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Elastic scattering of the 12B + 58Ni system at near-barrier energies
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Elastic scattering of a radioactive neutron-rich boron isotope, 12B, has been measured for the first time.
Angular distributions for the elastic scattering of 12B + 58Ni have been measured at ELab = 30.0 and 33.0 MeV,
which are just above the Coulomb barrier (VB = 24 MeV). The obtained angular distributions were analyzed in
terms of the large-scale coupled channel (CC) and coupled reaction channel (CRC) calculations, where several
inelastic transitions for the target, as well as the most relevant transfer reactions, have been included in the
coupling matrix elements. The roles of the spin reorientation and spin-orbit interaction in the reaction mechanism
were also investigated. The one-neutron transfer reaction through a coupled reaction calculation had some effect
on the elastic scattering of the system studied.
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I. INTRODUCTION

Elastic scattering measurements induced by light radioac-
tive nuclei have attracted much interest in recent years, in
particular at energies close to the barrier, because of the pos-
sibility of investigating surface effects and nuclear structure
of the projectiles [1,2]. Some light radioactive nuclei, such
as 6He, 8B, 11Be, and 15C have low separation energy of the
valence particle and strong cluster configuration, which can
produce a decoupling between the valence particle and the
core. The exotic structure of these light nuclei alters the elastic
scattering enhancing breakup and/or transfer probabilities.
Because of the lower binding energy of the weakly bound
light nuclei, the breakup can become an important competing
mechanism even at relatively low incident energies, and cou-
pled channel analysis would be required. For light and tightly
bound nuclei, other effects such as ground-state deformation,
quadrupole excitation, and reorientation can play a role in the
elastic process [3–5]. Elastic scattering using boron isotopes
as projectiles has been shown to be an interesting case to
investigate several effects which can be present in the process.
Elastic scattering of radioactive weakly bound and proton-
rich 8B (Jπ = 2+) projectiles on a 58Ni target was investi-
gated and the coupling to the 7Be + p (SP = 0.138 MeV)
breakup channel has shown to be crucial to describe the data
[6–8]. Also, in these works, the halo configuration for 8B
could be established. Elastic scattering of stable and tightly
bound 10B and 11B projectiles on 58Ni have been recently
investigated [9,10]. In these works, large-scale coupled re-
action channel calculations, without any imaginary potential

at the interaction surface, have been used to investigate the rel-
ative importance of the different reaction channels on the reac-
tion mechanism. The 10B (Jπ = 3+) nucleus is bound by Sα =
4.461 MeV for the 6Li + α channel and has a quite large de-
formation, Q(10B) = 8.47 fm2. Reorientation and spin-orbit
effects were very important for the description of the elastic
scattering of 10B + 58Ni [9]. The importance of quadrupole
deformation and reorientation effects was already observed in
the elastic scattering data of 10B and 11B on light 27Al target
[11] and also more recently in the 10B + 120Sn system [12].
These effects were also shown to be important to describe
the elastic scattering of 11B projectile on 58Ni at energies
close to the Coulomb barrier [10]. Since 11B is a quite tightly
bound nucleus with Sα = 8.664 MeV, the breakup was not an
important channel to be coupled to the elastic and there was al-
most no contribution from transfer reactions. To complete the
systematic study for the elastic scattering of boron isotopes on
58Ni target, we report, for the first time, the measurement and
analysis of the elastic scattering angular distribution of the ra-
dioactive 12B projectile on 58Ni target, at energies close to the
barrier. The 12B (Jπ = 1+) nucleus is the neutron-rich isotope
of the boron chain with binding energy of Sn = 3.370 MeV for
the 11B + n channel. The newly obtained data are compared to
complete coupled channel calculations, where several inelas-
tic channels were included in the coupling matrix, as well as
the reorientation, spin-orbit, and transfer channels, the latter
through coupled reaction channel (CRC) calculation.

The paper is organized as follows. Section II contains a
description of the experiment. Section III presents the data
and gives the results of the coupled channel calculations.
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Section IV is dedicated to presentation of the coupled reac-
tion channel calculations. Finally, the last section presents a
summary of this work.

II. EXPERIMENTAL SETUP AND MEASUREMENTS

Angular distributions of the 12B + 58Ni elastic scattering
were measured at ELab = 30.0 and 33.0 MeV. The secondary
12B radioactive ion beam was produced by the RIBRAS
(Radioactive Ion Beams in Brazil) facility, installed at the
8-UD Pelletron Tandem of the University of São Paulo [13].
The facility consists of two superconducting solenoids with
6.5 T maximum central field and a 30-cm clear warm bore.
Although the two solenoids are available, for this measure-
ment only one solenoid was used. The production target was
mounted in a chamber before the first solenoid and consisted
of a 9Be foil 14.4 μm thick. To produce the secondary
12B beam, we used the 9Be(11B, 12B)8Be transfer reaction
(Qvalue = +1.705 MeV). The 11B4+ primary beam was accel-
erated by the Pelletron Accelerator at energies of 37.0 and
40.0 MeV, with intensity of typically 300 nAe, producing the
secondary 12B beam with an average intensity of 2 × 105 pps.
The primary beam (11B) was collected after the production tar-
get by a Faraday cup, constituted by an isolated tungsten alloy
rod, which stops all particles in the angular range from 0◦ to
2.7◦ and integrates the charge. The secondary 12B radioactive
beam particles, produced in flight at forward direction, are
collected within an angular range of 2.7◦ � θLab � 6.0◦ by
the superconducting solenoid and focused into the scattering
chamber right after the first solenoid. A system of blocks and
collimators, located along the solenoid axes, was used to clean
up the beam of interest.

A 2.1 mg/cm2 thick isotopically enriched 58Ni target was
used for the elastic scattering measurements. This target was
mounted in a target holder along with a 4.6 mg/cm2 thick gold
target. The gold target was used in separate runs to obtain the
overall normalization since elastic scattering at these energies
is expected to be Rutherford for the angular range measured.

The detection system consisted of two ΔE − E telescopes
with silicon planar detectors of 25 and 1000 μm thicknesses,
for the measurements at forward angles, and one 1000-μm-
thick E planar silicon detector for measurements at back
angles. The telescopes and the E detector had a circular
aperture that subtended a solid angle of about 16 msr (±4.0◦).
Since the elastic cross sections in the angular interval covered
by these detectors could vary by almost an order of magnitude,
the average detection angle was determined by a Monte Carlo
simulation, which took into account the detector collimator,
the secondary beam-spot dimension on the secondary target
(4 mm), the secondary beam divergence (2◦ to 4◦), and the
angular distribution in the range of the detector aperture
(Rutherford for the gold target and at forward angles for nickel
target). This correction is particularly important for the most
forward angles.

Although the magnetic field of the solenoid was adjusted to
focus the 12B secondary beam and the blocks and collimators
were used to prevent particles with different magnetic rigidity
from reaching the scattering target, particles with the same
magnetic rigidity such as 9Be, 6,7Li, and 4He were also present
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FIG. 1. A typical bidimensional ΔE − E spectrum for the 12B +
58Ni measured at θLab = 18.0◦ and ELab = 30.0 MeV. The beam
contaminants are indicated.

in the beam cocktail. The different scattering particles were
identified using the combination of ΔE and Eresidual informa-
tion for the data taken with the telescopes. A selected particle
identification in the ΔE − E spectrum is shown in Fig. 1. In
this plot, the scattered 12B and the contaminants 9Be, 6,7Li,
and 4He beams on the nickel target, at 18◦, are displayed,
clearly separated, and identified. The inelastic scattering 11B
primary beam was completely blocked by the system of
blocks and collimators and does not appear in the plot. A
typical energy spectrum for the single E detector, used for the
backward angle measurements, is shown in Fig. 2. The peak
corresponding to 12B is the one with highest energy and it
could be easily identified. A small background present below
the 12B peak could be estimated and considered to obtain the
correct yields. The experimental resolution for the 12B beam
was about 1.0 to 1.5 MeV, obtained from the FWHM (full
width of half maximum) of the peak corresponding to 12B
scattered in the gold target.
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FIG. 2. A typical energy spectra for the 12B + 58Ni measured at
θLab = 59.0◦ and ELab = 33.0 MeV. The peak for the 12B scattering
particles is indicated.
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TABLE I. Spin parity and energy of the states in 58Ni and 12B,
from the NNDC database [17], considered in the coupled channel
calculations.

58Ni 12B

Jπ E (MeV) Jπ E (MeV)

0+ g.s. 1+ g.s.
2+ 1.454
4+ 2.459
2+ 2.775
0+ 2.942
3− 4.475

The angular distributions were measured from θLab =
18.0◦ to 65.0◦, at 30.0 MeV, and from θLab = 26.0◦ to 68.0◦, at
33.0 MeV. The uncertainties in the cross sections ranged from
1.5% to 17% starting from most forward to most backward
angles, for the ELab = 30.0 MeV measurement, and 2% to
10% for the ELab = 33.0 MeV measurement.

III. COUPLED CHANNEL CALCULATIONS

The angular distributions were analyzed in terms of cou-
pled channel (CC) calculations. In this approach, the absorp-
tion from the elastic channel is produced by the real process
of opening inelastic channels. Here we adopted the parameter-
free double-folding São Paulo potential (SPP) [14] as the
real bare potential to simulate the nuclear interaction between
the projectile and target nuclei. For the energies considered
in the present work (close to the barrier), the SPP can be
regarded as energy independent, and the relevant feature for
the calculations is its double-folding characteristic. Since the
interest is to investigate the important channels that affect the
elastic scattering angular distributions, no imaginary surface
potential was employed in our coupled channel calculation.
The relevant reaction channels or effect should then be ex-
plicitly taken into account. However, a short-range imaginary
potential was considered to simulate the absorption of flux due
to fusion, since the fusion channel is not explicitly included in
the calculations. This short-range potential had Woods-Saxon
shape with the parameters Vi = 50 MeV, ri = 1.06 fm, and
ai = 0.2 fm. Here, ri is the reduced radius which should be
multiplied by the mass terms (A1/3

p + A1/3
t ) to give the actual

radius of the potential. This set of parameters was obtained
from Ref. [15]. Actually, the final results are not very sensitive
to this particular choice of parameters. All the calculations
were performed using the code FRESCO [16].
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FIG. 3. Elastic scattering angular distributions for the 12B + 58Ni
system at ELab = 30.0 and 33.0 MeV. The lines are results of coupled
channel calculations as indicated.

The angular distributions at 30.0 and 33.0 MeV for the
12B + 58Ni system have been analyzed with coupled channel
calculations. Only the influence of the 58Ni excited states
in the elastic scattering was considered in the calculations.
The ground state of 12B has Jπ = 1+ and the two first ex-
cited states are the 0.953 MeV (Jπ = 2+) and 1.674 MeV
(Jπ = 2−) states. The transition between the first excited state
to ground state, 2+ → 1+, is an M1 transition in nature and
thus very weak. The transition of second excited state and
ground state, 2− → 1+, is an E1 transition but also very weak
according to the NNDC database [17]. The spin, parity, and
energy of the excited states of the 58Ni target used in the
calculations were obtained from NNDC database [17] and are
listed in Table I.

In the present CC calculation, the excited states in 58Ni
were considered to be collective in nature, and the E2
transitions with no change in parity, as given by the
1.454 MeV (2+) one-phonon singlet and by the 2.459 (4+),
2.775 (2+), and 2.943 (0+) two-phonon triplet, were calcu-
lated within the vibrational model. The B(E2) experimental

TABLE II. All E2 inelastic transitions for 58Ni used in the coupled-channel calculations.

E (keV) Eγ (keV) JF � Ji B(E2) (W.u.) 〈Jf |E2|Ji〉 (e2 fm4) δ2 (fm)

1454.28 1454.28 0+ � 2+ 10 (4) 26.365 0.941
2459.21 1004.8 2+ � 4+ 11.2 (12) 80.189 2.923
2775.42 2775.42 2+ � 2+ 15 (4) −44.523 −1.623
2942.56 167.2 2+ � 0+ 21 (3) 16.667 0.608
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TABLE III. The E3 inelastic transition for 58Ni used in the coupled-channel calculations.

E (keV) Eγ (keV) JF � Ji B(E3) (e2 b3) 〈Jf |E3|Ji〉 (e2 fm4) δ3 (fm)

4474.6 4474.6 0+ � 3− 0.0195 (27) 112.443 0.9991

values available in NNDC for these states in 58Ni are listed
in Table II. The state at 4.475 (3−), which could be of some
importance in the coupled channel scheme since it is a one-
phonon E3 transition to the ground state, was also included.
The B(E3) experimental value from NNDC for this state in
58Ni is listed in Table III. The states between 2.943 and 4.475
MeV in 58Ni are expecting to give weak couplings and were
not considered in our calculations.

The comparison of results of the CC calculation with the
data taken at 30.0 and 33.0 MeV is shown in Fig. 3. In this
figure, the red solid line corresponds to the cross sections from
the CC calculation when all the inelastic channels are left out
in CC calculations (no coupling) and the green dashed line
represents the results when all states of the target are included
in the coupling matrix. As can be observed in the figure, the
effect of the couplings is small but it is in the direction of
reducing the cross sections at the Fresnel peak and increasing
the elastic cross sections at backward angles.

Despite the inclusion of almost all excited states of the tar-
get in the calculation, our coupled channel calculations did not
agree with the measured elastic cross sections at 33.0 MeV.
To improve the agreement, the reorientation channels for the
ground state of 12B and the first excited state of 58Ni were

12B 11B

Projectile overlaps

Target overlaps

g.s. (1+) g.s. (3/2-)

g.s. (0+)

58Ni 59Ni

g.s. (3/2-)

0.339 (5/2-)1.454 (2+)

0.465 (1/2-)

2.124 (1/2-)

0.878 (3/2-)
1.189 (5/2-)
1.301 (1/2-)
1.338 (7/2-)
1.679 (5/2-)

2.459 (4+)
2.775 (2+)

2.942 (0+)
4.475 (3-)

FIG. 4. Coupling scheme of the projectile and target overlaps
used in the one-neutron striping transfer reaction.

also included in the coupling matrix. These effects have been
shown to be quite important to describe the elastic scattering
of 10,11B + 58Ni data [9,10] and 10B + 120Sn [12]. The spin
reorientation of the ground state of 12B and first excited state
of 58Ni, as indicated in Table IV, were considered. The results
of the CC calculations with these effects are also shown
in Fig. 3. As observed in the figure, the effect of the spin
reorientation of both projectile and target has minor or almost
no influence in cross sections. This might be mainly due to
the small deformation of 12B, Q2 = 1.32(2) fm2 [18]. We
would like to emphasize once more that these calculations are
parameter-free and no artificial superficial imaginary potential
has been used.

IV. COUPLED REACTION CHANNEL
(CRC) CALCULATIONS

From the analysis presented in the previous section, it
is clear that the inelastic couplings and spin reorientation
were not sufficient to reproduce the experimental elastic
data at 33.0 MeV. This is an indication that other channels

12B 13C

Projectile overlaps

Target overlaps

g.s. (1+) g.s. (1/2-)

57Co

g.s. (7/2-)

1.224 (9/2-)

1.378 (3/2-)

3.089 (1/2+)

1.505 (1/2-)
1.689 (11/2-)

1.758 (3/2-)
1.897 (7/2-)
1.919 (5/2-)
2.133 (5/2-)
2.311 (7/2-)
2.486 (9/2-)

g.s. (0+)
1.454 (2+)

2.459 (4+)
2.775 (2+)

2.942 (0+)
4.475 (3-)

58Ni

FIG. 5. Coupling scheme of the projectile and target overlaps
used in the one-proton pickup transfer reaction.

064613-4



ELASTIC SCATTERING OF THE 12B + 58Ni SYSTEM … PHYSICAL REVIEW C 99, 064613 (2019)

TABLE IV. Reorientation parameters used in the coupled channel calculations.

Nucleus Elevel (MeV) Jπ Q2 (fm2) 〈Jf |E2|Ji〉 (e2 fm4) δ2 (fm) β2

12B g.s. 1+ +1.32 (6) 0.228 0.040 0.03
58Ni 1.4542 2+ −10 (6) −31.481 −1.477 0.234

such as transfer and/or breakup reactions have been open
at this energy. In this section, we investigated the effect of
two transfer channels: one-neutron stripping (12B, 11B) and
one-proton pickup (12B, 13C) reactions. These are transfer
channels with low-mass transfer particles and with positive
Qvalue = +5.629 MeV and +9.360 MeV, respectively. To take
into account these transfer reactions, we have to consider
exact finite-range coupled reaction channel (CRC) calcula-
tions. For this purpose, double-folding São Paulo Potential
(SPP) [14] was used for the real part optical potential of the
entrance partition and a Woods-Saxon for the imaginary part,
with depth, radius, and diffuseness given by V = 50 MeV,
ri = 1.06 fm, and ai = 0.2 fm, respectively. This was exactly
the same optical potential used in the previous section for

TABLE V. Spectroscopic amplitudes used in the CRC calcula-
tions for one neutron transfer using the model space p with the
effective phenomenological pmom [21] interaction for projectile
overlap and model space bjuff with the effective phenomenological
48Cauff [22] interaction for target overlap.

Initial state Final state nlj Spect. ampl.

12Bg.s(1+) 11Bg.s(3/2−) 1p1/2 −0.868
1p3/2 0.326

12Bg.s(1+) 11B2.124(1/2−) 1p1/2 −0.099
1p3/2 0.514

58Nig.s(0+) 59Nig.s(3/2−) 2p3/2 0.709
58Nig.s(0+) 59Ni0.339(5/2−) 1 f5/2 −0.785
58Nig.s(0+) 59Ni0.465(1/2−) 2p1/2 0.491
58Nig.s(0+) 59Ni0.877(3/2−) 2p3/2 −0.310
58Nig.s(0+) 59Ni1.189(5/2−) 1 f5/2 −0.089
58Nig.s(0+) 59Ni1.301(1/2−) 2p1/2 −0.567
58Nig.s(0+) 59Ni1.679(5/2−) 1 f5/2 0.242
58Ni1.454(2+) 59Nig.s(3/2−) 2p1/2 0.021

2p3/2 −0.810
1 f5/2 −0.211

58Ni1.454(2+) 59Ni0.339(5/2−) 2p1/2 0.044
2p3/2 0.219
1 f5/2 −0.229

58Ni1.454(2+) 59Ni0.465(1/2−) 2p3/2 −0.764
1 f5/2 0.576

58Ni1.454(2+) 59Ni0.877(3/2−) 2p1/2 −0.386
2p3/2 −0.545
1 f5/2 −0.626

58Ni1.454(2+) 59Ni1.189(5/2−) 2p1/2 0.425
2p3/2 −0.753
1 f5/2 0.002

58Ni1.454(2+) 59Ni1.301(1/2−) 2p3/2 −0.156
1 f5/2 0.613

the coupled channel calculations, including only the inelastic
excitation of the target. In the outgoing partition, the imag-
inary part was assumed to have the same radial dependence
of the real part, but multiplied by strength coefficient NI =
0.78, because no couplings were explicitly considered. These
parameters have already shown to be suitable for describing
elastic scattering cross sections for many systems [19] at
energies above the Coulomb barrier, where no relevant cou-
plings to the elastic channel are expected. Another important
ingredient in these one-neutron and one-proton transfer reac-
tions calculations is the potentials which bind the transferred
particles in the projectile and target cores, used to calculate
the internal single-particle wave functions. Here, these wave
functions were generated by considering Woods-Saxon form

TABLE V. (Continued.)

Initial state Final state nlj Spect. ampl.

58Ni1.454(2+) 59Ni1.338(7/2−) 2p3/2 0.006
1 f5/2 −0.798

58Ni1.454(2+) 59Ni1.679(5/2−) 2p1/2 0.229
2p3/2 0.031
1 f5/2 −0.755

58Ni2.459(4+) 59Nig.s(3/2−) 1 f5/2 −0.389
58Ni2.459(4+) 59Ni0.339(5/2−) 2p3/2 −0.807

1 f5/2 −0.155
58Ni2.459(4+) 59Ni0.877(3/2−) 1 f5/2 0.542
58Ni2.459(4+) 59Ni1.189(5/2−) 2p3/2 0.002

1 f5/2 −0.494
58Ni2.459(4+) 59Ni1.338(7/2−) 2p1/2 0.039

2p3/2 0.671
1 f5/2 0.475

58Ni2.459(4+) 59Ni1.679(5/2−) 2p3/2 −0.265
1 f5/2 0.142

58Ni2.775(2+) 59Nig.s(3/2−) 2p1/2 −0.385
2p3/2 −0.608
1 f5/2 0.011

58Ni2.775(2+) 59Ni0.339(5/2−) 2p1/2 −0.194
2p3/2 −0.064
1 f5/2 −0.304

58Ni2.775(2+) 59Ni0.465(1/2−) 2p3/2 0.668
1 f5/2 0.095

58Ni2.775(2+) 59Ni0.877(3/2−) 2p1/2 −0.121
2p3/2 0.157
1 f5/2 0.195

58Ni2.775(2+) 59Ni1.189(5/2−) 2p1/2 0.448
2p3/2 0.602
1 f5/2 −0.229
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TABLE V. (Continued.)

Initial state Final state nlj Spect. ampl.

58Ni2.775(2+) 59Ni1.301(1/2−) 2p3/2 −0.211
1 f5/2 −0.187

58Ni2.775(2+) 59Ni1.338(7/2−) 2p3/2 0.184
1 f5/2 −0.299

58Ni2.775(2+) 59Ni1.679(5/2−) 2p1/2 0.113
2p3/2 −0.012
1 f5/2 −0.044

58Ni2.942(0+) 59Nig.s(3/2−) 2p3/2 0.089
58Ni2.942(0+) 59Ni0.339(5/2−) 1 f5/2 0.242
58Ni2.942(0+) 59Ni0.465(1/2−) 2p1/2 −0.358
58Ni2.942(0+) 59Ni0.877(3/2−) 2p3/2 −0.491
58Ni2.942(0+) 59Ni1.189(5/2−) 1 f5/2 −0.153
58Ni2.942(0+) 59Ni1.301(1/2−) 2p1/2 −0.147
58Ni2.942(0+) 59Ni1.679(5/2−) 1 f5/2 0.222
58Ni4.475(3−) 59Nig.s(3/2−) 1g9/2 0.026
58Ni4.475(3−) 59Ni0.339(5/2−) 1g9/2 0.011
58Ni4.475(3−) 59Ni0.877(3/2−) 1g9/2 −0.064
58Ni4.475(3−) 59Ni1.189(5/2−) 1g9/2 −0.046
58Ni4.475(3−) 59Ni1.338(7/2−) 1g9/2 −0.036
58Ni4.475(3−) 59Ni1.679(5/2−) 1g9/2 0.015

factors with reduced radii and diffuseness as r0 = 1.25 fm and
a = 0.65 fm, respectively, for the 12B, 11B, 58Ni, 13C, 57Co,
and 57Ni nuclei. The depths of the Woods-Saxon potentials
were varied to reproduce the experimental binding energies
for one neutron and one proton in the respective core.

The full complex remnant in coupling matrix elements,
prior representation, and nonorthogonality corrections were
adopted in the full CRC calculations. The influence of the
one-neutron striping (12B, 11B) and one-proton pickup
(12B, 13C) reactions on the elastic scattering was separately
studied. The transfer schemes considered for both one neutron
and one proton in the present CRC calculations are shown in
Figs. 4 and 5, respectively. The amplitudes for the projectile
and target overlaps used in the microscopic CRC calculations
were obtained by shell model calculations. These spectro-
scopic amplitudes were derived using the NUSHELLX code
[20]. To obtain the one-neutron spectroscopic information
of the projectile overlaps, the p model space and effective
interaction pmom [21] were used. In this model space, the
4He nucleus is considered as a closed core and the 1p1/2 and
1p3/2 orbitals are taken as valence subspace for both neutrons
and protons. For the target overlaps, the bjuff model space and
effective interaction 48Cauff [22] were used for one-neutron
transfer. In this model space, the 48Ca nucleus is considered
as a closed core and the 1 f7/2 and 2p3/2 orbital valences
for protons and the 2p3/2, 1 f5/2, 2p1/2, and 1g9/2 orbital
valences for neutrons were used. In Table V, the spectroscopic
amplitudes used in the one-neutron pickup transfer reactions,
concerning the projectile and target overlaps, are shown.

For one-proton transfer, the fp model space and effective
interaction fpd6cdpn [23] were used. In this model subspace,
the 40Ca nucleus is considered as a closed core and the 1 f7/2,

TABLE VI. Spectroscopic amplitudes used in the CRC calcu-
lations for one proton transfer using the model space p with the
effective phenomenological pmom [21] interaction for projectile
overlap and model space f ppn with the effective phenomenological
f pd6cd pn [23] interaction for target overlap.

Initial state Final state nlj Spect. ampl.

12Bg.s(1+) 13Cg.s(1/2−) 1p1/2 0.077
1p3/2 −1.105

58Nig.s(0+) 57Cog.s(7/2−) 1 f7/2 −2.252
58Nig.s(0+) 57Co1.378(3/2−) 2p3/2 0.232
58Nig.s(0+) 57Co1.505(1/2−) 2p1/2 0.033
58Nig.s(0+) 57Co1.758(3/2−) 2p3/2 0.341
58Nig.s(0+) 57Co1.897(7/2−) 1 f7/2 −0.804
58Nig.s(0+) 57Co1.919(5/2−) 1 f5/2 −0.090
58Nig.s(0+) 57Co2.133(5/2−) 1 f5/2 −0.252
58Nig.s(0+) 57Co2.311(7/2−) 1 f7/2 −0.172
58Ni1.454(2+) 57Cog.s(7/2−) 2p3/2 −0.232

1 f5/2 −0.085
1 f7/2 0.569

58Ni1.454(2+) 57Co1.224(9/2−) 1 f5/2 −0.013
1 f7/2 −0.992

58Ni1.454(2+) 57Co1.378(3/2−) 2p1/2 0.047
2p3/2 0.083
1 f5/2 0.058
1 f7/2 0.090

58Ni1.454(2+) 57Co1.505(1/2−) 2p3/2 −0.050
1 f5/2 0.075

58Ni1.454(2+) 57Co1.758(3/2−) 2p1/2 0.033
2p3/2 −0.041
1 f5/2 0.014
1 f7/2 0.660

58Ni1.454(2+) 57Co1.897(7/2−) 2p3/2 −0.078
1 f5/2 −0.038
1 f7/2 −0.586

58Ni1.454(2+) 57Co1.919(5/2−) 2p1/2 −0.029
2p3/2 0.069
1 f5/2 −0.077
1 f7/2 −0.699

58Ni1.454(2+) 57Co2.133(5/2−) 2p1/2 −0.026
2p3/2 0.115
1 f5/2 −0.089
1 f7/2 0.530

58Ni1.454(2+) 57Co2.311(7/2−) 2p3/2 −0.018
1 f5/2 −0.001
1 f7/2 0.569

58Ni1.454(2+) 57Co2.486(9/2−) 1 f5/2 −0.053
1 f7/2 0.694

58Ni1.454(2+) 57Cog.s(7/2−) 2p1/2 0.029
2p3/2 0.034
1 f5/2 0.049
1 f7/2 −0.026

58Ni1.454(2+) 57Co1.224(9/2−) 2p1/2 −0.004
2p3/2 −0.063
1 f5/2 −0.324
1 f7/2 −0.537
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TABLE VI. (Continued.)

Initial state Final state nlj Spect. ampl.

58Ni2.459(4+) 57Co1.378(3/2−) 1 f5/2 −0.079
1 f7/2 −0.004

58Ni2.459(4+) 57Co1.505(1/2−) 1 f7/2 −0.022
58Ni2.459(4+) 57Co1.758(3/2−) 1 f5/2 0.003

1 f7/2 0.164
58Ni2.459(4+) 57Co1.897(7/2−) 2p1/2 0.025

2p3/2 −0.055
1 f5/2 0.014
1 f7/2 −0.647

58Ni2.459(4+) 57Co1.919(5/2−) 2p3/2 −0.053
1 f5/2 0.045
1 f7/2 0.311

58Ni2.459(4+) 57Co2.133(5/2−) 2p3/2 −0.044
1 f5/2 0.034
1 f7/2 0.206

58Ni2.459(4+) 57Co2.311(7/2−) 2p1/2 0.006
2p3/2 0.005
1 f5/2 0.014
1 f7/2 −0.647

58Ni2.775(2+) 57Cog.s(7/2−) 2p3/2 0.024
1 f5/2 −0.007
1 f7/2 −0.006

58Ni2.775(2+) 57Co1.224(9/2−) 1 f5/2 0.020
1 f7/2 0.111

58Ni2.775(2+) 57Co1.378(3/2−) 2p1/2 −0.002
2p3/2 0.002
1 f5/2 −0.017
1 f7/2 −0.003

58Ni2.775(2+) 57Co1.505(1/2−) 2p3/2 0.007
1 f5/2 −0.020

58Ni2.775(2+) 57Co1.758(3/2−) 2p1/2 0.012
2p3/2 0.016
1 f5/2 0.003
1 f7/2 −0.111

58Ni2.775(2+) 57Co1.897(7/2−) 2p3/2 0.007
1 f5/2 0.018
1 f7/2 0.057

58Ni2.775(2+) 57Co1.919(5/2−) 2p1/2 0.007
2p3/2 −0.025
1 f5/2 0.025
1 f7/2 0.078

58Ni2.775(2+) 57Co2.133(5/2−) 2p1/2 0.011
2p3/2 0.006
1 f5/2 0.003
1 f7/2 −0.058

58Ni2.775(2+) 57Co2.311(7/2−) 2p3/2 0.069
1 f5/2 0.062
1 f7/2 −0.561

58Ni2.775(2+) 57Co2.486(9/2−) 1 f5/2 0.020
1 f7/2 0.688

58Ni2.942(0+) 57Cog.s(7/2−) 1 f7/2 0.047
58Ni2.942(0+) 57Co1.378(3/2−) 2p3/2 −0.024

TABLE VI. (Continued.)

Initial state Final state nlj Spect. ampl.

58Ni2.942(0+) 57Co1.505(1/2−) 2p1/2 0.009
58Ni2.942(0+) 57Co1.758(3/2−) 2p3/2 −0.076
58Ni2.942(0+) 57Co1.897(7/2−) 1 f7/2 0.278
58Ni2.942(0+) 57Co1.919(5/2−) 1 f5/2 −0.020
58Ni2.942(0+) 57Co2.133(5/2−) 1 f5/2 −0.038
58Ni2.942(0+) 57Co2.311(7/2−) 1 f7/2 −1.581

1 f5/2, 2p3/2, and 2p1/2 orbitals are taken as valence subspace
for both neutrons and protons. As the 1g9/2 orbital was not
considered in valence subspace for protons, the overlaps of
the 58Ni4.475(3−) state with all states considered in 57Co were
missing. However, in order to verify the relevance of these
missing couplings, we considered spectroscopic amplitudes
for these overlaps equal to 1.0. For the overlap between
58Nig.s (0+) with 57Co1.689(11/2−) state, the spectroscopic
amplitudes could be obtained if the 1h11/2 orbital is consid-
ered. So, in order to examine the effect of this overlap in
the elastic scattering cross sections of 12B, we have included
it in CRC calculations considering spectroscopic amplitudes
equal to 1.0. Nevertheless, the addition of these overlaps did
not produce any considerable effect on the elastic scattering
cross sections of 12B. In Table VI, the spectroscopic ampli-
tudes used in the one-proton transfer reaction, concerning the
projectile and target overlaps are shown. For the one-proton
transfer, the optimal Qvalue and energy (Eopt) populated were
determined using the prescription proposed by Brink [24].
The Eopt found for the proton transfer were −4.17 MeV.

The results of CRC calculations including the one-neutron
striping and one-proton pickup reactions are shown in Fig. 6.
The red solid lines corresponds to the results of no coupling,
while the blue dashed line corresponds to the calculations
present in the previous section, with the inclusion of the in-
elastic and spin reorientation. The inclusion of the one-proton
transfer channel to the previous CC calculation is represented
by the dash-dotted green line, while the inclusion of the one-
neutron channel in the previous CC calculation is given by
the thick black line. From Fig. 6, one observes that the effect
of one-proton transfer channel on the elastic cross section
is negligible. However, the one-neutron transfer channel has
been shown to be of some relevance to describe the elastic
scattering. It should be emphasized that proton pickup is one
of the most favorable transfer channel from the energetic point
of view. In addition, all other charged particles will be more
massive than the proton and, as usual, the transfers of these
charged particles will be even less probable than the proton
pickup. In the case of α particles, this is due not only to its
higher mass but also due to its greater electrical repulsion.
To verify the influence of other transfer channels such as 2n
stripping, 2p, deuteron, and α pickup transfer reactions, CRC
calculations for these channels were performed considering
the cluster model with spectroscopic amplitudes set to 1.0
and, in fact, these channels have very little influence on the
elastic scattering of the system investigated. The agreement
of the full coupling calculation with the data at 30.0 MeV is
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FIG. 6. Elastic scattering angular distributions for the 12B + 58Ni
system at ELab = 30.0 and 33.0 MeV. The lines are results of coupled
reaction channel calculations as indicated.

good. However, the agreement for the angular distribution at
33.0 MeV can be considered only reasonable, indicating that
some other channel might be missing in the coupling scheme
for the higher energy measurement. We actually checked for
the possible influence of the breakup channel in the elastic
scattering by performing the continuum discretization coupled
channel (CDCC) calculations. The results with and without
the coupling to continuum were exactly the same, indicating a
negligible influence of this channel.

Since our calculations presented so far have not provided
good agreement with the angular distribution at 33.0 MeV,
another phenomenon that could be investigated was the spin-
orbit coupling. For a long time, this phenomenon has been
invoked to explain the elastic scattering of systems involving
light nonzero spin projectiles, such as 6,7Li, 10,11B, and 13C
[5,25–30]. In particular, the elastic scattering measurement of
polarized 6Li beams provided strong evidence that spin-orbit
coupling is indeed very important for light targets such as 12C
and 16O [26]. On the other hand, the intensity of this coupling
decreases as the mass of the target increases [26]. However,
Weiss et al. showed that even in the 6Li + 58Ni system there
are still indications of spin-orbit coupling [26]. Therefore,
although our experiment is not ideal for a detailed study of
this important phenomenon, we have done an investigation of
what would be its possible influence in our system.

The parameters for the spin-orbit potential are not well
known and can be only well defined with analyzing power
data. Here, we adopted the radial form factor as the deriva-
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FIG. 7. Elastic scattering angular distribution for the 12B + 58Ni
system at ELab = 30.0 and 33.0 MeV. The lines corresponds to the
inclusion of spin-orbit potential in the calculations.

tive of Woods-Saxon shape with the geometric parameters
rSO = 1.20 fm and aSO = 0.65 fm, where rSO is the reduced
radius and aSO is the diffuseness. Since the strength of this
potential is not well known, we varied the depth parameter
considering the values V0 = 2.0, 3.0, and 4.0 MeV. The result
of inclusion of this term can be seen in Fig. 7. For the angular
distribution measured at 30.0 MeV, this term was not strong.
However, for the angular distribution at 33.0 MeV, the spin-
orbit term improved the agreement of the calculation with the
data. Better results were found with the value V0 = 3.0 MeV,
which is consistent with the result obtained previously for the
10B + 58Ni system [9]. Also, there is a possibility that we may
be compensating in part for some missing channels or other
effects with the inclusion of this spin-orbit potential in the
calculation.

V. SUMMARY AND CONCLUSIONS

Angular distributions for elastic scattering of 12B on 58Ni
have been measured for the first time at energies close to
the barrier, namely 30.0 and 33.0 MeV. The obtained an-
gular distributions have been analyzed in terms of large-
scale coupled reaction channel calculations, where several
inelastic transitions of the target, as well as one-neutron and
one-proton transfer reactions, were included in the coupling
matrix. The roles of the spin reorientation of the 12B and
58Ni in the reaction mechanisms were investigated and can
be considered negligible. The calculations performed for the
coupled channel and reaction channel here can be considered
to be parameter free. The real part of the interaction potential

064613-8



ELASTIC SCATTERING OF THE 12B + 58Ni SYSTEM … PHYSICAL REVIEW C 99, 064613 (2019)

between projectile and target was represented by a parameter-
free double-folding potential, and no imaginary potential at
the surface was considered. The results of the calculation were
compared to the experimental data to investigate the relative
importance of the different effects and reaction channels.
The inelastic channel, spin reorientation, was found to have
negligible influence on the elastic scattering, as expected since
12B has small spin and deformation. Some contribution to
the dynamic of the reaction was found for the one-neutron
transfer, which have a positive Qvalue. The agreement of the
full coupling calculation with the data at 30.0 MeV is good
but there is a clear indication that some other effect or channel
might be missing to better describe the angular distribution
at 33.0 MeV. With the inclusion of a spin-orbit term, the

agreement of the calculations with the data at 33.0 MeV can
be considered good.
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