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Abstract We report on the measurement and analysis of
elastic scattering angular distributions for the '3C+19Sn sys-
tem at two bombarding energies: 40.0 and 46.9 MeV. In addi-
tion, inelastic scattering and single-neutron transfer reactions
were measured at 46.9 MeV. The data were obtained using
the same experimental setup previously employed in the
12C4+1198n study, allowing for a direct comparison. Optical
model analyses were performed using the Sao Paulo potential
for the real part of the interaction, while the imaginary part
was treated both phenomenologically and via normalization
of the real potential. Coupled-reaction-channels calculations
were carried out, including couplings to inelastic excitations
and one-neutron transfer channels. This approach yielded an
improved description of the elastic scattering data across the
full angular range for both energies. A direct comparison
with the '2C+!1%Sn results indicates that the additional neu-
tron in 13C enhances absorption from the elastic channel.
These findings highlight the sensitivity of near-barrier reac-
tion dynamics to moderately bound valence nucleons and
underscore the importance of coupling effects in accurately
describing heavy-ion interactions.

1 Introduction

Heavy-ion induced reactions at energies near the Coulomb
barrier offer valuable insights into the interplay between
nuclear structure and reaction dynamics. In particular, elas-
tic and inelastic scattering, transfer, and fusion processes
are known to be strongly affected by couplings to collec-
tive and single-particle excitations of the interacting nuclei.
These couplings can lead to significant modifications of reac-
tion observables relative to single-channel predictions, as
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successfully described within the framework of coupled-
reaction-channels (CRC) calculations.

Previous studies involving carbon isotopes incident on
light- and medium-mass targets have demonstrated the sen-
sitivity of reaction mechanisms to both projectile structure
and the nature of the coupling scheme [1-8]. In particular,
the '2C+!1Sn system was recently investigated [9], where
a comprehensive set of experimental data, including elastic
scattering and peripheral reaction cross sections, was ana-
lyzed using CRC calculations incorporating inelastic and
transfer couplings. That study emphasized the importance
of couplings to low-lying collective states in both projectile
and target in reproducing the observed cross sections.

In the present work, we extend this investigation to the
B3C+1198n system (Vi = 42.5 MeV). To avoid ambiguity in
terminology, we refer to 'C as a moderately bound nucleus:
its neutron separation energy is S, = 4.95 MeV, larger than
the characteristic thresholds of canonical weakly bound pro-
jectiles (e.g., °Li, ®He) but smaller than the average binding
per nucleon in heavy nuclei (=~ 8§ MeV). The addition of one
neutron to the '2C core introduces new reaction channels and
coupling schemes, particularly those involving one-neutron
transfer and the possible influence of the valence neutron in
13C. These features make the system an ideal case for explor-
ing the impact of moderately bound nucleons on near-barrier
reaction dynamics. As in the case of the 2C+!1Sn reaction,
we present angular distribution measurements performed at
Erap = 46.9 MeV. In addition to elastic scattering yields,
significant contributions from inelastic excitations and both
one-neutron pickup and stripping channels were observed.
A complementary elastic scattering angular distribution was
also measured at Ep o, = 40.0 MeV.

The data were analyzed using two complementary for-
malisms. First, an optical model (OM) analysis was employed
to describe the elastic scattering data. Subsequently, the CRC
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approach was used to incorporate the relevant couplings
and extract information about the underlying reaction mech-
anisms. In all calculations, the parameter-free Sao Paulo
potential (SPP) [10, 11] was adopted as the bare interaction.
This paper is organized as follows. The experimental setup
and data analysis are described in Sect. 2. The experimen-
tal results and CRC calculations are presented in Sect. 3. A
summary and the main conclusions are given in Sect. 4.

2 Experimental setup and data analysis

The experiment was performed at the 30B beamline of
the Open Laboratory of Nuclear Physics and Applications
(LAFNA, in Portuguese) at the Institute of Physics, Uni-
versity of Sdo Paulo. A '3C beam was accelerated using
an 8 MV tandem accelerator and directed onto a ''°Sn tar-
get with a thickness of approximately 130 pg/cm?. A thin
layer of 197 Au (~ 40 pg/cm?) was evaporated over the '1?Sn
to allow for normalization of the measured cross sections.
At the energies and angles of the present experiment, the
elastic scattering cross section on the gold layer is purely
Rutherford and therefore provides an absolute normalization
of the experimental cross sections. An average energy loss
of approximately 100 keV for the '3C incident beam at the
center of the composite target has been accounted for in the
analysis.

For both bombarding energies, at sufficiently forward
angles, the elastic scattering cross sections for the '3C scat-
tered onto the '1°Sn and '°7 Au targets are dominated by the
Coulomb interaction and can therefore be described by the
classical Rutherford formula. By assuming that the ratio of
the measured differential elastic scattering cross section to
the Rutherford prediction equals unity in this angular region,
a normalization factor can be extracted and applied to scale
the cross sections over the full angular range.

The same setup previously described in detail in Ref. [9]
was employed in the present experiment. For a comprehen-
sive description of the setup, we refer the reader to that
earlier publication. The overall experimental arrangement,
including target specifications, detector geometry, and data
acquisition system, remained unchanged. Charged particles
produced during the 3C+!'1%Sn reaction were collected by
the STAR (Silicon Telescopes Array for Reactions) device,
consisting of a combination of two segmented large-area
detectors (5S0mm x 50mm). A third thick PAD detector
was mounted in the back of the telescope, forming a triple-
telescope configuration.

Particle identification was performed based on energy
loss measurements of AE and residual energy Eg. After
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Fig. 1 Two-dimensional (A Ereq, ET) spectrum measured at Epp =
46.9 MeV for the '3C+'1Sn reaction. The data correspond to a detector
pixel located at 01 5, = 100°. Peaks associated with elastic and inelastic
scattering, as well as neutron transfer channels, are indicated

calibrating the energy response of each strip in both AE
and E detectors, the experimental energy loss (AE,y,) of
incident 13C ions was determined for each pixel. However,
thin large-area silicon detectors exhibit significant thickness
non-uniformity across their active area (e.g., [12]), result-
ing in a substantial spread in the energy loss of charged
particles striking individual pixels. Since the energy loss
of punch-through ions depends on the detector thickness,
it is useful to define the so-called reduced energy loss as
the ratio between the experimental and theoretical energy
losses: AEycq = AEcxp/AEheo. In this work, theoretical
energy loss values (A Epeo) wWere calculated using the STOPX
code [13]. The reduced energy loss is independent of detector
thickness and allows for reliable summation of events across
different pixels.

A two-dimensional (AE;.4, ET) spectrum is shown in
Fig. 1, where E7 = AE + Eg. Distinct yields correspond-
ing to the elastic and inelastic scattering of '3C are observed,
as well as events associated with the detection of 12C and 14C,
which are attributed to neutron stripping and pickup transfer
processes, respectively.

In the present work '1°Sn was chosen as the target because,
through single-neutron transfer, both the residual nucleus and
the 13C projectile transform into even—even systems. These
nuclei have well-separated low-lying excited states, which
results in a better energy resolution of the yields observed in
the spectra.
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Fig. 2 Elastic scattering cross sections for the 1>C+!19Sn system mea-
sured at 40.0 MeV (a) and 46.9 MeV (b). The solid red and dashed
black lines represent OM calculations using, respectively, an inter-
nal WS imaginary potential and an imaginary potential defined as
W(R) = 0.30 Vspp(R)

3 Experimental and theoretical results

In this work, we report new measurements of the elastic
scattering angular distributions for the 1>C+!1°Sn system at
E1ap = 40.0 and 46.9 MeV. The yields corresponding to the
3/27F excited state of '1?Sn at 23 keV could not be experimen-
tally separated from those of the elastic channel. However,
CRC calculations performed at both bombarding energies
indicate that the contribution from this inelastic transition
is negligible compared to the elastic scattering cross section
and does not significantly affect the extracted data.

We have also investigated the effect of including the
spin—orbit potential for both the projectile and the target in
the calculations. At the bombarding energies considered in
the present work, the inclusion of these terms leads to no sig-
nificant change in the elastic scattering angular distributions.

3.1 Optical model analysis

Panels (a) and (b) of Fig. 2 show the experimental data mea-
sured at 40.0 and 46.9 MeV, respectively, along with the
results of an OM analysis performed using the SPP for the real

part of the nuclear interaction. Two distinct approaches were
considered for the imaginary part of the optical potential.
The first employs a phenomenological Woods-Saxon (WS)
form with parameters Wy = 80 MeV, r;jop = 0.8 fm, and
a; = 0.30 fm. This choice yields an absorptive potential that
is negligible near the nuclear surface, effectively accounting
for flux loss through barrier penetration, typically associ-
ated with fusion. In contrast, the second approach models
the imaginary potential by scaling the real part with a nor-
malization factor N;, thereby introducing significant surface
absorption, which may be attributed to peripheral processes
such as direct or transfer reactions.

As shown in Fig. 2, the solid red line, representing the
OM calculation with the internal WS imaginary potential,
provides a poor description of the elastic scattering data at
both energies. In contrast, the dashed black line corresponds
to a calculation in which the imaginary potential is defined
as W(R) = N; Vspp(R), with N; = 0.30 adjusted to opti-
mize agreement with the data at both incident energies. This
approach yields a notably improved fit over the entire angu-
lar range at the lower energy. At 46.9 MeV, the agreement
is particularly enhanced in the Coulomb-nuclear interference
region near 6, . = 80°. Although this OM prescription, fea-
turing only a single free parameter, significantly improves
the description of the data, it still fails to reproduce the cross
sections at backward angles.

3.2 Coupled-reaction-channel analysis

In addition to elastic scattering, significant contributions
from inelastic excitations and both one-neutron pickup and
one-neutron stripping channels were observed in the spectra
for the experiment conducted at Ey = 46.9 MeV. Accord-
ingly, CRC calculations were performed using the SPP for
the real part of the nuclear interaction [10, 11]. As a first step,
the same internal WS imaginary potential was adopted, with
parameters Wy = 80 MeV, rjp = 0.8 fm, and a; = 0.30 fm.
Following the procedure adopted in the OM analyses, the
strength of the imaginary potential was subsequently varied
by adjusting the normalization factor N; in order to obtain a
satisfactory description of the data. The coupling scheme is
represented in Fig. 3. The FRESCO code [14] was used for
all calculations.

The inelastic couplings included in the CRC model are
summarized in Table 1, which lists the spin, transition mul-
tipolarity, excitation energy, Coulomb transition probability,
and deformation length for both projectile and target excited
states. To determine the nuclear deformation parameters §;,
from the Coulomb transition strengths, corrections due to
the finite diffuseness of the nuclear density profile were taken
into account [15,16]. Only the inelastic states with the largest
coupling strengths are included in the CRC, since weaker
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Table 1 Spin, excitation energy (E*, in MeV), transition multipolarity
A, transition strength from the ground-state (g.s.) to the excited states
B(EA)% (in 1073 ¢?b*), and deformation length 8, (in fm) for the
inelastic states included in the CRC calculations

Nucl Spin E* A B(EX) 1 S, References
B¢ it 3.09 1 014 0.083  [17]
Bc 3- 368 2 137 Le6  [18]
Bc 3+t 385 3022 142 [18]
Bc 3= 155 2 205 142 [18]
sn 3+ 00239 2 487 0.14  [19]
sn 3+ 0920 2 125 070  [9]
"9%n 3+ 0921 2 834 0.57  [9]
sn 3+ 109 2 4238 041 [9]
"Sn 3+ 136 2 271 032 [9]
sn 3+ 230 2 365 L19  [9]

nearby levels are expected to have a negligible impact on the
calculated elastic and inelastic observables at these energies.

Events associated with excited states of the projectile
(E* > 3 MeV) cannot be experimentally separated from
those corresponding to transfer or excitation of the target.
Additionally, yields from the target states at E* around 2.30
MeV, reported in Ref.[9], could not be extracted from the
spectra. Even so, they were included in the CRC calcula-
tions, as indicated in Table 1.

Single-nucleon transfer reactions represent a powerful
tool in nuclear spectroscopy, providing valuable information
about the structure of nuclei, such as single-particle energies,
angular momentum assignments, and spectroscopic factors.
They also play a crucial role in constraining theoretical mod-
els of reaction dynamics, offering insights into the interplay
between nuclear structure and reaction mechanisms. Under-
standing these dynamics is essential for accurate modeling of
more complex processes such as fusion, breakup, and multi-
nucleon transfer, particularly in systems involving weakly
bound or exotic nuclei.

@ Springer

In the present work, cross sections associated to the
one-neutron stripping reaction, 119Sn(13C,12C)12OSn, were
obtained for the ground-state (g.s.) and from the yields of
a group containing a large number of excited states of the
residual >°Sn nucleus, spanning the excitation energy range
24 < E* < 3.2 MeV. For simplicity, CRC calculations
were performed by assuming a single representative state at

* = 2.8 MeV, with spin and parity J = 57, for this group
of nearby populated states in the 2°Sn nucleus. The cor-
responding spectroscopic factor was adjusted to reproduce
the magnitude of the transfer cross sections. This procedure
is important to assess the influence of coupling unresolved
states on the overall reaction dynamics.

For the one-neutron pickup reaction, 1 19Sn(1 3C,14C)1 18gp,
only the g.s. cross sections of the projectile and target over-
laps were experimentally determined. However, as shown in
Fig. 1, yields associated with other states at higher excita-
tion energies are also visible in the spectrum. Nevertheless,
extracting the corresponding cross sections is not straight-
forward, as the yields are significantly mixed due to the
energy resolution of the detectors. Despite this limitation,
estimates of the corresponding experimental cross sections
were obtained.

In general, the effect of coupling the one-neutron pickup
and stripping transfer channels on the measured elastic
scattering angular distributions was found to be negligible,
regardless of the chosen spin and spectroscopic factor val-
ues. It should be noted, however, that excited states of the
13C and '"”Sn nuclei were not directly coupled to the trans-
fer channels in the CRC calculations. While the influence of
these channels is expected to be small for the elastic scat-
tering observables, their omission could, in principle, affect
the calculated transfer cross sections reported in this work
[20,21].

Table 2 presents the particle-core spectroscopic factors
(C?S, ;) values for all projectile and target overlaps included
in the CRC scheme. The C 2ng value for the target overlap
(1298n | "9Sn + n') corresponding to the excitation energy
of 2.8 MeV was adjusted to reproduce the experimental data.
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Table 2 Pa..rtlcle—core 5 Overlap E* State C 2ng Vo Ry a
spectroscopic factors, C*Sy;, for (MeV) ntj) (MeV) (fm) (fm)
all projectile and target overlaps N e N
included in the CRC scheme. 13~ 12
The parameter values of the WS <120C | ICI-;-n) 0.0 Ipiy2 0.76 2038 2:40 0.81
potentials assumed for the (*“'Sn | *”Sn+n) 0.0 3512 L4 54.3 5.70 0.89
cluster-core systems are also (1208n | 1198n+n) 2.8 1hyi 3.6 49.6 5.70 0.89
presented in the table (4C | 13Cen) 0.0 1p1) 1.6 55.5 2.50 0.80

(11°Sn | 118Sn+n) 0.0 3812 0.42 49.6 5.70 0.89
The remaining spectroscopic factors used in the calculations, ' ' '
corresponding to the ground state of the nuclei, were taken 100 (a) =
from the literature [22,23]. The parameters of the WS shape ]
assumed for the corresponding particle-core potentials are < ]
also listed in Table 2. The depths of the WS potentials were & E = 46.9 MeV
adjusted using the FRESCO code to reproduce the experi- \b 4
mental separation energies corresponding to each partition. 10 | E
The geometry of the WS particle-core potentials was based © - — WS ]
on the shapes obtained from the SPP results. LT Ni =0.10 E
3.2.1 Elastic scattering ol L

10 L L L A B

Figure 4, displayed in (a) logarithmic and (b) linear scales,
illustrates the effect of channel couplings on the elastic scat-
tering angular distribution measured at 46.9 MeV. The solid
red line corresponds to CRC calculations performed with the
internal WS imaginary potential, whereas the dashed black
line was obtained assuming W (R) = 0.10 Vspp(R).

Compared to the OM theoretical results (see panel (b) of
Fig. 2), the CRC calculations significantly improve the over-
all agreement with the experimental data. In particular, adopt-
ing W(R) = N; Vspp(R) leads to better consistency with the
elastic scattering data around the Coulomb-nuclear interfer-
ence region, as the resulting CRC cross sections are atten-
uated relative to those obtained with the internal WS form.
Notably, the normalization factor N; required to reproduce
the data within the CRC framework is three times smaller
than that used in the OM analysis. This result underscores the
role of channel couplings in the reaction dynamics and high-
lights the strong correlation between the imaginary potential
strength and the inclusion of explicit coupling effects.

In this work, CRC calculations were also performed for
the lower incident energy, Epap = 40.0 MeV. As shown in
Fig. 5, the inclusion of channel couplings improves the agree-
ment with the experimental data compared to OM calcula-
tions, particularly when the imaginary part of the potential
is modeled using an internal WS form. When the imaginary
potential is instead defined as W (R) = N; Vspp(R), the data
can be reproduced with significantly reduced absorption.

In addition, a noticeable suppression of the elastic cross
section relative to the Rutherford prediction is observed

0.0 —— ]

1 | 1 | 1
40 60 80 100 120 140
0, (degree)

160

Fig. 4 Experimental cross sections for the elastic scattering of
13C+119Sn measured at 46.9 MeV bombarding energy, in a logarithmic
and b linear scales. The solid red and dashed black lines are the CRC
results obtained with an internal WS imaginary potential and assuming
W(R) = 0.10 Vspp(R)

at forward angles, as seen in Fig. 5. This feature, consis-
tent with previous studies (e.g., [24-26]), reflects the domi-
nance of long-range Coulomb excitation at low bombarding
energies. In this angular region, where nuclear interactions
are relatively weak, the depletion of elastic flux is primar-
ily attributed to Coulomb excitation of low-lying collective
states. To illustrate this effect, the dash-dotted green line in
Fig. 5 shows CRC calculations including only the Coulomb
interaction. In these calculations, the nuclear part of the inter-
action was switched off, so that the channel couplings arise
exclusively from the Coulomb field.
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Fig. 5 Same as Fig. 4, but for Ey 5, = 40.0 MeV. The dotted blue line
is drawn to guide the eyes

3.2.2 Inelastic scattering and transfer

Figure 6 presents the angular distribution of inelastic scatter-
ing cross sections associated with the excitation of states in
the '1Sn target. Due to limited energy resolution, individ-
ual contributions from states in the excitation energy range
0.7 < E* < 1.9 MeV could not be resolved in the spectra.
Consequently, the experimental data correspond to the sum
of cross sections for the !'9Sn states at E* = 0.920, 0.921,
1.09, and 1.36 MeV. The solid red and dashed black lines in
Fig. 6 represent the summed theoretical contributions from
these states, obtained from CRC calculations assuming an
internal WS imaginary potential and, respectively, a scaled
SPP form with N; = 0.10. The experimental data and theo-
retical predictions are in reasonable agreement. Although the
theoretical curves do not fully reproduce the magnitude of the
measured cross sections, their overall shape satisfactorily fol-
lows the observed trend, indicating a consistent description
of the underlying reaction mechanism.

As previously mentioned, cross sections associated with
one-neutron pickup and stripping reactions have been deter-
mined in the present work. Fig. 7 shows the experimental
and theoretical cross sections for the population of the g.s. of
both 4C and !'8Sn. The results corresponding to the forma-
tion of the '?C and '?Sn residual nuclei in their g.s. (panel
(a)) and in the excitation energies around 2.8 MeV (panel
(b)) are presented in Fig. 8.

Overall, the CRC calculations provide a good description
of the measured transfer cross sections. However, the cou-
pling to transfer channels has a negligible impact on both the
elastic and inelastic scattering angular distributions at both
bombarding energies. This result is consistent with the find-
ings reported in Ref. [9].
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Fig. 7 Experimental cross sections for the one-neutron pickup transfer
channel. The lines represent CRC calculations (see text for details)

3.2.3 Comparison of the '>13C +119 Sn elastic channel

An elastic scattering angular distribution for the '2C+!1°Sn
reaction was recently published in Ref. [9]. Since that mea-
surement was performed at the same bombarding energy as
the present 1341198 data, a direct comparison is instruc-
tive. Fig. 9 shows the angular distributions for both sys-
tems. Significant differences are observed around the rain-
bow region near 80°. Similar behavior has been observed, for
instance, in the case of 2’Ne + 2’8 Pb compared to >*Ne+2%Pb
[27], where this effect was associated to differences in the
inelastic couplings to the corresponding ZT excited projec-
tiles states. Figure 9 also shows differences between the
12¢C and 13C elastic scattering angular distributions at larger
angles (6.m. > 130°). This suggests that, at this energy,
the addition of one neutron to the projectile enhances the
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Fig. 8 Same as Fig. 7, but for the one-neutron stripping channel

absorption of flux from the elastic channel into non-elastic
processes.

4 Discussion and summary

In this work, new experimental data for the '3C+!1°Sn sys-
tem were presented, including elastic scattering angular dis-
tributions at E1,p = 40.0 and 46.9 MeV, as well as inelastic
and one-neutron transfer cross sections at 46.9 MeV. Optical
model analyses using the Sdo Paulo potential demonstrated
that surface absorption is essential to describe the elastic data,
particularly at intermediate angles, and that a purely internal
imaginary potential fails to account for the observed features.

Coupled-reaction-channels calculations yielded an over-
all satisfactory description of the full data set. The inclu-
sion of couplings to inelastic states significantly improved
the agreement with the elastic-scattering data, while trans-
fer couplings had only a negligible effect on both the elastic
and inelastic angular distributions. The effect of including
the spin—orbit potential for either the projectile or the target
was also examined. At the bombarding energies considered
in the present work, no systematic effect could be identified
within the experimental uncertainties, and their impact on
the elastic-scattering angular distributions is therefore negli-
gible.
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Fig. 9 Experimental cross sections for the elastic scattering of
12C4+1198n and 3C+19Sn at Ey 4 = 46.9 MeV

A comparison between the present results for >C+'1°Sn
and previous data for '>C+!1°Sn revealed significant differ-
ences, indicating that the presence of the additional valence
neutron in '*C modifies the reaction dynamics and leads to
enhanced absorption through the combined effect of non-
elastic channels, rather than through transfer alone.

These findings reinforce the importance of including
detailed nuclear structure and coupling effects in reaction
models.
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