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Understanding the mechanisms of nuclear collisions: A complete study of the '’B + 2°Sn reaction
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Background: Reactions involving exotic and stable weakly bound nuclei have been extensively studied in
recent years. Although several models have been successfully used to explain particular reaction outcomes,
the answers to many questions remain elusive. In previous works, we presented elastic, inelastic, and transfer
angular distributions for the '°B + 2°Sn system measured at Ey,, = 31.5, 33.0, 35.0, and 37.5 MeV. The data
set was analyzed through coupled reaction channels calculations in the context of the double-folding Sao Paulo
potential.

Purpose: We investigate nuclear reaction mechanisms for systems involving weakly bound projectiles.
Method: Angular distributions for several nuclear reaction processes were measured for the 1B 4 12°Sn system
at ELab = 39.70 MeV.

Results: The new data set involves angular distributions for elastic scattering, projectile and target inelastic
excitations, one-neutron pickup transfer, one-proton stripping transfer, deuteron pickup transfer, and >*He
stripping transfer. We have also observed '°Be nuclei. The effect of the couplings to some nonelastic states
on the angular distributions is discussed.

Conclusion: The theoretical calculations within the coupled reaction channels formalism provide an overall good
agreement with the corresponding inelastic, one-neutron stripping, one-proton pickup, one-deuteron pickup, and
3He stripping transfer data. However, to improve the description of the elastic scattering angular distribution, the

inclusion of additional channels in the coupling scheme might be necessary.

DOI: 10.1103/PhysRevC.103.034616

I. INTRODUCTION

The production of isotopes far from the valley of stability
has paved a new road in science for exploring fundamental
aspects of the complex interaction of a quantum many body
system involving nuclei with exotic neutron to proton ratios.
However, even after many important technical developments,
these species are still extremely difficult to produce in the
laboratory. In contrast, most of the existing stable nuclei can
be produced with standard techniques in copious amounts.
Consequently, the investigation of heavy-ion reactions involv-
ing weakly bound stable nuclei represents one of the leading
research subjects in low energy nuclear physics, and is an
important tool to explore the properties of radioactive nuclei.
Over many years, a significant number of different nuclear
processes have been experimentally determined, revealing
valuable information to guide the development of new theo-
retical models [1-8].
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In previous experimental campaigns carried out at the In-
stitute of Physics of the University of Sdo Paulo (USP), using
the 8 MV Pelletron accelerator installed in the Open Labo-
ratory of Nuclear Physics (LAFN, acronym in Portuguese),
we have measured angular distributions of elastic scatter-
ing, inelastic excitations, and transfer processes at energies
spanning the Coulomb barrier for several systems involving
weakly bound projectiles [9-11]. The data have been ana-
lyzed within the coupled reaction channel (CRC) formalism
using the well known double-folding Sdo Paulo potential
(SPP) [12] for the nuclear interaction. In particular, we also
investigated the B+ '?°Sn system at energies below and
slightly above the barrier (Vg >~ 35 MeV in the laboratory
reference system): Ep., = 31.5, 33.5, 35, and 37.5 MeV. For
this system, besides the CRC, we also performed continuum-
discretized coupled-channels (CDCC) calculations. '°B is a
weakly bound stable nucleus that may breakup into differ-
ent partitions, the most energetically favorable being '’B —
®Li+%He (Q = —4.461 MeV). As reported in Ref. [11], the
effect of the couplings to the continuum on the elastic scatter-
ing cross sections was almost negligible for all those energies.
It is worth mentioning that we did not consider the excitation

©2021 American Physical Society
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of the 'Sn target in these CDCC calculations. Recently,
we also studied the reaction '°B + 7 Au. As part of a joint
collaboration among research groups from Argentina, Brazil,
Costa Rica, and Spain, the experiments were performed at two
laboratories: LAFN and TANDAR (Tandem of Argentina),
which is equipped with a 20 MV tandem accelerator. Elas-
tic scattering, inelastic excitations, and transfer and fusion
processes have been experimentally determined at several
energies [13,14], below and well above the Coulomb barrier
(Vg =~ 50 MeV), up to Ep 5, = 61 MeV.

In the present paper, we move forward with the in-
vestigation of the '°B +!?°Sn system, reporting on new
measurements at Ep,, = 39.70 MeV. At this energy, which
is about 15% above the barrier height, we observed more
reaction processes than were detected in the lower energy
region [11]. In fact, apart from the elastic scattering channel,
several processes were experimentally observed at Ep,, =
39.70 MeV, such as inelastic excitation of several '°B and
12080 states, one-neutron (1n) pickup transfer, one-proton
(1p) stripping transfer, deuteron pickup transfer, and *>*He
stripping transfer. We have also observed !°Be yields, which
may have been produced by two different mechanisms:
(i) the direct single-charge exchange (SCE), related to the
isovector nucleon-nucleon interaction, and (ii) a two-step
process, in which the incident '°B can undergo two pos-
sible sequential transfer reactions, in which a proton and
a neutron are exchanged: '*°Sn('°B, 'B) "?Sn followed by
198n(11B, 1°Be) 12°Sb, and '2°Sn('°B, °Be) '?!Sb followed
by '2'Sb(°Be, '°Be) '2°Sb.

The paper is organized as follows: details of the experi-
mental setup and data analysis are discussed in Sec. II. The
experimental results and theoretical CRC analyses are pre-
sented in Sec. III. A summary of the paper and the main
conclusions are presented in Sec. IV.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

The experiment was carried out at the 30B scatter-
ing chamber of LAFN of USP, Sao Paulo, Brazil,which
is equipped with an 8 MV tandem accelerator. The inci-
dent beam was produced by extracting atomic ions from
an enriched '°B isotope cathode mounted in a 32-position
MC-SNICS ion source. After passing throughout the tank,
the post-accelerated beam interacted with a >°Sn target with
thickness of about 300 g/cm?, evaporated on to 15 j1g/cm?
carbon backing. For normalization, a thin layer of '"’Au
(~50 p1g/cm?) was evaporated over the '2°Sn film. Taking
into account the average energy loss of the '°B incident parti-
cles in the middle of the target, the angular distributions were
obtained at Ey 5, & 39.70 MeV. As depicted in Fig. 1, our de-
tection system is composed of two different particle detector
arrays: SATURN (Silicon Array & Telescopes of USP for Nu-
clear Reactions and Nuclear Applications) and STAR (Silicon
Telescopes Array for low statistics nuclear Reactions). These
arrays can be mounted in different configurations according to
the necessity of each experiment.

In the measurements presented in this paper, the SATURN
array comprised a set of nine single semiconductor silicon sur-
face barrier detectors mounted at the backward hemisphere,

FIG. 1. Internal view of the scattering chamber at the 30B beam
line of LAFN.

giving information about the kinetic energy of the particles.
For normalization of the cross sections, other two surface
barrier detectors were mounted at 50° and 60°. At such for-
ward angles, the elastic scattering cross sections are the same
as the Rutherford ones for both systems: B+ '2°Sn and
108 1197 Au. A typical spectrum obtained with a single de-
tector mounted at 6 ,, = 170° in the SATURN array is shown
in Fig. 2. Several peaks are identified and labeled in the figure
using different colors (see the figure caption).

In the present experiment, the STAR array was mounted
with only one (AE, E) telescope, covering an angular range
of about 40°. The first detection stage (AE) was formed by
a 20 um thick single sided silicon strip detector (SSSSD)
with 16 strips. The second detector, with thickness of about
1000 um (E,), was coupled to the AE detector. Both detec-
tors were manufactured by Micron Semiconductor. Particle
identification was performed based on the energy loss mea-
surements of AE and residual energy E,.
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FIG. 2. Single-channel spectrum taken with a detector at 6y ,, =
170° mounted in the SATURN array. The arrows indicate the ex-
pected positions of peaks related to the elastic scattering of '°B
on '2Sn target (black arrow), inelastic excitation of the 1T 'B
first excited state at 718.4 keV (purple), and excitation of the
2+ (11733 keV) and 3~ (2400.3 keV) '2Sn states (red). The
peaks corresponding to different states of the 1n pickup transfer
12090 (19B, ''B) !'?Sn are indicated by green arrows.
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FIG. 3. (AE, E7) spectrum taken with the STAR array at 0y ,, =
128.6°. The dashed lines correspond to theoretical calculations of
energy loss in the AE detector for several identified nuclei produced
during the collision of '°B on the target composed of 12°Sn and '’ Au.
The rectangular area contains events of ''B (from neutron transfer)
and '°B (from inelastic scattering to states with high excitation
energies).

Figure 3 presents a typical two-dimensional (AE, Er)
spectrum obtained at 6 ,, = 128.6°, where Er = AE + E,.
Taking into account the energy loss of the different parti-
cles traversing the AE detector, it was possible to identify
each nucleus located in the respective bands. The dashed
lines in the figure represent theoretical calculations for the
energy loss in the AE detector as a function of the total
energy Er of different nuclei. In the Z = 5 band, the regions
containing the highest counting rates correspond to the '°B
elastically scattered on '2°Sn and '’ Au. Events correspond-
ing to the inelastic scattering of '°B 4 '2°Sn and °B 4+ '’ Au
can also be observed in the same band. They lie in the left
side of the corresponding elastic scattering spots. The !'B
yields, arising from the 1n pickup transfer reactions with
1208n and '"Au, can also be observed in the spectrum.
The '°Sn(*°B, "'B)'"”Sn and '7Au(*’B, "'B)'*°Au reac-
tions have, respectively, positive Q values of about 2.35 and
3.38 MeV for their ground states (g.s.). Therefore, some ''B
events can be found on the right side (higher energies) of the
elastic scattering, but the detected ''B extend up to a region of
high excitation energies (with boundaries represented through
solid lines in the figure).

Different regions, corresponding to Z = 2, 3, 4, 5, and 6,
are clearly observed in Fig. 3. Considering that '°B can be
described as a cluster of °Li + *He, the yields of both nuclei
arising from the breakup channel should be quite similar.
However, an inspection at the Z = 2 and 3 regions of Fig. 3
shows that “He are produced in excess, as compared with
®Li. A possible explanation lies on the fact that “He nuclei
are produced in copious amounts through the fusion of '°B
projectiles impinging on '2C present in the target. The in-
cident energy (Ep,, = 39.70 MeV) is much higher than the
Coulomb barrier for the '°B + '2C reaction. Another possible
explanation for the excess of alpha particles would be the
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FIG. 4. Number of events related to the lithium isotopes pro-
jected on the mass axis, obtained from the (AE, Ey) spectrum of
Fig. 3 using the method described in Ref. [15].

breakup of °Li into an alpha and deuteron after the breakup
of '°B. Nevertheless, this is a second step process and might
be not very relevant at this bombarding energy. Also, other
breakup or transfer reaction channels with positive Q values
may produce alpha particles as well.

As is well known, the mass separation between different
isotopes is rather difficult in (AE, Er) spectra, since the de-
pendence of the energy loss of the particles on the mass m
is weaker than the dependence on Z. Aiming to improve the
resolution of the mass separation among particles with the
same Z, a method of data processing described in Ref. [15] has
been applied here. The main attribute of the method consists
of the linearization of the data on the m axis using theoretical
calculations of energy loss of the particles. In this paper, the
masses of the nuclei are given in atomic mass units (amu).
As can be observed in Fig. 4, a good separation of °Li and
"Li has been achieved in our experiment. A fit of the °Li
("Li) events considering a Gaussian shape results in peak
positions at 6.12 £ 0.06 (6.90 £ 0.09), which are compatible
with m = 6 (m = 7). In fact, these small deviations of the
peaks related to the mass are expected, since the method of
Ref. [15] is based on the energy loss calculated for the average
mass (in this case, m = 6.5). Figure 5 presents the projection
of the °Be and !°Be events on the m axis. Clearly, the mass
resolution of the peaks becomes gradually worse as the Z of
the particles increases. Even so, the separation of *Be from
10Be is still quite good.

In the case of the Z = 5 band, the very intense peak of the
108 elastic scattering becomes impracticable to separate from
the quite small yields of events relative to ''B detected with
energies around those of the elastically scattered '°B. Even
so, it is possible to distinguish ''B and '°B in other energy
regions far from the elastic scattering. Figure 6 presents the
projection on the mass axis of boron events restricted to the
(AE, E7) region with boundaries shown by the rectangular
area in Fig. 3.
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FIG. 5. The same as Fig. 4, for the beryllium isotopes.

III. EXPERIMENTAL AND THEORETICAL RESULTS

Experimental elastic scattering angular distributions were
obtained using both SATURN and STAR arrays. Concerning
inelastic excitation, yields corresponding to the 17 (E* =
0.72 MeV) '°B quadrupole state, and to the 21+ (1.17 MeV)
quadrupole and the 37 (2.40 MeV) octupole 12080 vibrational
states have been experimentally determined. In addition,
events still corresponding to '°B were detected with the STAR
array in a relatively broad region of higher excitation energies
(2.5 < E* < 4.5 MeV). The experimental cross section for
these events is related to the excitation of the projectile and/or
target.

Differential cross sections for the 1n pickup, 1p stripping,
and deuteron pickup transfer were determined through the
corresponding yields observed in the spectra. Cross sections
related to the production of °Li, "Li, and '°Be, that can be
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FIG. 6. Number of events related to the boron isotopes projected
on the mass axis, obtained for events inside the (AE, Er) region
delimited by solid lines in Fig. 3.

associated to breakup processes, were also determined in the
experiment.

CRC calculations were carried out assuming the SPP for
the real part of the nuclear interaction [12]. We adopted a
phenomenological Woods-Saxon (WS) parametrization for
the imaginary part of the optical potential. Since several pe-
ripheral channels were explicitly considered in the coupling
scheme, the parameters adopted for the imaginary potential,
Wo = 80 MeV, rip = 0.8 fm, and a; = 0.30 fm, were set to
account only for the absorption of flux following barrier pen-
etration, resulting in negligible strength in the surface region.
In this condition, the theoretical cross sections are insensitive
to reasonable variations of the imaginary potential parameter
values.

The CRC calculations were performed using the FRESCO
code [16]. In the coupling scheme, we have included the first
IT excited state of 1B, and the '2°Sn vibrational states cor-
responding to the 2] quadrupole and the 3; octupole. Since
the !B projectile is highly deformed, we have adopted the
same procedure as described in Ref. [10], where the 0B was
considered as a rotor and as a vibrator. As will be shown in the
paper, although the global theoretical results are similar, the
assumption of a rotational quadrupole state for '°B provides
a slightly better description of the elastic and inelastic exper-
imental data. As '°B has a 37 g.s., we have also investigated
the effect of considering a real spin-orbit (s.0.) term in the
central part of the optical potential. We have adopted the
same parameter values applied in the case of the '°B + '* Au
system [14]: Vo = 6 MeV, ryp = 1.06 fm, and a = 0.6 fm.

As already commented, yields related to the inelastic ex-
citation of nearby populated states of the projectile and target
in the excitation energy region of 2.5 < E* < 4.5 MeV have
been experimentally observed. A realistic calculation treating
explicitly all the many excited states present in this energy
range is certainly impracticable. Therefore, in the CRC cal-
culations, we adopted a schematic representation to simulate
the effect of these states, which just assumes the coupling
to a single '2°Sn level at E* = 3.5 MeV. The values of spin
and deformation of such a state have been varied in order to
describe the experimental cross sections.

In addition to the inelastic states, we have also considered
the couplings to five states related to the 1n pickup transfer,
12080 (198, ''B) '"Sn, corresponding to the g.s. and a few
excited states of the ''°Sn, and two states related to the 1 p
stripping transfer '2°Sn('°B, *Be) 12! Sb. With the purpose of
simulating the effect of a large number of states, the procedure
of assuming the coupling to only one state, with coupling
parameter values adjusted to fit the data, was also adopted in
the case of some transfer channels, as described herein.

A. Elastic and inelastic angular distributions

The experimental elastic scattering angular distribution
measured at Eyp,, = 39.70 MeV is presented in Fig. 7. As
adopted in several other figures, the black circles and green
squares represent cross sections obtained with the SATURN
array and STAR telescope, respectively. In panel (a) of Fig. 7,
it is possible to observe the results of the full (including
all inelastic and transfer couplings) CRC calculations, which
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FIG. 7. Experimental cross sections for the elastic scattering of
108 4 1208n at 39.70 MeV bombarding energy. Theoretical results
are represented by different lines (see text for details).

have been obtained by (i) considering the '°B nucleus to be a
rotor with no s.o. potential (solid blue curve), or (ii) assuming
the vibrational model for the '°B nucleus and no s.o. potential
(dashed-dotted red curve). Both assumptions result in similar
elastic scattering cross sections, although the rotational model
provides marginally better agreement with the data. Actu-
ally, the reduced chi-square value obtained with the rotational
model is 98, whereas the vibrational model gives a value of
214. These somewhat large numbers are due to the quite small
uncertainties of the elastic scattering data, which vary from
1% to 3%. In addition, a dashed black line is also shown in
panel (a) of Fig. 7. This curve was obtained by considering the
s.0. potential and the rotational model for '°B in the CRC cal-
culations. A comparison of the blue and black curves clearly
shows that the effect of the s.o0. interaction on the elastic scat-
tering angular distribution is quite small. In any case, it is pos-
sible to assert that while the addition of the s.o. term slightly
improves the agreement with the data in a region of intermedi-
ate scattering angles, it results in a slightly worse description
of the data for 0. ,,. = 150°. In order to verify the effect of the
couplings on the elastic channel, the theoretical cross sections
obtained with the single channel optical model (no couplings)
are represented in panel (b) of Fig. 7 by the dotted orange
line. As can be observed, although the effect of the couplings
on the elastic channel is strong, the cross sections obtained
with the full CRC calculations (solid blue curve) slightly
underpredict the data. This discrepancy, which becomes more
relevant as the scattering angle increases, could be related to
possible couplings not included in our CRC calculations. It is
possible to improve the description of the data by considering
a renormalization of the nuclear interaction. In order to obtain
a good data fit it is necessary to multiply the real part of the

SPP by a factor 0.88 [see the dashed cyan line in panel (b)
of Fig. 7]. On the other hand, the discrepancy commented
above could be related with couplings not included in our
CRC calculations. This possibility is discussed in Sec. IV.

In the case of the inelastic transitions, we have considered
the reduced electromagnetic transition probability:

B(EL, Ji = Jp) = [(TAILEA, 1

2Ji +1
where X is the multipolarity of the excitation, J; and J; are,
respectively, the spins of the final and initial states associ-
ated with the transition matrix element for the EX operator.
According to Refs. [17,18], we have determined the nuclear
deformation §; value from the respective Coulomb transition
probability, considering the effect of the finite diffuseness
value of the nuclear density.

The B(EX) 1 values were adjusted to fit the inelastic
scattering data. To ensure a satisfactory description of the
experimental inelastic scattering angular distributions, we had
to assume slightly different values for the B(E2) and B(E3)
deformation parameters of '2°Sn, while treating '°B as a rotor
or as a vibrator. Since the '°B is strongly deformed, its inelas-
tic coupling affects the cross sections of the other channels
through the coupled-channels formalism. Particularly for the
case in which '°B is assumed to be a rotor, we have also
investigated the effect of considering a s.o. term in the central
potential. To obtain a satisfactory description of the inelastic
data, a further readjustment of the B(E2) and B(E3) 1208n
deformation parameters was required.

The spin of the inelastic states considered in the coupling
scheme, along with the corresponding transition mode, excita-
tion energy, Coulomb transition probability and deformation
length are given in Table I. The values obtained here for the
B(E2,0%" — 2%)of '2°Sn and the B(E2, 3" — 1%) of 1B are
consistent with the respective values that we presented earlier
in Ref. [10]. For the excitation of the '2°Sn 3~ state, the E3
octupole transition values available in the literature show large
discrepancies and large uncertainties. In the present work, in
order to describe the experimental data, we found a B(E3)
value which is lower than the average of values given in the
literature [19-23].

The inelastic scattering angular distributions are presented
in Fig. 8. Again the solid blue and dashed-dotted red lines
represent, respectively, the CRC results obtained by assuming
the rotational or vibrational model for B, without a s.o.
potential. The dashed black line corresponds to CRC calcula-
tions when the s.o. term is considered in the central potential.
In this case, the '°B has been treated as a rotor. Panel (c) of
Fig. 8 presents the inelastic scattering angular distribution as-
sociated with the relatively broad energy range of excitations
of the projectile and target (2.5 < E* < 4.5 MeV). As already
mentioned, the corresponding theoretical cross sections were
obtained within a simplified coupling scheme, in which a
single '2°Sn state with E* = 3.5 MeV was adopted to simulate
the effect of all possible nearby populated excited states of the
projectile and target. The corresponding coupling parameters
are also presented in Table I, and resulted in a satisfactory
description of the data [see panel (c) of Fig. 8]. Although it
is clear that the total angle integrated inelastic cross sections
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TABLE 1. Spin, excitation energies (MeV), transition amplitudes from the g.s. to the excited states (107> ezbl), and deformation lengths
(fm), for the inelastic states included in the CRC calculations. The values given in the fifth and sixth columns are for the situation in which '°B
is treated as a rotor, without the s.o. term in the central potential. The seventh and eighth columns were obtained in the rotational case, but this
time including the s.o0. The ninth and tenth correspond to the case in which !°B is considered as a vibrator, without the s.o. potential.

B(EX) 1 5, B(EX) 1 5, B(EA) 4 5,
Nuclues Spin E* A rotor, no S.0. rotor, with S.0. vibrator, no S.0.
10 1" 0.72 2 0.35 0.95 0.31 0.85 0.35 0.95
1208 2+ 1.17 2 230 0.68 194 0.62 250 0.71
1205n 3~ 2.40 3 58 0.62 48 0.56 68 0.67
1205n 2+ 3.50 2 230 0.68 202 0.64 260 0.72
depend on the adopted model, the overall fit to the datais quite = In Eq. (2), E.n. is the center-of-mass energy and

good in all the considered cases. Similar behavior also occurs
in the cases of the transfer channels. Therefore, from now on
we will present the CRC cross sections obtained assuming
only the model in which 108 is a rotor, without the inclusion
of the s.o. potential.

B. Transfer processes

The transfer processes in heavy-ion experiments are gener-
ally highly selective as the description of their corresponding
cross sections is governed by the kinematic conditions of the
reactions. Part of this feature can be understood in terms of the
Q value of the reaction, which is often compared to another
quantity called the optimum Q value, Qqp, obtained from the
matching conditions of the semiclassical trajectory [24]:
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FIG. 8. Inelastic scattering angular distributions for the (a) 2%
quadrupole and (b) 3~ octupole '*°Sn states. The cross sections
corresponding to the inelastic states in the energy region of 2.5 <
E* < 4.5 MeV are presented in panel (c). The inelastic scattering
angular distribution for the 17 '°B state is given in panel (d). The
lines represent the theoretical results of the CRC calculations (see
text for details).

7},71, 7}, Zi are the atomic numbers of the nuclei in the
final and initial partitions, respectively. Often, the value of
Qopt 1s used to give an estimation of the energy region where
the transfer cross section is expected to be largest. Table II
shows the Qg and Qg values for some transfer processes,
where O, is the Q value for the transfer to the g.s. of the final
products. For the cases where QO is larger than Qg the trans-
fer would preferentially populate states of the final nuclei with
excitation energies around Ef, ., = Qg — Qopt- In contrast, if
Qgs < Qopt, the transfer would populate states close to the
g.s., i.e., Efy., = 0, and it could be rather inhibited. Table II
also presents the values of Eyy., and Ef, ,, where Ef is the
average excitation energy related to the respective transfer
process obtained from our experimental spectra. Due to the
presence of the intense neighbor peak of elastic scattering, it
was not possible to determine Ef, for the neutron transfer.
Indeed, events related to this channel were observed in a wide
region of excitation energy, starting from the g.s. (see Fig. 3).

In the CRC calculations, a WS shape with parameter values
presented in Table III was assumed for the particle-core poten-
tials of the transfer reactions. These parameters were adjusted
to reproduce the SPP results at the surface region.

1. One-neutron transfer

The experimental angular distributions for 1n pickup were
obtained from the yields of three groups related to different
states of the residual nuclei. The first group includes the g.s.
and the first three ''”Sn excited states. The second group
contains many states in the range of excitation energy varying
from E* = 0.80 MeV to E* = 2.10 MeV. Detected !' B nuclei

TABLE II. Qy, Qopi» Ef
processes in the '°B 4- '*°Sn reaction. The quantities are provided in
units of MeV.

X
heos and Ef, values for some transfer

Exit channel Qs Oopt Efico E¢,,
11g 4 119Gy 2.35 0 2.35

120 4 U8y 8.18 6.47 1.7 4.1
o4 191 —2.00 6.47 0

0Be + 1208p —3.24 5.5
°Be + 2'Sb —0.80 —6.77 6.0 7.1
Li+ '"PTe —4.78 —13.83 9.0 12.2
OLi+ Te —2.61 —13.83 11.2 124
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TABLE III. Parameter values of the WS potentials assumed for
the cluster-core systems in the CRC transfer calculations. The Vj
values presented in the table provide the right results for the binding
energy when the compound system is in its ground state.

Composite Vo Ry a

system (MeV) (fm) (fm)
n+1°B 46.4 3.00 0.61
n+"°Sn 48.7 6.16 0.65
p+°Be 41.8 3.00 0.61
p+ '2Sn 131 6.16 0.65
d+'"B 41.8 3.00 0.75
d + "8In 434 6.30 0.70
SHe + "Li 136 2.90 0.62
SHe + '%Sn 31.2 6.30 0.66

related to these two groups have energies higher than that
corresponding to the elastically scattered '°B and, therefore,
the corresponding yields can be easily and accurately obtained
from both single and (AE, Er) spectra. The third group also
contains many states, but this time in a higher region of ex-
citation energies: 3.4 < E* < 9.2 MeV. In this case, the data
could be obtained only from the (AE, E7) spectra. The depths
of the WS potentials presented in Table III were adjusted to
reproduce the experimental separation energies for one neu-
tronin '°B (S, = 8.44 MeV) and ''°Sn (S, = 6.17 MeV). The
corresponding values of Vj adjusted for the g.s. of (n + '°B)
and (n+ '"Sn) are given in Table III. Similar V, values
were obtained for the excited states. The spectroscopic factors
(C?S, ;) associated with the g.s. transition and with the first
three excited states of ''Sn are given in Table IV. We empha-
size that these values were obtained in data fits performed in
our earlier work at lower bombarding energies [10].

Panel (a) of Fig. 9 presents experimental and theoretical
CRC cross sections for 1n transfer relative to the first group of
states as described above. As can be observed, the description
of the data is quite satisfactory.

Concerning the CRC calculations associated with the
yields observed in the second group of 1n transfer, 0.80 <
E* < 2.10 MeV, we have assumed a single state to represent
all the nearby populated states in ''Sn. Within this simpli-
fied approach, we have varied the spin, excitation energy,
and spectroscopy factor values associated with the coupled
state in order to fit the experimental data. As shown in panel
(b) of Fig. 9, withn =2, £=2,J =5/2", E* = 1.5 MeV
and C2Sy; = 10.2 we obtained an adequate fit to the data.

TABLE IV. Level structure of ''°Sn along with the spectroscopic
factors for the overlap (2°Sn | !*°Sn +n).

E* State

(keV) (nej) Parity C*Sy;
0.0 351/2 (+) 0.58
23.8 2d5), (+) 1.66
89.5 1hi1) (=) 3.35
787.0 g7 (+) 5.15
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FIG. 9. Experimental cross sections for the 1n transfer channel
obtained from the yields associated with the three groups of states in

different excitation energy regions of the residual nuclei. The curves
represent the results of the CRC calculations (see text for details).

A similar procedure was performed in the case of the third
group, 3.4 < E* < 9.2 MeV. The respective theoretical re-
sults shown in panel (c) of Fig. 9 were obtained with n = 2,
¢=3,J=5/27,E* = 6.0 MeV, and C*S;; = 9.61.

In the cases of groups two and three of 17 transfer, there are
other possible sets of spin, excitation energy and spectroscopy
factor values that provide equally good agreement between
data and theory. However, the shape of each theoretical distri-
bution over the entire angular region depends on the choice
of these parameters. Therefore, the total (angle integrated)
transfer cross section may vary significantly from one choice
to another. Our experiment was not particularly optimized for
measuring angular distributions for one-nucleon transfer. The
STAR telescope was fixed during the experiment and, there-
fore, the available data only cover a narrow region located
at backward angles. Since the transfer angular distributions
are peaked in the vicinity of the grazing angle, the theoretical
cross sections are much higher around 6 = 80°. This is the
reason why our measurements did not determine the total
transfer cross sections. We emphasize, however, that, as long
as the experimental cross sections for the transfer process are
well described by the CRC calculations, the effect of this
coupling on the elastic scattering angular distribution (and
other channels) is negligible, regardless of the choice of the
aforementioned parameters.

2. One-proton transfer and "B — 'H + °Be breakup

Figure 3 shows that °Be nuclei have been observed in the
(AE, E7) spectra. In Fig. 10, we present the projection of
these events on the E7 axis, i.e., the figure represents the
number of °Be events as a function of the total energy of the
detected particle. The Ef; ., &~ 6 MeV for 1p stripping transfer
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FIG. 10. Energy projection of °Be nuclei detected at 6, =
128.6° with the STAR telescope. The vertical dashed red line sep-
arates the regions associated with the breakup and 1p transfer
processes.

presented in Table II is in reasonable accordance with the
region of highest °Be yields of Fig. 10: Er (highest yields) ~
24 MeV = Ef,, = 7 MeV (the conversion of Er to E* was
performed through the kinematics of the one-proton transfer
process). The 1p stripping transfer populating several excited
states of the residual nucleus '*!Sb has also been reported in
Ref. [3] for the "Li + '2°Sn system.

In the present case, we associate these yields with two
different reaction processes. Part of the detected °Be in
fact must be associated with the 1p stripping transfer:
0B +129Sn — °Be + !2!Sb. Another fraction should be re-
lated to the breakup of '°B into the fragments 'H+ °Be:
105 41208y — 9Be +'H + '2°Sn. To support this statement,
itis necessary to introduce arguments related to the energy and
kinematics of the detected particles. After calibrating the spec-
tra, it was possible to infer that the detected energies of the °Be
nuclei (for instance, from E; ~ 19 MeV to E; ~ 29 MeV in
Fig. 10) are associated (from kinematics) with an excitation
energy region of 1.0 < E* < 12.5 MeV. Therefore, the nuclei
in the final partition of the one-proton transfer process, °Be,
121Sh, or both nuclei, could be found in their excited states,
which eventually decay by emitting y rays. On the other
hand, the threshold of the binding energy of the '*!Sb nucleus
(*?'Sb — p + '9Sn) is 5.8 MeV, preventing the occurrence
of the breakup process at energies lower than this value. For
energies higher than this threshold (indicated by the dashed
red line in Fig. 10), the proton can also be transferred to the
continuum.

In order to account for the effect of these processes on the
elastic channel, we again adopted the simplified approach that
considers a proton transfer to a single 2! Sb level, with excita-
tion energy lower than the binding energy of 'H 4+ '°Sn. The
corresponding 1p transfer cross sections obtained within the
CRC model are represented by the solid blue line in Fig. 11.
We supposed a state with excitation energy of 5.5 MeV for the
1218 nucleus, with spinJ = 1/2%,n = 3,and £ = 0. In these
conditions, we verified that C2Sy; = 3.24 gives a satisfactory
description of the data (which represent the total yield of *Be
detected). As for the 1n transfer, we have considered a WS

STAR
— rotational

do/dQ (mb/sr)

Be

T
©

-1 L | L L | L
10 80 100

L L
120 140 160

0, ., (degree)

FIG. 11. Experimental angular distribution related to the ob-
served *Be nuclei. The curve was obtained assuming a schematic
CRC calculation of 1p transfer (see text for details).

shape for the proton-core potentials. The parameter values of
the WS potentials are given in Table III. As a result of our
simulations, we point out that the inclusion of the 1p transfer
channel in the coupling scheme also has a negligible effect on
the theoretical elastic scattering cross sections.

3. Other detected transfer and breakup processes

As shown in Fig. 3, yields of '?C were produced with
relatively low statistics from the deuteron pickup transfer re-
action '2°Sn(1°B, '2C) "8In. The corresponding experimental
cross sections are shown in Fig. 12. A meticulous inspection
at Fig. 3 suggests that some ''C nuclei, coming from the
proton pickup transfer reaction, could also be present in the
7 = 6 band. However, the contribution of ''C on the total
cross section is likely to be very small since this process is
hindered by QO considerations (see Table II). The difficulty
in separating both nuclei in the mass range of carbon isotopes,
associated with the low statistics observed in the spectra,
imposes an important experimental challenge. Therefore, the

STAR
— rotational

-
ou
T =

do/dQ (mb/sr)

-2 | | | | L |
10 80 100 120 140 160
0, ,, (degree)

FIG. 12. Experimental angular distribution of '>C nucleus com-
ing from the deuteron pickup transfer reaction. The curve was
obtained assuming a schematic CRC calculation of 1d transfer (see
text for details).
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FIG. 13. Panels (a) and (b) present the experimental angular dis-
tributions of ®Li and "Li, respectively. The curve presented in panel
(b) was obtained assuming a schematic CRC calculation for the ‘He
transfer. A calculation for the “He transfer process was not performed
in this work (see text for details).

corresponding experimental >C cross sections might have
been slightly overestimated.

We have again used a simplified coupling scheme for this
channel, considering the transfer of the deuteron as a cluster
through only one state of the '2!Sb nucleus. The respective
CRC cross sections are shown in Fig. 12 by the solid blue
curve. As can be observed in the figure, assuming a sin-
gle state for the '2!'Sb nucleus, with an excitation energy of
35MeV,J =5, n=4, £ =4, and Czng = 4.41, we ob-
tained a satisfactory description of the data. The somewhat
large value of the spectroscopic factor is acceptable since we
are simulating the contribution of a large number of states
through a single '?!Sb state. The WS parameters assumed
for the deuteron-core potentials are given in Table III. This
coupling also does not provide a significant contribution to
the theoretical elastic scattering cross sections.

Projectile-like fragments with Z = 3 are clearly observed
in the two-dimensional (AE, Er) spectrum. °Li has been
formed by “He transfer to unbound states lying in the contin-
uum (breakup), since the threshold energy of the *He + '2°Sn
bound system is only 1.852 MeV. In fact, the detected energies
of °Li result, through kinematics, in a region of excitation
energy of 8.2 < E* < 22 MeV, with El;fxp = 12.4 MeV (see
Table II). The corresponding experimental cross sections for
this process are shown in panel (a) of Fig. 13. The possibility
of performing cross section calculations for the « transfer to
highly excited unbound states of the final nuclei will not be
addressed in this paper.

10°F =
L a ]
i o 1
i I ]
‘\g : 8 g g g i
£
810" 53 E
2 r & 1
I 10 ¥ g ]
| = "Be 2 g 1
L a1
10-2 | | | | |
120 130 140 150 160 170

0., (degree)

FIG. 14. Experimental angular distribution of '"Be production
(green squares). For comparison, the ''B angular distribution is also
shown in the figure.

For the ‘He stripping transfer process,
1208n(19B, "Li) '»*Te, the region of detected ’Li events
indicates a respective excitation energy region of
8.0 < E* < 18.0 MeV. As the binding energy for the
3He + '2°Sn system is 13.0 MeV, a fraction of the transfer
cross sections is related to the population of unbound states
in the continuum. The data shown in panel (b) of Fig. 13
correspond to the experimental *He stripping transfer reaction
cross sections. Once more, we have adopted a schematic
model to simulate the effect of a large number of excited
states of the ’Li and '>*Te nuclei. The solid blue line in
the figure was obtained considering a single state 3ds,, of
53Te, with E* =9.2 MeV and C2S,; = 19.4. Again, the
high value of this spectroscopic factor is due to the large
number of states being represented by this single one. As
can be observed, the fit of the data is satisfactory. Table III
presents the parameter values of the WS potentials assumed
for the 3He-core partitions. Most importantly, the effect
of this particular coupling on the elastic scattering angular
distribution is insignificant.

Figure 5 shows the observed '°Be yields projected on the
mass axis obtained using the method described in Ref. [15].
The formation of '°Be nuclei might be associated with the
direct SCE, in which the interaction of protons and neutrons
can be described in terms of meson exchange. For instance,
a proton can become a neutron by emitting a 7 meson. In
addition, the observed '°Be can also be related to a two-step
transfer process, where a sequential proton pickup followed
by a neutron stripping (or vice versa) takes place. Such mech-
anisms show a strong correlation with the total kinetic energy
available in the center-of-mass system [25,26]. At the bom-
barding energy of the experiment discussed in this paper, it
is expected that the contribution of the direct SCE process is
significantly smaller than the neutron-proton sequential trans-
fer reaction. The experimental angular distribution obtained
for the observed !°Be is presented in Fig. 14. Since it is
a two-step process, and the information about the spectro-
scopic factors of 2°Sb is very limited, we do not calculate
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FIG. 15. Experimental elastic scattering angular distribution and
corresponding CRC results in several bombarding energies. To avoid
superposition of data, some angular distributions have been multi-
plied by the corresponding values indicated in the figure.

the '2°Sn('°B, 1°Be) '2°Sb cross sections in this paper. On
the other hand, the publication of the data is valuable to test
theoretical models for SCE reactions at near barrier energies
[27,28]. Figur 14 also shows the total 1n transfer angular
distribution. Clearly, the 1n transfer cross sections leading to
the formation of ''B are significantly larger than the '°Be
cross sections, which are possibly related to the two-nucleon
transfer of a multistep route involving two successive single-
nucleon transfers.

C. Comparison to other energies

In previous experimental campaigns carried out at the
LAFN, we measured angular distributions of elastic scat-
tering, inelastic excitations and transfer processes for
108 + 1208n reaction at four energies spanning the Coulomb
barrier: Ey 5, = 31.5, 33.5,35.0, and 37.5 MeV. In general, the
complete data set have been successfully described by CRC
calculations within the context of the double-folding SPP. On
the occasion, the imaginary part of the optical potential was
obtained by multiplying the SPP by the normalization factor
of N; = 0.25[10,11].

In the present work, we have performed a simultaneous
data analyses of all measured energies assuming an internal
Woods-Saxon imaginary potential in the CRC calculations.
The '°B was considered a rotor and the s.o. potential was
not included in the calculations. The effect of the inelastic
couplings on the elastic channel becomes stronger as the
bombarding energy increases. As can be noticed in Fig. 15,
the agreement between the theoretical curves and the elastic

-
) @1 ©)|
33.5 MeV |
4 L Jo.1
37 L ,
ol 0.05
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FIG. 16. Inelastic scattering and 1n transfer angular distributions
taken at 33.5 MeV. The blue solid curves are the results of CRC
calculations (see text for details).

scattering data at all previously measured energies is rea-
sonable. As an example, Fig. 16 shows the 33.5 MeV cross
sections obtained to the 2] (1.17 MeV) quadrupole and the 37
(2.40 MeV) octupole '?°Sn states [panels (a) and (b), respec-
tively], the 11 (0.72 MeV) '°B quadrupole state in panel (c),
and 1n pickup transfer corresponding to the sum of the g.s.,
23.8 keV, and 89.5 keV '"?Sn states in panel (d). Although
the description of the data can be improved, especially in the
case of panel (b), the overall trend of the angular distribu-
tions is well described by the theoretical curves. The results
for the other three previously measured energies are quite
similar, the 3] octupole '*Sn state at 2.40 MeV being the
most complicated channel to be properly described by the
CRC calculations. Most likely, some channels are still missing
in the assumed coupling scheme. Although it is beyond the
scope of this work, it would be interesting to perform CDCC
calculations considering excited states of the target.

IV. DISCUSSION AND SUMMARY

Cross sections for elastic, inelastic, and transfer reac-
tions were measured for the '°B + '2°Sn system at Ep,p =
39.70 MeV. An overall satisfactory description of the ex-
perimental angular distributions was achieved through CRC
calculations adopting the SPP as the bare interaction. For the
imaginary potential, we assumed a Woods-Saxon shape with a
set of parameters resulting only in internal absorption of flux,
therefore having a negligible strength at the surface region.
The inclusion of a s.o. potential in the central interaction
does not significantly affect the data fit. For consistency, the
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parameter values of the s.o. potential assumed here are the
same as those obtained in the data analyses of the '°B + '°’ Au
system [13,14]. In that case, the effect of the s.o. potential on
the cross sections is important only at quite high energies, a
result consistent with that obtained in the present work.

In the case of the elastic and inelastic scattering, the agree-
ment between data and theory is somewhat better in the case
where the !B nucleus is treated as a rotor, showing that the
CRC results present a moderate dependence on the assump-
tion for the collective model of the highly deformed '°B.

The experimental cross sections for several processes in-
volve the contribution of many states with high excitation
energies. In these cases, we have adopted the procedure of
including only one state (for each process) in the CRC calcula-
tions, with parameter values adjusted to fit the data. The main
purpose of this procedure is to evaluate the effect of these
couplings on the elastic scattering cross section as well as on
the cross sections of the other reaction channels. Among all
channels included in the CRC calculations, only the couplings
related to inelastic excitation play a significant role, resulting
in a large effect on the elastic scattering, the main contribu-
tion being that from the first '°B excited state. Even though
the effect of the couplings on the elastic channel becomes
more relevant as the bombarding energy increases, a similar
behavior was noticed for the other lower energies previously
measured at LAFN [10,11].

Although the effect of the couplings on the elastic chan-
nel is strong, the cross sections obtained with the full CRC
calculations slightly underpredict the data. The discrepancy
becomes more relevant as the scattering angle increases. It
is possible to obtain a better data description by including a
normalization of the SPP by a factor 0.88. Another possible
source for this discrepancy could be related to the effect of
couplings not included in the present CRC calculations. The
overall results of a simultaneous data analyses of all measured
energies, considering an internal Woods-Saxon imaginary op-
tical potential, also corroborate this statement. In fact, quite

similar behavior of the elastic scattering cross sections has
been observed for many «-nucleus systems and might be
related to the effect of couplings to inelastic states of very
high excitation energies (even with negligible cross sections
[29-33]. In addition, it would be interesting to investigate
the effect of the breakup processes on the elastic scattering
channel, possibly taking into account the excitation of the
target.

In our experiment, we have observed '°Be yields, which
are likely to be related to a two-step transfer process, where a
sequential proton pickup followed by a neutron stripping (or
vice versa) takes place. In addition, we have detected 9Be, °Li,
and "Li nuclei that are associated to the breakup processes:
B — "H+°Be, '°B — *He +°Li and '°B — *He + "Li. It
is interesting to note that “Be was also detected in the mea-
surements of the '°B + 197 Au system at low energies, but °Li
and "Li were not observed [13,14]. A consistent data analyses
for both systems, including these breakup processes through
CDCC calculations would be interesting, although this task is
out of the scope of the present paper.
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