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Abstract The effect of inelastic couplings on the modified
astrophysical S*-factor for '2C+!2C fusion reaction at sub-
barrier energies is investigated using the Brazilian Nuclear
Potential. The '2C excited states (2], 4.44 MeV; 3, 9.64
MeV; 27, 9.84 MeV; 27, 10.3 MeV; 2, 16.1 MeV; 17,
17.2 MeV and 2;', 18.8 MeV) are included in the coupling
scheme. We have also coupled the 03‘ Hoyle state (E* =
7.65 MeV) to the 2;’. In our model, the fusion cross section
is associated to the absorption arising from the imaginary
potential. Many resonances presented at the sub-barrier data
are fairly reproduced by our approach.

1 Introduction

The fusion of two nuclei forming a compound nucleus is
of paramount importance to the stellar nucleosynthesis and
evolution of massive stars. In particular, the 12C412C reac-
tion, taking place at low energies (~ 1-3 MeV), has a deter-
mining role during the stellar carbon burning phase [1,2].
At such energies, the most relevant reaction branches are
2C(12¢,p)»Na (Q =2.241 MeV) and ">C("*C,a)*°Ne (Q
=4.617 MeV). Carbon burning is also crucial for explosive
scenarios like Type Ia supernovae, which are driven by car-
bon ignition in cores of accreting massive C O white dwarfs
[3-5]. Therefore, the investigation of the 12C4+12C reaction
mechanisms has attracted a lot of attention from theoretical
and experimental physicists working in the field of nuclear
reactions and astrophysics.
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Conventionally, fusion cross sections at very low energies,
typical for astrophysical conditions, are represented by the
so-called modified S*-factor

S*(E) = op(E) E #1185 (1)

where ) = (Z Z2e?/h)/i/(2E) is the Sommerfeld param-
eter, i is the reduced mass, Z is the charge number of the
nuclei, E is the center-of-mass energy, and g = 0.46 MeV ™!
for 12C+!2C. The term 4% was introduced to account for the
finite size of the nuclei [6].

Several phenomenological calculations have been
attempted to address the '>C+!2C fusion. Usually, such stud-
ies are based on the barrier penetration model [4,7,8] or
on the ingoing-wave-boundary conditions [9,10]. Coupled-
channels (CC) calculations, in which the excitations of '2C
are taken into account, have also been performed [11,12].
Alternatively, some recent works present the '>C+!2C fusion
results obtained with sophisticated microscopic models, such
as density-constrained time dependent Hartree—Fock method
[13], wave-packet dynamics within a nuclear molecular pic-
ture [14] and antisymmetrized molecular dynamics [15].

From the experimental perspective, direct fusion measure-
ments in the laboratory are extremely challenging at very
low energies. As a consequence, the '>C+!2C fusion needs
to be extrapolated to the energy region of astrophysical inter-
est. However, due to the presence of resonant structures and
discrepancies between the available data, the reliability of
extrapolation models is often affected. Recently, >C+!2C
fusion data have been measured at energies below E. . =
2.7 MeV through the indirect Trojan Horse Method (THM)
[16]. The data were obtained from the 2C(**N,«2°Ne)2H
and "2C("*N, p?*Na)?H transfer reactions. The correspond-
ing astrophysical S*-factor shows several resonances and
a steep rise in both proton and alpha reaction branches as
energy decreases. Even though, the dependability of the
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astrophysical S*-factor extrapolation towards low energies
is still under strong debate [17-19], and a final conclusion
has not been yet achieved.

In this paper, we have focused on the description of the
resonant structure present in the S*-factor data set at sub-
barrier energies through CC calculations. Here, most of the
resonances have been qualitatively described by adopting a
weak absorption of the imaginary part of the optical potential.

2 Theoretical framework

Recently, a new theoretical approach for the real part of the
nuclear interaction between two reacting nuclei has been pro-
posed [20]. The approach, named Brazilian Nuclear poten-
tial (BNP), is based on the double-folding method, which
relies on two main ingredients: the density distributions of
the nuclei and the nucleon—nucleon interaction. The '*C mat-
ter density distribution can be calculated as twice the charge
density, which in turn is obtained from electron scattering
experiments. This procedure is fully justified since the num-
ber of protons and neutrons are the same for '>C. In particular,
for the '>C nucleus, the proton and neutron distributions cal-
culated with the Dirac—Hartree—Bogoliubov model are quite
similar. Therefore, the hypohesis that the matter density is
well described by twice the experimental charge density dis-
tribution is, in fact, a suitable assumption. Within the BNP
approach, the nucleon—nucleon interaction is given by

U (F) = —Up e~ /97, )

with Uy = 87.226 MeV and a = 0.95 fm.

In this paper, the BNP has been used within the context of
the CC formalism to calculate the sub-barrier '>C+!>C fusion
cross sections (the s-wave barrier height is Vp ~ 6.2 MeV).
We have also calculated the Coulomb potential through the
double-folding procedure [20]. An imaginary optical poten-
tial, W (r), is adopted to simulate the corresponding absorp-
tion by the fusion process. The fusion probability for each J
value is obtained from

4k *
PiE)=~—3 fo W(r) xS ) ar, 3)

where Xo(f]) represent the radial wave functions and o

accounts for all the coupled equations included in the cal-
culations [21,22]. The total fusion cross section is obtained
as

2
or(E)= "3 Y. )+ DPs(E), o)

J even
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Fig. 1 a Effective potential for £ = 0. b Imaginary potential given by
Eq. (5) assuming N; = 1 MeV fm?. The arrow in the figure indicates the
position of the barrier radius (Rp). The inset shows a magnification of
the imaginary potential in the Coulomb barrier region

being k the wave number. As the interaction is between two
identical nuclei with OT ground-state, J can only take even
values.

In our approach, the imaginary potential is defined as

Wy (r) = =N x O(r), &)

o) = fpm(rl) Pm(r2) 8(F — 11 +r2) dry dra, (6)

where p,, is the ground-state '>C matter distribution. Due to
the delta function in the integral of Eq. (6), the term O (r) rep-
resents the convolution of both densities as a function of the
internuclear distance. In this approach, the fusion probability
is related to the overlap of the densities, being the parame-
ter N; of Eq. (5) employed to adjust this correlation. We
consider this approach for the imaginary potential more real-
istic than the Woods—Saxon form usually assumed in many
works, since its shape is directly related to the convolution
of the nuclear densities. In this approach, the short range
imaginary potential must account for the fusion process.

For illustration, the '2C+!2C effective potential V,r; =
Vn (r)+ Ve (r) for £ =01is plotted in panel (a) of Fig. 1, where
Vi (r) and V¢ (r) refer to the nuclear (BNP) and the Coulomb
potentials, respectively. The arrow in the figure indicates the
position of the barrier radius (Rp). The imaginary potential
given by Eq. 5 is shown in panel (b). The curve was obtained
assuming N; = 1 MeV fm3. As can be noted in the inset,
the imaginary potential extends to the region near the barrier
radius.
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Table 1 Spin, excitation energies (MeV), transition amplitudes (1073
e2b*) and deformation lengths (fm) for the '2C excited states included
in the CC calculations

Ji E* Iy E* ) B(EM 1 &

of 0.00 2f 4.44 2 3.966 1.42
of 0.00 37 9.64 3 0.251 1.66
of 0.00 2f 9.84 2 0.160 0.29
of 0.00 2f 103 2 0.367 0.43
of 0.00 2f 16.1 2 0.326 0.41
of 0.00 1y 17.2 1 2.433 0.24
of 0.00 2f 18.8 2 0.106 0.23
2f 4.44 0F 7.65 2 0.269 0.37

The CC calculations were performed using the FRESCO
code [23]. As already mentioned, the cross sections were
obtained considering only even angular momentum values.
In the CC scheme, we included all 12C excited states coupled
directly to the ground-state, for which the electric transition
values are published in the literature: (2+ ,4.44MeV;3,,9.64
MeV; 25, 9.84 MeV; 2§, 10.3 MeV; 2, 16.1 MeV; 1], 17.2
MeV and 2;', 18.8 MeV). In addition, we have also coupled
the 0" Hoyle state (E* = 7.65 MeV) to the first ZT excited
state. In spite of being a second order transition, the effect
of considering the Hoyle state in the coupling scheme is not
negligible. The corresponding transition probabilities were
taken from the NNDC database [24]. The nuclear deforma-
tion §;, values were calculated from the respective Coulomb
transition probabilities, considering the effect of the finite
diffuseness value of the nuclear density [25]. Details of the
coupling parameters are given in Table 1.

3 Results

Generally, previous theoretical results for S*-factors pub-
lished in the literature show good agreement with the data
(see, e.g., [18]). However, in most of these works only an
average description of the data (neglecting resonant oscil-
lations) is reproduced satisfactorily. Here, our main interest
concerns the description of the pronounced resonant struc-
tures of the sub-barrier '>C+!2C §*-factor. In our approach,
the fusion cross section is associated to the absorption aris-
ing from the imaginary potential. Therefore, the choice of a
weak absorptive imaginary interaction could reveal underly-
ing structures related to the real part of the optical potential
(virtual states of the potential). Similar behavior was already
reported, for instance, in the case of +12¢C [22]. In addition,
two-center shell model calculations revealed the importance
of the nonaxial symmetric configurations for the formation
of molecular resonances for the 2C+!2C reaction [26]. As a
consequence, most '2C+!2C di-nuclear configurations expe-

rience a rather weak absorption, leading to potential reso-
nances [14].

In order to reproduce, as well as possible, the magni-
tude and the resonant behavior of the S*-factor data, two
adjustable parameters have been assumed in our CC calcula-
tions: Ny and N;. At the present paper, we have adopted an J -
dependent optical potential. Indeed, the polarization potential
that arises from couplings is energy and angular momentum
dependent, and therefore the optical potential should also
present such a characteristic [27]. The assumption that the
optical potential does not depend on the angular momentum
is just a simplification that works well for many systems at
energies above the barrier.

Variations in the N; and N; parameter values modify the
width and the magnitude of the calculated fusion cross sec-
tions. The corresponding position of the centroid of each res-
onance can be fine-tuned by small modifications of the real
part of the nuclear interaction. Thus, for each J value, the
BNP has been multiplied by a normalization factor N;. The Nj;
parameter value, assumed as J independent, was varied to fit
the data. According to our calculations, only the first partial
waves (0 < J <4) contribute significantly to the fusion cross
sections at the energies tackled in the present work. The N;
values resulting from the CC analyses are 1.0368, 0.9300 and
1.0695, for J =0, 2 and 4, respectively. As can be noticed,
the values of N; are close to unity, indicating that the BNP
is realistic. For the determination of the imaginary potential,
we have obtained N; = 1 MeV fm3. In such conditions, the
strength of the imaginary part of the optical potential is about
400 times lower than that of the real part, corroborating the
weak absorption regime.

Figure 2 presents the experimentally determined S*-factor
data at energies below the Coulomb barrier [16,28-32]. The
dotted green and solid black lines in the figure were obtained
from optical model single-channel (SC) and CC calculations,
respectively. As can be observed, concerning the SC calcula-
tions, a strong resonance appears around the 3 MeV energy
region, while fixing the N; values for J =0, 2 and 4, as 1.0368,
0.9300 and 1.0695, respectively. This behavior is due to the
choice of the N; parameter values upon the condition of a
weak absorptive imaginary potential. On the other hand, this
resonance disappears and the centroid and the width of some
other resonances present in the data are fairly described by
CC calculations, demonstrating that the effect of the inelas-
tic couplings on the fusion cross sections is quite significant.
Indeed, a direct comparison of the curves shown in Fig. 2
reveals that several resonances are related to the inelastic
couplings. We point out that our calculations describe the
average behavior of the THM data [16]. However, as we
have already commented, there is some debate regarding the
prescription employed to extract the corresponding cross sec-
tions. It is important to mention that, the increasing trend of
the calculated S*-factor curve at extreme sub-barrier ener-
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Fig. 2 Modified S*-factor as a function of the center-of-mass energy
for 2C+!2C. The data are taken from Refs. [16,28-32]. The solid black
was calculated within the CC framework, while the dotted green curve
waszobtained without considering the coupling (SC) to inelastic states
of 12C

gies is related to the geometry of the imaginary potential,
which extends outside the inner region of the Coulomb bar-
rier (see Fig. 1). Because of this, the absorption of flux starts
from relatively larger distances, enhancing significantly the
calculated sub-barrier S*-factors. Since the imaginary poten-
tial can not be obtained from fundamental grounds, there is a
degree of uncertainty regarding the behavior of the '>C+!2C
fusion towards extreme low energies, from both experimen-
tal and theoretical analyses. In fact, some models predict a
decrease of the S*-factor as E.,, becomes smaller [33,34].

Figure 3 shows CC calculations for the '2C+!2C reaction.
Each curve was obtained considering different sets of excited
states in the coupling scheme. The N; values of 1.0368,
0.9300 and 1.0695 were kept constant for J = 0, 2 and 4,
respectively. The effect of including individual channels can
be directly observed in both panels of the figure. Clearly,
some states have a greater impact than others in the calculated
S*-factor, but altogether are important for the description of
the experimental cross section data. As we have already men-
tioned, we included only those '2C excited states in which the
electric transition values are found in the literature. Depend-
ing on these values, the inclusion of some other excited states,
such as the 13.30 MeV 4 and 14.08 MeV 47, might have
a significant impact on the fusion cross sections calculated
within the CC formalism.

4 Discussion and summary

In summary, we investigated the '>C+'2C fusion cross sec-
tions at sub-barrier energies using the BNP interaction. In
our model, the imaginary potential simulates the absorp-
tion of flux from the elastic and inelastic channels to the
fusion process. By assuming weak absorption of the imag-
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Fig. 3 CC calculations for the '>C+'>C reaction. Each curve was
obtained considering different sets of excited states in the coupling
scheme

inary part of the optical potential at low energies, several
resonances observed in the fusion data have been qualita-
tively described by our model. Such resonances can be asso-
ciated to virtual molecular states involving the two carbons,
that would present significant superposition with states of the
24Mg compound nucleus resulting in nuclear fusion. In order
to fine-tune the position of the centroid of the resonances, the
BNP interaction has been renormalized for each partial wave
by factors quite close to unity. Of course, we do not describe
all the resonances presented in the fusion data sets, since
some of them are not related to the '>C+!2C configurations
of *Mg.

We have unambiguously demonstrated that the couplings
to inelastic states play a crucial role in the description of the
fusion cross sections. Besides the first 2]” 12C excited state
at 4.44 MeV, usually considered in the CC calculations per-
formed in previous works, we have included several other
states in our approach. Clearly, the effect of these other cou-
plings is of relevance for describing the behavior of the S*-
factor data.

Considering the importance of the '>C+!2C reaction in
different astrophysical scenarios, it would be desirable to
investigate the effects of increasing the number of channels
included in the CC calculations. Therefore, the experimental
determination of the transition amplitudes related to other
12C excited states could improve the description of the sub-
barrier fusion data. For instance, depending on the deforma-
tion parameter values related to the transition of the 13.30
MeV 4fr and 14.08 MeV 4; states to the 4.44 MeV ZT state,
the calculated S*-factors could be significantly modified.
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