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The contribution by massive stars (M > 9M ) to the weak s-process component of the solar system abundances is primarily due to the 22 Ne neutron source, which is activated near the end of
helium-core burning. The residual 22 Ne left over from helium-core burning is then reignited during carbon burning, initiating further s-processing that modifies the isotopic distribution. This
modification is sensitive to the stellar structure and the carbon burning reaction rate. Recent work
on the 12 C + 12 C reaction suggests that resonances located within the Gamow peak may exist,
causing a strong increase in the astrophysical S-factor and consequently the reaction rate. To
investigate the effect of an increased rate, 25M stellar models with three different carbon burning rates, at solar metallicity, were generated using the Geneva Stellar Evolution Code (GENEC)
with nucleosynthesis post-processing calculated using the NuGrid Multi-zone Post-Processing
Network code (MPPNP). The strongest rate caused carbon burning to occur in a large convective
core rather than a radiative one. The presence of this large convective core leads to an overlap
with the subsequent convective carbon-shell, significantly altering the initial composition of the
carbon-shell. In addition, an enhanced rate causes carbon-shell burning episodes to ignite earlier in the evolution of the star, igniting the 22 Ne source at lower temperatures and reducing the
neutron density.
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1. Introduction

2. The 12 C + 12 C reaction
The 12 C + 12 C rate used in most stellar models is that of Caughlan & Fowler (1988) [3]. The
recommended average S-factor, S(E)∗ , at low energies is 3 × 1016 MeV barn, which corresponds
to an approximate average over resonance structures from E = 2.5 to 6.5 MeV. Unfortunately,
information on the resonance structures of 12 C + 12 C near the Gamow peak energy E0 = 1.5 MeV
is lacking; due to the very low cross-section at these energies ( 1 nbarn), experiments at these
energies are strongly affected by hydrogen and deuterium contamination of the target [11][12] (see
also contribution by F. Strieder et al. in this volume) and resonance structures at low energies are
known to be quasimolecular states, which represents a difficult problem in nuclear physics [2].
Nevertheless, the presence of resonances at low energies has been predicted [9] and a resonance
within the Gamow window could dominate the S-factor.
The three carbon burning rates considered here are the Caughlan & Fowler (1988) rate (ST), an
upper-limit rate (CU) that corresponds to a strong resonance at E = 1.5 MeV and an intermediate
rate (CI), which is the geometric mean of the standard and upper limit rates (see Fig. 1). The
enhancement corresponds to a factor ∼ 50, 000 for the upper limit rate and a factor ∼ 250 for the
intermediate rate at a temperature of 0.5 GK.

3. Stellar structure and nucleosynthesis
Non-rotating stellar models of a 25M star were generated for each of three rates in Fig. 1
using the Geneva Stellar Evolution Code (GENEC) [6]. The models were post-processed with
the parallel variant of the NuGrid Multi-zone Post-Processing Network code (MPPNP) [8] with a
network of ' 1000 isotopes, up to bismuth.
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The s-process components identified to contribute to the solar abundance distribution are the
weak component, that is produced in massive stars (M > 9M ), and the main and strong components, that are produced in AGB stars. In particular, the weak s-process component is responsible for most of the isotopes in the mass range 60 < A < 90. During helium-core burning in
massive stars, 22 Ne is formed from 14 N synthesized by the CNO cycle, via the reaction chain
14 N(α, γ)18 F(β + )18 O(α, γ)22 Ne. At the end of helium burning, when the temperature reaches
0.25 GK (1 GK = 109 K), the 22 Ne(α,n)25 Mg reaction becomes efficient, resulting in an s process
characterised by an average neutron density nn ∼ 106 n cm−3 and a neutron exposure (for a 25M
star) τn ∼ 0.2 mbarn−1 . During the advanced stages, convective carbon-shell burning reignites the
remaining 22 Ne with a much higher neutron density but lower neutron exposure (nn ' 1011 n cm−3
and τn ' 0.06 mbarn−1 [10]). The s process also occurs during (radiative) carbon-core burning via
the 13 C(α, n)16 O neutron source [4]. However, in standard 25M stars heavy elements synthesized
in the core are further processed and are not ejected during the supernova explosion. Thus they do
not contribute to the final yields. Changes to the 12 C + 12 C reaction have an effect on the s process
in massive stars [1], but a detailed analysis has so far been limited to the effect of a reduced rate
due to fusion hindrance [7], although the consequences of an increased rate have been considered
in superbursts on accreting neutron stars in X-ray binaries [5].
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Figure 1: Left panel: the cross section of the Caughlan & Fowler (1988) rate (CF88), upper limit rate (CU)
and intermediate rate (CI) as a function of temperature. Right panel: the cross section of the CU and CI rates
relative to the CF88 rate.

Figure 2 shows the Kippenhahn diagrams for the three models. The CU model features a convective core during carbon-core burning. Here, the 13 C(α,n)16 O reaction is efficient and provides a
neutron exposure comparable to the one in the previous helium-core, increasing significantly the sprocess yields due to the previous helium-burning phase. The convective carbon-core is about 4M
and overlaps with the subsequent carbon-shell. In Fig. 3 we provide the abundances at the end of
the convective carbon-shell compared to the ST case. The s process powered by the 13 C(α, n)16 O
activation in the carbon-core is strongly efficient and through convective mixing changes the initial
composition of the carbon-shell and of the final yields. Such an effect is particularly evident in the
mass range 80 < A < 120. Figure 4 shows the CI model abundances relative to the ST case at the
end of the second carbon-shell. Since the carbon-core is radiative and there is no overlap between
the final convective carbon-shell and previous carbon burning events (see Fig. 2), the changes in the
relative abundances of isotopes are mostly due only to a lower neutron density in the carbon shell,
which in turn is caused by the 22 Ne neutron source activating at a lower temperature. Both the CU
and CI models show lowered ignition temperatures (ST: 0.95GK, CI: 0.74GK, CU: 0.73GK) and
thus lower neutron densities (ST: 2.02 × 1011 n cm−3 , CI: 2.07 × 1010 n cm−3 ,CU: 4.97 × 108 n
cm−3 ). Notice also that the shells have increased lifetimes in the CU and CI models (ST: 3.4yr, CI:
10.7yr, CU: 34.0yr) and that the neutron exposure in the last convective carbon-shell is similar in
each case with a value of ' 0.035 mbarn−1 .
To summarise, the presence of a strong resonance in the Gamow window may change the
structure and nucleosynthesis of a 25M star, with the main effects being the presence of a convective carbon-core, longer shell-burning lifetimes and decreased ignition temperatures. Overlap
between the convective core and the ensuing shell and lower neutron densities caused by these
structural changes will strongly affect the final yields of the star, but firm conclusions should await
yields calculations of massive star models at different initial masses, which will be presented in a
forthcoming paper (Bennett et al., in prep.).
3

PoS(NIC XI)182

101
10-6
10-13
10-20
10-27
10-34
10-41
10-48
10-55
10-62
10-69
10-76
10-83
10-90

Michael E. Bennett

log( <σv >/ <σv >CF88)

<σv > (cm3 s−1 mol−1 )

12 C

12 C

+ 12 C rate uncertainties and the s process

Michael E. Bennett

3

Ag

Nb Ru

Sn

Relative abundance log(XCU/XST)

Mo
SrYZr

2
Kr
Br

He

1

Ne
O
F Na

0

N

H Li
C

TiV
Al P
Ar
K Sc Cr Ni
Mg Si SCl Ca
Fe
Mn
Co

Rb

Pd
Rh
Cd

In
SbTe

Ga Se
Ge
As
Zn
Cu

Ce
I Xe

Sm Gd
Eu

Ba
Cs

W
Yb
Dy
Hf
Er
Tb Ho Tm Lu Ta

Nd
LaPr

Os
Re

Pt

Ir

Hg
Tl Bi
Au Pb

1
2
30

50

100

Atomic mass

150

200

Figure 3: CU model abundances relative to the ST case in the carbon-burning shell. Lines connect isotopes
belonging to the same element.
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Figure 2: Kippenhahn diagrams for non-rotating stellar models using the CF88 (ST), CI and CU rates (left,
centre and right panels respectively). Shaded regions correspond to convection zones with the main burning
stages indicated.
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