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Background: After two decades of systematic optical model (OM) analyses [L. C. Chamon et al., Phys. Rev. C
66, 014610 (2002); M. A. G. Alvarez et al., Nucl. Phys. A 723, 93 (2003); M. A. G. Alvarez et al., Nucl. Phys.
A 753, 83 (2005); M. A. G. Alvarez et al., Phys. Rev. C 100, 064602 (2019); L. Garrido-G6émez et al., Phys.
Rev. C 109, 054608 (2024); M. A. G. Alvarez et al., Phys. Rev. C 103, 054614 (2021)], a protocol has been
developed to establish a common framework for describing reactions involving both tightly and weakly bound
stable nuclei. This protocol involves applying different variants of OM, based on the double-folding Sdo Paulo
potential, along with the corresponding optical potentials (OP), to predict and/or reproduce experimental nuclear
reaction data.

Purpose: The present work provides new data and theoretical calculations on the angular distributions of
elastic scattering of '2C + '2°Sn and the following nuclear reaction channels: inelastic excitations to the 2+
state at 1171.27(2) keV and to the 3~ state at 2400.30(5) keV of the '?°Sn target, '>C one-proton stripping
1205n(*2c, ''B) '2!Sb, and one-neutron pickup '*°Sn(*2C, *C) ''Sn transfer reactions. The data were obtained
at two bombarding energies: one below (Ej, & 39 MeV) and one above (£}, &~ 47 MeV) the Coulomb barrier
(Vg =~ 42 MeV).

Method: We perform OM calculations and compare them with the experimental data. The corresponding OP,
based on the SPP, is determined. The OP, obtained from the elastic scattering analysis, is applied to the nuclear
reaction calculations. Theoretical coupled channels and coupled reaction channels calculations are compared
with the data.

Results: The analysis using the so-called Sdo Paulo optical model protocol (SP-OMP) provides a better
understanding of the dynamics of nuclear reactions as a function of bombarding energy and nuclear density
models of '>C. The SP-OMP effectively describes the elastic scattering cross sections of '>C 4 '2°Sn, with results
consistent with previous systematic studies [M. A. G. Alvarez et al., Nucl. Phys. A 723, 93 (2003); M. A. G.
Alvarez et al., Phys. Rev. C 100, 064602 (2019)]. The angular distributions related to the '2C 4+ '?°Sn inelastic
excitations and nucleon transfer reactions are very well described by the coupling scheme of the theoretical
calculations. Thus, we verified the contribution of each individual inelastic channel to reproduce the elastic
scattering angular distributions. Comparisons of '>C +''*!2°Sn are proposed.

Conclusion: The determined OP applied to microscopic nuclear reaction coupled-channel calculations repre-
sents a powerful tool for a consistent analysis of nuclear reactions.

DOI: 10.1103/p2cw-1s2j

I. INTRODUCTION

The '’C nucleus is a stable isotope composed of a
triple- (*He) cluster, exhibiting a higher binding en-
ergy per nucleon (BE /A = 7680.14460(20) keV) than “He
(BE /A = 7073.91560(20) keV). The '2C nucleus has a 2+
excited state at 4439.82(21) keV and the 0" Hoyle state
at 7654.07(19) keV, which lies above the «-particle sep-
aration energy (Q, = 7366.59(4) keV) [1]. The existence
of this state was first proposed by Hoyle in 1954 [2] and
was experimentally confirmed a few years later by Cook
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et al. [3]. The '2C ground state has a lower energy, which
makes the probability of ®Be capturing a “He nucleus ex-
tremely low and the formation of '’C highly unlikely.
To reach a stable configuration, the Hoyle state resonance
is an intermediate step. The Hoyle state in the excited '>C
nucleus is the cornerstone of carbon formation in stellar en-
vironments, and '2C itself is a fundamental element for the
existence of life. Understanding the '>C nucleus can provide
new insights into nuclear forces, structure, and reactions [4].
The '?°Sn nucleus is a stable isotope of tin. It has excited
states 21, at 1171.265(15) keV; the triplet 0, at 1875.108(25)

©2025 American Physical Society
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keV, 27, at 2097.205(20) keV, and 47, at 2194.299(21) keV;
and 37, at 2400.30(5) keV [5], among many others.

Since 1954, when Feshbach [6,7] proposed the optical
model (OM) as the simplest mathematical approach to de-
scribe nuclear reactions, a comprehensive general description
remains elusive. Various OM approaches have been employed
for the real and imaginary components of the optical potential
(OP) to reproduce a vast amount of elastic scattering data
involving both single nucleons and complex heavy ions over
a wide energy range [8—18]. However, no single model has
been able to fully account for nuclear structure, binding and
bombarding energy dependencies, Coulomb-nuclear interfer-
ence, the threshold anomaly, the dispersion relation, and other
related effects [12,16].

In particular, some studies [8,9,19-23] have reported
anomalies in OM analyses of reactions involving weakly
bound nuclei, attributing them to the breakup process. These
anomalies result in arbitrary variations of OP parameters
and/or renormalizations of OP terms to fit experimental
data, highlighting the need for more realistic OP approaches.
Within this context, the nonlocal double-folding Sdo Paulo
potential (SPP) was developed to describe the real part of the
nucleus—nucleus interaction [24-28]. In Ref. [29], the same
SPP form factor was assumed for both the real and imagi-
nary terms of the OP to describe reactions involving stable,
tightly bound nuclei, over a wide energy range. This ap-
proach enabled a reasonable parameter-free description of the
data set. The imaginary term was determined phenomenolog-
ically, despite lacking a formal theoretical justification for its
energy dependence. Nevertheless, the results suggested that
such a parameter-free model could provide realistic estimates
for heavy-ion elastic scattering and reaction cross sections.
Building on these findings, efforts were made to extend this
approach to describe reactions involving stable weakly bound
and exotic nuclei [30-33]. In particular, Refs. [31-33] further
discuss the OP variations and link them with the projectile
structure. In Ref. [31], we reported a systematic OM anal-
ysis of the elastic scattering angular distributions for “#°He,
87Li, °Be, '°B, and '®'3Q projectiles on '?°Sn targets at ener-
gies near their respective Coulomb barriers. In Ref. [32], we
extended this study by analyzing the experimental elastic scat-
tering angular distributions of “#®He, ®’Li, >!®!!Be, and *B
impinging on %Zn targets. In addition, in Ref. [32], we com-
pared results obtained with the different (**Zn, '2°Sn) targets.
A further test of consistency was also proposed for the ¥Se
target. In Ref. [33], polarization effects were explicitly and
successfully accounted for describing and comparing stable
tightly and weakly bound with exotic nuclei (as projectiles)
reacting on heavy targets. Using the aforementioned data sets,
we reported theoretical OM calculations and the correspond-
ing OP, based on the first (SPP) and second (SPP2) versions
of the double-folding Sdo Paulo potential [31,32]. This led
to the development of the Sdo Paulo Optical Model Protocol
(SP-OMP). With the SP-OMP, we analyzed the sensitivity
of the data fit to the OM calculations and variations in OP
strengths and form factors. The OP was shown to be correlated
with the projectile structure, its binding energy, and its disso-
ciation(s) process(es) at scattering energies near the Coulomb
barrier [31,32].
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FIG. 1. Schematic representation of the experimental setup.

In this manuscript, we present new experimental data of
the '2C + '®°Sn nuclear reactions. In Sec. II, we describe
the setup of the experimental campaign on '2C + ''”Sn [34]
and '2C+ '?°Sn (this work). In Sec. III, we apply the SP-
OMP to study the elastic scattering angular distributions of
12C 4+ 1208n. In Sec. IV, we present the '2C + '2°Sn nuclear
reaction data compared to microscopic coupled channel (CC)
calculations. A comparison between '2C +'%1298n is pro-
posed in Sec. V A. In Sec. VB, we compare the critical and
absorption distances of '>C + '*Sn with the ones of several
systems. Finally, in Sec. VI, we summarize and present our
main conclusions.

II. EXPERIMENTAL SETUP

The '2C +!1%129Sn experimental campaign was conducted
at the Open Laboratory of Nuclear Physics and Applica-
tions at the University of Sao Paulo (LAFNA-USP, acronym
in Portuguese), Brazil [34]. The 8 MV Pelletron acceler-
ator provided '>C ion beams at two bombarding energies:
one below (Ep, ~ 39 MeV) and one above (Ep, ~ 47
MeV) the Coulomb barrier (Vg =~ 42 MeV). Two targets,
1208n and '2°Sn + 7 Au, each containing approximately 300
ug/cm? of 12°Sn, were used, tilted at 30° relative to the
beam direction. In the latter, a 50 ug/cm? gold layer was
evaporated for normalization purposes. Taking the target
thicknesses into account, the laboratory energies measured
at the center of the '*°Sn targets are Ej;, = 38.7 MeV
and Ej,, = 46.7 MeV.

Figure 1 illustrates the experimental setup. It was as-
sembled in the scattering chamber of the 30B experimental
beamline at the LAFNA-USP facility.

The detection system consisted of two single silicon (Si)
surface barrier detectors (SBD) positioned at 6j,p = 30° and

064602-2



NUCLEAR REACTION DYNAMICS IN ...

PHYSICAL REVIEW C 112, 064602 (2025)

1'1 N j T, T T —— e TRTanT
:lnelastlc scatterlng o . -- 160
B 120 + - :
1.0 (Seinecsy 140
T 120
B [ - etk AIE Lzl
Wi 0.0 = i T 100
< T : 80
0.8 satB . ¢ ’?f 60
- L elastic 1P 40
0.7 - N ’ scattering” '_ o 20
26 27 28 29 30 31 32 33 °

AE + E (MeV)

FIG. 2. '2C 4 '%Sn spectrum measured at Ey,, = 38.7 MeV and
Ol = 89.3°. AE,q is a normalized energy unit used to conveniently
plot the sum of the yields from different pixels without compromis-
ing resolution (see text for details).

50°, primarily for normalization purposes, and five Si SBD
telescopes placed at 6}, = 60°, 90°, 150°, 160°, and 170°.
The two single Si SBDs and the telescope at 6, = 60°
were positioned 25 cm from the target and mounted on a
rotating plate. The remaining Si SBD telescopes were placed
30 cm from the target and mounted on fixed supports. Addi-
tionally, the detection system STAR (silicon telescopes array
for reactions) was installed. STAR consists of two large-area
telescopes (50 x 50 mm?), each composed of two 20 um
single-sided silicon strip detectors (SSSSD), segmented into
16 vertical strips, serving as AE detectors, and two 300 um
SSSSD detectors, segmented into 16 horizontal strips, serving
as E detectors. The two telescopes were mounted on the
rotating plate and positioned 11 cm from the target. With
its rotational capability, STAR can cover an angular range
from 6, ~ 84° to &161°. Further details on the experiment,
including the STAR detection system and its characterization,
can be found in Ref. [34]. To improve the statistical precision
of the measurements, we sum the yields measured from a
single vertical strip of the front (AE) detector with those
from the corresponding 16 horizontal strips of the back (E)
detector, effectively forming 16 pseudo-telescopes. Due to
angular variation in the ¢ direction, this procedure results in
an angular spread of approximately 1°, which varies slightly
with the scattering angle 6. Summing the yields of pixels with
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slightly different thicknesses can compromise the resolution
of the spectra. To avoid this, we use the quantity AEyg,
defined as the ratio of experimental to calculated energy loss
(see Ref. [34])

Figure 2 presents a bidimensional (AE.4 versus AE + E)
spectrum of the 12 4 12081 reaction, obtained at Ej,,=38.7
MeV and 6, = 89.3°, with the STAR telescope covering
intermediate angles. From Fig. 2, obtained with a pure '*’Sn
target, inelastic excitations can be observed in addition to
elastic scattering.

Figure 3 presents bidimensional spectra obtained at
Ejp=46.7 MeV and 0, = 104.3°. In Fig. 3(a), we identify
events corresponding to the elastic scattering of '2C in '2°Sn
and '7Au, the latter being used for normalization purposes.
In Fig. 3(b), obtained with a pure '?°Sn target, we identify
events associated with the elastic scattering of '>C and in-
elastic excitations to the 27 state at 1171.265(15) keV and
the 3~ state at 2400.30(5) keV of the '*°Sn target. Addi-
tionally, we observe the one-neutron pickup transfer reaction,
120gn (12, 13) 1198, and the Z = 5 band, associated with the
one-proton stripping transfer reaction, '2°Sn('2C, ''B) ?!Sb.

III. OPTICAL MODEL

A. Theoretical approach

The elastic scattering cross sections of '>C+'2°Sn at
Ep., = 38.7 and 46.7 MeV have been studied within the OM
framework. The models described below adopt a complex OP
approach to represent the nuclear interaction, given by

Un(R) = V(R) +iW (R), ey

where V (R) and W (R) denote the real and imaginary compo-
nents, respectively.

The real term of the OP is described using the updated
version of the Sdo Paulo potential (SPP2), as presented in
Ref. [35]. This potential is defined as

Vepra(R) = / / Uo p1(F)pa(F) e eI ardrs. (2)

Here p; and p, represent the matter distributions of the
projectile and target, respectively; v is the relative velocity be-
tween them; c is the speed of light; and » = |R — 7| + 7»|. The
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FIG. 3. Spectra of (a) '>2C 4 '2°Sn, '’ Au and (b) >C + '2°Sn measured at E},, = 46.7 MeV and 6,,, = 104.3°.
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FIG. 4. Nuclear matter densities for '2C. The solid line represents
the theoretical calculation obtained using the DHB model [36]; the
dashed line corresponds to the experimental density derived from
electron scattering measurements [37].

parameters are given by Uy = —735.813 MeV and a = 0.50
fm.

Equation (2) is computed by the REGINA code [35]. It
relies on theoretical nuclear densities from the Dirac-Hartree-
Bogoliubov (DHB) model [36] or experimental nuclear
densities from electron scattering experiments [37].

Figure 4 presents two different approaches to the matter
density of '>C. The dashed line represents the experimental
density, while the solid line corresponds to the theoretical
DHB density. The matter density of '?°Sn is obtained from
the DHB model.

Substituting Eq. (2) in Eq. (1), we propose four OM vari-
ants that define what we call the protocol (SP-OMP) and
account for different physical phenomena, as follows.

(i) OMI: considers only the internal absorption of flux due
to barrier penetration, following the OP approach:

Un(R) = Vspp2(R) + iW (R), (3)
where W (R) is a Woods-Saxon-type potential,
W(R) = Wo/[1 + exp ((R — Ro)/a)], “

with Wy = —100 MeV, Ry = ro(A,”* +A)?), ry =
1.06 fm, and a = 0.25 fm [31,32]. The small values
of diffusivity and reduced radius are appropriate for
simulating only the fusion process and do not account
for transitions to other peripheral nonelastic channels.

The next three variants assume the SPP2 potential Eq. (2)
for both the real and imaginary terms of the OP, given by

Un(R) = N, Vspp2(R) + iN;Vspp2 (R). (©)

N, and N; are normalization factors that determine the
strengths of each term and provide a simple way to simu-
late the effects of the polarization potential. This polarization
arises from nonelastic couplings and, according to Feshbach
theory [6,7], is both energy-dependent and complex. The
imaginary term originates from transitions to open nonelastic

channels, which absorb flux from the elastic channel. The real
term, in turn, results from both real and virtual transitions to
intermediate states, such as inelastic excitations or nucleon
transfer.

(i1)) OM2: uses the SPP2 approach for the real and imagi-
nary terms of the OP [Eq. (5)], with the normalization
factors fixed at standard values: N, =1 and N; =
0.78. Elastic scattering angular distributions for many
stable, tightly bound nuclei have been successfully
described using this model [29].

(iii)) OM3: Employs the same OP approach as OM2, with
N, = 1.0 [Eq. (5)]. However, the N; factor is allowed
to vary to fit experimental data. A systematic study
of light cluster-structured nuclei reactions was con-
ducted within the OM3 approach [31,32]. It showed
a sharp increase in the NV; value at scattering energies,
close to the sum of the Coulomb barrier of the system
and the projectile breakup (cluster dissociation) Q
value [32].

(iv) OM4: uses the same OP as OM2 and OM3 [Eq. (5)],
with both N, and N; allowed to vary to fit the experi-
mental data.

The OM calculations were performed using the FRESCO
code and its routine SFRESCO [38]. It is worth mentioning
that the OM1 and OM2 variants of the SP-OMP do not have
adjustable parameters. Therefore, they can be considered as
theoretical predictions, while OM3 and OM4 correspond to
data fits. The uncertainties on the OM3 and OM4 parameters
are determined by assuming the x>, variation of x2, /N for
the OM3 case (one parameter, N; fit) [32], and 2.35( Xr%lin /N)
for the OM4 case (two parameters, N, and N; fit) [39], where
N is the number of experimental data points. Thus, we assume
the standard deviation to determine the confidence interval
(1o) of the fit parameters.

It is worth mentioning that this protocol was recently used
for the first time in Ref. [32]. It was applied for a systematic
study on weakly bound nuclei reactions. Such a protocol
showed the need to vary the OP parameters (specifically re-
lated to the OP strengths). Unlike what happens for tightly
bound nuclei (as it is the case for '2C), for weakly bound
nuclei the real OP strength is surpassed by the imaginary one
in the energy range around and above the Coulomb barrier
(with a strong correlation between the real and imaginary OP
strengths and sensitivity of the data to their choice). Thus,
despite their simplicity, the best-fit OP parameters correlated
with the weakly bound structure of the projectile and pointed
to a systematic increase of weakly bound nuclei reactions.

B. Optical model analysis

Tables I and II present the SP-OMP parameters and x2,
of 2C +'?°Sn data fit, at Ej,, = 38.7 MeV (Table I) and
46.7 MeV (Table II). In these tables, we present results ap-
plying both the DHB and the experimental model (see Fig. 4)
for the '2C nuclear matter density [35-37].

Figures 5 and 6 present elastic scattering angular distribu-
tions of '2C + '2°Sn, at 38.7 and 46.7 MeV. Figure 5 presents
the theoretical predictions obtained with OMI1 and OM2.
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FIG. 5. Elastic scattering angular distributions of '2C + '2°Sn in linear scale (left) and logarithmic scale (right). The curves represent the
cross sections obtained with OM1 (dotted green) and OM2 (dashed red). For comparison, data for Ej,, = 46.7 MeV have been shifted by a
constant factor. (a) Calculations with theoretical (DHB) density [36] and (b) Calculations with experimental density [37].

Figure 6 presents data fit obtained with OM3 and OM4. In
both Figs. 5 and 6, we apply the DHB and the experimental
nuclear matter densities of '>C (Fig. 4) [35-37] in the calcu-
lations.

At the energy below the Coulomb barrier (Ej, =
38.7 MeV), OM1 does not reproduce the data set. This
discrepancy is likely related to the peripheral inelastic exci-
tations observed in Fig. 2, which are not accounted for by the
internal potential approach of OM1. Unlike OM1, the other
variants OM2, OM3, and OM4 fit the experimental data quite
well, regardless of the model applied to the '*C nuclear matter
density. From Table I, the fixed parameter values of OM2 are
compatible with the adjusted values obtained with OM3 and
OM4; Xfed < 1.0 is obtained for all three cases. Moreover,
analyzing the results of OM4, the data show much greater
sensitivity to the imaginary than to the real OP term (see the
error bars in Table I).

At the energy above the barrier (Ej,, = 46.7 MeV), the
OM1 prediction shows a pronounced disagreement with the
experimental data. This disagreement is especially evident at

TABLE 1. OM parameters for '>C 4 '2°Sn at Ej,, = 38.7 MeV.
(a) Calculations with the DHB model for the '2C nuclear matter
density [36]. (b) Calculations with experimental model for the >C
nuclear matter density [37].

forward angles, near the Coulomb-nuclear interference peak.
This behavior is expected, as this model only accounts for
barrier penetration (internal absorption) and does not include
peripheral reaction channels.

In Fig. 5, compared to OMI, a better description of
the >C+'Sn data at 46.7 MeV is achieved with OM2.
However, OM2 tends to suppress the Coulomb-nuclear
interference (rainbow) at forward angles (~ 80°). The data
trend is better described by OM3 and OM4 (see Fig. 6 and
Table II).

Analyzing the results obtained with the DHB model for the
12C matter density, OM4 yield the best value of x2;, which
is slightly better than those obtained with OM2 and OM3.
However, the parameters N, and N; obtained with OM4 are
compatible with those of OM2 and OM3, within the respective
uncertainties (up to 30).

By comparing the values presented in Tables I and II, we
can note that the uncertainties of the normalization factors at
the lower energy are larger than those at the higher energy,
particularly with respect to the N, factor. In fact, the low-
energy data appear to be quite insensitive to the real OP term.

TABLE II. Same as Table I at E,, = 46.7 MeV. (a) Calculations
with the DHB model for the '>C nuclear matter density [36]. (b)
Calculations with experimental model for the '>C nuclear matter
density [37].

Nr ]VL szed N, M Xid
(a) (a)
OM1 1 — 4.4 OM1 1 — 89
OM2 1 0.78 0.51 OM2 1 0.78 12
OM3 1 0.82 £ 0.07 0.51 OM3 1 0.64 £ 0.06 9.9
OM4 0.71 £ 0.87 0.89 +0.22 0.50 OM4 0.90 + 0.04 0.73 £ 0.06 7.5
(b) (b)
OM1 1 — 4.5 OM1 1 — 169
OM2 1 0.78 0.55 OM2 1 0.78 11
OM3 1 0.86 £ 0.07 0.52 OM3 1 0.93 £+ 0.06 9.3
OM4 1.23 +£0.91 0.81 £0.21 0.52 OM4 1.10 £ 0.05 0.79 £ 0.06 7.5
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FIG. 6. Same as in Fig. 5, but with OM3 (dashed blue) and OM4 (solid black) fits. (a) Calculations with theoretical (DHB) density [36]

and (b) Calculations with experimental density [37].

From Fig. 6, we observe that the OM3 and OM4 calcu-
lations, performed with the DHB model for the '2C matter
density, provide equivalent data fits. OM3 calculations, with
the experimental model applied to the '>C nuclear matter
density, provide a better fit at backward angles and a worse
fit at forward angles (rainbow region).

The lack of experimental matter densities for some nuclei
and the good results provided by the DHB model, conducted
using the latter for our systematics [31,32].

Comparing the results obtained by applying the parameter-
free OM2 with those obtained by varying the parameter(s) in
OM3 and OM4, the latter OM variants better account for the
open reaction channels observed in Fig. 3(b). The results of
szed, presented in Table II, support this conclusion.

Figure 7 illustrates the variation of x2; as a function of
the OM4 fit parameters for '2C + '2°Sn data, at 38.7 MeV
[Fig. 7(a)] and 46.7 MeV [Fig. 7(b)].

At the lower energy (38.7 MeV), the data show very
low sensitivity to the real term and greater sensitivity to the
imaginary term of the OP.

-0.50 0.00 0.50

N,
S —
0.6 0.8 1.0

X?cd

(2)

2

1.00 1.50 2.00

At the higher energy (46.7 MeV), the data show sensi-
tivity to both the real and imaginary OP terms. In Fig. 7,
the OM2 fixed parameters (N, = 1.0 and N; = 0.78) and its
consequent theoretical prediction are consistent with the best
x24 region. Additionally, we can observe the correlation be-
tween the N, and N; values: larger N, values require smaller
N; values to fit the data. This is corroborated by the negative
correlation factors, obtained from the OM4 fit, at 38.7 MeV
and 46.7 MeV, which are —0.892 and —0.584, respectively.
Finally, in Table III, we present the total reaction cross sec-
tions for 12C + '29Sn at 38.7 and 46.7 MeV, obtained with
OM3. As expected, the higher the energy, the higher the total
reaction cross section.

IV. COUPLED CHANNEL CALCULATIONS

The nuclear reaction cross sections of '2C + '2°Sn at Ej, =
46.7 MeV have been studied within the microscopic coupled
(reaction) channel (CC and CRC) calculations. In addition
to the '>C +!2°Sn elastic scattering process, we observed

1.50

1.00

s

0.50

0.50  0.75 1.00 1.25 1.50
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| g
8 10 12 14
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()

FIG. 7. x2, as a function of the OM4 (N, and N,) fit parameters for the '2C + '*Sn reaction. (a) Ej,, = 38.7 MeV and (b) Ej, = 46.7 MeV.
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TABLE III. Total reaction cross sections for the '2C + '2°Sn, at
38.7 and 46.7 MeV, obtained with the OM3.

38.7 MeV 46.7 MeV

20 41208y (51 £ 5) mb (509 + 14) mb

the following nuclear reactions: inelastic excitations to the
2+ and 3~ states of the '’Sn target at 1171.27(2) keV
and 2400.30(5) keV, respectively, and the inelastic excita-
tions to the 2% state of the '>C projectile, at 4439.8(2) keV;
the 'C one-proton stripping transfer, '2°Sn('?C, 'B) '2!Sb
[0 = —10166(3) keV] and the '’C one-neutron pickup
transfer, '2°Sn('2C, 3C) "Sn [Q = 1223.9(13) keV]. The
above-mentioned Q values are obtained from Ref. [1].

A. Inelastic excitations

The CC calculations were performed using the FRESCO
code [38]. The OP are applied as the initial interaction to
calculate the angular distributions of inelastic excitations and
nucleon transfer reactions. These calculations apply SPP2
for the real term of the nuclear interaction [35]. For the
imaginary part of the OP, a phenomenological Woods-Saxon
(WS) parametrization (OM1) was adopted, with parameters
Wo= 100 MeV, r;p=1.06 fm, and ¢;= 0.25 fm [32].

With the OM1 approach, the strength of the imaginary
potential in the surface region is negligible, accounting only
for internal flux absorption due to barrier penetration. Thus,
the OM1 approach simulates the small fusion process, and it
does not take into account transitions to the other peripheral
nonelastic channels.

The coupling scheme includes the 2% and 3~ excited states
of the '>C projectile, at 4439.8(2) and 9641(5) keV; the 2+
and 3~ excited states of the '2°Sn target, respectively, at
1171.27(2) keV and 2400.30(5) keV, in addition to the 2*
states at 2728.12(3), 2930.53(5), 3157.97(9), and 3547.58(19)
keV. The last four states produce negligible effects on the
calculations. The Hoyle state of '>C at 7654 keV has no
direct transition to the 0 ground state and, hence, was not
considered in these calculations [34].

Table IV presents the spin, excitation energy (E*), tran-
sition mode (A), Coulomb transition probability [B(EA)],

TABLE IV. Spin, excitation energies (keV), transition ampli-
tudes from the g.s. to the excited states (10~3¢2b*) and deformation
lengths (fm), for the inelastic states included in the CC calculations.
Values have been extracted from Refs. [1,45-47].

Nucleus  Spin E* A  B(EM?T 8, Ref.
1208n 2+ 1171.272) 2 197.5 0.62  [45]
1208 3~ 2400.30(5) 3 115 0.84  [46]
1208n 2+ 2728.12(3) 2 23.0 0.082 [1]
1208 2+ 2930.53(5) 2 7.7 0.12 [1]
1208 2+ 3157.97(9) 2 150  0.17 1
1205 2t 3547.58(19) 2 260.0 0.72  [47]
2c 2+ 4439.8(2) 2 3.97 142 1
2c 3~ 9641(5) 3 0.251 1.66 1

T R —
F ——— B(E2) = 196.7x107% €22 ]
- 101;— B<E2) = 9250.0x 1073 e2p? _;
L : :
o :
= 10% ]
3 g S
5 : ~——d
b | -
=107t _g
10_2- o]
100 120 140 160 180

. (deg)

FIG. 8. Angular distributions of '*°Sn inelastic excitation (27,
at 1171.27(2) keV [5]), bombarded by '>C, at Ep, ~ 46.7 MeV.
The lines represent theoretical calculations performed with different
coupling schema (see Table IV and text for more details).

and deformation length (§,) of the corresponding excited
states. The nuclear deformation (8;) values associated with
the respective Coulomb transition probabilities [B(EA)] were
determined considering the effect of the finite diffuseness
value of the nuclear density [43,44]. Figures 8 and 9 present
the experimental and theoretical angular distributions of in-
elastic excitations of '2°Sn (2 at 1171.27(2) keV and 3~
at 2400.30(5) keV, respectively), bombarded by '>C. The
theoretical inelastic scattering angular distributions, obtained
from the calculations, show considerable (not negligible) sen-
sitivity to the coupling scheme. Thus, in Figs. 8 and 9, dashed
lines represent calculations performed by coupling only the
excited states of the target. The solid lines also include the
projectile excitations to the coupling scheme. The values of

10— 71T 3

F === B(E3) =68x1073e% 7

_ 101;_ — B(ES):159X10_362b3_;
Z g ]
= i ]
E b |
s U ~ ~eaong E
U F s=e_ ]
~ r 3
b - -
S0 E
1072_ . | . | . | . ]
100 120 140 160 180

Oem. (deg)

FIG. 9. Angular distributions of *°Sn inelastic excitations (37,
at 2400.30(5) keV [5]), bombarded by '>C, at Ey, =~ 46.7 MeV.
The lines represent theoretical calculations performed with different
coupling schema (see Table IV and text for more details).
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TABLE V. Spectroscopic factors for the one-neutron pickup and
one-proton stripping transfer states.

Overlap E* (MeV)  State (nlj)  C2S;;  Ref.
(BC| 2C+n) 0.00 1pi)2 0.56  [34]
(BC| 2C+n) 0.00 Ipi)2 1.4 [42]
(1Sn | "Sn+n) 0.00 3812 0.58  [48]
(1Sn | "Sn+n) 0.02 2ds), 1.66  [48]
(12°Sn | 'Sn+4n) 0.09 1hyy)2 335 [48]
(1°Sn | "Sn+n) 0.79 lg72 5.15  [48]
(2| "B+p) 0.00 1ps)2 570  [40]
("2C| "B+p) 0.00 1ps)2 3.58  [41]
('1Sb | °Sn+p) 0.00 2ds;, 0915 [49]
('1Sb | °Sn+p) 0.04 g7 .13 [49]
('21Sb | °Sn+p) 0.51 2ds, 0295  [49]
('21Sb | °Sn+p) 0.57 3s;, 0379 [49]

the '2°Sn deformation parameters were extracted from Refs.
[45,46], according to Table IV.

B. One proton and one neutron transfer reactions

The experimental differential cross section for the
one-proton stripping, '?°Sn('2C, 'B) '?!Sb, and one-neutron
pickup, '2°Sn('2C, 3C)'"”Sn, have been obtained
considering the ground states and different excited states
of the residual nuclei, '?'Sb and ''°Sn, respectively (Table V).
In the former, the calculations only take into account the
one-proton stripping channel, while in the latter, a complete
(full) CRC calculation was considered, according to Tables IV
and V, to describe the data. The real term of SPP2 [35] was
assumed for the corresponding particle-core potentials.
The imaginary WS shape potential (OM1) was assumed
to simulate internal flux absorption. The OM3 prescription
obtained for '2C + '2°Sn was assumed for the exit channel
potentials (a significant change is not appreciated assuming
OM2 instead of OM3 for the exit channel potentials). This
common approach has provided a very good description of
the different transfer channels.

Figures 10 and 11 present the experimental data and the-
oretical (CRC) calculations for the angular distributions of
the 'C one-proton stripping and one-neutron pickup transfer
reactions.

Table V presents the spectroscopic factors for the ground
states and excited states of the residual nuclei obtained from
the literature.

In Figs. 10 and 11 a minimum and maximum value of
the spectroscopic factors corresponding to the overlaps (1*C |
2C+n) and (2C | "B +p) are considered and represented
by dashed (blue) and solid (red) lines. In Figs. 10 and 11,
the better agreement between the data and the calculations is
obtained with the maximum values of spectroscopic factor.

C. Influence of the inelastic excitations and transfer reactions
on the elastic scattering

Figure 12 presents the elastic scattering angular distribu-
tions for the '>C 4 '2°Sn system, measured at ~46.7 MeV

101E ' ; S
- — (28, =5.70 1
I == (%5 =358 |
Z
e}
2
=
107 ~——e_ 3
S 5
10—2 . | L | . | .
100 120 140 160 180
Qc.m. (deg>

FIG. 10. Angular distributions of the '>C one-proton stripping,
1205n(12c, ''B) '2!Sb, at Eyp A~ 46.7 MeV. The lines represent the-
oretical calculations performed with two different values for the
spectroscopic factor ([40,41]) of the projectile (see Table V and text
for more details).

and compared to the theoretical calculations. In Fig. 12, the
dotted line corresponds to the pure OMI1 calculation without
coupled channels. This OM1 is applied as the initial interac-
tion to study the angular distributions of elastic scattering,
inelastic excitations, and nucleon transfer reactions. From
Fig. 12, we verify the contribution of coupling each inelastic
excitation channel to reproduce the elastic scattering angular
distributions of '>C + '2°Sn at 46.7 MeV. These calculations
progressively take into account the inelastic excitations to the
120Sn 2+ state, at 1171.27(2) keV (dashed line), and the 3~
state, at 2400.30(5) keV (dashed-dotted line). The calculations
are carried out with the deformation parameters presented in

10! ' I ' | ' |
— CQSU =14
——- (%S =0.56

| |
120 140

Ocm. (deg)

FIG. 11. Angular distributions of the '>C one-neutron pickup
1208n(12c, 3¢C) "Sn, transfer reactions, at Ejp, &~ 46.7 MeV. The
lines represent theoretical calculations performed with two different
values for the spectroscopic factor [34,42] of the projectile (see
Table V and text for more details).

|
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FIG. 12. Elastic scattering angular distributions, in linear (left) and logarithmic (right) scales, for the '>C+'?°Sn systems, at
Ep &~ 46.7 MeV (see text for more details).

Table IV and extracted from Refs. [45,46]. In addition, the  from OM3 to OM2. It is quite expected from the OM analyses
coupling scheme takes into account the inelastic excitations to (Table II) and since the transfer couplings had no effect on
the '2C 2% and 3~ states, at 4439.8(2) and 9641(5) keV (solid the elastic channel. Furthermore, no considerable effect on

line). We can observe that, as a new coupling is assumed, the "2°Sn(*2C, 1'B) '2!Sb and '*°Sn('2c, 13C) '"Sn angular
the agreement between the calculation and the elastic scat- distributions was observed.

tering data improves. After coupling the four excited states Table VI presents the cross sections of different reaction
mentioned above (solid line), the match between calcula- channels obtained from the CRC calculations. The total re-

tions and data improves significantly. The effect of coupling action cross section (O = 409.4 mb), obtained from the
other inelastic (Table IV) and transfer (Table V) channels is CRC calculations, can be compared to the same quantity
negligible. The results observed in Fig. 12 corroborate the obtained with the SP-OMP approach (cioa = 509 = 14 mb)
results observed in Figs. 5 and 6, where the calculations with (see Table III). The differences can be understood by analyz-
OM2 and OM3 account much better for the peripheral reac- ing Fig. 6, at backward angles, where OM3 shows a certain

tion (inelastic excitation) channels. disagreement ( szed = 9.9; see Table II) with the experimental
In the entrance channel, the OM1 potential, simulating data. Some other reaction channels, which have not been

internal flux absorption, was assumed. The OM3 prescription, included in the coupling scheme, should contribute to this

obtained for the '2C + '2°Sn, was assumed for the exit chan- difference.

nel potential. To study the role of the exit channel potential

in the CRC calculations, we have also carried out calcu- V. TESTS OF CONSISTENCY

lations with the OM2 potential. No considerable effect on

the 2°Sn(2C, 1'B) 2!Sb and '2°Sn('2C, 13C) 1%Sn angular A. Comparison of >C +1%-12'Sp

distributions was observed. In Fig. 12, an identical (best-fit) As a further test of consistency, we compare the elastic

curve is obtained for the elastic scattering angular distribution scattering angular distributions (experimental data and theo-
when coupling the transfer and changing the exit potential  retical calculations) of '2C + '°Sn [34] with '2C + '2°Sn ones

TABLE VL Cross sections of different reaction channels obtained from the CRC calculations for the '>C 4'1%129Sn systems: o,

and
mne
oine '2C represent the inelastic scattering corresponding to the coupled excited states of the target and the projectile, respectively; oy, and o7,
correspond to the neutron pickup and proton stripping transfer processes, respectively; o, is the absorption cross section from the internal

potential.

System Ototal (Mb) e (mb) Oine 'C (mb) o1y (mb) o1y (mb) Oabs (mb)
12C 4 12Sn 409.4 74.0 16.1 1.1 1.9 316.3
204+ 198n [34] 464.7 127.3 9.1 3.6 1.5 323.2
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FIG. 13. Elastic scattering angular distributions for the
2Cc4+'YSn [34] compared to '2C+'?°Sn (this work), at
Ep, = 47 MeV (see text for more details).

(this work). Both systems were measured at a bombarding
energy of ~47 MeV.

Figure 13 presents the '>2C +'!*120Sn experimental data.
The dotted lines correspond to pure OM1 calculations without
coupled channels, and the solid lines correspond to the full
coupling as described in Sec. IV C and represented in Fig. 12.
In both cases, the combination of OM1 with CC calculations
describes the experimental data fairly consistently.

In addition, we can compare the intensity of the different
reaction channels by looking at the calculated cross sections in
Table VI. The main difference is related to the inelastic
scattering cross sections of the target, which can be asso-
ciated with the higher density of low-lying states of '!”Sn
with respect to 120gn. Unlike '2°Sn, the experimental cross
sections of ''Sn involve contributions from multiple excited
states. In particular, couplings associated with the excitation
of states near 2.30 MeV were experimentally observed and
showed a significant effect on the elastic scattering description
[34]. Further discussions are presented in Secs. V B and VI.

B. Critical and absorption distances

The present data are represented as a function of the semi-
classical distance of closest approach and compared across
different systems. This analysis identifies the distances at
which the peripheral and fusion reaction channels are acti-
vated, providing critical information on the influence of the
nuclear mass distribution and the binding strength, whether
tightly or weakly bound, on the dynamics of the interaction
and the resulting reaction mechanisms [50,51].

The distance of closest approach is calculated by

7,776
D = 2227 (csc(bem/2) + 1), (6)
2Ecy

TABLE VII. Calculated reduced critical interaction d; and the
reduced strong-absorption ds distances presented in Ref. [50], for
tightly and weakly bound projectiles reacting on '2°Sn.

System Opu (MeV) d; (fm) dg (fm) Ref.
°He + '2°Sn 0.975 2.60(8) 1.567(9) [52]
®Li+4'2°Sn 1.474 2.00(3) 1.555(5) [31]
°Be + 2°Sn 1.655 1.94(2) 1.588(4) [54]
"Li+'2Sn 2.468 1.92(2) 1.560(5) [49,53]
10g 4 1208y 4.461 1.833)  1.538(3) [48,55]
B +12°§p 8.664 1.782)  1.551(3) [56]
12C 4 1208n 7.275 1.86(7) 1.549(3)  This work
2c 41198 7.275 1.803)  1.534(3) [34]
160 4+ 1208n 7.162 1.712)  1.539(2) [57]

where Z, and Z; represent, respectively, the atomic number
of projectile and target.

The reduced distance of the closest approach can be de-
fined by d = D/ (All/ 3 +A1T/ 3), where A, and Ay represent,
respectively, the atomic mass of the projectile and target. This
avoids geometrical differences and enables a direct compari-
son between different systems.

Figure 14 shows the ratio of elastic scattering to Ruther-
ford cross section (¢ /og) as a function of d for 2C + '2°Sn
data (this work), compared to several other projectiles (*He
[52], °Li [31], "Li [49,53], °Be [54], 1>!'B [48,55,56], and
10 [57]) reacting on the same target. For comparisons,
Fig. 14 also shows the results for '2C +2%Pb [58,59] and
12c+ 119Sn [34]

In Fig. 14, the experimental elastic scattering cross sec-
tions (oe/or) are fitted by a Boltzmann-type exponential
function as in Ref. [50], which is given by

o _
OR - 1+gd](d_d2)’

@)

where py, dy, and d; are its parameters. The critical interaction
distance (d;) and the reduced strong absorption distance (ds)
have been defined as those for which this fitting function
decreases, respectively, by the factors 0.98 and 0.25 of its
maximum value (p;) [50,60].

Tables VII and VIII present the distances d; and ds for
different projectiles that react with the '2°Sn and 2%*Pb tar-
gets. Our calculations of d; and dy are compatible with those
originally presented [50,51,61]. As can be seen, all projectiles
have a quite similar ds, whereas d; better reveals their features.

TABLE VIII. Calculated reduced critical interaction d; and the
reduced strong-absorption ds distances presented in Ref. [50], for
tightly and weakly bound projectiles reacting on 2°*Pb.

System Opu MeV) d; (fm) dg (fm) Ref.
i+ 2%pp 0.369 5.2(4) 1.59(4) [62]
°He + 2Pb 0.975 2.20(5) 1.589(7) [63]
°Li + 2%%pp 1.474 1.95(4) 1.521(5) [64]
°Be + 2%Pb 1.655 1.86(2) 1.540(4) [65]
"Li+ 2%8pp 2.468 1.74(2) 1.491(3) [64]
12 4 208pp 7.275 1.66(1) 1.491(2) [58]
160 4 208pp 7.162 1.64(1) 1.498(2) [66]
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FIG. 14. Ratio of the elastic scattering to Rutherford cross section versus the reduced distance of closest approach. The curves represent
the fit given by Eq. (7) to the data. This figure shows a zoom-in of the region between the reduced critical interaction d; and the reduced
strong-absorption dy distances. In the lower panel, the fits are normalized to the o, /oy related to the '2C + '2°Sn (horizontal solid black line)

in this region of interest. References are indicated in the text.

From Tables VII and VIII, the distance d; tends to be shorter in
the case of tightly bound projectiles, such as '%!'B, 12C and
190; it increases for weakly bound projectiles, such as ®7Li
and ?Be; and increases even more for reactions with exotic
nuclei, such as ''Li and ®He.

In Fig. 14, the lower panel represents the ratio of o, /or for
each system normalized to the '>C 4 '?°Sn case (horizontal
solid black line). Thus, above the solid line, we have o.|/or
for 10,11B’ 16O+12()SI1, 12C+208Pb, and 12C+”98n. This
means that the o, for these systems decreases from Ruther-
ford at a shorter distance than the one for '2C + '?°Sn. Below
the solid line, we have o /o for 5714, °Be, and °He + '*°Sn,
suggesting that the o, for these systems decreases from
Rutherford at larger distances than the one for '>C + '2°Sn.
The °He + '2°Sn represents one extreme case, where the de-
viation from Rutherford begins much further away. This is in
agreement with the results presented in Refs. [33,63,67-69].
The results obtained for ©’Li, °Be, and °He contrast with the
results of '>!'B and '>C projectiles in interaction with '2Sn
target. For instance, in the case of !°B, significantly lower
absorption (represented by lower N; ~ 0.35 values) have been
reported [31]. This can be correlated with the higher fusion
cross section obtained for '°B compared to other projectiles
[70]. Thus, fusion tends to prevail for 10.11g and 12, while
the peripheral reaction process seems to dominate for stable
weakly bound nuclei, such as 6714, 9Be, and exotic nuclei
such as %He.

Thus, comparing the region between the distances d; and
ds, for different systems, we can differentiate the reaction
dynamics of '>C from the others. In addition, we differentiate

between the reactions of stable tightly bound and weakly
bound nuclei, and the reactions of stable and exotic nuclei,
with the characteristic long-range absorption processes of the
latter [33,63,67-69].

VI. SUMMARY AND CONCLUSIONS

This manuscript presents new experimental data and
theoretical calculations for the elastic scattering angular dis-
tributions of >C 4 '2°Sn and the following nuclear reaction
channels: inelastic excitations to the 2% state at 1171.27(2)
keV and to the 3~ state at 2400.30(5) keV of the '°Sn
target, '>2C one-proton stripping '2Sn('2C, 'B) '?'Sb and
one-neutron pickup 2°Sn(*?C, °C) 'Sn transfer reactions.

We analyze the experimental data using the SP-OMP and
CC and CRC calculations. The calculations provide an overall
description of the data.

Low-energy data analysis, close to the Coulomb barrier, is
known to be sensitive to the nuclear potential surface region
around the so-called strong absorption radius [16]. However,
for the 12C + '?°Sn case, the data obtained at 38.7 MeV (below
the Coulomb barrier) show little sensitivity to the real OP
term. We observe that the data fit is mostly sensitive to the
imaginary OP term. This sensitivity does not correlate with
barrier penetration (since it is not considered by OM1 and
its respective internal absorption). Instead, it correlates with
the peripheral reaction channels (inelastic excitation and nu-
cleon transfers), observed in the experimental spectra, and the
respective surface absorption, which is better accounted for
by OM2, OM3 and OM4. In Ref. [71], the authors question
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whether the unusual near-threshold potential behavior, ob-
served in the elastic scattering of weakly bound nuclei, could
be related to a precision error. In addition, the authors claim
that uncertainty quantification of elastic scattering data with a
physical constraint of the imaginary part of the OP is needed
to extract the OP from the data. The reaction channels (ob-
served at our spectra) are, indeed, the main physical constraint
to the imaginary part of OP. Thus, they have been analyzed
through microscopic CC calculations.

In general, the results obtained for the 12041208y data
are consistent with previous systematic work on reactions
involving tightly and weakly bound nuclei [29,31,32].

We compare the elastic scattering angular distributions of
120 4 1198n [34] with 2C 4 '2°Sn ones (this work). In both
cases, the combination of OM1 (internal absorption) with CC
calculations describe the experimental data quite consistently.

The CRC calculations, using the SPP as the bare inter-
action, provide an overall description of the '2C +'1%:1208p
experimental angular distributions. These calculations were
performed applying an imaginary WS shape potential (OM1),
with a set of fixed parameters that result in internal flux ab-
sorption and negligible strength in the surface region.

In both '2C 41191208 cases, we verified that the transfer
couplings effect on the elastic scattering angular distribution
(and other channels) is negligible.

As in the case of 12C + '°Sn, we have studied the effect of
coupling inelastic excitations to the '>C 2%+ and 3~ states, at
4439.8(2) and 9641(5) keV. The CRC calculations show that
these effects are not negligible, and their couplings help to
describe the experimental data set.

In the '2C+'%Sn reactions, the specific main inelastic
excitations to the 2°Sn 27 state, at 1171.27(2) keV and the
3~ state, at 2400.30(5) keV were considered in the coupling
scheme, providing an overall agreement with the experimental
data set. Unlike '2°Sn, in the case of ''°Sn, experimental cross
sections involve contributions from multiple excited states of
the residual nuclei. In particular, couplings associated with
the excitation of states near 2.30 MeV were experimentally
observed and showed a significant effect on the elastic scat-
tering description. In this energy region, a complete CRC
calculation, considering all possible excited states, is imprac-
tical. Thus, the corresponding theoretical cross sections were
obtained using a simplified coupling scheme, where a single
state 5/2F 1198, with E* = 2.30 MeV, was adopted to simu-
late the effect of nearby populated excited states of the ''°Sn.
The Coulomb and nuclear deformation parameters were var-
ied to match the corresponding experimental cross sections.

These results provide another important reference for
comparison purposes and contribute to a common description
of stable reactions of tightly and weakly bound nuclei [31,32].
As an example, we compare the elastic cross section (0. /oRr)

as a function of the reduced distance of the closest approach
(d), for the '>C data (this work), compared to several other
projectiles interacting with three different targets (!!%!20Sn
and 2%8Pb). This reduced distance of closest approach allows
us, in a very simple way, to differentiate when reaction
channels are initiated, according to the nuclei involved.
Despite its simplicity, it clearly differentiates '>C from other
projectiles reacting on '2°Sn and from the same '>C projectile
reacting on two different isotopes (!'*'2°Sn). In addition,
it also differentiates between exotic and stable (tightly and
weakly bound) nuclei reactions. Comparisons with a third
target (*°3Pb) are presented.

The determined OP served as a valuable benchmark for
analyzing additional nuclear reaction processes. In particular,
the OP was used as the initial interaction to study the angu-
lar distributions of inelastic excitations and nucleon transfer
reactions from coupled-channel calculations.
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