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Investigation of the reaction mechanisms for 10B + 197Au at near-barrier energies
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The 10B + 197Au reaction has been investigated through cross-section measurements for different channels,
such as quasielastic and elastic scattering, inelastic excitation of low-lying 197Au states, and one-neutron pickup
and one-proton stripping transfer reactions. Experimental angular distributions were obtained for 20 bombard-
ment energies around the Coulomb barrier: 38 � Elab � 61 MeV. Coupled reaction channels calculations have
been performed in the context of the double-folding São Paulo potential, and details of the data analysis are
discussed along the paper. In general, the theoretical calculations provide a satisfactory description of the data.
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I. INTRODUCTION

Despite a century of important discoveries, our understand-
ing of the mechanisms and dynamics of nuclear reactions has
many important gaps. Atomic nuclei are complex many-body
systems governed by the laws of quantum mechanics, and
a significant number of important questions regarding the
structure of the nuclei still have to be addressed. Low-energy
collisions have often been used to study the dynamics of the
nuclear reactions and the bulk properties of several nuclear
species and their interactions [1–3].

Rare-isotope beam facilities have opened a new era of
opportunities for the study of exotic nuclei. The capability
to produce radioactive beams far from the line of stability
has allowed measurements of unprecedented relevance in nu-
clear physics. The low binding energy of protons or neutrons
with the core may enlarge the probability of the nucleus
breaking up in nuclear collisions. Measurements of fusion
excitation function involving a Borromean halo nucleus have
shown considerable enhancement of the fusion probability
in comparison with coupled-channel theoretical predictions
[4–6]. More recently, experiments aiming to investigate the
role of cluster-transfer reactions have been performed with
radioactive beams in inverse kinematics. The results have
demonstrated that cluster-transfer reactions can be well de-
scribed as a direct process, and thus they are an important
tool to investigate the structure of radioactive neutron-rich
nuclei [7–9]. However, the reaction mechanisms of systems
involving light unstable weakly bound nuclei, such as 6,8He
or 11Be, and stable weakly bound projectiles, such as 6,7Li
and 9Be, can be extremely puzzling [10–15].

Although experimental and theoretical developments in the
field of low-energy nuclear reactions with radioactive beams
have been recently achieved, studies of systems involving
stable weakly bound nuclei are often performed to disentan-
gle competing reaction mechanisms [13–20]. To extend the
investigation of the dynamics of nuclear reactions involving
stable weakly bound nuclei, this paper presents experimental
angular distributions for some 10B + 197Au reaction channels
measured at several bombarding energies around the Coulomb
barrier: 38 � Elab � 61 MeV.

The nucleus 10B presents a breakup threshold of
4.461 MeV in the partition 6Li +α, which, although higher
than those of 6,7Li and 9Be α-cluster nuclei, is still signif-
icantly lower than the typical values of binding energies of
strongly bound nuclei, including its isotope 11B that has a
Q = 8.665 MeV for breaking into 7Li +α. Hence, it can be
expected that the breakup can play an important role in the
reaction mechanisms of 10B [21,22]. However, measurements
involving 10B projectile have been less often explored in
comparison with other weakly bound nuclei. In the present
work, 197Au was chosen as target since it allows the study
of complete and incomplete fusion, one-neutron pickup and
stripping processes via the offline detection of delayed γ rays
[23]. On the other hand, for the sake of the study of elastic
scattering, the choice of the target poses an experimental
challenge because of the quite low excitation energies of its
low-lying excited sates.

The data analyzes are performed within the context of the
coupled reaction channel (CRC) theoretical formalism. The
paper is organized as follows: The experiments are described
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FIG. 1. Schematic view of the setup mounted at the 30B scatter-
ing chamber.

in Sec. II; experimental results are compared with theoretical
predictions in Sec. III; and the main conclusions are presented
in Sec. IV.

II. EXPERIMENTAL SETUP

The measurements involve a joint collaboration among
research groups from Argentina, Brazil, Costa Rica, and
Spain and were carried out in two laboratories. Part of the
experiment was performed at the Institute of Physics of the
University of São Paulo (USP), using the 8-MV Pelletron ac-
celerator installed at the Open Laboratory of Nuclear Physics
(LAFN, acronym in Portuguese), Brazil. Since the Coulomb
barrier for 10B + 197Au is about 50 MeV, it is not possible
to take data for this system at energies above the barrier
using the LAFN facility. Therefore, an extension of the energy
range of the measurements was performed using the 20-MV
tandem accelerator TANDAR (TANDem of ARgentina). The
measurements at LAFN were performed at Elab = 38, 40, 42,
44, and 46 MeV, while the measurements at Elab = 38, 40,
42–45, 47–59, and 61 MeV were performed at the TANDAR
Laboratory.

In the experiment performed at LAFN, the 10B beam was
focused on a target containing a thin layer of 197Au (about
8 μg/cm2) evaporated onto a 10 μg/cm2 carbon backing.
The very small 197Au thickness is quite important to obtain
sufficient energy resolution to separate the elastic peak from
those corresponding to the inelastic excitation of the low-lying
197Au states. A schematic view of the setup is shown in
Fig. 1. Part of the experiment was performed with a set of
single semiconductor silicon surface barrier detectors, giving
information about the kinetic energy of the particle EK . Other
part was performed using �E − ER telescopes (SSSD-PAD in
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FIG. 2. �E − EK spectrum obtained at Elab = 44 MeV and
θlab = 133◦. The bands represent regions related to the detection of
10B, 11B, and 9Be. The region of the quasielastic process is indicated
in the figure by the red square. Arrows indicate regions of spurious
coincidences and channeling. The dashed green line separates the
regions associated to the one-proton stripping transfer and breakup
processes related to the detection of 9Be.

the figure), where �E represents the energy loss of a particle
in a thin barrier detector, while ER is the remaining energy left
in a thick detector.

Figure 2 presents a typical bidimensional �E − EK spec-
trum obtained at Elab = 44 MeV and θlab = 133◦, where EK =
�E + ER. According to the results of energy-loss calcula-
tions, the bands shown in the figure represent regions expected
for the detection of 10B, 11B, and 9Be. The region of highest
counting rate within the 10B band corresponds to the elastic
scattering process. In this same band, a region with events
of 197Au and/or 10B inelastic excitation can be observed
in the left side of the elastic scattering region. The 11B
band corresponds to the one-neutron pickup transfer reaction.
Since 197Au(10B, 11B) 196Au has a positive Q value of about
3.38 MeV for the ground state (g.s.), it is possible to observe,
in the 11B band, some events in the right side of the elastic
region (i.e., 11B nuclei with energy values larger than those
of 10B elastically scattered). There are also counts of 11B
in the left side of the 10B elastic scattering that arise from
one-neutron pickup populating states of 11B and/or 196Au
with high excitation energy. Because of the high counting rate
of the elastic process, it was not possible to separate 11B from
10B events in the energy region around the elastic scattering.
Thus, we obtained one-neutron transfer cross sections in two
regions of excitation energy: 0 � E∗ � 1.8 MeV and 4 �
E∗ � 8 MeV.

Figure 2 also shows events within the 9Be band. As dis-
cussed in the next section, part of these events are related
to the one-proton stripping transfer and the other part to the
breakup process. There is a region with counts originated
by false events (spurious coincidences; see arrow in Fig. 2)
starting from the elastic scattering and passing through the
9Be region. We have estimated the contribution of these false
events in order to correct the 9Be cross sections. One can also
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FIG. 3. Single channel spectrum taken at Elab = 46.0 MeV and
θlab = 130◦. The energy regions corresponding to the quasielastic
process, elastic scattering, and one-neutron pickup transfer (with
0 � E∗ � 2 MeV) are indicated in the top part of the figure. In the
bottom, the arrows indicate the expected positions of peaks related
to the elastic and inelastic (excitation of the first seven 197Au and the
first 718-keV 10B low-lying states) processes.

observe in Fig. 2 a region containing events related to the
channeling process [24]. The total counts related to the sum of
spurious coincidence and channeling events represents a quite
small fraction of about 2% of the elastic scattering yield. Even
so, we have taken care to consider the channeling effect in the
calculations of cross sections.

A typical spectrum of single detector taken at Elab =
46 MeV and θlab = 130◦ is shown in Fig. 3. In Fig. 3(a), we
indicate the position of the peak corresponding to 10B that
comes from the elastic process. There are also some events
related to the detection of 11B from the one-neutron pickup
process. The figure indicates a region corresponding to 196Au
excitation energies in the range 0 � E∗ � 2 MeV. For this
region, the detected 11B have kinetic energies larger than those
for the 10B elastically scattered and, therefore, they appear in
the right side relative to the elastic scattering peak (in both
Figs. 3 and 2). Because of this characteristic, it is easy to
obtain the counts for neutron transfer in this excitation energy

range, without any contamination by the quite intense elastic
scattering process or inelastic excitation.

The arrows in the Fig. 3(b) indicate the expected positions
of the peaks corresponding to the elastic scattering and inelas-
tic excitation of the seven first 197Au and the first (718-keV)
10B low-lying states. The inelastic excitation of the 77-keV
1/2+ 197Au state could not be separated from the elastic
scattering. Thus, we name here as the “elastic” scattering cross
section the sum of the contributions of the elastic process
itself with the inelastic excitation of the 77-keV 197Au state.
We point out that our theoretical calculations indicate that the
excitation of the 77-keV state presents very small contribution
in comparison with that of the (pure) elastic scattering.

We have obtained cross sections for two groups of inelas-
tic scattering: One is composed of the 269-keV 3/2+ and
279-keV 5/2+ states, and the other of the 502-keV 5/2+ and
547-keV 7/2+ states (see Fig. 3). According to our spectra,
and also to our theoretical calculations, the cross sections for
these two groups are much larger than that for the 409-keV
11/2− state and also those for excitation energies larger than
700 keV. The energy (EK ) resolution of a bidimensional �E −
EK spectrum is worse than that for a single detector. Thus,
the cross sections for the two groups of inelastic excitation
were obtained only with the set of single detectors. However,
it is not possible to separate (in energy) these two groups
from the one-neutron transfer process (with high excitation
energy) with single detectors. On the other hand, analyzes
of the bidimensional spectra (where 10B is separated from
11B) indicate that the “contamination” is not much significant,
since the counts of the neutron transfer are much smaller than
those for the inelastic excitation. An inspection of Fig. 3(a)
also indicates that the yield of neutron transfer is much smaller
than that for inelastic excitation.

The inelastic scattering cross sections can reach up to about
10% of the elastic ones at Elab = 46 MeV and 60% at Elab =
61 MeV. Nevertheless, the high experimental energy resolu-
tion necessary to separate the elastic and inelastic processes is
not reached in many cases. On the other hand, it is quite easy
to obtain the total count of processes with energies around
that of the elastic peak (see the region of red lines in Figs. 2
and 3). We define quasielastic cross section as the sum of
the elastic scattering, inelastic excitation, and neutron-transfer
cross sections in this condition. As the neutron-transfer cross
section is very small, the quasielastic cross section is mostly
determined by the sum of the elastic scattering with the
two groups of inelastic excitation above commented. In the
process of normalization of the experimental data, we have
assumed that the quasielastic cross section is equal to the
Rutherford cross section at Elab = 38 MeV.

The detector system in TANDAR (see Fig. 4) comprises a
rotating array of eight surface-barrier detectors (1 mm thick),
with an angular separation of 5◦ between adjacent detec-
tors, and two additional detectors usually kept at backward
angles (θlab = 160◦ and 168◦). The detectors of the array
were placed at 300 mm from the target and had collimators
that defined angular acceptances smaller than 0.5◦ and solid
angles between 0.12 and 0.8 msr. Two monitor detectors at
θlab = ±16◦ and a Faraday cup were used for normalization
purposes. Self-supporting 197Au targets with thicknesses of
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FIG. 4. Schematic view of the setup mounted at TANDAR.

about 250 μg/cm2 were used at TANDAR. These targets,
much thicker than those used at LAFN, resulted in high
counting rates that also allowed the measurement of (complete
and incomplete) fusion-evaporation by the offline detection
of delayed γ rays (from the targets and aluminum catchers)
[23]. However, the larger thickness resulted in a worse energy
resolution in comparison with the one achieved at LAFN,
in particular at backward angles for which the projectiles
can have very different energy loss due to the corresponding
different paths inside the target.

Figure 5 presents two single channel spectra obtained in
TANDAR at Elab = 50 MeV and θlab = 55◦ (top of the figure)
and 137◦ (bottom), with logarithmic scale in the ordinate axis.
The arrows point the centroid of the elastic scattering peak
and the bump produced by inelastic scattering corresponding
to several excited states of 197Au. In the backward angular
region, the energy resolution is not enough to separate the
elastic and inelastic processes and, thus, for this angular re-
gion we have obtained cross sections only for the quasielastic
process. For forward angles, in addition to the quasielastic, it
was possible to fit the peaks (as illustrated in the figure) and
obtain reasonable estimates of cross sections for the elastic
channel.

III. DATA ANALYSIS

The data were compared with theoretical CRC calculations
using the FRESCO code [25]. In order to avoid ambiguities,
we tried to fit the data with a minimum number of adjustable
parameters that still provide a good description of the experi-
mental results. The parameter-free São Paulo potential (SPP)
[26] was adopted to describe the real part of the optical poten-
tial (OP). The imaginary part was assumed as proportional to

FIG. 5. Single-channel spectra obtained in TANDAR at Elab =
50 MeV and θlab = 55◦ (top) and θlab = 137◦ (bottom).

the SPP,

UOP(R) = VSPP(R) + i NI VSPP(R), (1)

where NI was considered as an energy-independent adjustable
parameter. The SPP predicts an s-wave barrier height of VB =
47.1 MeV (49.5 MeV in the laboratory frame of reference),
and we have obtained experimental angular distributions in
the energy range of 38 � Elab � 61 MeV.

Since the 10B g.s. has spin 3+, we have also included
a real spin-orbit potential in the central part of the optical
interaction, with a form factor corresponding to the derivative
of a Woods-Saxon shape. The respective reduced radius and
diffuseness values were fixed at r0 = 1.06 fm and a = 0.6 fm.
The (energy-independent) strength V0 was adjusted to fit the
data.

Table I presents parameter values (obtained from
Refs. [27,28] and references therein) related to the couplings
of inelastic excitation channels. The nuclear deformation (δ)

TABLE I. Values of parameters involved in the inelastic cou-
plings of excited states to the g.s. of the 197Au or 10B nuclei.

Nucleus spin E* (MeV) M(E2) (fm2) δ (fm)

10B 1+ 0.718 3.5 1.22
197Au 1/2+ 0.077 69 0.59
197Au 3/2+ 0.269 71 1.30
197Au 5/2+ 0.279 118 0.61
197Au 5/2+ 0.502 53 0.46
197Au 7/2+ 0.547 141 1.02

044604-4



INVESTIGATION OF THE REACTION MECHANISMS FOR … PHYSICAL REVIEW C 101, 044604 (2020)

0.8

0.9

1.0

20 40 60 80 100 120
10-2

10-1

100

40 80 120 160
0.0

0.4

0.8

1.2

σ Q
.E

./σ
R

ut
h.

E
lab

= 46 MeV

(a)

E
lab

= 61 MeV

θ
c.m.

(degree)

(c)

E
lab

= 61 MeV

σ Q
.E

./σ
R

ut
h.

θ
c.m.

(degree)

 N
I
 = 0.1

 N
I
 = 0.3

 N
I
 = 0.5(b)

FIG. 6. Experimental quasielastic angular distributions for
Elab = 46 and 61 MeV. The lines represent CRC results for different
NI values. Note the change from linear (a) to logarithmic (b) scale.

was obtained from the Coulomb transition parameter tak-
ing into account the correction due to the finite diffuseness
value of the nuclear densities [29]. These excited states were
coupled directly to the corresponding g.s. (197Au or 10B)
through the quadrupole mode (λ = 2). We have verified that
couplings of second order to these states and also couplings
to other states with higher excitation energies do not provide
significant contributions for the cross sections of channels
for which we have experimental angular distributions. We
have also verified that the reorientation of the 197Au g.s.,
with quadrupole moment of Q = 594 fm2 [30], provides a
contribution of about 20% for the quasielastic cross section,
only for high energies and backward angles.

In Fig. 6, we illustrate the effect of NI on the quasielastic
data fit. The figure shows experimental and CRC theoretical
results for Elab = 46 MeV (below the barrier) and Elab =
61 MeV (above the barrier) for three NI values. Note the
change from linear (a) to logarithmic (b) scale. Considering
the results for all energies of this work, we have found the
following best data fit value: NI = 0.30. A similar value has
also been obtained in the case of 10B + 120Sn [19,20].

In Fig. 7, we show the effects of the couplings and spin-
orbit interaction on the quasielastic cross sections, for the
same energies Elab = 46 and 61 MeV. The solid black lines
in this figure represent the results of the full CRC calculations
(with NI = 0.30), the dashed red lines were obtained turning
off the spin-orbit interaction, while the dotted blue ones are
the results of optical model (no couplings) calculations (also
without spin orbit). The couplings and the spin-orbit potential
do not make any difference for low energies, but are important
to account for the data in the high-energy region. Our analysis
resulted in the following best data-fit value for the strength of
the spin-orbit interaction: V0 = 6 MeV.

A. Elastic and quasielastic processes

Figure 8 presents data and theoretical results for the
quasielastic, elastic, and inelastic processes at Elab =
46 MeV. As earlier commented, the “elastic” scattering cross
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represent optical model calculations, using NI = 0.30 in Eq. (1) for
the optical potential.

section has been defined as the sum of the contributions of the
elastic process itself with the inelastic excitation of the 77-keV
197Au state. Concerning the inelastic, we present results for
the two groups composed by the 269-keV 3/2+ and 279-keV
5/2+ states, and by the 502-keV 5/2+ and 547-keV 7/2+
states, and also by the respective sum for all these states. We
point out that, due to its very low excitation energies, there are
not much data in the literature for 197Au inelastic excitation
from heavy-ion collisions. Our CRC results are in quite good
agreement with the experimental data for all channels. We
emphasize that the contamination of the experimental elastic
and inelastic cross sections due to the one-neutron transfer is
negligible. As can be observed in Fig. 8(a), the elastic scatter-
ing cross section becomes different from the Rutherford one
at about 40◦, which is a much more forward angle compared
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to that (θc.m. ≈ 100◦) obtained under the same condition for
the quasielastic process. This behavior arises from the long-
range Coulomb excitation that transfers flux from the elastic
scattering to inelastic excitation, without altering significantly
the quasielastic cross section. Similar phenomenon was also
observed in the elastic scattering for other systems due to the
inelastic Coulomb excitation of very deformed nuclei with
low-lying excitation energies [31]. Other mechanisms related
to the breakup can also produce similar effects on the elastic
scattering cross section (see, e.g., Refs. [31,32]).

Figures 9 and 10 present data and theoretical CRC results
for the quasielastic process in several energies below (one
slightly above) the barrier. Some angular distributions have
been displaced by constant values to avoid superposition of
data. The theoretical calculations are in quite good agreement
with the data.

Figures 11, 12, and 13 shows quasielastic results for several
energies above the barrier. Panels (a) and (b) of each of these
figures present linear and logarithmic scales, respectively.
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Again, there is a quite good agreement between theory and
experiment.

As already mentioned, for high energies it was also pos-
sible to obtain experimental estimate of cross sections for
the elastic process by fitting peaks in the spectra. Figure 14
presents results for the elastic and quasielastic processes at
Elab = 61 MeV, in linear [Fig. 14(a)] and logarithmic [Fig.
14(b)] scales. The theoretical cross sections are in good agree-
ment with the data for both processes.

B. Transfer reactions

We have detected 9Be nuclei in the �E − EK spectra (see,
e.g., Fig. 2) that we associate to the one-proton stripping
transfer and breakup processes: 10B + 197Au → 9Be + 198Hg
(Q ≈ 0.52 MeV for the g.s.) and 10B + 197Au → 9Be + 197Au
+ proton. The occurrence of breakup is deduced from con-
siderations of energy. In fact, using the energy calibration
of these spectra we verified that, in the case of transfer,
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FIG. 13. The same as Fig. 11, for other energies.

the 9Be detection would occur with Q values in the region
of −12.5 � Q � −4.5 MeV. By energy conservation, the Q
values implicate that 9Be, 198Hg, or even both nuclei should
be found in excited states. However, the binding energy of
the 198Hg (proton + 197Au) is only about 7.1 MeV, and the
binding energy of the 9Be (neutron + 8Be) is about 1.6 MeV.
Therefore, as illustrated in Fig. 2, part of the detected 9Be
nuclei should be associated to the proton stripping transfer
and the other part should be related to the breakup reaction
10B → 9Be + proton populating the continuum.

Clearly, a realistic theoretical approach treating explicitly
all these possibilities is quite complicated and beyond the
scope of the present work. In order to describe this pro-
cess through a quite simplified model, we considered just a
schematic proton stripping transfer to a single 198Hg level
with excitation energy of E∗ = 6.5 MeV. We have not used
the average experimental value of E∗ = 8.5 MeV because this
energy would be enough to break the 198Hg. In our schematic
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FIG. 14. Experimental and theoretical quasielastic and elastic
scattering angular distributions at Elab = 61 MeV, in linear (a) and
logarithmic (b) scales.
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FIG. 15. Angular distributions related to the detection of 9Be, at
Elab = 42 and 44 MeV. The theoretical results were obtained with
schematic CRC calculations of one-proton stripping transfer (see text
for details).

CRC calculation, we varied the spin of the 198Hg excited state
to check its effect on the shape of the angular distribution.

Data related to the 9Be detection at Elab = 42 and 44 MeV
are shown in Fig. 15. In Fig. 15(b), we present theoretical
results for the proton transfer angular distribution only for
three different spins chosen as example. The corresponding
spectroscopy factors were adjusted to fit the data. The shape
of the experimental distribution at 44 MeV is reasonably
reproduced using spin 6+. The same spin also provides a
reasonable description of the data at 42 MeV.

Figure 16 shows data for one-neutron pickup transfer in
several bombarding energies, for the region of excitation
energy of 0 � E∗ � 1.8 MeV. Since 11B does not have excited
states in this region, the excitation must be related to the
196Au nucleus. There are a quite large number of 196Au levels
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FIG. 16. Angular distributions for one-neutron pickup transfer in
several bombarding energies. The data correspond to the region of
196Au excitation energy of 0 � E∗ � 1.8 MeV.
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FIG. 17. Experimental and theoretical angular distributions for
one-neutron pickup transfer, in the region of excitation energy of 4 �
E∗ � 8 MeV.

in this excitation energy region, which makes impracticable
to perform CRC calculations considering all possibilities.
Thus, we have again performed schematic calculations of
one-neutron transfer, considering one single 196Au state with
excitation energy of 0.9 MeV (average excitation energy of
the data). The corresponding results are shown through the
lines in Fig. 16. Similar results were obtained for the region
4 � E∗ � 8 MeV, which are presented in Fig. 17.

Table II presents the total (integrated over angle) cross
sections of our theoretical calculations for the transfer pro-
cesses. We mention that the transfer couplings do not result
in significant contributions to the cross sections of the other
channels: quasielastic, elastic, and inelastic excitations.

C. Breakup process

The 10B breakup thresholds in the 6Li +α and 9Be +p par-
titions are 4.461 and 6.586 MeV, respectively. Because these
energies are lower than typical binding energies of strongly
bound nuclei, it would be expected that the breakup channel
could have an effect in the reactions induced by 10B projec-
tiles. In a previous publication, it was shown that the effect of
the couplings to the continuum on the elastic-scattering cross
sections for the 10B + 120Sn measured at energies around the

TABLE II. Total (integrated) cross sections (in mb) obtained with
our theoretical calculations for the neutron (in two different regions
of excitation energy) and proton transfer (plus breakup) processes.

Elab(MeV) 0 � E∗ � 1.8 MeV 4 � E∗ � 8 MeV Proton

38 0.15
40 0.34
42 1.3 0.39 0.46
44 2.4 0.61 0.98
46 5.0

Coulomb barrier is very small [20]. Even so, for completeness,
we have performed continuum-discretized coupled-channels
(CDCC) calculations using the FRESCO code [25] to check
whether this is also the case for the 10B + 197Au reaction.
Calculations have been performed for the highest measured
incident energy Elab = 61 MeV and the two energies in which
9Be has been detected (Elab = 42 and 44 MeV).

We have used the two-body cluster models referred above,
6Li +α and 9Be +p. The corresponding binding potentials
were calculated using the SPP model. For the optical po-
tentials between the projectile fragments and the target, the
SPP is also adopted for the real part of the interaction. The
imaginary potential is the same as assumed in the CRC cal-
culations; i.e., the SPP has been multiplied by NI = 0.3. We
have considered the ground state and the first bound excited
states of the projectile. However, the excitation of the target
is not included in the CDCC calculations. Therefore, we refer
the corresponding calculated cross sections to elastic breakup
(EBU). The 6Li +α and 9Be +p continuum states were dis-
cretized into energy bins, evenly spaced in the asymptotic
momentum k, and up to a maximum excitation energy of
15 MeV for Elab = 61 MeV and 5 MeV for Elab = 42 and
44 MeV. We included s, p, and d waves for the two-body
relative orbital angular momentum.

For both considered partitions, the results show that the
EBU cross section is lower than 0.5 mb for Elab = 61 MeV
and is practically negligible for Elab = 42 and 44 MeV, being
of about 10−2 and 10−3 mb, respectively. The calculated EBU
cross sections for Elab = 42 and 44 MeV are much lower than
the experimental values obtained from the detection of 9Be
(see Table II). It is worth mentioning that adopting NI = 0.78,
which is the value often used to describe the elastic scatter-
ing of many systems in wide mass and energy ranges [33],
decreases even more the EBU cross sections. We believe that
part of the observed discrepancy between data and theory can
be related to the fact that other processes, such as the breakup
accompanied by the excitation of the target, or the transfer
or fusion of one of the breakup fragments to the target, are
not been included in the CDCC calculations. These processes
are referred to nonelastic breakup (NEB) in Ref. [34], where
it is shown that the NEB cross sections can be much larger
than the EBU for systems involving 6Li on several targets.
However, the evaluation of NEB is not a simple task and out
of the scope of this paper.

IV. DISCUSSION AND SUMMARY

In this paper, we have presented a wide data set obtained
for 10B + 197Au at near-barrier energies, through measure-
ments that involved the detection of different channels. The fit
of the quasielastic, elastic scattering, and inelastic excitation
data was performed through CRC calculations with only
two energy-independent adjustable parameters. A quite good
agreement between theory and experiment was obtained with
the following best-fit values: NI = 0.30 for the imaginary part
of the optical potential and V0 = 6 MeV for the spin-orbit
interaction.

Because of the small values of excitation energies, the
inelastic excitation of the low-lying 197Au states removes
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significant amount of flux from the elastic channel in both
energy regions: below and above the barrier. We have obtained
a good overall description of the experimental one-neutron
pickup transfer cross sections through schematic CRC calcu-
lations involving only one single 196Au state.

Events involving the detection of the 9Be nucleus were
observed in our experiments. The range of kinetic energy of
the detected nuclei indicates that they can be produced in dif-
ferent processes: transfer 10B + 197Au → 9Be + 198Hg, and
breakup 10B + 197Au → 9Be + 197Au + proton. Possibly, the
9Be nuclei can also breakup in 9Be → neutron + 8Be, where
the 8Be breaks again in two α’s. In fact, we have detected α

particles in our spectra. However, these particles can originate
from several different processes. To distinguish among them,
it would be necessary to perform measurements in temporal
coincidence. We also point out that although the 6Li +α is
energetically the most favorable partition for the breakup of
10B (Q ≈ −4.5 MeV), we have not observed 6Li in the present
experiment. Similar behavior has been reported in the case of
10B + 159Tb [22], where γ rays coming from the capture of α

particle by the target were not detected.
We have performed CDCC calculations for three incident

energies considering that the 10B projectile can break up into
two different partitions: 6Li +α and 9Be +p. Even for the
highest incident energy (ELab = 61 MeV), the calculated EBU
cross section is lower than 0.5 mb. For ELab = 42 and 44 MeV,
the EBU is much smaller than the experimental cross sections

obtained from the yields of the observed 9Be nucleus. A
significant part of the missing cross sections can be associated
to the NEB processes.

During the experimental campaign at TANDAR, we have
also performed simultaneous measurements of fusion. The
main results are given in a separated paper [23].
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