength coefficients Ngp = 1.0 and N; =
0.78, respectively. This prescription has been shown to
be successful for describing the elastic scattering of many
systems in a wide energy interval [45]. The calculations
were performed using FRESCO code [40].

The results of CDCC calculations, represented by the
solid curve, are compared with the experimental elastic
scattering angular distributions in figure 3. From this
figure one can see a very good agreement with the ex-

perimental data. The total reaction cross sections from
these calculations are of 566.4 mb and 1141.4 mb respec-
tively for 15.3 MeV and 21.7 MeV energies. The results
of the reaction cross section derived from these calcula-
tions are in reasonable agreement with the ones shown
in Table I for the case of Woods-Saxon potential fit, es-
pecially having in mind that the CDCC calculations are
not fitting experimental results but instead, predictions.

In figure 3, we also show the results of the calcula-
tions where all the continuum couplings are switched off
(described as one channel in the legend of figure 3) and
shown as the dotted-dashed curve.

The comparison of the one-channel and the full CDCC
calculations shows that, although the effect of the
breakup channel is not strong, this channel has a non
negligible effect on the elastic scattering angular distribu-
tion. It is also observed that the breakup channel slightly
damps the so called Coulomb rainbow peak and increases
the cross section at angles larger than the rainbow peak.
The same qualitative effect has been recently observed in
6He-+8Ni [15], M Li + 2°®Pb [17] and 'Be + %4Zn [18]
scattering. It also has been shown [32] that the damping
of the Coulomb rainbow peak for the 8B + 208Pb, 58Nj
systems involving proton-halo projectiles is smaller than
for the systems involving neutron-halo projectiles (like
HTi and %He) because the dipole response of the 8B is
less. As in the present study where the charge of the tar-
get is smaller, an almost negligible effect was expected. It
was also shown in Ref. [32] that the enhancement of the
elastic angular distribution at backward angles is mainly
due to the quadrupole interactions.

Although for the CDCC calculations the Sdo Paulo
potential was also used, the results differ from the ones
represented as a dotted curve. The reason for this dis-
agreement lies in the fact that the so-called one channel
results are OM calculations using the optical potential
that is a single folding of the p-target plus ”Be-target
interaction by a ground state wave function of the pro-
jectile (o),

Voo = (o |Vp—2741 + Vipe_27 1| 90) - (3)

The potential of the expression 3 takes into account
explicitly the halo structure of the 8B projectile, while the
optical potential of the calculations used in the previous
section did not.

IV. TOTAL REACTION CROSS SECTION

In addition to the nuclear interacting potential, Opti-
cal Model and CDCC calculations also provide the total
reaction cross sections. In order to compare total reac-
tion cross sections between different systems one has to
reduce the cross sections to remove trivial effects due to
the different sizes and different Coulomb barriers. Sev-
eral methods have been proposed to reduce total reac-



tion cross sections [46-48] and here, as a first step, we
simply divide the cross sections by 7R? and the C.M.
energies by V;, where Ry is the position of the Coulomb
barrier and V}, is its height. Both R, and Vj, have been
calculated using the formula presented in [38], which pro-
vide Coulomb barrier positions and heights in very good
agreement with those obtained using numerical double
folding nuclear potential calculations.

The OM and CDCC 8B+27Al total reaction cross sec-
tions obtained in this work have been averaged and re-
duced to compare with other systems with different pro-
jectiles, all on 27Al target. The experimental data were
taken from Ref. [49] for the 6O + 27Al system, from
Ref. [50] for the °He + 27Al system, from Ref. [51] for
the "Li + 27Al system, from Ref. [52] for the SLi + 27Al
system, from Refs. [53, 54] for the "Be + 27Al system
and from Ref. [24] for the "Be + 27Al system.

The results are presented in Figure 4. As the Coulomb
barrier parameters V3 and R used in the reduction pro-
cedure are realistic, the obtained reduced cross sections
and energies exhibit a direct relation to the geometric
cross sections and realistic Coulomb barrier energies. We
see that the weakly bound and exotic systems all present
larger reduced cross sections compared to the stable dou-
ble magic projectile 1¢0.
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Figure 4. (color online) Reduced reaction cross sections for
several projectiles on 27Al target. The dashed curves are a
guide to the eyes.

One step further in the present analysis would be to try
to disentangle the effect of the breakup channel on the
total reaction cross section. For this purpose we calculate
a reaction cross section, which includes the effect of the
most important reaction channels, other than breakup,
and rescale the experimental total reaction cross sec-
tion by this quantity. At near barrier energies and for
light systems the principal reaction channels contribut-
ing to the total reaction cross section are: the total fusion
(orF), the inelastic excitations of the target and/or the
projectile (oner ), particle transfer (oy,.), and the breakup
cross section (opy), if weakly bound nuclei are involved,

OR = OTF + Oinel + 0BU + Otr. 4)

The effect of inelastic excitations is taken into acount
by coupled channel calculations including the five low
lying states of 27Al: 1/2%, 3/2%, 7/2%, 5/2% and 9/2+.
These states are effectively treated as a single state as a
1ds /5 proton hole coupled to the first 27 state of the **Si
core. The quadrupole deformation parameter of 22Si was
taken from Ref. [55].

The Sao Paulo potential [39] was used for the real
part of the optical potential and for the imaginary part,
a Woods-Saxon form-factor with parameters Wy = 50
MeV, r,= 1.06 fm and a,, = 0.2 fm for the depth, re-
duced radius and diffuseness was used. As we are using
a potential with matter density systematics, all the sys-
tems will be treated with the same conditions. The imag-
inary potential internal to the Coulomb barrier like this is
equivalent to the so called ingoing-wave boundary condi-
tions that yields the absorption of the flux that is passed
through or over the Coulomb barrier. This imaginary po-
tential accounts for the total fusion. It has been proved
that although the complete fusion is hindered at energies
above the barrier (for the heavy systems involving weakly
bound nuclei), the experimental total fusion data coin-
cides with the results of coupled channel cross sections
derived without taking into account the breakup channel
[7] (and references therein). So, the results of our cou-
pled channel calculations for the the total reaction cross
sections correspond to the sum of orr + oiner (27 Al). If
there were no other important reaction channels the ratio
of the experimental (¢°*?) to the coupled channel (c¢)
total reaction cross section will be equal to 1.0. The ex-
istence of other reaction channels will produce values of
the ratio U”p/acc > 1.0.

We would like to emphasize that we put more atten-
tion to the results for energies above the Coulomb barrier
(Ereqd = 1). The reason is that the major part of the data
found in the literature for the total reaction cross section
were derived by fitting the experimental elastic scattering
angular distributions. At energies below the Coulomb
barrier, the elastic cross section is almost Rutherford’s
and very insensitive to the nuclear potential. This lead
to bigger uncertainties in the determination of the total
reaction cross section.

As we are not including the transfer channels in our
coupling scheme (because of the lack of the needed spec-
troscopic information), the reason for the reduced cross
section for some systems to be bigger than that for oth-
ers will be caused by the effect of transfer plus breakup
channels (and by the inelastic excitation to the first ex-
cited state of 7Li, not included in the coupling scheme
for the "Li + 27 Al system).

In Figure 5 we show our results for the reduction of the
experimental total reaction cross section by the coupled
channel results. One can see that the lower value for the
ratio 0" /®C is in fact found for reactions induced by
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Figure 5. (color online) Comparison of reduced total reaction
cross section for the same systems shown in Fig. 4 for the
case of the reduction of ¢ by ¢©¢. See text for details.

the 160 projectile, the only tightly bound projectile in-
cluded in our study. All the other weakly bound systems
have larger and about the same value of the ¢°*?/g¢“
ratio. Some extra increment is observed for reactions in-
duced by the proton-halo 8B projectile. For reactions
induced by a 8B projectile we have only two data points
located at energies just above Vj. It would be interesting
to see if this behaviour remains valid for higher energies.
These conclusions are in agreement with the qualitative
ones shown in figure 4.

V. SUMMARY AND CONCLUSIONS

In summary, two angular distributions for the $B+27Al
scattering have been measured at energies above the
Coulomb barrier. Optical Model and CDCC calculations
have been performed. The optical model analysis was
performed using the standard double folding Sao Paulo

Potential and, a Woods-Saxon shape with fixed geome-
try, varying only the depths Vj and Wy to fit the data.
The results show that the standard Sao Paulo Poten-
tial overestimates the cross sections in the region where
do/dogun, < 1. The Wood-Saxon potential, on the other
hand, reproduces quite well the shape of the angular dis-
tribution.

As a second step in the analysis we performed contin-
uum discretized coupled channel calculations to take into
account the effect of the B breakup. The calculations are
in very good agreement with the data considering that
there are no free parameters in this calculations. A one-
channel (no coupling) CDCC calculation was performed
and compared to the full CDCC result. This compari-
son shows that the effect of the coupling to the projectile
breakup channel is to reduce the amplitude of the Fresnel
peak and increase the cross section at backward angles.

The total reaction cross sections have been obtained
and are compared in a reduced cross section plot with
systems for other projectiles on the same target. The re-
actions induced by the exotic ®B , ®He and weakly bound
79Be, %7Li projectiles present a higher reduced cross sec-
tion when compared to the ones induced by the tightly
bound 60 projectile.

A quantitative analysis of the influence of the breakup
plus transfer channels was performed by explicitly in-
cluding the effects of the inelastic scattering and the to-
tal fusion channels for the total reaction cross sections
calculations. The results indicate that the breakup plus
transfer channels have a considerable effect on the total
reaction cross sections, increasing it for lower energies.
These results appear to be in agreement with the ones
obtained by the simpler reduction procedure.
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