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Abstract Angular distributions for elastic and inelastic
scattering of the 13C+208Pb system have been measured at
energies close to the Coulomb barrier, Elab = 59.8, 63.8 and
65.8 MeV. Optical Model (OM) and coupled channel (CC)
analysis were performed using Woods-Saxon and double
folding São Paulo potentials. Angular distributions for the
Jπ = 3/2− excited state of 13C∗ (3.684 MeV) and Jπ = 3−
of 208Pb∗ (2.615 MeV) were also obtained and analyzed
with coupled channels calculations. A good description of
the elastic angular distributions was achieved with the inclu-
sion of the 1n-stripping contribution in the coupled reaction
channel (CRC) calculations.

1 Introduction

Although elastic scattering is the simplest two-body interac-
tion process in a nuclear collision, it can be used to extract
information on the dynamics and structures of the involved
nuclei [1]. Owing to its peripheral nature, this process has
been used to investigate surface and cluster effects of weakly-
bound and exotic nuclei [2,3]. For stable and not so deformed
projectile on heavy targets, the elastic scattering cross sec-
tion typically follows a Rutherford cross section at very for-
ward angles (σel/σRuth ≈ 1), followed by an oscillatory
pattern due to the interference of Coulomb and nuclear scat-
tering, resulting in a Fresnel peak [1]. The strong fall of
the cross sections at backward angles represents the absorp-
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tion effects of the elastic flux by other channels such as
fusion and direct reactions (inelastic excitations, transfer, and
breakup). Strong coupling effects, arising from deformation
of the colliding nuclei or absorption from different channels,
can have a significant impact in the elastic scattering angu-
lar distributions behavior, which provides an effective mean
to probe specific nuclear structure properties of the projec-
tile or target, or the importance of the coupling to a spe-
cific channel (dynamic effects) [1,4]. For instance, inelastic
scattering is an important channel for deformed projectile,
whereas breakup and/or transfer are the important channels
for weakly-bound nuclei. Deformation, unusual density dis-
tribution, strong cluster structure of the projectile and/or tar-
get can also play an important role in modifying the elastic
scattering angular distribution, for instance, by deviating the
elastic flux from the forward to backward angles due to cou-
pling to other channels (static effect). Also, for weakly-bound
projectile on a heavy target, the Fresnel peak in the angular
distributions can be completely damped due to the Coulomb
field of a heavy target and possible long-range component of
the nuclear potential. A review on these effects in the elastic
scattering can be found in Ref. [5].

The dynamic and static effects discussed above have been
observed in the elastic scattering of different carbon isotopes
projectiles on heavy targets. For instance, elastic-scattering
angular distributions of the proton-rich 9C [6] and 10C [7]
isotopes, as well as for 11C [7], 12C [8], 13C [9,10] and 14C
[10] on 208Pb target have been measured at three to five times
the Coulomb barrier. The obtained angular distributions for
all these experiments present a clear Fresnel peak and do not
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present any strong coupling effects. On one hand, the rela-
tive high velocity of the projectile may prevent any strong
interaction with the target. But, on the other hand, at ener-
gies close to the Coulomb barrier, strong coupling effects,
and damping of the Fresnel peak, are present in the elastic
data for the proton-rich 10C isotope on 208Pb [11] and for the
very neutron-rich 15C isotope on 208Pb [12]. While for 10C
the effects are attributed to the strong cluster structure of this
brunnian nucleus (α + α + p + p), for 15C it is due to the
low valence neutron separation energy (Sn = 1.218 MeV),
corresponding to the 14C+n configuration. Although 12C is
a deformed (and tightly bound) nucleus, the angular distri-
butions of the elastic scattering on 208Pb [13], measured at
energies close to the barrier, do not exhibit any strong absorp-
tion effect. To complete the systematic of elastic scattering
measurements for the carbon isotopes on a 208Pb target, at
energies close to the barrier, data for four projectiles are miss-
ing: 9C, 11C, 13C and 14C. In the present work we report, for
the first time, elastic scattering data for 13C on 208Pb system
at the energies near the Coulomb barrier. Additionally, angu-
lar distributions for the excited states at 3.684 MeV in 13C
(3/2−) and 2.615 MeV in 208Pb (3−) have been measured
and are included in the present analysis. The measured angu-
lar distributions were analyzed with Optical Model (OM),
coupled-channel (CC) calculations, where projectile and tar-
get inelastic channels were included in the coupling matrix,
and coupled-reaction channels (CRC) calculation for the 1n-
stripping reaction.

The present paper is organized as follows: in Sect. 1 we
provide details of the experiment. In Sect. 2, the analysis of
elastic and inelastic angular distributions and the correspond-
ing discussions are presented. The conclusions are given in
Sect. 3.

2 Experimental setup

The experiment was performed at Tandar Laboratory of the
Comisión Nacional de Energía Atómica, in Buenos Aires,
Argentina. The 13C6+ ion beam was delivered by the 20-
UD tandem accelerator at three energies: Elab = 60, 64 and
66 MeV. The 13C beam was impinged on a 208Pb target,
350 μg/cm2 thick, positioned on a rotating target holder at
the center of the scattering chamber. The target was rotated
by 40◦ relative to the beam axis. The energies of the 13C
projectile at the center of the target were 59.8, 63.8 and 65.8
MeV, respectively. The Coulomb barrier was estimated to be
VB = 57.3 MeV for this system with the São Paulo potential
(SPP2) [14].

The detection system consisted of an array of eight single
silicon surface barrier detectors, with an angular separation
of 5◦ between adjacent detectors, referred here as Z8. This
system has been used in several other elastic scattering mea-

surements with good results [15–17]. An additional silicon
planar barrier detector, denominated as monitor, was fixed at
θlab = 16.1◦. The measurement of the cross section at this
angle was used for normalization purposes, since it is pure
Rutherford at the energies under consideration.

The yields for elastic and inelastic scattering for each mea-
sured angle were obtained by integrating the corresponding
peaks in the calibrated energy spectra for each detector in the
Z8 system. These detectors were calibrated using the elastic
scattering data obtained for the 16O+197Au and 16O+208Pb
systems at Elab = 25 and 50 MeV, respectively. The elastic
scattering at forward angles was assumed to be purely Ruther-
ford. A typical energy spectrum measured for 13C+208Pb
at θlab = 55.0◦ can be seen in Fig. 1. The energy reso-
lution, derived from the elastic peak, varied from 350 keV
(FHWM) at forward angles to 700 keV (FHWM) for the
spectra measured at more backward angles, mainly due to
the straggling of energy in the target. The elastic and two
excited states peaks, at 3.684 MeV (13C∗) and 2.615 MeV
(208Pb∗), can be clearly seen and separated. Angular distribu-
tions were measured in the range θlab = 30.0◦ to 155.0◦ with
an estimated angular resolution varying between 0.2◦ and
0.7◦. Using the yields from the monitor detector, the cross
sections for each measured angle, normalized to Rutherford
cross section, were straightforwardly determined according
to the expression below:

σ

σruth
(θ icm) = σruth(θ

mon
cm )

σruth(θ icm)

ΔΩmon

ΔΩ i
det

N i
det

Nmon

J (θ icm)

J (θmon
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, (1)

where Ni
det and Nmon are the elastic yields obtained in the

detector i and in the monitor, J (θ icm) and J (θmon
cm ) are the

Jacobian of coordinate transformation for the laboratory to
center of mass system. σruth(θ

i
cm) and σruth(θ

mon
cm ) are the

differential elastic cross sections at θ icm and θmon
cm , respec-
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Fig. 1 Energy spectrum for 13C+208Pb measured at Elab = 65.8 MeV
and θlab = 55.0◦. The small peaks corresponding to the excited state of
13C (3/2−) and 208Pb (3−) are also indicated
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Fig. 2 Elastic scattering angular distribution for the 13C+208Pb at
Elab = 59.8, 63.8 and 65.8 MeV. The solid and dashed curves are OM
calculations with WS potential with the parameters listed in Table 1.
The dashed-dotted curve represents the OM calculation with the SPP2
potential with normalization NR = 1.0 and NI = 0.78 for real and
imaginary parts, respectively

tively. The ΔΩmon/ΔΩ i
det solid angle ratio was obtained

from the analysis of the 16O+197Au elastic scattering data,
measured in the same experiment at Elab = 25.0 MeV, which
corresponds to an energy well below the Coulomb barrier
where the cross sections, at all angles, were purely Ruther-
ford.

3 Analysis

3.1 Optical model

The experimental angular distributions for the elastic scat-
tering of the 13C+208Pb system are shown in Fig. 2 for Elab

= 59.8, 63.8 and 65.8 MeV, respectively. The error bars of
the differential cross sections were estimated considering
only statistical uncertainties. Using the yields of the mon-
itor detector, the contributions from number of particles in
the beam and number of particles in the target are canceled
out. The systematic uncertainty comes only from the ratio of
the solid angles between each detector and the fixed monitor

detector and are in the range of 1–10%. In the plots only sta-
tistical uncertainties are computed, and they are in the range
of 1–3% (10% for the most backward angles). It is important
to note that the Fresnel-like diffraction pattern is observed
in the angular distribution measured at Elab = 65.8 MeV
and 63.8 MeV. However, for the angular distribution at the
energy closer to the barrier, Elab = 59.8 MeV, the Fresnel
peak is practically absent. Optical model (OM) calculations
were performed for these angular distributions considering
both a volume type Woods-Saxon (WS) and a double fold-
ing potential. Parameters for the WS potentials are listed in
Table 1. The WS-1, WS-3 and WS-5 were taken from the
analysis of the 12C+208Pb data at Elab = 60.9 MeV (WS-1)
and 64.9 MeV (WS-3 and WS-5) as reported in Ref. [18] and
used to calculate the cross sections for 13C+208Pb. As can be
observed in Fig. 2, these potentials do not provide a good
description of the experimental angular distributions. There-
fore, a fitting procedure was, then, performed to search for
the optimal parameters for the depths, radii and diffuseness
of the real and imaginary parts, using as the initial parameters
those from the previous potentials. The obtained parameters,
which minimize the χ2 of the fitting, are given by WS-2
(Elab = 59.8 MeV), WS-4 (Elab = 64.8 MeV ) and WS-6
(Elab = 65.9 MeV) in Table 1. The fitting of the angular dis-
tributions with these potentials are quite good for all three
measured energies. The important point for this analysis is
to derive the total reaction cross sections (σR). The values
obtained for the 13C+208Pb using the WS-2, WS-4 and WS-
6 are listed in Table 1. The uncertainty in the total reaction
cross section was estimated by considering the beam energy
resolution ( 0.5 MeV) in the fitting procedure.

For comparison, we have plotted the angular distributions
for the elastic scattering obtained in this work for 13C at
Elab = 65.8 MeV along with those obtained for other carbon
isotopes as projectile, at similar energies, 10C at Elab = 66
MeV [11], 12C at Elab = 64.9 MeV [13] and 15C at Elab =
65 MeV [12] on 208Pb target, see Fig. 3. The energies for all
these systems are slightly above the corresponding Coulomb
barrier. Besides the different isospin asymmetry, the carbon
isotopes projectiles have different particle separation ener-
gies: 10C (Sp = 4.006 MeV), 12C (Sα = 7.367 MeV), 13C
(Sn = 4.946 MeV), and 15C (Sn = 1.218 MeV). As can be
observed in the figure, the Fresnel-like pattern is pronounced
for the stable isotopes 12C and 13C, but strongly damped for
10C and 15C. The curves in the figure are OM calculations,
using parameters from WS potentials obtained in the respec-
tive references. Actually, for both 10C and 15C projectiles, the
cross section at backward angles are strongly absorbed. For
the proton-rich 10C, this absorption was attributed by Linares
et al. to its Brunnian structure [11], while for the neutron-
rich 15C isotope it was attributed to the unique s-wave nature
of the halo wave function in 15C [12], but with the caveat
that the data was still at the preliminary stage. For a further
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Table 1 Parameters of the potentials used in Optical Model analysis

Energy Potential V rV aV W rW aW σR (mb) χ2
red

WS-1 55.64 1.282 0.483 56.49 1.261 0.384 3.33

Elab = 59.8 MeV WS-2 50.63 1.347 0.338 40.38 1.177 0.399 87 ± 5 0.92

WS-3 65.50 1.282 0.463 163.71 1.265 0.365 8.73

Elab = 63.8 MeV WS-4 45.00 1.307 0.443 140.48 1.212 0.400 381 ± 7 1.18

WS-5 65.50 1.282 0.463 163.71 1.265 0.365 28.42

Elab = 65.8 MeV WS-6 68.04 1.279 0.451 140.97 1.226 0.341 442 ± 7 1.33

Parameters for V and W are in MeV. The rV and rW are reduced radii in fm, where the radii are obtained using the convention Ri = ri ×[A1/3
p +A1/3

t ]
expression. The reduced Coulomb radius is rC = 1.06 fm. The aV and aW are the diffuseness, in fm. The χ2

red is the reduced χ2. The reaction cross
sections (σR) obtained with fitted optical potential are also reported with their respective uncertainties
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Fig. 3 Elastic scattering angular distributions for the carbon isotopes,
10C at Elab = 66.0 MeV [11], 12C at Elab = 64.9 MeV [13], 15C at Elab
= 65 MeV [12] and 13C at Elab = 65.8 MeV on 208Pb target. The OM
calculations were performed considering the WS potentials from the
respective references

discussion and to gain some insights on these issues, we can
also compare the total reaction cross sections for different
projectiles on 208Pb target. However, a proper comparison
demands a reduction method to remove differences arising
from the static properties and charges of the colliding nuclei.
In this work we adopt the reaction function method [19,20],
in which the reduced energy (ERed) and the reduced reaction
cross section (σRed) are defined as:

Ered = Ec.m. − Vb
h̄ω

; σred = σR

[
2Ec.m.

h̄ωR2
b

]
, (2)

where Rb, Vb and h̄ω are the radius, height, and width of an
inverted parabolic shape adjusted to the Coulomb barrier. The
parameters of the Coulomb barrier were determined adopting
the São Paulo potential [21] as the nuclear potential and no
centrifugal term (
 = 0).

A comparison of the σred for several light projectiles on
208Pb (and two on 209Bi) target is shown in Fig. 4. At low
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Fig. 4 Reduced total reaction cross section as a function of reduced
energy for some light projectiles on heavy target, using the reduction
method described in the text. The dashed line curve represents the Uni-
versal Fusion Function (UFF), indicating the fusion limit

energy regime, the total reaction cross section should contain
a strong contribution of fusion and some contribution from
other non-elastic direct reactions such as inelastic, transfer,
and breakup cross sections. The fusion contribution can be
approximately estimated by considering Wong’s model [22],
which describes the penetration probability through a fixed
parabolic barrier. When considering the present reduced vari-
ables, Wong’s equation transforms itself into an equation
known as the universal fusion function (UFF) [23], which
depends only on the reduced energy and therefore, is system
independent and it is given by:

σUFF = ln
[
1 + exp(2πEred)

]
(3)

The σUFF can thus be considered as a lower limit for the
σred due to fusion and the contribution of the several direct
reactions to the total reaction can be estimated from the dif-
ference Δ = σred − σUFF. A possible correlation between
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this difference and the separation energy of the valence par-
ticles, can be observed in the figure, where higher values
are obtained for weakly bound projectiles, suggesting the
importance of the breakup process to the total reaction cross
section. For instance, the σred values for 8B and 15C, with
Sp = 0.138 MeV and Sn = 1.218 MeV, respectively, are well
above the UFF curve. The σred for some other neutron-rich
projectiles, such as 6,8He and 11Be, are also well above the
UFF curve. These large total reaction cross sections has been
related to the importance of the breakup channel. For tightly
bound projectile, as 10Be and 12C, with Sn = 6.812 MeV and
Sα = 7.367 MeV, respectively, the reduced total reaction cross
sections are closed to the UFF curve. For our 13C+208Pb sys-
tem, with Sn = 4.946 MeV for 13C, the cross sections follow
the trend of the 12C, which is considered a deformed nucleus,
indicating that direct channel might have some importance
but not as pronounced as for the weakly bound 6He, 8He, 8B,
11Be and 15C projectiles to the total reaction cross section.

OM analysis was also performed by employing the double
folding São Paulo (SPP2) nuclear potential [14]. This new
version of the São Paulo Potential takes into account the den-
sity of the projectile, which can be obtained from a table with
experimental charge density values from electron scattering
experiments or by nuclear densities calculated with Dirac-
Hartree-Bogoliubov model. Additionally, it also includes a
dependence on the relative velocity between the colliding
nuclei. These features are quite important for radioactive
projectiles with nucleus away from the valley-of-stability.
Considering the standard real and imaginary normalization
factors NR = 1.0 and NI = 0.78, respectively [24], the
obtained results for 13C+208Pb are shown in Fig. 2. As can
be observed in the figure, the results with SPP2 do not give
a good description of the experimental data. However, it is
important to mention that this potential could give a good
description to the data for the elastic scattering of 13C+208Pb
at Elab = 340 MeV [10]. This potential, with the standard nor-
malization parameters (NR = 1.0 and NI = 0.78), has been
used as benchmark. Deviation of the description of the angu-
lar distribution with this potential indicates the importance
of other channels, such as inelastic, transfer and breakup, to
the elastic scattering. These effects are explored in the next
sections, where the results including the couplings of inelas-
tic scattering (CC) and 1n-transfer (CRC) reaction channels
are presented.

3.2 Coupling to collective states

To investigate the effect of other channels on the elastic
scattering angular distribution for the 13C+208Pb system, we
started with the inclusion of the inelastic scattering contri-
butions by performing coupled channel calculations. In this
approach, the absorption of the elastic flux is produced by the
inelastic excitation of the projectile and/or target nuclei. To

Table 2 Deformation parameters of the excited states of the 13C pro-
jectile and the 208Pb target used in the calculations

States of 13C

E (MeV) Jπ
i → Jπ

f λ B(Eλ) [W.u] δ [fm]

3.089 1/2+ � 1/2− 1 0.039 (4) 0.116

3.684 3/2− � 1/2− 2 3.5 (8) 1.412

3/2− � 1/2+ 1 0.039 (6) 0.1646

3.854 5/2+ � 1/2− 3 10 (4) 2.758

5/2+ � 1/2+ 2 1.65 (7) 1.188

States of 208Pb

E (MeV) Jπ
i → Jπ

f λ B(Eλ) (W.u) δ

2.615 3− � 0+ 3 33.8 (6) 1.010

3.198 5− � 3− 2 0.39 (2) 0.143

4.086 2+ � 0+ 2 8.4 (5) 0.451

Here δ is the deformation length used as input in the FRESCO code

account for the absorption due to the fusion reaction, a com-
plex potential was considered, which comprises the SPP2
potential (with NR = 1.0) as the real part and a short-range
Woods-Saxon type potential (W = 50.0 MeV, rw = 1.06 fm
and aw = 0.2 fm) for the imaginary part [25]. It is important
to mention that this short range imaginary potential provides
an effective ingoing wave boundary condition for fusion and
ensures that any surface absorption was due entirely to the
couplings. Also, this short range Woods-Saxon potential has
been used with success in several other works [26,27]. In
the coupling scheme, we considered the influence of the
projectile and the target excitation. For 13C, besides the
Jπ = 1/2− ground-state, we included in the coupling scheme
three excited states at 3.089 MeV (Jπ = 1/2+), 3.684 MeV
(Jπ = 3/2−) and 3.854 MeV (Jπ = 5/2+). However, the
negative parity state (Jπ = 3/2−) is expected to give the
most relevant contribution, as shown in the work of Bar-
badoro et al. [28]. For the 208Pb target, besides the Jπ = 0+
ground-state, the excited states at 2.615 MeV (Jπ = 3−),
and 4.086 MeV (Jπ = 2+) were considered, since they pro-
duce quadrupole and octupole transitions to the ground-state.
An extra excited state of 208Pb at 3.198 MeV (Jπ = 5−)
was also included in the coupling scheme. The transitions
between the collective states of the projectile and target were
described using a model-independent approach, taking into
account for each state the corresponding electromagnetic
transition B(Eλ) for both Coulomb and nuclear deforma-
tions. The spin, parity, energy of all these states, as well as
the values for B(Eλ), were taken from NNDC database [29]
and listed in Table 2. The deformation parameters in Table 2
were calculated from the values of B(Eλ) using equations
from Ref. [30].
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Fig. 5 Elastic scattering angular distribution for the 13C+208Pb at
Elab = 59.8, 63.8 and 65.8 MeV. The red solid curve are CC calcu-
lations. The blue dashed-dotted curve represents the calculations with-
out the couplings. The magenta dashed-dotted curve represents the OM
calculation for SPP2 potential with normalization set to NR = 1.0 and
NI = 0.78 for real and imaginary parts, respectively

The results of the CC calculation, carried out using the
code FRESCO [31], are shown in Fig. 5. For comparison,
we also present the no-coupling calculations (considering
only the absorption due to the fusion channel), and the pre-
vious results from OM analysis with the SPP2 potential. As
observed in the figure, the inelastic coupling improves the
description of the data when compared to the no-coupling
calculations, being the contribution of the 13C excitation
slightly more relevant than the 208Pb excitations. The effect
of the coupling to these inelastic channels in the elastic angu-
lar distribution measured at Elab = 63.8 and 65.8 MeV is to
reduce the intensity and shift the Fresnel peak to smaller
angles. Also, for all measured angular distributions there is
a reduction of the elastic cross sections at backward angles,
compared to the no-coupling calculations.

In the present work, the inelastic cross sections for the
excited state of 13C at 3.684 MeV (Jπ = 3/2−) and of 208Pb
at 2.615 MeV (Jπ = 3−) were also measured. The angu-
lar distributions for these inelastic channels are displayed
in Fig. 6, including the results of the CC calculations for
the respective excited states. The peak corresponding to the

0.3

0.6

0.9

1.2 59.8 MeV

13C (3.684 MeV)

0.5
1.0
1.5
2.0
2.5

208Pb (2.615 MeV)

0.5
1.0
1.5
2.0
2.5

dσ
/d

Ω
 (m

b/
sr

) 63.8 MeV

0.5

1.0

1.5

2.0

40 60 80 100 120 140 160
θcm (deg)

0.5
1.0
1.5
2.0
2.5
3.0 65.8 MeV

60 80 100 120 140 160
θcm (deg)

0.5
1.0
1.5
2.0
2.5

Fig. 6 Inelastic scattering angular distribution for the 3.684 MeV
excited state of 13C (3/2−) and 2.615 MeV of 208Pb (3−) at bombarding
energies Elab = 59.8, 63.8 and 65.8 MeV, respectively. The solid curves
are the CC calculations for both exited states

inelastic scattering populating the first excited state of 208Pb
at 2.615 MeV is well separated from the elastic and other
excited states, as can be seen in Fig. 1. However, the sec-
ond peak in the spectrum, corresponding to the excited state
at 3.684 MeV (Jπ = 3/2−) in 13C, although strong at for-
ward angles, it has some contribution from the other excited
states from both 13C and 208Pb at backward angles, where
the energy resolution is worse. It should be mentioned that
the inelastic cross sections for the 208Pb excited states, 3.475
(4−), 3.708 (5−), 3.919 (6−), 3.947(4−) and 3.961 (5−), are
found to be small by our CC calculations. However, a con-
tribution of these states to the 3.684 MeV peak can not be
ruled out at backward angles. As can be seen in the figure,
the CC calculations agrees fairly well with the data at for-
ward angles for both inelastic states. This can be considered
a good achievement since this is a parameter-free calcula-
tion. The important point is that the calculations provide a
reliable estimate of the intensity of the main nonelastic chan-
nels, validating the CC calculations for the elastic channel.
Although the inclusion of the nonelastic process in the cou-
pling scheme had quite an impact in the description of the
elastic data, there is still room for further improvement.

3.3 Coupling to 1n-stripping channel

As presented in the previous section, the inelastic excitations,
while important, are not sufficient to reproduce the experi-
mental data. This suggests that other reactions channels, such
as transfer and/or breakup, may play important roles in the
coupling scheme. The way to investigate the effect of transfer
reactions is by performing a more complete coupling calcu-
lation by coupled reaction channel (CRC) calculations. Since
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Fig. 7 Coupling scheme of projectile and target overlaps used in the
CRC calculations for one neutron stripping

the neutron is the particle with the lowest binding energy in
13C, with a separation energy of Sn = 4.946 MeV, we con-
sidered the neutron stripping reaction, 208Pb (13C,12C)209Pb
with Qvalue = −1.0089 MeV, in the CRC method. For the real
part of the potential for the entrance channel, we considered
the double-folding São Paulo Potential, SPP2, with normal-
ization factor NR = 1.0. However, for the imaginary part,
we used the same short-range potential from the previous
CC calculation, to simulate the fusion absorption. The com-
plex potential for the outgoing channel was entirely based on
the double-folding São Paulo Potential, SPP2, with the real
and imaginary normalization factors set to NR = 1.0 and
NI = 0.78, respectively, because no couplings are explicitly
considered in the outgoing partition.

The single-particle wave functions for the bound neu-
tron in 13C and 209Pb nuclei were generated by consider-
ing Woods-Saxon form factors with reduced radii and dif-
fuseness of 1.25 and 0.65 fm, respectively. The depths of
the potentials were varied to reproduce the corresponding
experimental binding energies for one neutron. The full com-
plex remnant in the coupling matrix elements, with prior rep-
resentation and non orthogonality corrections, was adopted
in the full CRC calculations, also performed with the code
FRESCO [31]. The overlap schemes for the 1n-stripping
transfer reaction considered in the present CRC calculations,
are shown in Fig. 7. For the projectile overlaps, the spectro-
scopic amplitudes were calculated by the shell model using
the code NUSHELLX [32]. The psdpn model space and the
psdmod effective phenomenological interaction [33] were
used for the projectile overlaps. In this model, the 4He is con-
sidered as a closed core and the 1p1/2, 1p3/2, 1d5/2, 1d3/2

Table 3 Spectroscopy amplitudes, obtained with NuShellX code [32],
used in the CRC calculations for one neutron stripping

Initial state Final state nl j Spect. amp.

13Cg.s (1/2−) 12Cg.s (0+) 1p1/2 0.80
13Cg.s (1/2−) 12C4.439 (2+) 1p3/2 – 0.99
13C3.08 (1/2+) 12Cg.s (0+) 2s1/2 – 0.90
13C3.08 (1/2+) 12C4.439 (2+) 1d3/2 0.04

1d5/2 – 0.31
13C3.68 (3/2−) 12Cg.s (0+) 1p3/2 0.36
13C3.68 (3/2−) 12C4.439 (2+) 1p1/2 0.82

1p3/2 – 0.54
13C3.85 (5/2+) 12Cg.s (0+) 1d5/2 0.91
13C3.85 (5/2+) 12C4.439 (2+) 2s1/2 0.11

1d3/2 – 0.06

1d5/2 0.20

and 2s1/2 were taken as valence subspace for neutrons. The
obtained spectroscopic amplitudes for the selected states in
the projectile are listed in Table 3. For the target overlaps,
we consider the most important and representative states,
adopting spectroscopic amplitudes equal to 1.0 for each nl j
configuration.

The results of the finite-range CRC calculations, which
includes the inelastic contribution and the contribution for the
one neutron stripping are shown in Fig. 8 for each of the mea-
sured energies. A notable improvement in the description of
the data can be observed, showing the importance of the 1n-
stripping reaction to the coupling scheme. It is important to
emphasize the complete absence of any imaginary potential
at the interaction surface region. Also, this is a parameter-free
calculation in the sense that there are no adjusted parameters.
If a good description of the data is achieved, it is an indication
that the correct number of channels has been included in the
coupling matrix. In the present case, this effect resulted in a
reduction of the intensity of the Fresnel peak, improving the
agreement with the data and establishing the importance of
the 1n-stripping reaction.

4 Conclusions

Full angular distributions for the elastic scattering of
13C+208Pb system at Elab = 59.8, 63.8 and 65.8 MeV, have
been measured for the first time at energies close to the
Coulomb barrier. The obtained angular distributions have
been analyzed in terms of optical model (OM), coupled-
channels (CC) and coupled reaction channel (CRC) calcu-
lations. The OM analysis has been used to derive the total
reaction cross sections for this system. After an appropri-
ate reduction, the obtained total reaction cross sections are
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Fig. 8 Elastic scattering angular distribution for the 13C+208Pb at
Elab = 59.8, 63.8 and 65.8 MeV. The red solid curve are the full CRC
calculations (taking into account the inelastic and 1n-stripping con-
tributions). The blue dashed-dotted curve represents the calculations
without the couplings. The magenta dashed-dotted curve corresponds
to the inelastic contribution from CC calculations

compared with values for some other light projectiles on the
same target. The values are similar to those obtained for the
12C isotope. The CC and CRC calculations have highlighted
the importance of the dynamic effects in the description of
the elastic data for this system. Specifically, nonelastic cou-
plings of the excited states in 13C and 208Pb, and additional
coupling to the 1n-stripping reaction have been shown to be
important. To complete the elastic scattering systematics for
the carbon isotopes, data for 14C+208Pb system at close to
the barrier energies would be welcome.
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