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Carbon burning rates on the compound nucleus formation
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Abstract. The '2C+!2C reaction rates based on the compound nucleus forma-
tion seem to be concordant with the standard rates. The resonant contribution
in '2C+"2C is also discussed. To put the rates on firm ground, the resonances
below E.,, =3 MeV will have to be studied further.

1 Introduction

The '2C+'2C fusion reaction is one of the key reactions to understand the evolution of massive
stars and various explosive scenarios. However, precise measurements of cross sections be-
low E.,,. = 3 MeV are difficult because of the tiny amplitudes caused by the Coulomb barrier.
At present, the direct measurements have been performed in E, ,,, = 2.1-2.5 MeV [1]. The in-
direct measurements have been studied with 24Mg(oz,a/’) [2] and Trojan horse method [3]. The
derived rates [3] are much faster than CF88 [4], due to the resonant states at E.,, ~ 1.5 MeV,
which may have the '2C+'2C molecule-like structure. The nuclear fusion for '>!*C+'3C have
also been discussed experimentally to understand C+C comprehensively [5].

In this presentation, I use a barrier penetration model (BPM), and I show the calculated
results of isotope dependence of fusion cross sections and reaction rates in C+C. The trans-
mission coefficients are given by the WKB approximation, semi-classically, and the potentials
used in the present work are calculated from a single-folding model [6] with [7, 8]. T also
discuss the contribution from the resonances in '>?C+!2C by comparing the result of BPM
with a schematic calculation of the coupled-channels multi-level R-matrix [9].

2 Compound nucleus formation

Before moving on to the results, let me recall the compound nucleus (CN) formation, to
understand the reaction mechanism in C+C. The '?C+!2C potential obtained from the studies
of elastic scattering has predicted the sequences of the rotational excitation in >*Mg [7, 10].
These resonances are the excited states with the '>C+'>C molecule-like structure in **Mg.
However, the potential resonances at E,,, = O are dispersed easily, because of the couplings
to reaction channels. Although the inelastic channels are closed at E.,, = 4.44 MeV, other
reaction channels are open, and they work as absorption to the entrance channel. Accordingly,
their fragments are distributed around the original energy positions. In fact, many fragments
of J* = 2%, 4% resonances have been observed, in addition to 0" [3]. Whereas most of
flux are consumed by Coulomb scattering, a small amount of flux is captured into the long-
living fragment levels, and exits through the proton, neutron, and @ channels after forming a
compound nucleus. Under the circumstance, the reactions should be described statistically,

*e-mail: mkatsuma@gmail.com

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 260, 11014 (2022) https://doi.org/10.1051/epjconf/202226011014
NIC-XVI

oo

5 o 5 0 15
E.. (MeV) E.. (MeV)

‘c.m. ‘c.m.

10 — 108, 10'8
- Wiz | 5
>
o 2 10" % 10"
21016 E g 12, 13 g 12 14
o * L C+°C ® C+ C
n 4 C E
Zc4Pe 10" (‘ )‘ : 10 ® :
10" o Ee, (MeV) E.p. (MeV)
3 E. . (MeV) 108 ———— 10"
N 3 ‘ 35 | =
& E 124,12 3 i ;
M C+ C L% >
< E 3 10
Z E 3 % 13,13 %
~ 1E 1 % L C+°C h
4 EB ERRG D n
é 5( ) I 3 14 (‘ ) . 1
V. 01 1 10
Z

—
©

Figure 1. Comparison in S* between BPM and experimental data: (A) '2C+'>C, (C) '?C+"3C, (D)
BC+1BC, (E) 2C+'C, and (F) '2C+'>C. The solid curves are the results with BPM. The experimental
data are taken from [1, 5, 11, 12]. (B) The derived rates of '>C+!2C are shown in ratio of CF88 [4].

and the emitted nuclei have to be treated as evaporation products. Therefore, I adopt BPM
and R-matrix based on the CN formation in the present study.

In BPM, the energy-averaged fusion cross sections are given by o = (n/k*) Y (2L +
1S cnl?). k is the wavenumber; L is the angular momentum between nuclei. {|S cy|?) are
the transmission coefficients 77, given by WKB approximation for E.,, < Eg: T; = {1 +
exp[2 fR’fz KR)dR])™", KR) = {(2u)/R*[UL(R) = Ecm1}'/?. Eg is the barrier height energy.
u is the reduced mass. R and R; are the inner and outer turning points of effective potentials
Ur. The nuclear potentials in U, are calculated recursively from the single-folding model
[6-8]. The cross sections are also given by R-matrix theory, oy = (1/k?) Y., (2L + 1) | Sf-,o 2.
N io is the S -matrix deduced from the R-matrix with the resonance parameters in [3]. The
reduced width of '2C+'2C is statistically assumed to be a constant ¥ = 0.001y3, for all
levels, based on the CN formation. y%v is the Wigner limit. In [5], the transmission coeflicients
are calculated from an approximation using the unitarity relation of S -matrix. To display the
cross sections, the S * factors are defined as S* = o pE,. ;. exp (87.21E;:,,/2+0.46Ec_m,), e.g.[3].

3 Results & Conclusion

The calculated S * factors with BPM for '>C+!2C are shown by the solid curve in Fig. 1(A),
and they appear to give the trend of the energy variation in the experimental data [1, 11].
The derived reaction rates are shown in ratio to CF88. (Fig. 1(B)) They seem consistent
with CF88. For '>13C+!3C and '2C+'*15C, the present calculations of BPM (solid curves)
reproduce the experimental data [5, 12], consistently, as shown in Figs. 1(C) — 1(F).

Figure 2(A) illustrates the isotope dependence of S* obtained from BPM. In BPM, the
12C4+12C §* factors below E,,, = 2 MeV become the largest, so the derived reaction rates are
the fastest below T9 = 0.8 (Fig. 2(B)). In addition, the S * factors are found to be enhanced at
the sub-barrier energies as the number of neutrons increases. Particularly, those of >C+!3C
are enhanced larger. The barrier radius Rp and barrier height energy E in the present calcu-
lations are shown in Figs. 2(C) and 2(D), as a function of the mass number. Rg (Eg) becomes
large (small) as the number of neutrons increases. Especially, Rp suddenly becomes large at
15C. This is caused by the weakly-bound s-wave neutron in '>C. Therefore, the corresponding
S* and reaction rates are expected to be enhanced more by the sharp reduction of Ep.

The resonant contribution in '>?C+!2C is shown in Fig. 3. From the result of the R-matrix
calculation by the solid curve in Fig. 3(A), the values of S * are found to be much smaller than
those of [3]. In the present calculation, I include the same 34 levels and four exit channels as
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Figure 2. Isotope dependence of (A) §*, (B) reac- =

tion rates, (C) Rp, and (D) Ep, obtained from BPM.
(A,B) The curves are the results for the respective Figure 3. (A) Low-energy extrapolation of §* and
system shown in figure. (C,D) Rg and Eg are ob- (B) the reaction rates. The solid and dotted curves
tained from U, . The solid and open circles are the are the results calculated from R-matrix and BPM.
values for L = 0 and L = 2, respectively. The experimental data are taken from [1, 11].

those in [3]. If yizL = O.OSy%V is used as the reduced width of >C+'2C at E.,, ~ 1.5 MeV,
the reaction rates would increase like those in [3]. The carbon burning rates are sensitive to
the reduced width of '2C+!2C. In addition, the reaction rates estimated from the R-matrix
extrapolation are confirmed to be reduced from the result of BPM. However, the derived
rates at Ty = 0.6 still seem to be consistent with CF88. To put the rates on firm ground, the
resonances below E.,, = 3 MeV will have to be scrutinized further.
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